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Note from the Editor-in-Chief 

II   TECHNICAL JOURNAL 11, 4(2017), II-II  

Note from the Editor-in-Chief 

Dear readers, 

It is my great pleasure to present you with this year’s last 

issue of Tehnički Glasnik-Technical Journal, number 4, 

year 11. This is our 11th year of the regular publishing 

process and it might be the right time to analyze what we 

have been doing this year. This year we have not been able 

to reach the planned publication of four issues per year; 

however, with exceptional efforts, we have managed to 

publish three issues (one double and two single issues). We 

did not see this as a failure since we tried to maintain the 

quality of the published works at a level that would enable 

us to include the journal in significant databases. This 

decision has shown to be the right one: in August this year, 

we were informed that Tehnički Glasnik-Technical Journal 

had been selected for inclusion in the services provided by 

the company Clarivate Analytics. Since January 2017, our 

journal has been indexed and abstracted in the Emerging 

Sources Citation Index (ESCI) under the Web of Science 

Core Collection (WoS), even though the entire 2016 is 

included in the ESCI. Of course, maintaining the quality 

and working on citations will still be needed in order to 

obtain the journal’s first impact factor (IF) in Journal 

Citation Reports (JCR) for 2018. 

With great efforts of the authors, reviewers and the editorial 

team, we have managed to complete this last journal issue 

with fourteen selected papers. Following the reviewers’ 

remarks, the authors edited the papers in the form in front of 

you.   

In the end, as always, we welcome you, our dear readers, to 

use your input to contribute to our joint work and permanent 

endeavor to retain the quality of our joint journal. Due to the 

fact that this issue is published in December, I use the 

opportunity to wish you all a happy and successful New 

Year.   

Best regards, 

Full. Prof. Milan Kljajin, Ph.D. 

Editor-in-Chief 

Tehnički Glasnik-Technical Journal 
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OPTIMIZATION OF ABRASIVE WATERJET MACHINING PROCESS PARAMETERS 

Miroslav DUSPARA, Valnea STARČEVIĆ, Ivan SAMARDŽIĆ, Marko HORVAT 

Abstract: Currently, more than 50 000 different construction materials are available on the market and that number is increasing. Many new materials are often difficult to 
machine with conventional methods that are currently dominating in production facilities, so the industry is more and more turning to non–traditional machining processes such 
as abrasive waterjet cutting (AWJC). With the exceptional capabilities that it provides, abrasive waterjet cutting has disadvantages such as surface roughness and striation 
marks on the cutting surface, which represents a limitation for further application in production. The experimental part of the paper focuses on the verification of the thesis 
whether conventional material process technologies can be replaced with the abrasive waterjet cutting technology under certain conditions, while maintaining the required quality 
of the machined surface and productivity. An analysis of the influence of the selected cutting parameters and an optimization of the model was performed on the specimens from 
the AISI 316L steel on the cutting depth of 25 mm. The results obtained by optimization showed that abrasive waterjet cutting can replace conventional technologies and achieve 
the required values of the machined surface.  

Keywords: Abrasive waterjet cutting; optimisation; cutting parameters; centra lcomposite design; AISI 316L 

1 INTRODUCTION 

The major target of metal cutting is to ensure high 
productivity with the high quality of a product and low 
machining costs. What exerts the greatest influence on the 
choice of treatment are the type of material and the 
geometry of a specimen. Those two factors usually 
determine the way of processing, and after the selection of 
the process, it is necessary to determine the operating 
conditions. The surface finish produced by conventional 
machining is generally uniform. Therefore, the surface 
finish of the machined surface can simply be characterized 
by measuring the surface roughness of any point of the 
machined surface. The abrasive waterjet cutting technology 
(AWJC) represents a relatively new, emerging non-
conventional way of cutting almost all sorts of materials and 
shapes.  

Due to the numerous advantages such as the narrow 
kerf, no heat effect zone in the material, reduction of waste 
disposal costs, minimal force compared to other 
conventional machining methods and so on, abrasive 
waterjet cutting has been used in various industrial 
applications. Despite numerous advantages over many other 
ways of conventional processing, there are two major 
obstacles, which limit further application for industrial 
purposes: relatively high costs of machining and the 
formation of striation marks on the surface of the material 
on higher cutting depths.   

2 RELATED AND PREVIOUS WORK 

The topography characteristic of the surface generated 
by the abrasive waterjet cutting technology has been an aim 
of the research of many scientists since the early 1980s. 
Hashish and Kovacevic are considered to be the pioneers in 
the area of metal machining with AWJC. Based on the flow 
visualization study, Hashish has proposed a theory that 
surfaces created by the abrasive waterjet cutting technology 

(AWJC) can be divided into main two zones: the upper 
smooth zone where the primary irregularity on a machined 
surface is roughness and the lower rough zone that is 
characterized by wavy striations (as shown in Fig. 1). [1] 

Figure 1 Division of the abrasive waterjet cut surface [1] 

Based on Hashish's study, Tan has proposed a 
kinematics/geometry model of the cutting process in order 
to explain the striation forming mechanism. Souda, Matsui 
et al. reported that striation marks can be suppressed by 
adjusting the entrance angle of a water stream with multi 
pass cutting and with lower values of the jet traverse speed 
[1÷4]. 

There are other studies on waterjet generated surfaces 
that were aimed primarily at qualifying surface roughness as 
a function of the cutting parameters. In an experimental 
study for the abrasive waterjet cutting surfaces involving 
striations, the scientists Kim, Reuber and Hunt noticed that 
the values of surface roughness approximately increase with 
the increase of the cutting speed and cutting depth. Neusen 
et al. made a similar conclusion in the cutting of metal 
matrix composites. Kovacevic used a second-order 
mathematical model to characterize the surface roughness 
across the cut's depth as a function of several AWJ 
operation parameters. [1, 2,] 

Striation marks represent a common phenomenon on 
the surfaces generated with beam-cutting technologies, such 
as waterjets, lasers or plasmas [4, 5, 6]. The formation of 
periodic wavy patterns (or striation marks) has drawn much 
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attention in abrasive waterjet cutting on the higher cutting 
depth because it strongly affects the quality of the finished 
surface and the dimensional accuracy of the machined 
surface. [1]   

An example of the surface created with abrasive 
waterjet cutting with a typical wavy structure in a lower 
zone of the specimen (cutting depth 25 mm) from AISI 
316L steel is shown in Fig. 2. 

Figure 2 AISI 316L surface irregularities created by the AWJC technology 

The mechanisms of forming striation marks on a surface of 
the material are not fully clarified and are still far from 
being qualitatively described. There are several different 
theories related to the striation marks forming mechanism, 
but generally, scientists agree that there are three categories 
with regard to the source of striations: as consequences of 
the machining system vibration, due to the dynamic 
behaviour of the waterjet and the dissipation of energy, and 
as a result of the characteristics inherent to the abrasive 
waterjet cutting (i.e. the process of material removal). [1] 

3 EXPERIMENTAL SET-UP 

In the experimental part of the paper, an influence of 
the selected cutting parameters was shown on the quality of 
surface roughness, or a mathematical model that will, 
depending on the input parameter, predict the quality-
machined surface. The experiments were conducted on the 
TENKING 23020 abrasive waterjet cutting system with the 
ultra high-pressure pump capable of providing a pressure of 
water of 400 MPa. The examined material of specimens 
(dimension of specimens 40 × 30 × 10 mm) is the austenitic 
corrosion resistant steel X2CrNiMo17-12-2(AISI 316L) 
whose chemical composition is shown in Tab. 1. 

Table 1 Chemical composition range for the AISI 316L stainless steel [7] 
Grade Cr Mn Si P S Cr Mo Ni N 
AISI 
316L 

Min. - - - - - 16.0 2.0 10.0 - 
Max. 0.03 2.0 0.75 0.045 0.03 18.0 3.0 14.0 0.1 

In order to increase the cutting power of water stream, 
the Barton garnet MESH 120 abrasive particles were added 
in the mixing chamber of the waterjet cutter. Garnet 
abrasive offers the best combination of the cutting rate, 
consumable parts wear, availability, acquisition cost, and 
disposal cost. The most common grades used are #80 and 
#120. Fine grit abrasive particles (such as MESH 120) cut 
slower compared to MESH 80, but the finish on the 
machined surface is of more quality.   

Three independent variables have been selected to 
analyze their influence on the roughness of the machined 

surface and they varied on two levels (+α and –α). The 
variables include the jet traverse speed, pressure of water 
stream and flow rate of abrasive particles. The level and 
range of input variables used for the experimental design in 
the paper are listed in Tab. 2. 

Table 2 Levels and ranges of input variables (cutting parameters) used for the 
experimental design 

Levels of 
parameters Pressure, MPa Jet  traverse speed,

mm/min 
Flow rate, 

kg/min 
−1.682 300 22 0.3 

−1 310 25 0.35 
0 325 30 0.4 
1 340 35 0.45 

1.682 350 38 0.5 

4 DESIGN OF EXPERIMENT (DOE) 

After the cutting operation, the control and surface 
roughness measurement is carried out on the observed 
surface of the specimen. The surface roughness was 
measured with a portable surface roughness test Mitutoyo 
SJ 301 SurfTest on the cutting depth of 25 mm according to 
the standard ISO 4287:1997 (Figure 3b). In the mentioned 
cutting zone, it is pronounced that striations are forming on 
the surface of the material, and the attention of many 
researchers is focused on the research of the striation 
formation mechanism and improving the quality in the 
observed zone.   

a) 

b) 
Figure 3 a) AISI 316L steel specimens used for experimental work, b) surface 

roughness measurement by the Mitutoyo SJ 301 Surf Test. 

From all types of available parameters for describing 
the surface quality, Ra parameter was chosen, which defines 
the arithmetic mean deviation of the surface profile. The 
measurement is simple, standardized and generally applied 
[7]. 
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Table 3 Values of surface roughness on the cutting depth of 25 mm 

In order to obtain the independent and higher order 
effects on different process variables on the values of 
surface roughness, the experiment was performed by using 
the central composite design (CCD). The adequacy of the 
selected model for every level of cutting was tested by using 
the analysis of variance. [8]  

The values of surface roughness for all levels were 
analyzed with a statistical software package Design Expert 
(version DX9, 9.0.6, Stat – Ease, Inc. Minneapolis 2014). 
The design of the experiment was 23 factorials with four 

central points, which requires 18 test runs (Fig. 3b). The 
design matrix (the number of experiments and the order of 
the run) with a surface roughness model as a response is 
shown in Tab. 3.  

5 ANALYSIS OF VARIANCE (ANOVA) 

The first step in the statistical analysis is to determine 
whether there is a need for the transformation of data. The 
range of values of surface roughness on the examined 
cutting depth is 5.54 ÷ 18.47 µm. Based on the response 
range of the data in the experiment, which is less than ten 
(3.334), the software suggests that there is no need for the 
transformation of data. The next step represents the 
selection of an adequate regression model for the observed 
cutting depth. The best model is the most fitted function to 
the experimental data. In this paper, checking the model 
adequacy is conducted with the analysis of variance 
(ANOVA) technique.  

The model was tested in relation to mean square 
deviations, the deviations from the model and determination 
coefficients [8, 9]. 

The results obtained by ANOVA recommended that the 
quadratic regression model is statistically the best fit. The P 
– value for all zones obtained by the conducted statistical
analysis showed that the value of models is lower than 0.05, 
which indicates that the models are statistically significant. 
With a backward elimination based on p – values, all 
insignificant terms are eliminated in order to adjust the 
fitted model. [9] The analysis of the variance for the 
regression model Ra25 is shown in Tab. 4. 

Table 4 Values of surface roughness on the cutting depth of 25 mm 
Source Sum of square Degree of freedom Mean square F-value p-value 
Model 324.35 5 64.87 26.08 < 0.0001 

A - pressure 24.02 1 24.02 9.66 0.0091 
B – trav. speed 126.32 1 261.18 105.1 < 0.0001 
C – flow rate 11.34 1 11.34 4.56 0.0540 

A2 13.61 1 13.61 5.47 0.0374 
B2 18.37 1 18.37 7.38 0.0187 

Residual 29.85 12 2.49 - - 
Lack of fit 28.61 9 3.18 7.68 0.0603 
Pure error 1.24 3 0.41 - - 

Total 354.19 17 - - - 

From Tab. 4 it is visible that the F – value of the model 
amounts to 26.08, which implies that the selected model has 
a significant value. There is less than 0.1 % probability that 
the F - value is that high due to noise. Moreover, from the 
above-mentioned table it can be concluded that  the factor 
B - jet traverse speed represents the most significant factor, 
and the p-value for the variable F-value (105.1) is less than 
the probability error type (< 0.01 %).  

The influence of the pressure of water stream on the 
quality of the machined surface is also important: as the 
pressure of stream increases, the surface of the machined 
material becomes smoother. Due to an increase in jet 
pressure, the kinetic energy of the particles increases, which 
results in a smoother machined surface [11, 12, 13]. 

The mass flow rate of abrasive particles did not show 
prominent influence on the quality of the machined surface 
(i.e. not a significant cutting parameter), with the value of F 
= 4.56. Having in mind that even though the fact that with 
the addition of the abrasive particles’ cutting power, the 
ability of the water stream increases, the quality of the 
machined surface decreases when an amount of abrasive 
particles in a stream increases. Abrasive particles collide 
with themselves in the water stream, and the result of that is 
a loss of kinetic energy and an uneven machined surface 
[13, 14]. Fig. 5 gives a graphical representation of the 
comparison of the predicted values and the data 
experimentally obtained (in other word the real values). 

Number 
of runs 

Process parameters 
Response surface 

roughness Ra A: Pressure 
p 

B: Jet 
traverse 
speed vf 

C: Flow 
rate ma 

MPa mm/min kg/min μm 
1 325 30 0.40 7.1 
2 340 35 0.35 15.7 
3 325 30 0.50 8.19 
4 300 30 0.40 15.66 
5 340 25 0.45 5.94 
6 340 35 0.45 14.52 
7 325 30 0.40 7.7 
8 310 25 0.35 6.57 
9 310 35 0.35 17.84 

10 325 22 0.40 5.54 
11 325 30 0.40 8.35 
12 325 30 0.30 13.23 
13 340 25 0.35 6.64 
14 350 30 0.40 7.54 
15 325 38 0.40 18.47 
16 325 30 0.40 8.5 
17 310 25 0.45 6.98 
18 310 35 0.45 15.92 
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Figure 4 Response surface of surface roughness vs. a) jet traverse speed and water pressure, b) jet traverse speed and flow rate, c) water pressure and flow rate 

Figure 5 Values of the surface roughness Ra created by the model – predicted 
(Eq. (1)) vs. the actual values of surface roughness (Eq. (2)) 

The curve of the diagram is a straight line (i.e. Henry's 
line), as a proof that the data result from the normal 
distribution. All the effects that lie along the line are 
negligible, and there is no significant deviation from the line 
(i.e. there are no outliers). The plot appears satisfactory, so 
there is no reason to suspect that there are any problems 
with the validity of the conclusion. 

6 REGRESSION ANALYSIS 

The term regression analysis denotes a statistical 
modeling and an analysis method for mathematically 
modeling the relationship between thedependent and 
independent variables. The statistical analysis includes a 

correlation degree measurement between the selected 
variables and the estimation performance related to the 
independent variables. Additionally, the regression analysis 
compares the data obtained experimentally with the 
estimated data in order to understand the reliability of the 
regression model. In this paper, the jet traverse speed, 
waterjet pressure and the flow rate of abrasive particles are 
independent variables, and the values of surface roughness 
are estimated and dependent variable [9]. 

The mathematical model in terms of the coded (Eq. 1) 
and actual factors (Eq. 2) for an independent and dependent 
variables and the degree of the relations between the 
variables are as follows: 

The mathematical model in terms of coded factors: 
𝑅𝑅𝑅𝑅25 = 8.07 − 1.33𝐴𝐴 + 4.80 𝐵𝐵 − 1.26 𝐶𝐶 + 1.03𝐴𝐴2 +
2.16𝐵𝐵2             (1) 

The mathematical model in terms of factual factors: 
𝑅𝑅𝑅𝑅25 = 545.19 − 3.0542𝐴𝐴 − 2.17056𝐵𝐵 − 16.83𝐶𝐶 +
4.56229 ∙ 10−3 𝐴𝐴2 +   0.051048 𝐵𝐵2               (2) 

Values R2 and R2
adj. are used in order to show the power 

of the relationship between the dependent and independent 
variables in the paper. Value R2 is computed as 88.37 %, 
R2

adj. as 84.79 %. The obtained values of R show that the 
relationship among the data obtained from the mathematical 
model and the data obtained experimentally is very strong 
[9, 10]. 
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7 OPTIMIZATION MODEL 

According to the classification of the cut surface 
machined by the abrasive waterjet proposed by Hashish [1, 
4], the cutting depth of 25 mm is defined as a deformation 
wear zone because of the pronounced striation marks on the 
surface of the material. Surface roughness in the observed 
zone is moving within the range of 5.54 ÷ 18.47 μm, thus 
there is a need for additional treatment due to the weak 
surface quality that causes the increase of machining costs. 

During the machining of the above-mentioned steel on 
the classical milling machine, it is possible to achieve 
values of surface roughness in the range of 3.2 ÷ 6.34 µm. 
That range of surface values fulfills most of the exploitation 
requirements. Besides the cutting parameters, the economic 
feasibility of the process is taken into account (i.e. the 
maximum allowable cutting speed and minimum 
consumption of abrasive grains). During the process of 
optimization, it is necessary to take into account the costs 
that arise during the cutting. Considering the fact that 
abrasive grains have a great share in the total costs 
(approximately 55 ÷ 60 %), it is necessary to find a 
combination of cutting parameters that will ensure a 
minimum consumption of abrasive particles while 
maintaining the quality of the machined surface in the 
required range [13, 14]. 

The success of the conducted numerical optimization in 
the Design Expert is estimated through the objective 
function called desirability. The overall desirability (D) is a 
geometric (multiplicative) mean of all individual 
desirabilities (di) that range from 0 (least) to 1 (most) with 
the highest level of importance (5+): 

𝐷𝐷 =  (𝑑𝑑1 ×  𝑑𝑑2  × …𝑑𝑑𝑛𝑛)
1
𝑛𝑛 =  (∏ 𝑑𝑑𝑖𝑖𝑛𝑛

𝑖𝑖=1 )𝑛𝑛�               (3) 

where n is the number of responses. 
For the case analyzed in paper, target optimization is 

chosen in the range of values of 5.54 ÷ 18.47 µm (Fig. 7), 
and the levels of the parameter for numerical optimization 
are shown in Tab. 6 

Figure 7 Desirability curve in the case when goal is the target 

Table 6 Optimization of the Abrasive Waterjet Cutting parameters for the AISI 316L 
machining 

Parameters Low 
level 

Center 
level 

High 
level 

Jet traverse speed, mm/min 22 28.50 35 
Water pressure, MPa 310 325 340 
Flow rate, kg/min 0.3 0.38 0.45 

8 ESTIMATION AND VALIDATION OF EXPERIMENTAL 
RESULTS 

Based on the set criteria, the software has created 100 
potential combinations of parameters which are considered 
to be the optimal (i.e. desirability di = 1). In other words, it 
is possible to achieve the regression model which will be 
considered the optimal within required conditions, in 100 
combinations according to the limitations of optimization. 

Table 6 Potential solutions for the numerical analysis of the regression model Ra25 

Number of 
runs 

Process parameters Values of surface roughness Ra Desirability A: Pressure p B: Jet traverse speed  vf   C: Flow rate ma 
MPa mm/min kg/min μm 

1 327.763 27.283 0.416 6.340 1.000 
2 332.345 26.979 0.394 6.340 1.000 
3 327.425 25.176 0.354 6.340 1.000 
4 325.993 26.520 0.398 6.340 1.000 
5 325.832 26.580 0.401 6.340 1.000 
6 326.737 26.415 0.391 6.340 1.000 
7 326.744 26.864 0.406 6.340 1.000 
8 323.243 26.561 0.414 6.340 1.000 
9 323.955 26.573 0.410 6.340 1.000 

10 318.781 22.297 0.365 6.34 1.0 
⁞ ⁞ ⁞ ⁞ ⁞ ⁞ 

98 321.624 27.246 0.448 6.34 1.0 
99 328.591 25.900 0.369 6.34 1.0 
100 334.597 22.848 0.301 6.34 1.0 

The first solution generated by the software was 
selected as an optimal combination of the cutting 
parameters: vf = 27.283 mm/min, p = 327.763 MPa and ma 
= 0.416 kg/min. The results obtained by optimization also 
can be displayed in a graphical form. In order to determine 
the optimal levels of each variable for the required value of 

surface roughness, 3D and contour plots were constructed 
by plotting the response against each of the two selected 
variables (pressure of water stream and traverse jet speed), 
while the third variable (flow rate of abrasive particles) is 
maintained at a zero (fixed) level.  
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What is chosen as the optimal solution is the solution 
that suggests the smallest possible flow rate of abrasive 
particles to achieve the required values of surface 
roughness. The reason for this is the price of abrasive 
particles (app.  4.05 euros per kilo), which is the largest 
item in the share of the cutting costs. If the amount of 
abrasive particles is reduced to the minimal required 
amount, with an optimal combination of the main 

parameters (jet traverse speed and water pressure), the price 
of cutting with the abrasive jet will be lower, which 
represents another way of competing with conventional 
technologies.  

The results of optimization (the optimal combination of 
parameters) can be displayed in graphic form by using the 
3D and contour plot. The first 14 optimal combinations of 
parameters are shown in Fig. 8. 

Figure 8 Graphical display of optimization for the analyzed cutting depth: a) 3D surface, b) contour 

Graphical optimization is based on the overlapping of 
the two-dimensional responses of the obtained values. In the 
experimental space, when points with the same value of 
desirability are connected, the surface with optimal values is 
obtained (where values of desirability that are 1 or lower are 
acceptable). The response surface for Ra in terms of the 
waterjet pressure and jet traverse speed is shown in Fig. 8. 
From the above-mentioned figure, it can be concluded that 
the values of Ra increase with an increase of jet the traverse 
speed and pressure of water, while the value of the abrasive 
flow rate has a constant value (ma = 0,4 kg/min). With the 

graphical display, the results of the numeric analysis are 
confirmed. 

By comparing the results obtained by ANOVA (with 
the probability of 95.%) and optimization, it can be 
concluded that the quality of the machined surface obtained 
with abrasive waterjet cutting and with milling (as a 
representative of the conventional technology) can be 
compared. 
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9 CONCLUSION 

The aim of this paper is to determine whether it is 
possible to compare the quality of machined surface created 
with an abrasive water jet (as a representative of the non-
conventional technology) with conventional technology (in 
this case milling was chosen) which is currently dominating 
in the industry. The examination was conducted on 
specimens from the austenitic corrosion resistant steel AISI 
316L.  

 In this paper, the data for the experiment were obtained 
by the central composite design (CCD) with three factors 
(jet traverse speed, the flow rate of abrasive particles and 
the pressure of the water stream) at two levels. The input 
variable is the surface roughness at a cutting depth of 25 
mm. 

Based on the analysis of variance on the selected 
cutting depth, it has been established that jet traverse speed, 
the pressure of the water stream and the interaction of those 
two factors are significant. With the increase of the cutting 
speed, the resulting cut has the smaller width and poor 
quality. In order to examine the hypothesis about the 
comparability of the surface roughness machined by 
abrasive waterjet cutting and milling, it was necessary to 
find the maximum cutting speed a with minimum 
consumption of abrasive grains that will ensure the value of 
surface roughness of 6.34 µm or less.  

The results of optimization have shown that the 
abrasive waterjet cutting technology can compare and 
replace traditional technologies (such as milling). The 
highest cutting speed for achieving a required roughness of 
the surface is 27.283 mm/min, pressure is 327.763 MPa and 
the flow rate is 0.416 kg/min (Fig. 8). With that 
combination of parameters, the cost of cutting is reduced, 
and thw demand for the quality of thw-machined surface is 
successfully achieved. 

Note: This research was presented at the International 
Conference MATRIB 2017 (29 June - 2 July 2017, Vela 
Luka, Croatia). 
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DEVELOPING A MODEL OF A STRAIN (DEFORMATION) OF A DAMAGED REINFORCED 
CONCRETE PILLAR IN RELATION TO A LINEAR LOAD CAPACITY 

 
Željko KOS, Lovorka GOTAL DMITROVIĆ, Evgenij KLIMENKO 

 
 

Abstract: Most research is mainly focused on the border load strength of a reinforced concrete pillar made of a high strength concrete, but what about the bearing capacity of 
the damaged AB columns of concrete with a normal strength from the last century. In this article, an experiment of a strain test (deformation) was described in relation to the 
amount of the axial eccentric load, to the breakdown of the damaged reinforced concrete pillar. Through real values, a model has been developed which can predict the straining 
of the deflection in relation to the size of the axial eccentric load. After testing the function of strain stress dependence and the axial eccentric load, a correlation test using the χ2 
test was performed. Through testing, it was found that there was no statistically significant difference between the real values and the values obtained by the mathematical 
model. 
 
Keywords: load; strain; reinforced concrete pillar 
 
 
1 INTRODUCTION 
 

A pillar as a support structural element of a construction 
has a very important impact on the ductile effect and the 
combined effectiveness of the whole construction, which is 
why it is essential to know its performance completely. 
There has been much behavioural research of reinforced 
concrete pillars in the last few decades for different types of 
strain, together with the research of the aspect and 
limitations of armature given to cracking and the pillar’s 
load capacity. All previous research was primarily focused 
on the linear load capacity of a construction element. Due to 
the greater demands of load capacity and a longer lifetime, 
together with the endurance of pillars, especially in the 
seismological unstable areas, research is conducted mainly 
on reinforced steel pillars made from high strength concrete 
(≥50.MPa). There is an open question of damaged 
reinforced pillar load capacity on the buildings built in the 
last century from the normal strength concrete (<50 MPa) 
[7]. The question is what threatens the building structure as 
a whole, what the remaining time of service of the damaged 
pillars is and whether there is a possible and payable way 
for the recovery of the damaged pillars. Based on the above-
mentioned questions, what was approached was the 
planning and realization of the experiment of exploring the 
strain stress (deformation) in relation to the size of the axial 
eccentric load, all the way to the breakdown of the damaged 
reinforced concrete pillar. Through real values, a model has 
been developed which can predict the straining 
(deformation) of the deflection in relation to the size of the 
axial eccentric load. The model development process has no 
strict rules, thus, modelling is first and foremost art. The 
only rule is that the model must provide a realistic picture of 
the structure and functions of the actual system and show 
the behaviour of the system in different states, all the way 
from working under normal conditions to testing its work in 
critical situations, respectively examining the system's 
adaptability to the changes in key parameters. 

Modelling can be explained as a process of building a 
representative of a real system and its use to solve the 
perceived problem, where only those characteristics of the 
real system that contribute to the problem solving are 
important. The use of a well-designed model provides 
valuable information about the problem-solving 
possibilities, as well as about all variants of a possible 
solution, and about the possible adverse impacts and states 
in which the actual system can be found by changing certain 
features of the system [2]. 

The contemporary modelling of complex systems 
assumes the use of computers in defining the requirements 
and model building, although the entire modelling process 
is still based on the knowledge, logic, abilities and 
experience of the modelling person and cannot be fully 
automated. The use of computers in the modelling process 
applies primarily to the mathematical calculations of the 
value of individual characteristics, because the complexity 
and the amount of such calculations is increasing with the 
geometric progression in dependence on the increase in the 
number of elements of the model [3]. 

The purpose of the model developed for this work is 
prediction. It involves evaluating the value (quantitatively 
or qualitatively) of system variables over a given time, 
based on the knowledge of other systems, respectively 
changes in the value of their variables in the same period. 
Models are often developed to anticipate the effect of 
changing the system's driving factors or system results. 
Prediction models can be very simple (often empirical) but 
may be more complicated. They must have a certain level of 
accuracy in the reproduction of previous measurements and 
thus require calibration data and other independent 
verification data [1]. 

The prediction is based mainly on quantitative data, 
although qualitative data can be used with them. 
Quantitative data refer to the measurable characteristics or 
flows across the system and can be collected as time series, 
as parts of a given area, or by surveying a particular 
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population. Qualitative data or information include 
professional opinions, beliefs, or information obtained from 
surveys and conversations. This information can be 
categorized (yes/no, high/middle/low ...), but may also be 
descriptive or specific by regulation. 

Almost every model development relies on quantitative 
and qualitative information. However, models based on 
quantitative data rely mainly on the theory or knowledge 
gained by the iterations in the development of their 
conceptual model. 

 
2 PREPAIRING OF A RESEARCH 
2.1 Research of the damaged reinforced concrete pillar 
 

The choice of an experimental pattern for measuring the 
strain-deformation stress at the deflection is largely 
dependent on the area of the slenderness of the reinforced 
concrete pillar, which depends on the geometric size of the 
model (Fig. 1) and on the way of fixing of the ends of the 
pillar of the so-called edge conditions (Fig. 2). 

 

 
Figure 1 Cross section    Figure 2 Edge conditions 

 
According to the European norms (EC-2, EN) [5], 

pillars are considered short and no budget is required for the 
theory of the 2nd order if the increase of the bending 
moment determined by the 1st order theory due to the 
deformation is not greater than 10%. This is fulfilled when 
the condition is met: 
 

,2)90(25
02

01








−⋅+=

M
M.ωλ                                              (1) 

 
where:  

cds

yds

fA
fA
⋅

⋅
=ω  - If As is unknown, ω is taken 0.1 

As - The surface of the armature in the transverse section of 
the element 
λ - Coefficient of the element slenderness 
M01, M02 - First-order moments at the ends - if moments are 
0, ratios are taken 1.0. 

Review of slenderness of the reinforced concrete pillar 
length of 175 cm, cross section 20 ×12 cm. 
 

,max
0 λλ ≤=
i
λ                                                                    (2) 

 
where: 
l0 - Element deflection length 

cA
Ii = - The radius of the inertia in the direction of the 

smaller deflection resistance 
I - Moment of inertia 
Ac - Cross-section surface. 

What is selected is a 20 × 12 cm cross section, 175 cm 
long research form (pillar) with the length of the damaged 
part of 40 cm in the middle of the height of the pillar, i.e. 
the damage is in the range of 67.5 cm to 107.5 cm height of 
the research form. The research form is made of concrete C 
25/30 with longitudinal bars of B500 4 × 10 mm and forks 
B360 of 6 mm / 15 cm (/ 10 cm at both ends of the research 
form). By setting the basic parameters of the selected 
reinforced concrete pillar, not taking into account the 
damage of the cross section of the research form, the 
slenderness was λ = 50.52, which is more than the 
calculated λmax = 29.61 limit. Therefore, the reinforced 
concrete pillar for the analysis has slenderness greater than 
the boundary and a calculation is required by the 2nd order 
theory (calculation for slender pillars). 

 
2.2 Research form reinforced concrete pillar cross-section 

damage  
 
According to the investigations of the undamaged 

samples of the pillar [6] after the breakdown, what was 
noticed was a localized type of damage of the examined 
samples, "wedged" shape approximately at the centre of the 
column, the depth of damage of 1/4 to 1/2 of the horizontal 
section length and the damage length of 20÷30 % of the 
total column length. This type of damage also occurs on the 
buildings of the last century; thus, for the experiment, a 
similar damage was made in the shape of the rectangular 
triangle cross section which was placed in one of the 
corners of the rectangular cross section. The cathetus of the 
triangle are given by the b side of the cross section 10.4 cm 
and by the h side 6 cm (Fig. 1). 
 
2.3 Eccentric axial force 

 
Since the eccentric loading of columns is often in the 

constructed structures, and because of the assumption of 
increasing the deformation of the deflection in the direction 
of the larger inertia torque of the cross section, the 
eccentricity of 1/4 h of the axial force is determined on the 
half section of the column where damage is present. In the 
direction of the lower inertia torque of the cross-sectional 
area, the position of the axial force action was determined 
with no eccentricity (Fig. 3) for the reason that the impact of 
the damage to the pillar curvature would be more 
noticeable. 
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Figure 3 Research form 

 
3 DESCRIPTION OF MEASURING AND RESULTS 
 

The load on both ends of the research form is applied 
by a hydraulic press over a metal plate with a surface of a 
half-size of the cross-section (h/2 × b) of the research form, 
located on the cross section at which damage is present. 
Thus, the axial force, eccentric to the height (h) of the cross 
section of the research form, was gradually applied and the 
research of the research form was measured every 50 kN at 
four measurement points using a 0.01 mm precision 
measuring instruments. 

The measuring points shown in Figure x were placed on 
two undamaged sides of the research form, with a right 
angle between, two placed at the centre and two in a quarter 
of the height of the research pattern, planar on the half of 
the "b" and h sections of the research pattern. The expected 
deflection of the b and h sides outwards, relative to the 
vertical axis of the research form was achieved. Because of 
the eccentric loading and damage on the opposite side of the 
measurement, a significant bending of the side b was noted, 
i.e. a larger deflection was recorded in the direction of the 
maximum inertia torque of the cross section, while in the 
direction of the minimum inertia torque moment of the 
cross section was markedly less deflection but in the 
expected direction, or side h opposite to the damage, it is 
also moved outward in relation to the vertical axis of the 
research form. The results obtained are shown in Tab. 1. 
 

Table 1 Result of stress strain changes 
F/Fult ɛ1 ɛ2 ɛ3 ɛ4 

0 0 0 0 0 
0.122 0 0.043 0 0 
0.244 0.180 0.011 0.126 0 
0.366 0.460 0.057 0.320 0 
0.488 0.586 0.140 0.406 0.006 
0.610 0.666 0.286 0.469 0.103 
0.732 0.754 0.549 0.509 0.234 
0.854 0.891 1.286 0.514 0.571 
0.976 1.071 2.971 0.520 1.183 
 
With the ver. 8st Stat Soft Inc. application Statistica, 

the stress dependency function (ɛ) is tested at each load 

point (F). According to the results obtained, in the T1 and T3 
functions the strain corresponded to the logarithmic 
function (Fig. 4 and Fig. 5) and this: 
 
T1: , log142219620)( x..xf ⋅+=                                        (3) 
T3: . log634057230)( x..xf ⋅+=                                        (4) 
 

 
Figure 4 Load stress dependence in item 1 

 

 
Figure 5 Load stress dependence in item 3 

 

 

Figure 6 Load stress dependence in item 2 
 
Unlike in the points 1 and 3, in the points 2 and 4 the 

functions of the reluctance were exponential functions (Fig. 
6 and Fig. 7): 
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T2: ,e00750)( 94895 x..xf ⋅⋅=                                               (5) 

T4: .e1095149)( 0662105 x..xf ⋅− ⋅×=                                    (6) 
 

 

Figure 7 Load stress dependence in item 4 
 
With the χ2 test, the existence of statistically significant 

correlations in the actual frequency and value of the 
computed ones was calculated. This test is used to test the 
significance of the difference between the obtained (fd) and 
expected (f0) frequencies. Defined by the formula [4]: 
 

T2: .
)(

0

2
02 ∑ −

=
f

ffdχ                                                     (7) 

 
Table 2 Values derived from dependency functions 

F/Fult ɛ1 ɛ2 ɛ3 ɛ4 

0 - 0.0075 - 0.000099514 
0.122 -0.0816 0.0155 -0.0069 0.000339806 
0.244 0.26228 0.03202 0.18391 0.00116032 
0.366 0.46341 0.06617 0.29555 0.003962092 
0.488 0.60611 0.13672 0.37476 0.013529178 
0.610 0.7168 0.28252 0.4362 0.046197471 
0.732 0.80724 0.58376 0.4864 0.157748416 
0.854 0.88371 1.20624 0.52884 0.538656383 
0.976 0.94995 2.49247 0.56561 1.839325595 
 
χ2 test results are shown in Tab. 3. 

 
Table 3 Values of the χ2 test 

 Function 1 Function 2 Function 3 Function 4 
χ2 0.026 0.374 0.017 0.136 

Degrees of 
freedom 6 8 6 8 

P 0.99999964 0.99995611 0.9999999 0.99999916 

Conclusion 

There is no 
statistically 
significant 
difference 

There is no 
statistically 
significant 
difference 

There is no 
statistically 
significant 
difference 

There is no 
statistically 
significant 
difference 

 
The differential equation system is used to show the 

change of tension (dɛ) of the load change (dF): 
 
T1: F),( log142219620d d.. ⋅+=ε                                      (8) 

T2: ,e00750d d94895 F.. ⋅⋅=e                                                 (9) 
T3: F),( log634057230d d.. ⋅+=ε                                    (10) 

T4: .e1095149d d0662105 F.. ⋅− ⋅×=e                                   (11) 
 
4 CONCLUSION 
 

The experiment showed that at the linear increase of the 
load on the research form, due to the eccentric position of 
the axial force and the damage on the opposite side of the 
measurement, a significant curvature of side b was 
recorded, that is, the larger deflection was recorded in the 
direction of the maximum moment of inertia. The action of 
the eccentric axial force is applied perpendicularly to the 
part of the cross section where damage is present. The 
assumption of the experiment is that, in such an 
unfavourable position of the axial force, a significant role in 
the curvature other than eccentricity also has a damage of 
the research form cross section. In the direction of the 
minimum moment of inertia, there was significantly less 
deflection, but in the expected direction, or side h opposite 
to the damage, it also turned outward in relation to the 
vertical axis of the research form. 

The expected direction of the curvature of the research 
form in the direction of the minimum moment of inertia 
confirms the influence of cross-sectional defects, while the 
main cause of the significant curvature of the research form 
in the direction of the maximum moment of inertia is the 
eccentricity itself. In order to fully confirm the impact of the 
cross-sectional defects of the research form on bending, and 
most importantly determine the magnitude of that impact, it 
is necessary to extend the experiment to a larger number of 
research forms. 

The test patterns should contain different sizes and 
geometric forms of cross-sectional defects. Finally, such an 
expanded experiment should result in finding out the 
method of calculating the remaining firmness of the 
reinforced concrete columns with the damaged cross-
section. 

Compared to the linear increase of the eccentric axial 
force, the deformation of the curvature took place in the 
form of the exponential function at the points T2 and T4 and 
according to the logarithmic function, at the points T1 and 
T3. Thus, the deflection of side b, although in the direction 
of the maximum inertia moment, takes place in the 
exponential function, while the deflection of the page h 
takes place according to the logarithmic function. 

By performing a χ2 test, it is proved that the functions 
describe the actual data statistically, that is, that there is no 
statistical difference between the actual data set and the 
number of data obtained by the function. The equations 
obtained were translated and merged into the differential 
equation system and a mathematical model of the behaviour 
of a damaged reinforced concrete pillar made of concrete of 
normal strength (<50 MPa) due to the axial eccentric load 
was conceived. 
 
Note: This research was presented at the International 
Conference MATRIB 2017 (29 June - 2 July 2017, Vela 
Luka, Croatia). 
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FREEZING POINTS OF PURE METALS AS DEFINING POINTS OF INTERNATIONAL 
TEMPERATURE SCALE ITS-90 

Tomislav VELIKI 

Abstract: Melting and freezing temperatures are one of the most important features of metals, both in production and application. For the extremely pure metals where purity 
higher than 99.9999% is reached, difference between the melting and the freezing temperature is less than 1 mK (1/1000 °C). This virtue has been used for establishment of the 
temperature fixed points, on which the Practical temperature scales were laid upon. Temperatures of the fixed points are determined on the basis of thermodynamics. The 
temperature fixed points are used for the calibration of thermometers, which are then in turn used for interpolation between the fixed points. Every realization of the Practical 
temperature scale is an independent experiment. In this sense, this paper describes mathematical modeling and equipment used for the realization of the temperature scale in 
the Republic of Croatia in the range from −0 °C to 660 °C, accompanied with the measurement uncertainties.  

Keywords: international temperature scale; melting and freezing temperatures; pure petals  

1 INTRODUCTION 

To achieve the uniformity in measurement of 
temperature in a way that was achieved in length 
measurements with Meter Convention and the unique 
standard for length established in 1875, it was needed to 
invent the practical standard for temperature. The first 
International Temperature Scale was adopted in 1927 to 
overcome the practical difficulties of the direct realization 
of thermodynamic temperatures by gas thermometry and to 
unify existing temperature scales. It was introduced by the 
Seventh General Conference on Weights and Measures 
(CIPM) with the intention of producing a practical scale of 
temperature which would be easily and accurately 
reproducible and which would give the best approximation 
of thermodynamic temperatures. The Scale was revised in 
1948, amended in 1960, and revised again in 1968 and 
1990. The International Temperature Scale of 1990, known 
as ITS-90 [1], was adopted by the International Committee 
for Weights and Measures (BIPM) at its meeting in 1989. 
However, this scale prescribes numerical values of the 
temperature at the temperature fixed points, interpolation 
function and instrument between fixed points while the 
physical realization is left to the user of the scale. This 
paper will describe the independent realization of the ITS-
90 as primary standard in the Republic of Croatia in the 
range where freezing points of the pure metal are used, 
accompanied with description of equipment and 
uncertainties achieved. 

2 DEFINITION OF THE INTERNATIONAL TEMPERATURE 
SCALE ITS-90 

International Temperature Scale ITS-90[1] extends 
upwards from 0.65 K to the highest temperature practicably 
measurable in terms of the Planck radiation law using 
monochromatic radiation. The ITS-90 comprises a number 
of ranges and sub-ranges throughout each of which 

temperatures T90 are defined. Definition prescribes 
thermometric fixed points which are based on melting, 
freezing or triple points of pure substances to which precise 
values of temperature were measured by thermodynamic 
thermometers. An excerpt from [1] is presented in Tab. 1. 

Table 1 Defining temperature points of International Temperature Scale ITS-90 
assigned to the specific phase transitions of pure substances, [1] 

Equilibrium state T90 /K t90 /°C 
Triple point of hydrogen 13.8033 −259.3467 
Boiling point of hydrogen at a pressure of 
33321.3 Pa 17.035 −256.115 

Boiling point of hydrogen at a pressure of 
101292 Pa 20.27 −252.88 

Triple point of neon 24.5561 −248.5939 
Triple point of oxygen 54.3584 −218.7916 
Triple point of argon 83.8058 −189.3442 
Triple point of mercury 234.3156 −38.8344 
Triple point of water 273.16 0.01 
Melting point of gallium 302.9146 29.7646 
Freezing point of indium 429.7485 156.5985 
Freezing point of tin 505.078 231.928 
Freezing point of zinc 692.677 419.527 
Freezing point of aluminum 933.473 660.323 
Freezing point of silver 1234.93 961.78 
Freezing point of gold 1337.33 1064.18 
Freezing point of copper 1357.77 1084.62 

The comparison of fixed-point temperatures and the 
interpolation of the scale between fixed points in the 
temperature range between about 0.°C and 962.°C is by 
definition of ITS-90 carried out by platinum resistance 
thermometry. In this range, defining temperatures are phase 
transitions of metallic fixed points materials (Ga, Sn, Zn, 
Al, Ag) having nominal purity in-between 99.9999 % and 
99.99999%. Thermometers calibrated per ITS–90 use 
prescribed mathematical formulas to interpolate between its 
defined points. ITS–90 also draws a distinction between 
"freezing" and "melting" points. The distinction depends on 
whether heat is going into (melting) or out of (freezing) the 
sample when the measurement is made. Only gallium is 
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measured while melting; all the other metals are measured 
while the samples are freezing.  

Temperature T90 in this range is expressed through ratio 
of resistances of platinum resistance thermometer R(T90) 
and the resistance of the same thermometer at temperature 
of triple point of water R(273,16): 

90 90( ) ( ) / (273,16)=W T R T R        (1) 

Reference function at this range of  ITS-90  is defined 
according to [1]:  

9
90

90 0
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/ 754,15
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481=
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and numerical values of the coefficients  c0 to c9  are 
available in [1] . 

Deviation function of the thermometer which after 
calibration in defining fixed points is used for interpolation 
across the range has the following form: 
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Thus, after measuring resistance of the thermometer in 
the temperature fixed points and immediate measuring of 
the resistance in the triple point of water during calibration, 
coefficients a to d from Eq. (3) can be calculated for 
specific thermometer. That thermometer is then used for the 
interpolation of the temperature according to ITS-90 with 
calculated measurement uncertainty.  

3 DEVELOPMENT OF THE INDEPENDENT REALIZATION 
OF THE ITS-90 

Realization of the International Temperature Scale ITS-
90 was performed in the Laboratory for Process 
Measurement located at the Faculty of Mechanical 
Engineering and Naval Architecture, University of Zagreb, 
in the period from 2002 to 2011. As the definition of the 
ITS-90 described in the previous chapter does not stipulate 
technical details but offers general recommendations 
elaborated in  [2] and [3], every national laboratory is 
obliged to design and purchase equipment and devise a 
method adequate for the experiment. For the establishment 
of the freezing point of tin, zinc and aluminum the open 
type of fixed point was chosen, with quartz envelope and 
pure graphite parts delivered by company Isotech. Materials 
required for filling the points were acquired by the producer 
Johnson Matthey. Dimensions and specifications are given 
in Tab. 2.  

The main purpose of the open fixed-point cells is the 
ability to regulate pressure of argon gas during phase 
transition, thus lowering the uncertainties. The second 
benefit comes into play in the case of the rupture of the 

quartz envelope during melting and freezing of the fixed-
point material, when overpressure of argon can prevent 
volatile oxidation of graphite container containing pure 
metal, as well as contamination of the pure metal with 
impurities from atmosphere. 

Table 2 Specifications of the fixed points used for realization of the ITS-90 
Type ITL-M-17669 ITL-M-17671 ITL-M-17672 

Material Sn Zn Al 

Producer Johnson 
Matthey 

Johnson 
Matthey 

Johnson 
Matthey 

Outer diameter 50 mm 50 mm 50 mm 
Thermometer 

tube 8 mm 8 mm 8 mm 

Height 520 mm 520 mm 610 mm 
Height of molten 

material 200 mm 200 mm 200 mm 

Nominal Purity 99.9999 % 99.9999 % 99.9999 % 

Figure 1 Cross section of the open temperature fixed point. Height of the cell is 
approximately 520 mm. Description of the labels on the figure are given in text. 

Fig. 1 depicts cross section and main parts of the 
physical realization of the fixed point which is to be inserted 
into thermometric three zone controlled furnace. Quartz 
envelope (A) is used to separate the interior filled with 
argon from the surroundings, thus preventing oxidation, 
while allowing thermometer to be inserted into the middle 
of the material going through phase transition. A graphite 
container (B) is used to hold pure metal (X) both in molten 
and solidified state. It is sealed by the graphite top (C) and 
the graphite re-entrance tube for thermometer (D), and is 
positioned on the graphite cushioning insert (E). The 
graphite rings (E) with accompanying bushings (G) are used 
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to decrease heat transfer toward the top of the fixed point. In 
the area where largest temperature gradients are expected, 
additional platinum foil plates are applied for lower 
radiation losses. The top of the fixed point is sealed with a 
flange connecting quartz tube for thermometer and quartz 
envelope, and contains connection for argon gas 
installation.  

During a regular course of calibration, material would 
be left overnight on temperature 2÷5.°C over phase 
transition. Then temperature of the furnace would be set to 
approximately 2.°C under phase transition. When 
thermometer would reach that temperature, it would be 
removed and a pre-cooled quartz tube would be inserted to 
start crystallization since pure metals have pronounced 
supercooling effect, as described in [4]. Once the phase 
transition front would start from both outside and the 
thermometer entrance, thermometer would be reinserted 
into the fixed point and the measurement could commence 
after the stabilization phase, as described in [5] .  

4 MATHEMATICAL MODEL OF MEASUREMENT 

The values of the resistance of the thermometer R(T90) 
during phase transition on defining temperature T90 and 
resistance R(273,16) on temperature of the triple point of 
water are obtained from readings from resistance 
thermometry, Xt and X273,16. The reading of the bridge Xt is 
the ratio of unknown resistance of the thermometer Ri(T90) 
and resistance of known standard resistor, Rs1.  

90 1( ) t SR T X R= ⋅   (4) 

Similarly, the reading of the bridge X273,16 corresponds 
to the ratio of the resistance of the thermometer inserted into 
triple point of water and resistance of the standard resistor 
Rs2. The resistance of the thermometer at the triple point of 
water is determined from the following:  

273,16 2(273,16) sR X R= ⋅   (5) 

At each temperature, the minimum of 32 readings from 
the bridge are taken at two different electrical excitation 
currents, usually 1 mA and √2 mA, to allow extrapolation to 
the ideal value of 0 mA, as elaborated in [6].  

However, the reading of the bridge is influenced by the 
various phenomena whose effects are to be corrected and 
uncertainties of the corrections estimated. Firstly, the values 
of the standard resistor have drifted from the time of 
calibration by CRS1/1 and CRS2/1. Secondly, corrections have 
to be made due to deviation of the temperature of the oil 
bath in which standard resistors are kept CRS1/2, CRS2/2. 
Thirdly, temperatures of the phase transitions in fixed points 
are to be corrected due to dissolved impurities in the metals 
and the water used for the triple point, deviation of 
temperature due to hydrostatic head from free surface to 
thermometer, effect of self-heating of the thermometer due 
to passing current, stray heat fluxes, and effect of argon 
pressure during realization. Lastly, corrections in the 

measurement system such as nonlinearity of the resistance 
bridge, electromagnetic disturbances and loss of isolation in 
the thermometer are to be estimated. After taking into 
account all known corrections, the mathematical model of 
the measurement has a form:  
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16273  are known corrections of 

the temperature of the phase transition in the fixed point and 
in the triple point of water.  

The value of corrections described in Eq. (6) and their 
intrinsic uncertainties are the main challenge in realization 
of the International Temperature Scale. During the 
experiment, some of the corrections were estimated from 
the data available in available literature, others were 
measured experimentally, as described in [7]. For 
estimation of thermal stray fluxes numerical simulations 
were used, as described in [8]. The largest uncertainty 
contribution is the purity of the fixed-point material. In 
order to have confidence in its value, it is calculated, then 
measured experimentally, and then finally verified by the 
laboratory inter-comparisons with other National 
Laboratories [9, 10].  

5 MEASUREMENT RESULTS 

During the process of realization of the Temperature 
Scale, measurements are performed with twofold purpose: 
to characterize the experimental realization of the scale as 
standard, and to calibrate interpolating thermometers 
against standard.  

The metals used for temperature fixed points are the 
purest commercially available (with nominal mass purity 
>99.9999 %), but the effects of dissolved impurities must 
not be taken for granted. All materials were purchased with 
chemical trace analysis conforming nominal purity. From 
this chemical analysis and using publicly available data 
such as [11], corrections of the temperature can be 
calculated. However, those corrections are to be checked 
experimentally since impurities stated in the analysis are on 
the edge of detection threshold and refer to the lot of the 
material and not to the purchased sample. The experimental 
verification of the impurities dissolved on the fixed point 
material is performed by continuous melting and freezing of 
pure metal and measurement of the duration and slope of 
temperature arrest during phase transition, [12].  

For ideally pure metals melting and freezing 
temperature would be the same, while the presence of 
impurities changes the shape and lowers the values of the 
phase transition, as depicted in Fig. 2, where 5N material 
(mass purity 99.999 %) has substantially lower melting and 
freezing temperatures than 6N (mass purity 99.9999 %). 
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The temperatures of the phase transition and its slope are 
measured using the standard platinum thermometer.  

Figure 2 Typical melting and freezing behavior of a dilute binary alloy, [12]. Marks 
6N and 5N stand for mass purity of 99.9999 % and 99.999 %. 

As this correction accounts for the major attribution in 
the overall uncertainty, the measurements were performed 
for every fixed point used for realization of the ITS-90. To 
allow the analysis of measurement results, metrological 
furnace, in which fixed points were inserted, was controlled 
in such a way that melting and freezing would last for at 
least 3 hours. 

The experimental results of the measurement of phase 
transitions in melting and freezing for fixed point filled with 
aluminum are shown in Fig. 3. The values measured during 
melting are shown in grey, while those measured during 
freezing are shown in black. For the ease of graphical 
explanation both processes are shifted to start at the same 
point. 
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Figure 3 Measurement results showing resistance of the thermometer during melting and freezing for characterization of the aluminum fixed point. Melting process is shown in 
grey, while freezing is represented by black curve. 

Table 3 Final values of the calculated temperature corrections due to impurities in 
the fixed point after laboratory inter-comparisons, and accompanying EURAMET 

projects from which they were calculated. 

Fixed point Correction, 
mK 

Uncertainty, 
mK, k=2 

Inter-laboratory 
comparison 

Sn 0.0 0.5 EURAMET 1144, 
EURAMET 1167 

Zn −1.2 0.9 EURAMET 1144, 
EURAMET 1167 

Al −4.1 1.5 EURAMET 820 [9], 
LPM-PTB 2009 

As the data obtained from the chemical analysis were 
inconclusive, for the realization of the ITS 90 corrections 
due to impurity are calculated based on measurements of 
melting and freezing behavior. In the first step, corrections 
are estimated to have value zero, with pertaining 
uncertainties being equal to the temperature span in which 
80 % of the phase transition takes place. In the second step, 
the temperature during phase transition is compared using 
platinum resistance thermometer with realizations in 
different European National Institutes, enabling better 
calculation of the correction of temperature in every fixed 
point. For every fixed point several inter-comparison 
measurements were performed with other laboratories 
comprising European Association of National Metrology 
Institutes – EURAMET. Based on the analysis of those 

measurements, the final values of corrections due to 
impurities of the fixed points materials are calculated with 
their pertaining uncertainties as shown in Tab. 3. 

The development of the independent experimental 
realization of the ITS-90 in the above-mentioned way has 
enabled calibration of the platinum resistance thermometers 
according to ITS-90. Those thermometers are then used as 
temperature standard in dissemination of the ITS-90 for all 
temperature measurements in scientific, industrial and legal 
metrology. However, when calibration of the platinum 
resistance thermometer is performed, new corrections are 
added upon those corrections due to impurities of the 
material in fixed points, and overall uncertainty is 
calculated. Tab. 4 shows overall uncertainties achieved with 
measurement setup for the calibration of the thermometers 
in fixed points.  

Table 4 Overall calculated uncertainties for calibration of platinum resistance 
thermometers in the temperature fixed points 

Fixed Point Temperature, °C Uncertainty of calibration,  
mK,  k=2 

Al FP 660.323 9.0 
Zn FP 419.527 7.0 
Sn FP 231.928 3.0 
Ga MP 29.765 1.0 
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6 CONCLUSION 

The freezing points of pure metals are the basis for 
realization of International Temperature Scale ITS-90 as 
standard for measurements in temperature. Limiting factors 
in achieving lower uncertainties in such experiments are 
impurities in the material of fixed point. In this paper, the 
method for estimation on the correction due to impurities is 
presented, with uncertainties achievable in the calibration of 
the platinum resistance thermometers, which are then used 
for dissemination of the ITS-90. Methods and values 
presented in the paper were not only achieved in laboratory 
environment, but were tested and verified by the German 
Accreditation Service DAkKS in 2009 and the Croatian 
Accreditation Agency HAA in 2013. 

Note: This research was presented at the International 
Conference MATRIB 2017 (29 June - 2 July 2017, Vela 
Luka, Croatia). 
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MULTIPLE INFLUENCE OF SILICA-CONTAINING COMPONENT OF THE CHEMO-BIOGENIC 
ORIGIN ON THE STRUCTURE AND PROPERTIES OF COMPOSITES ON SILICATE MATRIX 

 
Yevgen LUTSKIN, Olena SHYNKEVYCH, Aleksej ANISKIN 

 
 

Abstract: A distinctive feature of the silicate matrix composites unlike silicate autoclaved concrete is that they are made on the basis of the ternary complex activated silicate 
concrete mixture modified by alkali and mineral additives, and harden at 85 °C and standard atmospheric pressure. Due to the implementation of a complete activation of highly 
mobile silicate concrete mixture, that is one of the technological features to obtain this type of composites, energy-saving modes of preparation were provided. The composites 
and products based on them are characterized by low density at high values of strength, water and crack resistance and heat capacity. Now there is clear idea about the 
functional role and impact on the structure and properties of silica-containing components chemo-biogenic genesis, which were previously used either as active mineral additives 
or fillers. The comparative analysis of the influence of the tripoli specific surface to the restructuring and silicate matrix properties and porous composites modified of alkali 
containing additives other additives were carried out.  Based on this analysis the mechanism of formation of silicate matrix structure and properties was grounded and proposed. 
It is shown that the tripoli particles promoted "physical" seal structure of silicate matrix and the formation of capillaries’ discontinuous structure, by means of their own micro-
porosity. 
 
Keywords: complex activation; silica-containing component; silicate matrix 
 
 
1 INTRODUCTION 
 

Conservation of the Earth's ecosystem is one of the 
main mankind tasks. Nowadays, the development strategy 
of many countries is impossible without environmental 
technologies or so-called "green" technologies. Their goals 
are blowout controls, resource-saving, waste management, 
increasing of productional energy efficiency, etc. The 
development and adaptation of new resource-saving 
technologies is one of the most advanced versions for 
always urgent issue solving of competitive enterprises. The 
cost of building materials depends on the raw materials they 
are made of and how energy-consuming their production 
technology is. Cutting the cost of building materials and 
construction totally will allow the production of building 
materials at the site of their using from the local raw 
materials and with using the non-autoclave [1÷6] and non-
fire technologies. Therefore, in order to the conserve the 
Earth's ecosystem as a planet, optimization is necessary – it 
is the optimization of the system "man – eco- and energy-
saving technologies – composite materials – environmental 
conditions". This approach will have a beneficial effect on 
the conservation of the planet’s energy and material 
resources. 

As technological methods progress, the possibility of 
using different types of activation should be noted. This 
contributes to the reduction of energy costs and allows the 
control of the structure formation process in such a way as 
to provide the required and predicted physical and 
mechanical properties of materials, products, and structures. 

The development of new-generation materials is based 
on complex activated silicate mixtures, which are produced 
under casted technology with using of modern 
nanotechnological methods [1÷6]. 

These materials are characterized by reduced density 
with sufficiently high strength, high water-, frost-, crack-
resistance and heat capacity. 
 
2 NANOTECHNOLOGY RECEPTIONS OF PRODUCING THE 

COMPLEX ACTIVATED COMPOSITES ON SILICATE 
MATRIX 

 
One of the research tasks is the identification of general 

mechanisms of structure and properties formation of the 
non-autoclaved hardening silicate composites. 

Developed by the authors, the complex activation 
includes the continuous loop of the different types and 
methods of activation: mechanical, chemical, and thermal 
[1, 2]. 

Each type of activation is accompanied by effects 
which create the conditions for the possibility of subsequent 
type of activation. 

The result of the complex activation is the formation of 
linear defects, dislocations, and point positions and 
substitutions. Furthermore, there may be angle change 
between the bonds and the appearance of dangling bonds, 
which leads to the formation of free radicals in the crystals 
with covalent bonds and the amorphization of molecular 
crystals. 

Each type of activation will be caused by the prevalence 
of any type of deformations of the solid phase structure. The 
differences will be responsible for the nature and kind of 
dislocations with allowance for the extent and duration of 
external and internal influences. 
 
2.1 Mechanical activation 
 

Mechanical effects in the dispersion medium speed 
mixer activator provide mechanochemical activation of 
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crystalline quartz surface. The term "mechanochemical 
reaction" was introduced by W. Ostwald in 1891. 

Mechanochemical activation is carried out on the 
special properties of the newly formed surfaces, especially 
changing the local chemical and phase content of solids, as 
well as their aggregate state of under the influence of 
mechanical effects of high intensity [7]. 

As with nanotechnology reception, the 
mechanochemical activation reduces the viscosity of 3 or 
more dispersed systems containing lime [1÷3]. This effect 
of viscosity reduction was used to compensate the increased 
water demand of the mixture introducing the composite 
porous opal-cristobalite rocks and using the activation of the 
binder together with the fine aggregate. 
 
2.2 Thermal activation 
 

Used as a binder, quicklime promotes the "inner 
activation" of dispersed system under an elevated 
temperature T= 40÷60°C. The formation of multiple point 
contacts in the dislocation fields appears and the conditions 
for the hydration hardening unrelated in hydrous calcium 
lime are created.  

External thermal activation occurs in conditions of 
thermal-moisture treatment. In such conditions at T=85 °C 
contradiction is canceled, which relates to the increasing the 
quartz solubility and decreasing lime solubility with 
increasing its dissolution [8, 9]. In addition, the increase of 
pH system causes to create favorable conditions for 
longevity growths GSK during the operational phase when 
11.5 ≤ pH ≤ 12.5. 
 
2.3 Chemical activation 
 

According to E. Avvakumov’s works [10], with the 
presence of water in the inorganic solid-phase system the 
"method of soft mechanochemical synthesis" is developed. 
Hydroxides are used as the starting components to obtain 
composite oxides from the simple oxide. One of these is 
characterized by acidic, the other one is characterized by 
basic properties. By means of the neutralization reaction the 
intensification of the processes takes place. In addition, in 
such system the conditions for the hydrothermal processes 
are created. 

The acid activation occurs by introducing the 
amorphous-crystalline silica, alkaline activation – the 
introduction of increased amounts of lime; it raises pH. The 
replacement of ground quartz sand in the binder by opal-
cristobalite rocks increases frost and water resistance of the 
silicate matrix while reducing its density matrix to 20÷25%. 

Moreover, the presence of opal-cristobalite rock in the 
dispersion causes formation of nanoscale in the GSK pores 
of these rocks; in this case, they are "nanoreactor". Its walls 
restrict the growth of neoplasm [11]. Also, the presence of 
particles of porous rocks with different dispersion binder 
allows adjusting the speed and reaction kinetics of hydration 
[3]. 

The use of quicklime determines the possibility of using 
high modulus liquid glass as one of the alkali additions, so 

the temperature rise on the forming stage allows regulating 
rapid setting of such mixture. 

Alkali and alkali-containing additives increase the 
thermodynamic instability of systems by shifting the 
equilibrium caused by the formation of additional defects on 
the surface of silica-containing components. Alkali-
containing additives are capable for aeration of mixtures 
under certain conditions [12]. 

In this work, the low-temperature aeration of concrete 
during introduction of the activation to the mixture for the 
silicate matrix by liquid glass additives Na2O·nSiO2+mH2O 
and sodium hydroxide NaOH is provided. 
 
3 EXPERIMENTAL 
 

In this study, one of the objectives is to identify local 
laws of formation of structure and properties of the aerated 
complex activated composites on the silicate matrix of 
thermal-moisture hardening to establish and use in practice 
the most effective and cost-effective methods of 
nanotechnology in the production process. 

The forming of informative base for the optimization of 
technological decisions is provided using the methods of the 
experimentally-statistical modeling. The multifactor 
experiment was carried out with the use of the mathematical 
theory of planning of the experiment [13÷15]. Two 
comparable complexes of six-factor experimentally-
statistical models are calculated. ES models by type (1) 
describe the dependence "mixture-properties" and "mixture-
structure". It allows studying the dependence "content-
structure-properties". 

To analyze the possibilities of the regulation of the 
structure and properties of the aerated composites on the 
silicate matrix six factorial field experiments according to 
the 24-point plan, such as "triangles on the cube" by type 
"mixture-technology-quality", were carried out [13÷15]. In 
the plan, three mixed factors and three independent of the 
content vary simultaneously. With three mixed factors the 
surface area of tripoli as the component of lime-silica binder 
at levels was fixed: υ1 – Ssp1=400 m2/kg, υ2 – Ssp2=500 
m2/kg, υ3 – Ssp3=600 m2/kg. With three independent factors 
in the experiments the content of alkali-containing additives 
was varied: x4 – NaOH – (0.5÷1)%, x5 –Na2O·nSiO2+mH2O 
– (1÷5)% and gypsum additives x6 – CaSO4·2H2O – 
(2÷4)%. 

The data on the properties and characteristics of the 
structure of full-scale experiments carried out in each of the 
24 points of the plan were the basis for the ES models’ 
calculations. 

According to the experiment results, ES model is 
calculated, which allowed to estimate the effect of alkali-
containing additives and the specific surface area of tripoli 
on the properties and characteristics of the structure of 
aerated composites on silicate matrix. 

The computation experiment has shown that the factor 
which has the greatest influence on the properties is the 
specific surface area of tripoli. Due to the synergistic action 
of alkali additives and liquid glass, taken in optimal ratios 
for each property and given Ssp of tripoli, the aeration of the 
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mixture is achieved. This lowers the density and high values 
of the properties: compressive strength Rb (MPa), bending 
strength Rbtb (MPa), water resistance (coefficient of 
softening) ks, crack resistance (critical coefficient of stress 
intensity) kIc (MPa·m−0.5), heat conductivity (coefficient of 
heat conductivity) λ (Wt/m·K), frost resistance F (cycles). 
The introduction of additives of alkali and liquid glass 
increases the volume of the mixture to 1.2÷1.4 times. The 
density of the composite varies from 1300 to 1500 kg/m3, 
which is 17÷23% lower than the density of the matrix 
material and 25÷30% lower than the density of autoclaved 
silicate brick. 
 
4 RESULTS AND DISCUSSION 
 

According to the experimental results, the 
experimental-statistical (ES) models were calculated. By ES 
models the optimal values of quality criteria and 
compositions of mixtures have been installed. Compressive 
strength Rb varies from 12 to 18.5 MPa, i.e. 1.5 times, and it 
is in the range of changing of the matrix material strength. 
Maximum strength is greater than 18 MPa and is obtained 
for compositions which contain 5% of liquid glass, 0.5% of 
alkali, and 4% of gypsum, Ssp=400 m2/kg of Tripoli. The 
same strength of the silicate matrix is obtained on tripoli 
with Ssp = 500 m2/kg. 
 

a) 

 

b) 

 
Figure 1 The influence of additives NaOH and liquid glass on coefficient of heat 
conductivity λ (a) and softening coefficient ks (b) and for a fixed value additive of 

gypsum 4% 
 
According to the ES model (1), the coefficient of heat 

conductivity λ of aerated composites under the influence of 

all six factors varies 1.9 times, from 0.28 to 0.54 Wt/m·K. 
The minimum value of the heat conductivity coefficient λ = 
0.28 Wt/m·K is obtained on the contents which contain 
0.5% NaOH and 1% liquid glass, a mixture of tripoli 
particles with a specific surface Ssp=400 and Ssp=600 m2/kg 
in equal ratio and gypsum additive 4% (Fig. 1a). 

Softening coefficient is varied by ks 0.81÷1. The values 
ks≥0.95 were obtained with the content 0.75% NaOH and 
5% liquid glass on specific surface of tripoli Ssp=400 m2/kg 
and the gypsum additive content of 4% (Fig. 1b). 

Frost resistance of aerated materials is 25÷30 cycles 
that lay within the changes in frost resistance of matrix 
material – F25-50. The maximum value of the frost 
resistance of aerated composites was obtained on Ssp=400 
m2/kg, and the content of additives gypsum is 4%. The 
similar values of frost resistance of silicate matrix were 
obtained in the mixture of tripoli particles Ssp=400 and 
Ssp=600 m2/kg in equal proportions and gypsum content 
2.5%. 
 

a) 

 

b) 

 
c) 

 
Figure 2 The changing the maximum (a) and minimum (b) values kIc under the 

influence of content and technological factors, taking into account the values of Ssp 
of tripoli determining the maximum and minimum values kIc respectively. Relative 

change ratio δkIc = kIc
max/kIc

min (c) due to changes of Ssp of tripoli 
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The critical coefficient of stress intensity kIc under the 
influence of all factors varies by 1.8 times, from 0.91 to 
1.64 MPa·m−0.5 (Fig. 2, b). According to the ES models, 
taking into account the quantities of Ssp tripoli, which 
provide maximum and minimum values kIc, the ratio δkIc = 
kIc

max/kIc
min=1.1÷1.47 time was calculated (Fig. 2c). 

The maximum values of the critical stress intensity 
factor kIc=1.64 MPa·m−0.5 of aerated composites are equal to 
kIc of matrix material and the minimum value kIc = 0.91 
MPa·m−0.5 of aerated composites is twice the kIc of the 
matrix material [5]. In this case, the maximum and 
minimum values kIc for porous composite and the matrix 
material were obtained at the different values of tripoli Ssp. 
Thus, maximum kIc for aerated composites was obtained on 
Ssp=600 m2/kg, and for the matrix material, on the mixture 
Ssp=400 and Ssp=600 m2/kg with an equal ratio. It may be 
associated with different particles density in the volume and 
cramped conditions of aerated composites. 

The visualization of ranges of property changes under 
the influence alkali-containing additives and the specific 
surface area of tripoli is shown in Fig. 3. 

 

 
Figure 3 The relative influence of the studied factors and their interactions on the 

change of properties 
 

Thus, the changed conditions of structure formation by 
introducing alkali-containing additives promoting aerated 
composites, predetermine the introduction of tripoli with a 
specific surface area. This may be connected, in this case, 
with the formation of the matrix structure in "straitened 
circumstances" of interporous partitions. For obtaining 
optimal compositions of porous composites, introducing 
alkali-containing additives they condition the necessity of 
changes Ssp of tripoli and adjustment of the content of 
gypsum additives compared with the optimal composition 
of the silicate matrix at constant quantitative content of 
other components for the mixture and the conditions of their 
hardening. 

This change of the properties is associated with the 
change of structural parameters of porous composites under 
the influence of alkali-containing additives and Ssp of tripoli. 

To analyze the impact of the structure characteristics on 
the properties the ES models of change of total, open and 
closed porosity and parameters of capillary porosity were 

calculated. The content of closed pores can be increased by 
reducing the content of open pores 1.7 times. 

The total porosity can be increased to 30%. The average 
size of the capillaries dk is changed in 4.3 times; the 
coefficient of distribution uniformity according to their size 
αk in 2.3 times. 

In the next phase of research using the computational 
experiments [14, 15] according to ES models, the 
comparative analysis of property changes and the structure 
characteristics of the silicate matrix and aerated composites 
based on the isoparametric conditions at the constant total 
porosity Ptot=const=40% was carried out. 

It was found that at the constant total porosity 
Ptot=const=40% the aerated composites are characterized by 
kIc=1.2÷1.35 MPa·m−0.5, that is 1.5÷1.7 times higher and the 
coefficient of heat conductivity is 1.8÷2.8 times lower than 
at the matrix material; the softening coefficient is ks≥0.95 
(Fig. 4a). 

 
a) 

 

b) 

 
Figure 4 The comparative analysis of the changes in the properties and 

characteristics of the structure of the silicate matrix and of aerated composites 
based on isoparametric conditions: (a) Ptot=const=40%  

and (b) Rb=const=15.0 MPa  
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This improvement relates to the change of the structure 
parameters. Thus, at the aerated composites comparing with 
the silicate matrix the ratio of the open and closed pores is 
reduced 3.5 times; the average size of the capillaries relative 
dk from 1.2 to 0.35 is reduced more than 3 times. 

A similar comparative analysis of property changes and 
structure characteristics of the silicate matrix and aerated 
composites based on isoparametric conditions was carried 
out at Rb=const =15.0 MPa. 

Under these conditions, the levels of the properties and 
their variation intervals vary: λ is decreased 1.5÷2 times, 
ks=1.0, kIc=1.1÷1.45 MPa·m-0.5, it confirms the ambiguous 
influence Рtot on Rb. Rb is determined not only by the total 
porosity, but also a variety of other characteristics of the 
structure. 

The optimization problem was to obtain the aerated 
composites on the silicate matrix, whose physico-
mechanical properties were above the properties of the 
silicate matrix. 

The isoparametric analysis while retaining Rb=const=15 
MPa and Ptot=const=40% showed that the ranges of other 
properties and structure parameters are significantly 
reduced: δλ=20%, δRbtb=18%, δks=6%, δkIc=7%, δРtot – 
10%, δαk – 5% with aerated composites simultaneously 
with two properties of specified level (Rb and Рtot) (Tab. 1). 

 
Table 1 The changing of the properties and structure parameters of aerated 

composites in isoparametric conditions Ptot=const=40% 
and Rb=const=15.0 MPa 

 Main properties and structure 
parameters of aerated composites 

Specific surface area 
of tripoli Ssp (m2/kg) 

Ssp=400 Ssp=500 Ssp=600 
1 Compressive strength Rb (MPa) constant 15 MPa 
2 Total porosity Рtot (%) constant 40 % 
3 Bending strength Rbtb (MPa) 2.45 2.75 2.98 
4 Coefficient of softening ks 1.00 0.94 0.94 

5 Critical coefficient of stress intensity 
kIc (MPa·m−0.5) 1.31 1.28 1.37 

6 Coefficient of heat conductivity λ 
(Wt/m·K) 0.42 0.43 0.43 

7 Frost resistance F (cycles) 28 27 29 

8 Ration open and closed porosity 
Рopen/Рclose 

1.47 1.24 1.48 

9 Average size of the capillaries αk 0.55 0.53 0.56 

10 Coefficient of uniformity of 
distribution of capillaries size dk 

0.58 0.72 0.60 

 
Changes of δλ, δRbtb, δks, δkIc are associated with the 

presence of a mixture of different specific surface of tripoli, 
which confirms its significant influence on the formation of 
the structure as a silicate matrix with aerated composites 
based on it. It allows regulating the properties and structure 
characteristics of the materials at the constant compressive 
strength and porosity by varying the specific surface of 
tripoli. 
 
5 CONCLUSIONS 
 

The mechanism of formation structure and properties of 
complex activated lime-silica mixture, modified by the filler 
in the form of tripoli on quicklime was proposed. 

It is shown that the particles of tripoli contribute to seal 
structure of silicate matrix and the formation of 
discontinuous structure of capillaries, including its own 
microporosity. Furthermore, due to the high sorption 
capacity, the tripoli pores can be the matrix from ultrafine 
size hydrosilicates whose properties differ from the 
properties of the calcium hydrosilicates formed in the 
mixture free space. It contributes to obtaining the aerated 
composites with high physical and mechanical properties. 

Thus, the structure modification of the silicate matrix 
by using quicklime, alkali-containing additives, and tripoli 
predetermined specific surface area, allows adjusting the 
levels of the properties and structure parameters of the 
aerated composites on silicate matrix in a wide range. 

According to the results of optimization the 
recommended contents are those which allow to get aerated 
composites on the silicate matrix given grades of strength, 
heat conductivity and frost resistance: compressive strength 
Rb – 10 MPa, 12.5 MPa, density ρ=1300÷1400 kg/m3, frost 
resistance F25, heat conductivity λ=0.30÷0.40 Wt/m·K, 
critical coefficient of stress intensity kIc≥1 MPa·m−0.5, 
coefficient of softening ks≥0.9. 
 
Note: This research was presented at the International 
Conference MATRIB 2017 (29 June - 2 July 2017, Vela 
Luka, Croatia). 
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MICROSTRUCTURAL CHANGES IN HEAT TREATMENT OF PM HIGH-SPEED STEELS  
 

Sanja ŠOLIĆ, Zdravko SCHAUPERL, Matjaž GODEC, Vlado TROPŠA 
  
 
Abstract: Properly performed heat treatment can significantly affect final properties of high-speed steels, so the heat treatment parameters are chosen depending on the 
specific properties of the particular tool. Deep cryogenic treatment is carried out at a temperature of -196 °C (liquid nitrogen). By combining deep cryogenic treatments and 
various austenitization temperatures, which affects the volume of retained austenite, it is possible to affect the hardness and fracture toughness of tools and other steel parts. 
However, it may also affect the increase in wear resistance regardless of the increase in hardness. In addition, dimensional stability is achieved by transformation of residual 
austenite into martensite, eliminating the change in volume by 4%. This paper investigated the effect of deep cryogenic treatment on microstructures in high-speed steel 
produced by powder metallurgy in comparison to vacuum heat treatment. 
 
Keywords: deep cryogenic treatment; high-speed steel; microstructure 
 
 
1 INTRODUCTION 
 

Properly performed heat treatment can significantly 
influence the finite properties of high-speed steel, so the 
heat treatment parameters are chosen depending on the 
specific properties of the particular tool. The high-speed 
steel heat treatment consists of austenitization in a 
protective atmosphere, quenching and three high 
temperature tempering treatments. High temperature 
tempering treatments are conducted for the purpose of the 
elimination of residual austenite, which is present in the 
microstructure after quenching up to 40% (depending on the 
height of austenitization temperature). The austenitization 
temperature, which is usually around 50 °C below the 
solidus temperature, is a very important factor in the heat 
treatment of high-speed steels. 

 In an annealed condition, the ferrite matrix of high-
speed steel is almost carbon-free and consists 
predominantly of iron and chromium. Carbon is bound to 
eutectic, eutectoid, and secondary carbides. Although, in 
high-speed steels the austenitic area starts at a temperature 
somewhat less than 900 °C, the carbon content in the matrix 
is low, and almost all the carbides are out of the solid 
solution. Very high austenitization temperatures allow for 
the dissolution of sufficient amount of carbide to obtain a 
sufficient amount of carbon and alloying elements in the 
austenite. At temperatures from 900 °C to 1100 °C, M23C6 
carbide dissolves. M6C carbides dissolve at an interval of 
1150 °C to the solidus temperature, and the minor part will 
melt only at liquidus temperature. MC carbides dissolve 
very poorly and are still present in large amount at liquidus 
temperature. Partial dissolution of the M6C carbides results 
in a partial entry of the vanadium into a solid solution 
resulting in stronger pronounced secondary hardening with 
tempering [1÷3]. Kinetics of carbide dissolution depends on 
the duration and height of the austenitization temperature 
and on the quenching technology, i.e. the duration of 
heating to the austenitization temperature. 

The usual holding time at austenitization temperature is 
from 80 to 150 s [3], which is enough to dissolve sufficient 
amount of carbide and not affect the dimensions and mass 
of the tool. The austenitization temperature is also selected 
according to the properties of the tool. Higher 
austenitization temperatures are chosen for tools that will 
work at high temperatures, requiring primarily high 
hardness; lower austenitization temperatures are selected for 
cutting tools that will work in cold conditions and where the 
toughness of the tool is very important. 

After quenching, in the microstructure of high-speed 
steel beside martensite there is 20% to 40% of the retained 
austenite present. Secondary and eutectic carbides are also 
present. The retained austenite may be transformed into 
martensite by deep cryogenic treatment at −196 °C or by 
destabilizing with tempering followed by rapid cooling to 
room temperature. The tempering is performed in two or 
three steps in the temperature range between 500÷600 °C. 
At the tempering temperature, carbon and alloying elements 
from martensite and the retained austenite form tempering 
carbides, which reduces the tetragonality of martensite and 
thus hardness.  Partially decreased amount of carbon in the 
retained austenite leads to the increase of the martensite 
start temperature, and the austenite with the lower carbon 
content becomes less stable and starts to transform into 
martensite when cooling to room temperature.  

With multiple tempering in quenched martensite 
multiple tempering carbides form followed by secondary 
martensite forming from the retained austenite. This 
significantly reduces the amount of the retained austenite. 
The result is an increase in tool hardness and increased wear 
resistance. 

Tempering carbides form in martensite during the 
tempering at the temperatures around 500 °C and are M3C 
type in HS 6-5-2 high-speed steel or M23C6 type in HS 18-0-
1 high-speed steel [4]. Up to 400 °C only M3C carbides 
form. Also, cementite formation is established at the same 
temperature interval. At 600 °C carbon is almost entirely 
bonded within the carbides [2]. 
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At higher tempering temperatures there is no new 
carbide formation, but only transformation of one to another 
type of carbide, or the dissolution of one carbide type and 
the formation of the other. In case of the present vanadium 
in steel, in secondary hardening at 550 °C, the dominant 
carbide type is MC (VC, V4C3). It has higher crystal lattice 
parameter, and in the microstructure, it can be observed on 
the boundaries of martensitic needles [3]. 
 
1.1 Deep - cryogenic treatment  
 

 For the purpose of eliminating the retained austenite, 
experiments with cryogenic treatment started at the 
beginning of the 20th century. However, due to poor 
equipment and the inability to achieve temperatures below -
80.°C, the results were not satisfactory. With the 
development of equipment and low-temperature techniques 
in the 70s of the 20th century, it was possible to achieve very 
low temperatures – up to −196.°C – enabling the 
intensification of the research on the influence of deep 
cryogenic treatment to the various steels properties. 

Cold treatment at about −80 °C ("dry ice") to −120 °C 
is sufficient to transform the retained austenite from 
quenched steel to martensite (Fig. 1) and it is in wide 
commercial application, particularly for removal of the 
retained austenite in carburized and surface quenched parts. 
For high alloyed tool steels, deep cryogenic treatment 
improves dimensional stability because of the retained 
austenite transformation to martensite thus eliminating 4 % 
volume change [6÷11]. 

 

 
Figure 1 Transformation of the retained austenite into martensite [6] 

 
Deep cryogenic treatment (DCT) is carried out at a 

temperature of −196.°C (liquid nitrogen). By combining 
DCT and various austenitization temperatures, affecting the 
volume of retained austenite, it is possible to affect the 
hardness and fracture toughness [12, 13] of certain 
components, but it can also affect the increase in wear 
resistance regardless of hardness. [11, 14] 

In DCT two metallurgical phenomena occur: 
transformation of retained austenite into martensite with the 
start of nucleation for subsequent precipitation of very fine 
carbides from the martensite. It has been shown that the 
effect of DCT takes place in several stages. In the first 
stage, up to −130.°C, a transformation of the retained 

austenite to martensite occurs, resulting in increased 
hardness. Meng et al. [10] state that the martensite formed 
during DCT is not equivalent to the martensite formed by 
quenching and tempering. This transformation, as in 
classical heat treatment, is not time-dependent. 

At the second stage, at about −196 °C, time-dependent 
decomposition of the primary martensite begins. This 
decomposition causes decrease of steel hardness, but there 
is a nucleation of a large number of fine-dispersed 
nanometer carbides. During the subsequent tempering, 
formation and precipitation of very fine nanometric η-
carbides occurs (Fig. 2) [10, 11]. According to Hirotsu and 
Nagakura (1972) [15, 16] η-carbides are type M2C with 
orthorhombic crystal lattice with the parameters a = 4.525 
Å, b = 4.318 Å, c = 2.830 Å, with the following gaps 
between plane d101 = 0.242 nm, d020 = 0.215 nm, d121 = 
0.161 nm. The number of these carbides has been shown to 
increase with the duration of the treatment (minimum 24 h) 
[15], a lower temperature (optimally −196 °C), and lower 
austenitization temperature (with the aim of formation as 
much primary martensite as possible). Meng et al. [10] have 
found that the dominant mechanism of increasing wear 
resistance in tool steels is the formation of these very small 
nanometric η-carbides. 
 

 
Figure 2 Formation of the η-carbides from martensite [10] 

 
The purpose of this research was to examine the 

influence of deep cryogenic treatment on the microstructure 
in high-speed steel produced by powder metallurgy 
compared to classical heat treatment. 
 
2 EXPERIMENTAL PROCEDURE  
 

The material used in this study was a high-speed steel 
grade PM S390 MC produced by powder metallurgy. The 
chemical composition of steel is shown in Tab. 1. 
 

Table 1 Chemical composition of the PM S390 MC high-speed steel 
%C %Si %Mn %Cr %Mo %V %W %Co %Fe 
1.64 0.60 0.30 4.80 2.00 4.80 10.40 8.00 rest 

 
Heat treatment was conducted in an Ipsen vacuum 

furnace. Samples were preheated at the 650 °C / 30 min, 
850 °C / 20 min, 1050.°C./.15 min before the heating to the 
austenitization temperature. Heating to the austenitization 
temperature of 1130.°C was 5.°C/min. Duration of the 
austenitization was 6 min. After that, the samples were 



Sanja ŠOLIĆ et al.: MICROSTRUCTURAL CHANGES IN HEAT TREATMENT OF PM HIGH-SPEED STEELS 

168                                                                                                                                                                                                          TECHNICAL JOURNAL 11, 4(2017), 166-170 

quenched in the nitrogen flow, p = 1050 mbar. The heat 
treatment parameters are shown in Tab. 2. 

 
Table 2 Heat treatment parameters 

Batch Austenitization, 
°C/min 

Deep cryogenic 
treatment, °C/h 

Tempering, 
°C/h 

1. 1130 / 6 min - 520 / 520 / 490 / 2 h 
2. 1130 / 6 min -196 °C / 24 h 520 / 2 h 

 
After quenching, the test samples were immersed in 

liquid nitrogen at controlled speed and left for 24 h. Other 
samples were tempered three times. After tempering and 
deep cryogenic treatment, the Rockwell hardness and HV 
1were measured. On each sample hardness was measured 
ten times. The results represent the mean value of ten 
measurements. The test samples were excluded after each of 
the individual heat treatment phases and analyzed on the 
field-emission scanning electron microscope. For 
microstructure testing, the samples were prepared by a 
standard metallographic preparation procedure. The 
microstructure was tested on the FE SEM JEOL JSM6500F 
electron microscope. For microstructure testing, the samples 
were etched with 3% Nital solution. 
 
3 RESULTS AND DISCUSSION 
 

Tab. 3 shows hardness test results. For this research, the 
austenitization temperature and the tempering temperature 
were chosen for both batches of the heat treatment to obtain 
high hardness and wear resistance. Since it is recommended 
for deep cryogenic treatment to choose the lowest 
austenitization temperature to obtain as many primary 
martensite as possible and less retained austenite after 
quenching, the hardness test results show that in the 
classical heat treatment the highest hardness was achieved 
after quenching. 
 

Table 3 Hardness of the test samples after conducted heat treatments 
 Heat treatment HRC HV 1 

1. 

Austenitization (1130 °C / 6 min) + quenching 67.5 - 
1. tempering (520 °C / 2 h) 67 - 
2. tempering (520 °C / 2 h) 66 - 
3. tempering (490 °C / 2 h) 66 917 

2. 
Austenitization (1130 °C / 6 min) + quenching 67.5  
Deep cryogenic treatment (−196 °C / 24 h) 68  
1. tempering (520 °C / 2 h) 66.5 945 

 
The microstructure of the tested HSS PM S390 MC 

samples in annealed condition and after quenching is shown 
in Fig. 3.  

Figs. 4 and 5 show a comparison of the microstructural 
changes with the quenching and tempering and with the 
deep cryogenic treatment. 

The microstructure analysis showed a characteristic 
microstructure of high-speed steel produced with powder 
metallurgy. Eutectic carbides of nodular shape with a 
diameter of less than 1 μm are evenly distributed over the 
martensitic matrix. EBSD and EDS analysis [1] identified 
two types of carbides, M6C (Fe3W3C) and MC (VC) 
carbides. On the larger magnification of the microstructure 
shown in Figs. 4 and 5, secondary carbides of the M3C type 

are also visible. MnS and complex sulfides (Mn, Cr, Fe)xSy 
were also present in the microstructure. 
 

  
a) b) 

  
c) d) 

Figure 3 Microstructure of the PM S390 MC HSS [1] 
a) annealed condition, b) annealed condition, higher magnification 
c) quenched condition, d) quenched condition higher magnification 

 

  
  

  
  

  
Quenched + 1 tempering (520 °C/2 h) Quenched + DCT (- 196 °C / 24 h) 

Figure 4 Microstructure of the PM S 390 MC HSS [1] 
 

In Fig. 5, at a large magnification, the martensitic 
matrix of a deep cryogenic treated sample appears to be 
finer, i.e. martensitic needles seem to be smaller than those 
in quenched and tempered samples. 
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Quenched and tempered (520 °C / 520 

°C / 490 °C / 2 h) 
Quenched + DCT (- 196 °C / 24 h) + 

tempering (520 °C / 2h) 
Figure 5 Microstructure of the PM S 390 MC HSS after heat treatments [1] 

 
4 CONCLUSION 

 
Properly conducted heat treatment can significantly 

influence the finite properties of high-speed steels, so the 
heat treatment parameters are chosen depending on the 
specific properties of the particular tool. By combining deep 
cryogenic treatment and various austenitization 
temperatures, affecting the volume of the retained austenite, 
it is possible to affect the hardness and fracture toughness of 
certain components. Moreover, it can increase wear 
resistance regardless of changes in hardness values. In this 
paper, the effect of deep cryogenic treatment on the 
microstructure changes in high-speed steel produced by 
powder metallurgy compared to classical heat treatment was 
investigated. Metallographic analysis of samples showed a 
characteristic microstructure of high-speed steel 
manufactured with powder metallurgy. The higher 
magnifications of the microstructure showed differences in 
morphology of the martensitic matrix between classically 
heat treated and deep-cryogenically treated samples. Based 
on the obtained results, it is possible to conclude that the 
deep cryogenic treatment mechanism has effect on the high-
speed steel microstructure which cannot be characterized by 
conventional metallographic methods but requires more 
thorough and precise procedures. 
 
Note: This research was presented at the International 
Conference MATRIB 2017 (29 June - 2 July 2017, Vela 
Luka, Croatia). 
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INVESTIGATION ON THE EFFECTS OF PROCESS VARIABLES ON COPPER EXCHANGE ON 
NaX IN A BATCH STIRRED REACTOR 

 
Sandra SVILOVIĆ, Ivona HORVAT, Marija ĆOSIĆ, Renato STIPIŠIĆ  

 
 

Abstract: The aim of this work was to determine the effects of anion type (A), time (t), impeller off-bottom clearance (C/H) and solute concentration (c) on copper exchange on 
zeolite NaX in a batch stirred reactor. The experiments were carried out at constant temperature (300 K) and at the same impeller speed (250 rpm). The amount of exchanged 
copper at examined conditions was measured by UV/Vis spectrophotometer. In order to find the optimal process conditions for copper exchange on the basis of experimental 
data, Taguchi’s method for experimental design were used, applying larger-the-better approach. Beside the optimum experimental conditions this method allowed to define the 
influence of each process variable on the process conducted. Applied method has shown that the highest copper exchange is achieved at increased solute concentration, when 
sulphate anion was used, and impeller is positioned at standard position (C/H =0.33). It was also found that solute concentration and anion type have more pronounced impact 
on process investigated than impeller position and process duration (c > A > c/H > t). For the optimum experimental condition, kinetic data for copper exchange were obtained 
and tested using the Elovich and the Ritchie kinetic models. 
 
Keywords: batch reactor; ion exchange kinetics; optimisation; zeolite  
 
 
1 INTRODUCTION 
 

Zeolites are a very promising support for design and 
preparation of environmentally friendly catalysts. Among 
others, copper exchanged zeolites are also used as catalysts 
and could be used for selective ammonia oxidation, carbon 
monoxide oxidation at low temperatures, toluene removal, 
wet peroxide oxidation of phenol, etc. [1-4]. Zeolite NaX is 
a microporous, crystalline solid with a well-defined three-
dimensional silica-alumina structure and extra-framework 
exchangeable sodium cation. It is the synthetic form of 
naturally occurring aluminosilicate mineral faujasite.  

The Taguchi method uses a specifically fashioned 
orthogonal array consisting of controllable parameters and 
their variation levels in order to optimise process 
conditions. For quality assessment this method could use 
three types of signal to noise (S/N) ratio: smaller-the-better, 
nominal-the-best, and larger-the-better [5]. The advantage 
of Taguchi method is assessment of optimal experimental 
conditions with the least number of experiments. Already, 
this method has been used for process optimization for 
heavy metal sorption [5-9].  

The stirred tank batch reactor is still the most widely 
used reactor type in the laboratory. It is used for variety of 
objectives including homogenizing single or multiple phase 
in terms of concentration of components, physical 
properties, and temperature. In the solid-liquid system 
mixing needs to ensure suspension of solid particle and 
appropriate conditions for mass and heat rate transfer in the 
solid-liquid interface. Fluid flow pattern in stirred vessel 
may have considerable effect on the mentioned process 
outcomes. Flow patterns in the reactor mainly depend upon 
impeller geometry. When impeller with flat blades is used, 
the radial flow inside the vessel is generated. In that case, 
fluid stream is discharged towards the vessel wall and it 
divides; one portion flows downward along wall and back 
to the centre of impeller from below, while another portion 
flows upward toward liquid surface and back to the impeller 

from above. Fluid flow pattern in stirred reactor, beside the 
impeller type, depends on impeller off-bottom clearance and 
impeller size as well [10, 11].  

The aim of this work was to investigate the influence of 
anion type, time, impeller off-bottom clearance and solute 
concentration on copper exchange on zeolite NaX in order 
to find optimal process conditions. Process kinetics, at 
optimal process conditions, is investigated as well.  
 
2 MATERIALS AND METHODS 
2.1 Materials 
 

Zeolite NaX (Sigma-Aldrich) was crushed and sieved to 
obtain particles between 0.071 and 0.090 mm. Solutions 
containing Cu2+ were prepared using the appropriate weight 
of CuSO4∙5H2O, CuCl2∙2H2O and Cu(NO3)2∙3H2O. The 
initial concentrations of copper solutions were checked by 
the Perkin Elmer Lambda 25 UV/Vis spectrophotometer.  

 
2.2 Taguchi method 
 

In this study, experiments were planed according to 
Taguchi's L9 orthogonal array, which has nine rows 
corresponding to the number of experiments and four 
columns corresponding to the controllable factors, Tab. 1. 
In this study, anion type (A), time (t), impeller off-bottom 
clearance (C/H) and concentration of copper solution (c) 
were chosen as controllable factors and their effect on the 
amount of copper retained on zeolite was investigated. All 
the selected factors, Tab. 2, had three testing values, 
represented as level 1, 2 and 3.   

In this work larger-the-better characteristic was used: 
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where S/N represent signal-to-noise ratio, subscript LB is 
larger the better, n is the number of repetition (three) under 
the same experimental conditions, and y is a measurement 
result, i.e. amount of copper retained on the zeolite NaX. 
 

Table 1 Design of experiments 

Test 
Factor 

Anion Time Impeller off-bottom 
clearance Concentration 

1 1 1 1 1 
2 1 2 2 2 
3 1 3 3 3 
4 2 1 2 3 
5 2 2 3 1 
6 2 3 1 2 
7 3 1 3 2 
8 3 2 1 3 
9 3 3 2 1 

 
Table 2 Controllable factors and associated levels 

Factor  Level 1 Level 2 Level 3 
Anion type (/) Sulphate Chloride Nitrate 
Time (min) 50 30 10 
Impeller off- bottom clearance (/) 0.2 0.33 0.46 
Solution concentration (mmol/l) 5 10 15 

 
The amount of copper retained on the zeolite, qt, was 

calculated as: 
 

m
Vccq t

t
⋅−

=
)( 0             (2) 

 
where c0 is the initial concentration of copper solution 
(mmol/l), ct is the concentration of copper solution at time t 
(mmol/l), V is the volume of solution (l) and m is the mass 
of zeolite (g). 

The next step in Taguchi method is calculation of 
average S/NLB ratio of each controllable factor at level i, 
denoted as S/NFL, in order to determine the optimal 
conditions: 
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where ( )FjNS LB  represents S/NLB ratio for factor F on the 
level i, the superscript j is the jth appearance of the ith level 
[5]. For the 9 tests, each level for every factor appears 3 
times. 

 
2.3 Kinetic models 
 

The Ritchie model is expressed as [12]: 
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where qe is the amount of copper exchanged in equilibrium 
– maximum capacity (mmol/g), t is time (min) and k2 is the 
rate constant of the Ritchie second-order kinetic model 
(g/mmol min). 

The Elovich model is presented as [13]: 
 

)1(ln 1 tba
b

qt ⋅⋅+⋅=                  (5) 

 
where a and b are the constants. 
 
2.4 Experimental procedure  

 
Experiments for Taguchi method were carried out in a 

stirred batch reactor. The glass reactor with the internal 
diameter of T = 12 cm was equipped with four baffles 
placed at 90° around the vessel periphery. The solution 
height, H, was equal to internal vessel diameter (T = H). 
The suspension, 1.3 l of copper solution and 5 g of zeolite, 
was stirred using straight blade turbine, SBT (Fig. 1). 
Impeller diameter was d = 6.5 cm, and its position, i.e. 
impeller off-bottom clearance (C/H) was varied in range 
from 0.20 to 0.46 (Tab. 2). As a source of copper, three 
different solutions with three initial concentrations (Tab. 2) 
were used. In order to enable comparison of experiments 
data all studies were performed at the same temperature 
(T = 300 K), zeolite particle size (dP = 0.071-0.090 mm) and 
at the same impeller speed (N = 250 rpm). At defined time 
(Tab. 2) the samples were taken from the reactor. Prior to 
the analysis with UV/Vis spectrophotometer, the samples 
were centrifuged and filtrated.  

 

 
Figure 1 Straight blade turbine, SBT 

 
Experiment for kinetic investigation was carried out in 

the same reactor at optimum process conditions defined 
using Taguchi method. Sampling intervals for this study 
were chosen according to the ion exchange rate. In the 
beginning of the process, the ion exchange rate is quite high 
so the sampling was done more often; later, as the exchange 
rate decreases, frequency of sampling is decreased as well. 

 
3 RESULTS AND DISCUSSION 

 
 One of the goals of this investigation was to find the 

optimum experimental conditions which provide the highest 
copper exchange using the lager-the-better quality 
characteristic. The results for S/NLB ratios, calculated by Eq. 
(1), along with the amount of copper retained on zeolite 
(Eq. (2)), are shown in the Tab. 3.  
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Table 3 Results of experimental part of Taguchi design and S/NLB ratios 
Experiment qt (mmol/g) S/NLB 

1 1.227 1.777 
2 1.603 4.099 
3 1.592 4.039 
4 1.514 3.603 
5 0.688 -3.248 
6 0.980 -0.175 
7 1.341 2.549 
8 1.615 4.163 
9 1.027 0.231 

 
The results show that amount retained is in the range 

from 0.688 to 1.615 mmol/g and S/NLB ratio in the range 
from −3.248 to 4.163 depending on the controllable factors. 
From these S/NLB ratios related S/NFL ratios and ranges for 
each controllable factor were calculated and shown in Tab. 
4. Range was used to determine the impact of the 
controllable factors on the amount of copper retained on 
zeolite. It was calculated as the difference between the 
highest and the lowest S/NFL value for each factor. The 
largest range implied the most effective factor. In this study, 
the concentration was found to be the most effective factor 
and it is followed by anion type, impeller position and the 
time. It could be seen that with increase of the initial 
concentration there is the increase in the amount of copper 
retained on zeolite. This is the result of increase in the 
driving force, which is the concentration of the solution 
[14]. The impact of the impeller position could be explained 
by flow patterns generated by the impeller. Generally, the 
overall fluid flow pattern in the vessel with an SBT impeller 
consists of two circulation loops and is characterized by a 
high shear level. [15, 16] As was first observed by Nienow 
[17], when impeller is set close to the vessel bottom, this 
"double-loop" flow pattern transforms to "single-loop", i.e. 
axial flow pattern. This transition occurred at C/H=0.2, 
where low impeller off-bottom clearance led to flow 
compression and ultimately to transformation of radial to 
axial flow pattern. On the other hand, when impeller was set 
to the highest investigated clearance (C/H=0,46), due to the 
relative vicinity of the surface, fully developed radial flow 
caused a slight air intake. This obviously decreased the 
zeolite surface available for ion exchange and resulted in 
the lowest S/NLB value. The effect of anion might be 
explained by the change in Si/Al ratio of zeolite NaX during 
the exchange [18-20]. 
 

Table 4 S/NFL ratios and contribution of each controllable factor 

 Factor 
A t C/H c 

Level 1 3.305 2.643 1.921 −0.413 
Level 2 0.059 1.671 2.644 2.157 
Level 3 2.314 1.365 1.113 3.935 
Range 3.246 1.278 1.531 4.348 
pC (%) 29.98 4.53 5.28 60.21 
Rank  2 4 3 1 

 
Also, the statistical evaluation of factor importance was 

made using the percentage of contribution (pC) (Tab. 4). 
Comparing these results with the range results it could be 
seen that previously obtained order of significance is 
confirmed. Therefore, every controllable factor, considering 

the obtained range and pC, was associated with the rank. 
Factor which has a rank 1 should be utilized first and so on. 

From Tab. 4, the optimum operating conditions (highest 
S/NFL value) could be evaluated and for the present study 
these conditions are as follows: A1, t1, C/H2, c3 that is 
solution of CuSO4∙5H2O, 50 min for contact time, of-
bottom clearance of 0.33 and concentration 15 mmol dm−3. 

These process properties, and the same temperature, 
zeolite particle size and impeller speed, as for Taguchi 
design, were used for kinetic study. Results obtained in this 
experiment were fit to the Elovich and Ritchie kinetic 
model (Fig. 2). 
 

 
Figure 2 Kinetic data 

 
As it can be seen from Fig. 2, the copper exchange on 

zeolite NaX better fits with the Ritchie model than the 
Elovich indicating that tested process is a second-order 
reaction. 

 
4 CONCLUSION 
 

The effect of anion type (A), time (t), impeller off-
bottom clearance (C/H) and solute concentration (c) on 
copper exchange on zeolite NaX in a batch stirred reactor 
was studied. According to the Taguchi design analysis, 
optimal copper exchange is achieved when sulphate anion 
was used (A1), after 50 minutes (t1), when the impeller is 
positioned at standard position (C/H2), and at the highest 
copper concentration (c1). Moreover, the effect of 
investigated variables was found and in this investigation 
solute concentration and anion type have more pronounced 
impact on copper exchange on zeolite NaX than the 
impeller position and process duration (c > A > C/H > t). 
For the optimum experimental conditions, kinetic data for 
copper exchange were obtained and it is found that the 
Ritchie model describes this data the best. 
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STRAIN DIAGRAMS OF CROSS-SECTION OF REINFORCED CONCRETE BENDING 
ELEMENTS 

 
Anatolii KOVROV, Aleksei KOVTUNENKO, Nina VYSOCHAN 

 
 

Abstract: The article is dedicated to the construction of the "bending moment – curvature" diagrams for rectangular cross-sections of reinforced concrete bending elements. 
Assumptions and equilibrium equations used in the construction of diagrams are given in the article. The algorithm for the construction of the "bending moment – curvature" 
diagram is shown. Diagrams constructed by the proposed algorithm are compared with experimental data and with the results obtained by the methods proposed by other 
authors. The equations for determination of key points of linearized "bending moment – curvature" diagrams for cross-section with different reinforcement ratio are proposed. 
 
Keywords: bending moment; curvature; diagram; reinforced concrete; strain 
 
 
1 INTRODUCTION 
 

Determination of the stress-strain state of reinforced 
concrete bending elements using the deformation theory is 
regulated by the current normative documents [1, 2] of 
Ukraine. In this case, to describe the diagram of 
deformation of concrete it is recommended to use the 
formula: 

 
( )

( )

2
1 1

11 2
−

=
+ −
c c c cc

cd c c

k ε ε ε εσ
f k ε ε

                                             (1) 
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σ f a
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The works of L. Mailyan [3], I. Prokopovich [4], 

A. Kovrov [5] and other scientists [6÷9] are devoted to the 
development of methods for determining the stress-strain 
state of rod-shaped reinforced concrete elements on the 
basis of the deformation model. 

It is necessary to use the "bending moment – curvature" 
diagrams that fully take account of the work of materials 
and which can be used in practical analysis to more fully 
take into account the processes occurring in statically 
indeterminate reinforced concrete structures with changing 
loads up to destruction. 

The aim of this work is to study the influence of the 
degree of reinforcement on the "bending moment – 
curvature" diagrams of the cross-sections of reinforced 
concrete bending elements and the development of a 
practical methodology for their construction. 
 
2 BASIC ASSUMPTIONS 
 

The following assumptions are accepted in the paper to 
describe the stress-strain state of reinforced concrete 
bending elements: 

1) Bernoulli's conjecture (the hypothesis of flat sections) is 
considered valid – the deformations vary linearly with 
respect to the cross-sectional height. 

2) There is cohesion between the reinforcement and the 
surrounding concrete, such that the deformations in the 
reinforcement and concrete are equal. 

3) The dependence of "stress-strain" upon compression of 
concrete is described, in accordance with the proposals 
of A. Bambura [6], using the Eq. (2). 

4) The relationship between stresses and strains upon 
tension of concrete is described using the Prandtl 
diagram. 

5) The relationship between stresses and strains in tension 
and compression of reinforcement is described using 
the Prandtl diagram. 

6) Resistance of the design section is considered exhausted 
when deformations of the extreme compressed concrete 
fiber or tension reinforcement reach the limit values, 
respectively, εbu and εsu. 

 
Equilibrium equations having the following form can be 

written for the cross-section of the reinforced concrete 
bending element: 
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where ℵ – a beam curvature; b – a cross-section width; d – 
effective depth of a cross-section; asc – distance from the 
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most compressed face to the center of gravity of the 
compressed reinforcement; εс, εsc, εst – strain of the most 
compressed concrete fiber, compression reinforcement layer 
and tension reinforcement layer, respectively; Asc, Ast – area 
of the compression and tension reinforcement layer, 
respectively. 
 
3 CONSTRUCTION OF THE "BENDING MOMENT – 

CURVATURE" DIAGRAMS BY STEP ITERATION METHOD 
 
The authors propose the following algorithm for 

determining the stress-strain state of rectangular cross-
sections of reinforced concrete bending elements with 
increasing load up to the limit state with the construction of 
the "bending moment – curvature" diagram: 
1) The initial data for the construction of the "bending 

moment-curvature" diagram for the rectangular section 
of reinforced concrete bending elements are as follows: 

- design values of compressive fcd and tensile fct strength 
of concrete; 

- design value of modulus of elasticity of concrete Ecd; 
- ultimate compressive εc1, εcu1 and tensile εct1, εctu1 strain 

of concrete; 
- design value of reinforcement strength fy; 
- design value of modulus of elasticity of reinforcement 

Es; 
- ultimate strain of reinforcement fy/Es

 and εud; 
- dimensions of cross-section h and b; 
- area of compression and tension reinforcement As and 

As'; 
- values of concrete covers for tension and compression 

reinforcement a and a'; 
 
1) Strain of the extreme tensile fiber = ∆bt btε ε  and 

curvature ℵ  of the bending element is set in the first 
stage of work of the cross-section of the reinforced 
concrete bending element, in accordance with the 
proposals of L. Maillian [3]. It is assumed that 

0.05 ,∆ =bt btuε ε  and curvature of bending elements is 
proposed 2 .ℵ= ctε  

2) Strain of the extreme compressed fiber εc, strain of the 
compressive εsc, and the tensile reinforcement εs are 
determined from the accepted values of strain of the 
extreme tensile fiber and the curvature of the element 
based on the similarity of the triangles on the strain 
diagram of the cross-section and are substituted into Eq. 
(3). 

3) If the equation of equilibrium (3) is not satisfied, then it 
is necessary to clarify the curvature and repeat the 
calculation on points 3 and 4 until the specified 
accuracy is reached. In this case, if the left side of Eq. 
(3) is greater than zero, then the curvature at the 
subsequent iteration is assumed 1 0.9999+ℵ = ℵi i . If the 
left side of the equation is less than zero, then the height 
of the compressed zone at the subsequent iteration is 
assumed 1 1.0001+ℵ = ℵi i . 

4) The value of the bending moment perceived by the 
cross-section for a given strain of the extreme tensile 
fiber of concrete is determined by formula (4). 

5) At the next step, strain of the extreme tensile fiber of 
concrete is increased. The calculation of points 2...6 is 
repeated until the strain of the extreme tensile fiber of 
concrete reaches the ultimate value. 

6) The crack is formed in the section after the 
deformations of the extreme tensile fiber of concrete 
have reached the ultimate value. Strain of the extreme 
compressed fiber is increased for further construction of 
the diagram, in accordance with the proposals of 
L. Maillian [3]. 

7) Strain of the compressive εsc and the tensile 
reinforcement εs are determined from the accepted 
values of strain of the extreme compressed fiber and the 
curvature of the element based on the similarity of the 
triangles on the strain diagram of the cross-section and 
are substituted into Eq. (3). 

8) If the equation of equilibrium (3) is not satisfied, then it 
is necessary to clarify the curvature and repeat the 
calculation on points 8 and 9 until the specified 
accuracy is reached. In this case, if the left side of Eq. 
(3) is greater than zero, then the curvature at the 
subsequent iteration is assumed 1 0.9999+ℵ = ℵi i . If the 
left side of the equation is less than zero, then the height 
of the compressed zone at the subsequent iteration is 
assumed 1 1.0001+ℵ = ℵi i . 

9) The value of the bending moment perceived by the 
cross-section for a given strain of the extreme 
compressed fiber of concrete is determined by Eq. (4). 

10) The calculation of points 8...10 is repeated until the 
strain of the extreme compressed fiber of concrete or 
tensile reinforcement reaches the ultimate value. 

 
The program for determining the stress-strain state of 

rectangular cross-sections of reinforced concrete bending 
elements using the constructed "bending moment – 
curvature" diagrams was developed in the computer 
mathematics system MATLAB in accordance with the 
above algorithm. 

Let us compare the "bending moment – curvature" 
diagrams, constructed from experimental data, to the 
formulas SNiP 2.03.01-84* "Concrete and reinforced 
concrete structures" [8], to the practical method based on 
I. Prokopovich's proposals, and the proposed method. 

In the experiments of R. Asaad [9], studies were carried 
out with the beam of the following characteristics: 
dimensions of the cross-section b × h = 12 × 20 cm, strength 
of concrete fc = 18.5 MPa, tension reinforcement 2Ø28 of 
class А-400 with area As = 9.852 cm2, compression 
reinforcement 1∅6 of class А-400 with area As' = 0.338 cm2, 
reinforcement ratio µ = 4.83 %. "Bending moment – 
curvature" diagrams are shown in Fig. 1. 

In the experiments of Chin Kim Dam [10], studies were 
carried out with the beam of the following characteristics: 
dimensions of the cross-section b × h = 10 × 16 cm, strength 
of concrete fc = 21.2 MPa, tension reinforcement 2∅12 of 
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class А-400 with modulus of elasticity Es = 2.05×105 MPa 
and yield strength fy= 490 MPa, area As = 2.26 cm2, 
reinforcement ratio µ = 1.67 %. "Bending moment – 
curvature" diagrams are shown in Fig. 2. 

A statistical estimate of the distribution of the ratio of 
theoretical and experimental curvatures is given in Tab. 1. 

 
Table 1 Statistical estimate of the distribution of the ratio of theoretical and 

experimental curvatures  

 Experiment of  
R. Asaad 

Experiment of 
Chin Kim Dam 

Sample mean Мх 0.9502 0.9942 
Sample variance Sx 0.0944 0.1136 
Selective coefficient of variation vx 0.0994 0.1142 

Confidence interval (Р=0.95) 0.8847 0.9299 
1.0156 1.0585 

 
4 CONSTRUCTION OF LINEARIZED "BENDING MOMENT – 

CURVATURE" DIAGRAMS 
 
The type of diagrams for different sizes of cross-

sections, strength of concrete and reinforcement of 
reinforced concrete elements is studied using the proposed 
algorithm for constructing the "bending moment – 
curvature" diagrams for cross-sections of reinforced 
concrete bending elements. 

 

 
Figure 1 "Bending moment – curvature" diagrams for experimental beam of 

R. Asaad [9] 
 
A family of "bending moment – curvature" diagrams 

for a rectangular section with dimensions 200 × 400 mm 
from concrete with strength of fc = 15 MPa reinforced by 
reinforcement of class A-400 with yield strength of 
fy = 390 MPa and the modulus of elasticity Es = 2×105 MPa 
with a change of reinforcement ratio in the range from 
0.315 % to 2.58 % is shown on Fig. 3. 

A family of "bending moment – curvature" diagrams 
for a rectangular section with dimensions 200 × 400 mm 
from concrete with strength of fc = 20 MPa constructed with 
the help of a program compiled in the computer 
mathematics system MATLAB is shown in Fig. 4. 

For practical purposes, it is convenient to use linearized 
deformation diagrams. 

 

 
Figure 2 "Bending moment – curvature" diagrams for experimental beam of Chin 

Kim Dam [10] 
 

 
Figure 3 "Bending moment – curvature" diagrams with a change of reinforcement 

ratio (fc = 15 MPa) 
 

 
Figure 4 "Bending moment – curvature" diagrams with a change of reinforcement 

ratio (fc = 20 MPa) 
 
Studies in the families of the "bending moment – 

curvature" diagrams shown in Fig. 3 and Fig. 4 carried out 
by the authors allowed to conditionally distinguishing the 
following three characteristic types of linearized diagrams: 
1. For weakly reinforced sections (Fig. 5) 
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Figure 5 "Bending moment – curvature" diagram for weakly reinforced section  

 
2. For normally reinforced sections (Fig. 6) 
 

 
Figure 6 "Bending moment – curvature" diagram for normally reinforced section  

 
3. For heavily reinforced sections (Fig. 7) 
 

 
Figure 7 "Bending moment – curvature" diagram for heavily reinforced section  

 
Each of these types of diagrams has characteristic 

points associated with the physical processes that occur 
during the deforming process of the bending elements. 

It is recommended to reduce the equilibrium Eqs. (3) 
and (4) to the dimensionless form to exclude the necessity 
of solving the problem of constructing a diagram for each 
section. To this end, we divide the above equations by fcdbh 
and fcdbh2, respectively. As a result, we get: 
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           (6) 

 
where =ℵhχ – curvature reduced to the section height 
(reduced curvature); =ct ctd cdf fϕ ; =s s cdE fϕ ; 

( )=sc scA bhµ  – compressive reinforcement ratio; 

( )=st stA bhµ  – tensile reinforcement ratio; =sc sca hξ  – 
the relative height of the concrete cover for compressed 
reinforcement; 0 0=c h hξ  – the relative effective depth of 

section; ( )2=M cdM f bhα
 
– bending moment reduced to 

dimensionless form (reduced bending moment). 
The point A in the given diagrams corresponds to the 

beginning of the formation of a crack in the cross-section. 
Strain of the extreme tensile fiber of concrete reaches the 
value εctu1. The following equation for determining the 
reduced curvature is obtained by substituting the strains of 
the extreme compressed fiber of concrete, compressed, and 
tensile reinforcement, expressed through strain of the 
extreme tensile fiber of concrete, into Eq. (5) and 
performing equivalent mathematical transformations: 
 

6 5 4 3 2
1 2 3 4 5 6 7 0,+ + + + + + =A A A A A A Aχχχχχχ          (7) 
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It is necessary to substitute in Eq. (6) the curvature 

value obtained from Eq. (7) and the strain of the extreme 
compressed fiber of concrete, compressed, and tensile 
reinforcement to determine the reduced bending moment of 
cracking. 

The horizontal section AB in the diagram shown in Fig. 
5 corresponds to the development of a crack in the cross-
section with an invariable value of the bending moment. 
The following system of equations for the unknown strain 
of the extreme compressed fiber of concrete and reduced 
curvature is obtained by substituting the strains of the 
compressed and tensile reinforcement, expressed through 
strain of the extreme compressed fiber of concrete, into Eqs. 
(5) and (6) and after equivalent mathematical 
transformations: 
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where 1,1 510 ;=B a 1,2 4 112 ;= cB a ε 2
1,3 3 115 ;= cB a ε  

3
1,4 2 120 ;= cB a ε 4

1,5 1 130 ;= cB a ε  

( )5
1,6 1 0 ;60 += − s c sc sc st cB ϕ ε µ ξ µ ξ ( )5
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2
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3
2,4 2 1105 ;= cB a ε 4

2,5 1 1140 ;= cB a ε  

( )5 2 2
2,6 1 0 ;420 += s c sc sc st cB ϕ ε µ ξ µ ξ

( )5
2,7 1 ;420 += s c sc stB ϕ ε µ µ

( )5
2,8 1 0 ;840 += − s c sc sc st cB ϕ ε µ ξ µ ξ 5

2,9 1;420= − cB ε  

( )5 2 2
2,10 1 1 13 .70 −= bt c ctu ctB ϕ ε ε ε  

 
Point C on the diagrams shown in Fig. 6 and 7, 

corresponds to the reaching the ultimate value εс1 by strain 
of the extreme compressed fiber of concrete. The equation 
for determining the unknown reduced curvature is obtained 
by substituting the strain of compressed and tensile 
reinforcement, expressed through strain of the extreme 
compressed fiber of concrete, into Eq. (5) and performing 
equivalent mathematical transformations: 

 
2
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It is necessary to substitute in Eq. (6) the reduced 

curvature value obtained from Eq. (9) and the strain of the 
compressed and tensile reinforcement to determine the 
value of the reduced bending moment corresponding to the 
point C. 

Point D on the diagrams shown in Fig. 5 and 6, 
corresponds to the reaching the ultimate value fy/Es by strain 
of the tensile reinforcement. The equation for determining 
the unknown reduced curvature is obtained by substituting 
the strain of the extreme compressed fiber of concrete and 
compressed reinforcement, expressed through strain of 
tensile reinforcement, into Eq. (5) and performing 
equivalent mathematical transformations: 
 

6 5 4 3 2
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here .=sy cd ydf fϕ  

The values of the coefficients 5
IID  and 6

IID  are used in 
constructing the linearized diagram shown in Fig. 6. The 
ultimate value of the reduced bending moment for diagrams 
shown in Fig. 5 and 6 is determined by substituting in Eq. 
(6) the reduced curvature value obtained from Eq. (10) and 
the strain of the extreme compressed fiber of concrete and 
compressed reinforcement. 

The horizontal section DE on the diagrams shown in 
Fig. 5 and 6 corresponds to the formation of a conditional 
plastic hinge in the cross-section (an increase in the 
curvature at a constant value of the bending moment until 
destruction). The criterion for failure element is the 
achievement of ultimate values εcu1 and εsud respectively by 
strain of extreme compressed fibers of concrete or tensile 
reinforcement. The ultimate value of reduced curvature is 
determined by solving one of the following equations in 
accordance with the failure criterion: 
• in case of failure due to rupture of tensile 

reinforcement: 
 

6 5 4 3 2
1 2 3 4 5 6 7 0,+ + + + + + =s s s s s s sE E E E E E Eχχχχχχ        (11) 

 
where 6
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• in case of failure due to crushing of compressed 

concrete: 
 

1 2 0,+ =C CE Eχ                                                                 (12) 
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where ( )5
1 160 ;= −C

sy c sc stE ϕ ε µ µ  

(
) ( )

2 4 3 2 2
2 1 1 1 2 1 1 3 1 1

3 2 5
4 1 1 5 1 1 1 1

30 20 15

12 10 30 2 .

= + + +

+ + − −

C
cu c c cu c cu

c cu cu ct c ctu ct

E a a a

a a

ε ε ε ε ε ε

ε ε ε ϕ ε ε ε
 

 
The point F in the diagram shown in Fig. 7 corresponds 

to the maximum value of the reduced bending moment 
perceived by the cross-section. Deformation of the extreme 
compressed concrete fiber is also an unknown value in 
determining the values of the reduced curvature and the 
reduced bending moment corresponding to the point F. In 
this connection, the two equilibrium equations must be 
supplemented by the equation obtained from the extreme 
condition of the reduced bending moment: 

 
d

0.
d

=Mα
χ

                                                                      (13) 

 
The derivation of an additional equation from the 

extremality condition (13) requires cumbersome 
mathematical transformations due to the existence of a 
relationship between the values of strain of the extreme 
compressed fiber of concrete and the reduced curvature that 
are entered into Eq. (6). In this connection, the 
determination of the parameters corresponding to point F is 
proposed to be performed by using the step-iteration 
method. For this, it is necessary to specify a series of values 
of strain of the extreme compressed fiber of concrete for 
which the condition εc1 < εc <εcu1 is satisfied, and substitute 
them in the equilibrium Eq. (5). The following equation for 
determining the values of curvature corresponding to the 
given values of strains of the extreme compressed fiber of 
concrete is obtained as a result of equivalent 
transformations: 

 

( ) ( )
2

1 2 3 0,+ + =i ii iF F Fχχ                                                    (14) 
 

where 5
1 1 060 ;= − s c st cF ϕ ε µ ξ  

( ) ( )( )5
12 60 ;= +c sy sc s sti c iF ε ϕ µ ϕ µ ε

( ) ( ) ( ) ( )(
( ) ( ) ) ( )

2 4 3 2 2
1 1 2 1 3 13
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+ + − −

c c ci c i c i c i

c ct c ctu ctc i c i

F a a a

a a

ε ε ε ε ε ε

ε ε ε ϕ ε ε ε
 

 
The values of the reduced bending moments 

corresponding to the accepted values of strains of the 
extreme compressed fiber of concrete are determined by 
substituting in Eq. (6) the values of reduced curvature 
determined as a result of solving of Eq. (14). 

The maximum value of the reduced bending moment 
and the corresponding value of the reduced curvature are 
selected from a series of values of the reduced curvature and 
reduced bending moment obtained with the assumed values 
of strain of the extreme compressed fiber of concrete for 
plotting the point F. 

The point G in the diagram in Fig. 7, corresponds to the 
achievement of the ultimate reduced curvature with a 
decrease of the reduced bending moment perceived by the 
cross-section. The value of reduced curvature corresponding 
to point G is determined by solving Eq. (14) with strain of 
the extreme compressed fiber of concrete εc = εcu1. The 
obtained value of reduced curvature is substituted into Eq. 
(6) to determine the value of the reduced bending moment. 

Equations of equilibrium (5) ÷ (14) allow us to construct 
linearized "bending moment – curvature" diagrams in the 
reduced values for reinforced concrete bending elements of 
rectangular cross-section with arbitrary dimensions. The 
bending stiffness of a reinforced concrete element of 
rectangular cross-section at any stage of the section work 
can be determined, according to the accepted designations, 
by the formula: 

 
3.= =

ℵ
M

M cd
MB f bhα

c
                                                  (15) 

 
5 CONCLUSION 

 
The "bending moment – curvature" diagrams, 

constructed according to the step-iteration method based on 
the complete material strain diagrams, describe the work of 
reinforced concrete bending elements with sufficient 
accuracy. The sample mean of the ratio of the theoretical 
values of the curvatures to the experimental values is from 
0.95 to 1.01. 

The type of the "bending moment – curvature" diagrams 
constructed for cross-sections of reinforced concrete 
bending elements depends on the ratio of reinforcement and 
strength of concrete. 

The equations that allow determining the key points of 
the linearized "bending moment – curvature" diagrams of 
strain of rectangular cross-section of the reinforced concrete 
bending elements have been proposed. 
 
Note: This research was presented at the International 
Conference MATRIB 2017 (29 June - 2 July 2017, Vela 
Luka, Croatia). 
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THE PERFORMANCE OF THE DC MOTOR BY THE PID CONTROLLING PWM DC-DC BOOST 
CONVERTER 

 
Erol CAN, Hasan Hüseyin SAYAN 

 
 

Abstract: This paper presents the PID controlling direct current (DC) to the direct current boost converter feds DC motor which has a 3.68 kW and 240 V of DC voltage input 
on its characteristics. What is first formed is the boost converter mathematical model at the design stage. Secondly, a mathematical model of the DC motor is created so that 
the boost converter with the machine can be established and modeled at the Matlab Simulink. The PID controller is considered for arranging a pulse width modulation for a 
boost converter switch because the needed voltage is provided for a DC motor. After that, the PID controlling direct current (DC) to a direct current boost converter running the 
DC motor is implemented at the Matlab Simulink. In addition to that, the only constant source running the DC motor is simulated at the Matlab Simulink. The DC motor operated 
by the PID controlling converter that has a low input voltage is compared to the DC motor operated by the high constant DC voltage. A low voltage input converter controlling 
the DC motor has a high performance according to the high constant DC source running the DC motor. 
 
Keywords: DC-DC converter; DC motor; PID control; step-sinus pulse width modulation  
 
 
1 INTRODUCTION 
 

Many researchers deal with the speed control of the DC 
machine since DC motors are controlled over a wide range 
with stable and linear characteristics. DC motors are 
preferred at the industrial working areas because of the 
stable speed and stable load performance [1÷3]. In addition 
to that, sometimes dc energy on systems may be inadequate 
although direct voltage sources are needed for the operation 
of DC motors. The DC-DC converters are considered good 
selection for supplying the load when the direct current 
sources are not sufficient. So, the DC-DC converters are 
very important at the DC energy regulation, generation 
systems and power applications. Some control techniques 
have to be used for the increase performance of the power 
circuit using DC sources [4÷8].The PID control techniques 
have been applied for the controlling of some power systems 
[9÷10]. In the study, the PID control using the step sinus 
pulse width modulation (SSPWM) DC-DC boost converter 
is unlike the similar studies [11÷13]. The DC-DC boost 
converter of the mathematical model for the system first part 
is designed so that the DC-DC boost converter can increase 
a low-level DC voltage (150 V) to a high-level value (520 
V). After that, a mathematical model of the DC motor for 
the system second part is created to perform at the Matlab 
Simulink. For the regulation of the low DC voltage, the PID 
control is applied from the output speed of the DC motor to 
the switch of DC-DC converter after the converter is 
connected to the DC motor as in Fig. 1. The DC motor with  
the DC-DC boost converter,  the DC motor with the 
constant DC source are modeled at the Matlab Simulink for 
the observation and the comparison of output performances, 
which are toques, rotor speeds, and currents. The DC-DC 
boost converter drives DC motor with 150 V on a closed-
loop with the PID control, while the constant DC source 
runs the DC motor by 240 V on an open-loop which is 

uncontrolled. The running DC motor with a DC-DC 
converter on a closed-loop control has the demanded results 
such as high settlement current and torques, even though the 
running DC motor with the constant DC source has high 
voltage on an open-loop control. 
 

 
Figure 1 PID controlling the DC-DC boost converter running the DC motor 

 
2 BOOST CONVERTER  
 

Fig. 2 shows the power converter which operates to 
raise a direct voltage. Firstly, the power circuit of the 
mathematical model is obtained by the relation between the 
input and output voltage equations when the MOSFET 
switch that is an active component  is operating the passive  
components such as inductor, resistance and capacitor. In 
the equations, Vg is the value of input voltage, VL is the 
value of inductance voltage, and iL is the value of inductance 
current, R is the resistive load, C is the capacitor for 
converter output voltage, and D is the duty time for the 
switches. 
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Figure 2 Boost converter circuit model 

 
For the equation of state space, the form of equations 

and the relations between the current of inductance and the 
voltage of output have to be formed to a uxx BA += form. 

For ONS =  
 

VLVg =                                                                              (1) 

g
L VL
t
i

=
d
d                                                                          (2) 

L
V

i g
L =                                                                              (3) 

C
zI

V =                                                                               (4) 

                                                              
The variables obtained in the above shown equations 

are shown in the matrix form as follows.  
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For OFFS =  
 

cg VVLV +=                                                                       (6) 
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V

C
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A and B matrix are calculated to form the state space which 
has the required variables for the boost converter. – A as the 
given Eq. (12), and B as given Eq. (13). 
 

off)1(on ADDA −+=A                                                  (12) 

off)1(on BDDB −+=B                                                  (13)  
 
Eqs. (14) and (15) show the matrixes on the final form: 
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3 DESIGN OF THE PULSE WIDTH MODULATION 
 

The pulse width modulation technique is widely 
considered for the motors drive and different loads drive at 
the some studies [15÷20]. The paper deals with the 
modulation technique. The technique is that the step-sinus 
pulse width modulation (SSPWM) showed in Fig. 3 controls 
the switch of the DC-DC converter. SSPWM is formed 
when two different triangles compare to the step sinus 
signals. The switching times can be are determined with 
triangular similarity, because the steps of sinus signal 
increase the b unit lengths on the vertical and different the k 
unit lengths on the horizontal, as shown in Fig. 3. The 
creating voltage on loads is calculated as analytic because 
the interactions of steps with the triangles form similar 
triangles. Every formed triangle has a different size in all 
formed triangles. Pulse widths are produced because the 
similar   triangle rules are shaped in the half period (T/2). 
Pulse widths are shown in Fig. 4 as similar   triangles. Df is 
the first pulse width, Da is the average pulse width, and n is 
the pulse number. 
 

 
Figure 3 (a) Steps compared with the triangles, (b) formed triangles 
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Figure 4 Formed triangles 

 
The PWM switching voltages producing current signals 

are shown for inductive loads (L) in the PWMs in Fig. 5.  
 

                                                         
                                    (a)                                    (b) 

Figure 5 (a) PWM producing current in between T/2 and T, (b) PWM producing 
current in between 0 and T/2 

 
The size changes of the SSPWMs are 1a, 2a, 3a, 4a, 5a 

in the period of T/2 as shown in Fig. 6. 
 

 
Figure 6 A linear increases of the PWM signals is created in the comparison of the 

results 
 

While controlling switch, the step sinus pulse width 
modulation provides the total current for the inductive load 
(L) in Fig. 6 as in the Eq. (16). 
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If two triangles are used to produce SSPWM for every 

step in the horizontal size of the steps which are increased 
for 2b, two same SSPWMs are created on every step as in 
Fig. 7. 
 

 
Figure 7 A linear increases of the angular PWM signals is created in comparison 

of the results 
 

The width changes for the SSPWMs are 2× (1a, 2a, 3a, 
4a, 5a) in the period of T/2 as shown in Fig. 8. 

                                            

 
Figure 8 A linear increases of the angular PWM signals 

 
The angular step sinus pulse width modulation produces 

the total current of the equation in Fig. 6 as in the Eq. (17) 
for inductive loads. 
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The switching times create a total alternating voltage 

according to the step sinus pulse width modulation on a 
period of T/2. The switch times increase from Df to Da. The 
increases are linear because of the similar triangle rules 
because comparison of steps and triangles are arranged for 
creating triangular similarity as in Fig. 4. There are n pulses 
in a period of T/2. Therefore, the pulses are added as Eq. 
(18). 
 

n
DD af ⋅







 +

2
                                                                 (18) 

 
4 DC MOTOR DESIGN 
 
      The DC motor’s mathematical model implements a 
separately created DC machine. The model has certain 
parameters. The resistance of armature is Ra in ohms and the 
inductance of armature is La in henries. The resistance of 
field is Rf in ohms and the inductance of field is Lf in 
henries. The field armature’s mutual inductance is Laf in 
henries. The total inertia of the DC machine is J in kg∙m².  
The total friction coefficient of the DC machine is Bm in 
N∙m∙s. The total Coulomb friction torque constant of the DC 
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machine is Tf in N∙m. KE is the voltage constant and w is the 
machine speed in rad/s. The armature current is ia in ampere. 
The field current is if in ampere, the electrical torque is Te in 
Nm. The field terminal exists between (F+, F−) with the 
inductance La and resistance Ra in the series. The armature 
circuit is constructed between the A+ and A− which contain 
the inductance La and the resistance Ra in the series with a 
counter-electromotive force E calculated as the Eq. (19). 
 

wKE E=
                             

                                            (19) 
 

E is proportional to the field current İf in a separately 
created DC machine model and KE is calculated as the Eq. 
(20)    
 

faf ILE =                                                                         (20) 
 

The mechanical part is described as the Eq. (21). 
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t
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d
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The state space equation is formed for the machine 

speed w as the Eq. (23). 
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The DC machine model of the Matlab Simulink is 

shown in Fig. 9 according to the created mathematical 
equations. 
  

 

Figure 9 DC machine model of the Matlab Simulink  
 

The DC machine model of the Matlab Simulink is given 
in Fig. 9 according to the created mathematical models.  The 
PID control is considered to obtain a better result while 
running the system. The differential form of the PID 
controller is in the Eq. (24). The Laplace form of the PID 

controller is in the Eq. (25). Kp is the proportional gain. Ki is 
the integral gain. Kd is the derivational gain. 
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If the proportional gain, integral gain and derivational 

gain are applied to the DC motor equation, the Eq. (26) and 
Eq. (27) are formed as follows: 
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5 EXPERIMENTAL RESULTS 

 
The applications of the PID controlling DC motor on 

the closed-loop control and the constant DC source feeding 
the DC motor on an open-loop control are performed in the 
Matlab Simulink. The armature of the DC motor with the 
constant DC source is worked with 520 V while the 
armature of the DC motor with DC-DC converter is 
performed with 150 V at the closed-loop control as shown 
in Fig. 10. 
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Figure 10 PID controlling the DC-DC converter of input, output voltages and the 

PWM signal 
 

The speed of the DC motor which has 0.9 N∙m of load 
can reach 115 rad/s (1100 rpm), while 240 V of the constant 
direct voltage source runs the DC motor as uncontrolled, 
which is an open-loop control as shown in Fig. 11. The 
speed of the DC motor which has 0.9 N∙m of load reaches 
145 rad/s (1385 rpm) on a closed- loop control, while 150 V 
of direct voltage feeding the converter runs the DC motor as 
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shown in Fig. 11. The PID controlling of the DC-DC 
converter achieves a high performance on the speed of the 
DC motor although the converter has low voltage according 
to the constant DC source. 
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Figure 11 PID controlling the DC-DC boost converter and the constant DC source 

running the speed of the DC motors 
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Figure 12 PID controlling the DC-DC boost converter and the constant DC source 

running the currents of the DC motors 
 

After 240 V of the constant direct voltage running the 
DC motor as in an open loop control in Fig. 12, a settling 
current value of the DC motor can reach 62 A on 0.3 s while 
a starting current of the DC motor obtains a peak current 
value such as 400 A on 0.05 s. 150 V of the direct voltage 
feeding the power converter with, the DC motor runs on a 
closed-loop with a PID control.  A settling current of the DC 
motor can reach 72 A on 0.1 s while the DC motor reaches 
400 A of the peak current value on 0.5 s as in Fig. 12. 
Although the converter has a lower input voltage which is 
150 V as opposed to the constant DC source of 240 V, the 
DC motor with the DC-DC converter achieves a high 
performance on a settling current of the DC motor in a 
closed-loop control. 
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Figure 13 PID controlling DC-DC boost converter and a constant DC source 

running the torques of the DC motors 
 
      After 240 V of the constant direct voltage source runs 
the DC motor on open-loop control in Fig. 13, a settling 
torque of the DC motor can remain such as 105 Nm on 0.05 
s while the maximum starting torque reaching 720 N∙m on 
0.3 s. When the 150 V of direct voltage feeding the DC-DC 
boost converter runs the DC motor with the PID controlling 
as in Fig. 13, a settling torque of the DC motor can reach 
143 N∙m on 0.1 s after 450 N∙m of the maximum starting 
torque. The PID controlling DC-DC converter achieves high 
performance on the settling torque of the DC motor even 
though the input of the converter has a low input voltage 
according to the constant DC source which is 240 V. 

The values of the used parameters are shown in Tab. 1 
for the system constructed. 
 

Table 1 Values of the used parameters  
Parameter Values Parameter Values 

Laf 1.8 H Converter input Vdc 150 V 
La 0.012 H L 0.1 mH 
Ra 0.6 Ω C 0.001 mF 
Rf 240 Ω Kp 0.002 
Lf 120 H Ki 0.001 
Bm 0.2 N∙m∙s Kd 0.001 
J 0.5 km² TL 0.9 N∙m 
Ts 0.0001 s Converter output Vdc 550 V 

 
6 CONCLUSION 
 

The DC motor and the DC-DC boost converter 
mathematical model were formed so that the PID controlling 
converter connecting the DC motor could be constructed at 
the Matlab Simulink. The PID controlling DC-DC boost 
converter driving the DC motor and a constant DC source 
driving the DC motor are simulated in the Matlab Simulink 
for the comparison of output performances after the formed 
mathematical model. The results are analyzed in this study 
after the system is performed. for the current and torque and 
speed of the DC motor, the DC motor which has a PID 
controlling DC-DC boost converter does a better 
performance on a closed-loop than a constant DC source 
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running the DC motor on an open-loop according to the 
results. 
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NUMERICAL INVESTIGATION OF THE INFLUENCE OF TIP CLEARANCE AND ROTOR-
STATOR INTERACTION ON CENTRIFUGAL PUMP PERFORMANCE AND CAVITATION 

 
Cong LIU 

 
 

Abstract: The influence of tip clearance on pump performance and the impact of the rotor-stator interaction on cavitation are investigated by numerical means, respectively. 
Firstly, the SST model is employed in numerical anaylsis, and the numerical investigation of the pump performance based on a different turbulence model is compared with the 
experimental data. Secondly, the pump performance at different tip clearances is investigated, and the numerical results indicate that the smaller tip clearance the better 
performance of keeping the head stable at a low mass flow rate. Thirdly, as the NPSH-Head curves are computed at different tip clearances, the conclusion can be drawn that 
the smaller the tip clearance, the stronger the capability of preventing cavitation. Lastly, the effect of the rotor-stator interaction on cavitation is performed at a design case, when 
the φ = 9°, the volume fraction of cavitation is maximum, however, when the φ = 120°, the volume fraction of cavitation is minimum. Besides, the blade loading is studied at a 
corresponding φ  value. When the φ = 44°， the blade loading is minimum, however, when the φ = 120°, the blade loading is maximum. The cavity all appears from the leading 
edge to the 20% chord length for a different φ value, which indicates that the cavitation zone grows along the normal direction of the suction surface. 
 
Keywords: cavitation; radial pump; rotor-stator interaction; tip clearance 
 
 
1 INTRODUCTION 
 

The radial diffuser pump is favoured for applications in 
a wide range of industrial domains, such as power plants, 
papermaking, chemical production, and so on. It is 
necessary to maintain a gap between the blade tip and the 
stationary shroud to ensure the relative motion. However, a 
channel is formed for water to leak because of the gap, 
which will contribute to a tip leakage flow, and the flow not 
only has a significant effect on the head and efficiency, but 
may also lead to cavitation. Cavitation can cause the 
deterioration of pump performance, noise, vibration and 
wall erosion, etc. [1], which are all undesirable phenomena. 

The effect of tip clearance on suction performance at 
different flow rates in a mixed flow pump has been 
investigated by Yo Han Jung, et al. [1]. For large tip 
clearance, the head breakdown happened earlier at the 
design and high flow rates, but the area size of the 
cavitation at different tip clearances and flow rates was not 
examined. The unsteady cavitation flows in the centrifugal 
pump was studied by Wang Jian [2] by using the improved 
turbulence model to predict the cavitation inception, 
shedding off and collapse procedures, however, the tip 
clearance is not considered. Some experiments [3] are 
conducted by changing the tip gap sizes to investigate the 
correlation between the cavitation inception number and tip 
leakage vortex in an axial flow pump. The tip leakage 
vortex structure and cavitation patterns in an axial flow 
pump are revealed by the author using an experimental and 
improved numerical method [4, 5]. 

The influence of different viscosity and incompressible 
gas content on cavitation in a centrifugal pump was 
presented by Wen-Guang Li [6], who found that the NPSHr 
was more easily impacted by incompressible gas content. 
Besides, the impact of different temperature was 

investigated by other researchers through an experiment and 
simulation [7÷10]. 

The impact of rotor-stator interaction on the head in a 
centrifugal pump is studied by Feng Jianjun [11] by using 
PIV and LDV, but cavitation is not considered. The 
experimental and numerical investigation of the processing 
of helical vortex in a conical diffuser with a rotor–stator 
interaction was carried out by A. Javadi [12]. The flow 
unsteadiness generated in a swirl apparatus was analysed, 
but the influence of rotor-stator interaction on cavitation 
was according to him not present. 

In this paper, the performance of pump at different flow 
coefficients was compared between the experiment and 
simulation to verify the correctness of the numerical method 
firstly. Secondly, the effect of tip clearance on pump 
performance was obtained with three different tip sizes. The 
cavitation model was employed to get the NPSH-H curve at 
different tip clearance sizes and the impact of rotor-stator 
interaction on the volume fraction of cavitation was 
investigated. Lastly, the blade loading was examined and 
compared under different relative circumferential positions 
between the rotating impeller and stationary diffuser. 
 
2 GOVERNING EQUATIONS AND THE CAVITATION MODEL 
 

Cavitation in a pump is treated differently from the 
thermal phase change, because the cavitation process is too 
quick at the interface to be modified for the assumption of 
thermal equilibrium. In highly simplified cavitation models, 
mass transfer is only driven by mechanical effects, in other 
words, by the liquid-vapour pressure differences rather than 
the thermal. In this paper, the Rayleigh-Plesset model is 
implemented as an interphase mass transfer model. For the 
cavitation flow, the homogeneous multiphase model is 
normally used, so each fluid component is assumed to have 
the same velocity and pressure. The governing equations in 
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the homogeneous multiphase and the Rayleigh-Plesset 
equation are as follows. 

Continuity Equations 
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Where Np is the total number of the phase, the volume 

fraction of each phase is denoted by rα, α = 1 to Np. The user 
specified mass sources are described by SMSα, and Γαβ is the 
mass flow rate per unit volume from phase β to phase α. 
This term only occurs when the interphase mass transfer 
happens. In this study, as neither the mass sources nor the 
interphase mass transfer exist, and the total number of the 
phase is 2, the equation can be simplified as follows: 
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Momentum Equations 
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equation is essentially a single phase transport with variable 
density and viscosity, and the interphase transfer terms have 
all been cancelled out. Due to the external body forces, SM 
describes the momentum sources; considering the radius of 
the pump impeller is small, the momentum sources term can 
be ignored. 

Cavitation Model 
The Rayleigh-Plesset model is implemented to model 

the cavitation in the centrifugal pump. It provides the basis 
for the rate equation controlling vapour generation and 
condensation. This equation describes the growth of a gas 
bubble in the pump and is as follows: 
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Where RB represents the bubble radius, p is the pressure 

in the water surrounding the bubble, ρw is the density of 
water, and the surface tension coefficient between the water 
and water vapour is described by σ, pv is the saturation 
vapour pressure of water at the temperature, and it is has the 
following empirical formula: 
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Where pK = 22.13 MPa, TK = 647.31 K, a = 7.21379, b 

= 1.152×10−5, c = −4.787×10−9, d = 483.16. In this paper, T 
= 25 °C, hence pv can be calculated and it is 3229Pa. 

Neglecting the surface tension between the water and 
water vapour and the second order terms, which only have a 
significant effect on the rapid bubble acceleration, the 
equation can be reduced to: 
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The corresponding rate of the change of bubble volume 

and mass are derived as follows: 
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If the bubble number per unit volume is denoted by NB, 

the volume fraction of vapour, rv, can be expressed as: 
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The total interphase mass transfer rate per unit volume 

is：  
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Assuming bubble growth, namely vaporization, the 

expression can be generalized to contain condensation as 
follows: 
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Where F is an empirical factor that may differ between 

condensation and vaporization, the reason is that the rate of 
vaporization is usually much faster than that of 
condensation. A number of studies have shown that 
vaporization is firstly initiated at nucleation sites, which is 
why the bubble radius RB is replaced by the nucleation site 
radius Rnuc for simulating purposes. As the volume fraction 
of vapour increases, accordingly, the nucleation site density 
must decrease because of less liquid. For vaporization, rv in 
the equation is replaced by )1(nuc vrr − , where rnuc is the 
volume fraction of the nucleation sites, which is why the 
equation for the vaporization progress is given: 
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The Rayleigh–Plesset cavitation model adopted by CFX 
is validated by Bakiretal [13] and requires the following 
values of the two-phase flow parameters, which are 
appropriate for most cavitation simulations [14, 15]. The 
parameters are listed as follows: Rnuc = 1 μm, rnuc = 5×10−4, 
Fvap = 50, Fcond = 0.01.  
 
3 SIMULATION PROCEDURE 
3.1 Physical model 
 

A radial diffuser pump with the specific speed of ns = 
82.5 is researched in this paper. The pump of flow rate, 
head and rotational speed are Qd = 0.0045 m3/s, Hd = 7 m 
and nd = 1450 rpm, respectively, at a design point. The 
diameter of the impeller inlet and outlet are 0.08 m and 
0.1505 m, the absolute flow angle is 80 degrees, and the 
blade number of impeller is 6. Correspondingly, 0.155 m 
and 0.19 m are the inlet and outlet diameters of the diffuser, 
the absolute flow angle is 60 degrees and the blade number 
of the diffuser is 9. The view of the pump is shown in Fig. 
1, and Tab. 1 presents the specifications of the pump. 
 

 
Figure 1 The view of the pump 

 
Table 1 Specifications of the pump 

Impeller parameters Value 
Number of blade Zi 6 
Impeller inlet diameter d1 (m) 0.08 
Impeller exit diameter d2 (m) 0.1505 
Absolute flow angle αi (°) 80 
Blade inlet angle β1i (°) 17.9 
Blade outlet angle β2i (°) 22.5 
Blade span bi (m) 0.0127 
Diffuser parameters  
Number of vanes Zd 9 
Diffuser inlet diameter d3 (m) 0.155 
Diffuser outlet diameter d4 (m) 0.19 
Absolute flow angle αd (°) 60 
Vane inlet angle β1d (°) 171 
Vane outlet angle β2d (°) 160.3 
Vane span bd (m) 0.014 
Design operating conditions  
Impeller rotational speed n (rpm) 1450 
Specific speed ns 82.5 
Flow rate Qd(m3 s⁄ ) Qd (m3/s) 0.0045 
Delivery head Hd (m) 7 

 
 
 

3.2 Computational model and boundary conditions 
 

With the assumption that the flow is in the 
incompressible steady state, the internal flow of the pump is 
simulated by using the CFX software. Because of the 
rotation of the impeller, the MRF (multiple frame of 
reference) is selected, and the interface type between the 
impeller outlet and diffuser inlet adopts the frozen rotor 
model. The geometry of the pump to be modelled includes 
two impeller blade passages and three diffuser blade 
passages, because the frozen rotor model requires the pitch 
ratio at the interface between the impeller and diffuser to be 
1 for as much as possible, as it considers the accuracy and 
reliability of the numerical result. The Counter Rotating 
Wall is adopted by the shroud of the impeller, and the blade 
wall and hub are set to a no slip boundary. Besides, the 
diffuser is stationary. Periodic boundaries are used to enable 
only 1/3 of the section of the full pump geometry to be 
modelled.  

Three turbulence models are compared with the 
experimental data. The data carried out by the k-ω based on 
SST (Shear Stress Transport) model has a better agreement 
with the results of the experiment than the others, as shown 
in Fig. 2, which is why the k-ω based on the SST model is 
employed to solve the three-dimensional steady Reynolds-
averaged equations. 
 

 
Figure 2 Head rise of the experimental and computational results 

 
3.3 Mesh generation and independence verification 
 

The high resolution structured hexahedral mesh has 
been generated for a computational domain by using the 
ANSYS Turbo Grid 17.0 with an ATM (Automatic 
Topology and Meshing) option (see Fig. 3(a)). Near a no-
slip wall, viscosity has a large effect on the transport 
processes, and there are strong gradients in the dependent 
variables. Besides, the SST model requires a high resolution 
of the boundary layer of more than 10 points, which is why 
an O-Grid is built and refined to satisfy the requirements for 
the surrounding of the blades [16]. The wall-normal mesh 
resolution unit y+ is defined as [17] 
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where u* is the friction velocity and τw is the wall shear 
stress. The mean value of y+ is controlled below 10 in the 
surrounding of the impeller blade and diffuser vane when 
using the SST, and the mesh resolution is acceptable, while 
an H-Grid is applied for the passage. The detailed mesh 
information near the leading and trailing edges of the 
impeller blades and diffuser vanes are enlarged in Fig. 3(b), 
3(c), respectively. 
 

 
(a) The mesh of the model at 50 % span 

 
(b) Grids near the leading edge and trailing edge of the impeller blade 

 
(c) Grids near the leading edge and trailing edge of the diffuser vane 

Figure 3 The mesh of the computational domain 
 

 
Figure 4 Independence verification of the mesh number 

 
To eliminate the effect of the mesh number upon the 

numerical results, the independence verification of the mesh 
is carried out with six different numbers of the mesh. When 

the mesh number exceeds 3.21×107, as shown in Fig. 4, the 
numerical results remain almost unchangeable. Thus, the 
mesh number of 3.21×107 meets the requirement of 
calculating accuracy and is selected in this study. 
 
3.4 Solutions  
 

The high resolution option was chosen for the advection 
scheme and turbulence numerics. The results implementing 
the first order scheme will be used as the initial value of the 
high resolution scheme in case the scheme is not robust. 
When the RMS (root mean square) residual value is less 
than 10−4, and the volume flow rate difference between the 
inlet and outlet reaches 10−5 simultaneously, the calculation 
will be terminated and considered to have converged. 

In this paper, the effect of three different tip clearance 
sizes on the performance of the pump and cavitation will be 
studied, as shown in Tab. 2, 0.6 mm, 1.3 mm and 2.0 mm, 
respectively. Besides, the influence of a relative 
circumferential position between the rotating impeller and 
stationary diffuser on cavitation is obtained. 
 

Table 2 Numerical simulate cases 
Simulation case Tip clearance size 

Case 1 0.6 mm 
Case 2 1.3 mm 
Case 3 2.0 mm 

 
4 RESULTS AND DISCUSSIONS 
4.1 The effect of variation in tip clearance on pump 

performance without cavitation 
 

Fig. 5 provides the performance of the pump at 
different tip clearances and a different mass flow rate. The 
figure exhibits that the head of the pump decreases as the tip 
clearance increases. Keeping the head in view, when the 
mass flow rate is less than 1, the rate of the head increase 
will decrease with the decrease of tip clearance. Moreover, 
at the same mass flow rate, the increase of the head from the 
tip clearance of 2.0 mm to 1.3 mm is less than from 1.3 mm 
to 0.6 mm. However, when the mass flow rate is more than 
1, the relation is not remarkable, but the head of all tip 
clearances decreases as the mass flow rate increases. 
 

 
Figure 5 The performance of the pump in different cases 

 
From the results of the simulation, what can be 

observed is the characteristic that a smaller tip clearance has 
a better performance of keeping the head stable than a 
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bigger tip clearance at low mass flow rate. However, it is 
extraordinarily difficult to keep a clearance of less than 0.5 
mm, so the size of tip clearance is limited. 
 
4.2 The effect of variation in tip clearance on pump cavitation 

performance at a design mass flow rate 
 

Fig. 6 shows pump cavitation performance in the form 
of curves, which is a chart of the head vs. NPSH (Net 
Positive Suction Head) at a design mass flow rate under 
different tip clearances, where NPSH is defined as the 
pressure differential between the liquid total pressure of the 
pump inlet and the saturated vapour pressure at a pumping 
temperature [18]. The NPSH is illustrated by [19]. 
 

g
PPNPSH

l

v

ρ
−

= tin                                                            (14) 

 
As shown in Fig. 6, for a part of the simulation, the 

degradation in the NPSH vs. head curves with the reduction 
of the pump inlet total pressure is not significant. This is 
due to the fact that the pump inlet total pressure is 
significantly high to impede cavitation, namely, the 
normalized pressure rise through the pump is almost 
constant. However, with the pump inlet pressure dropping 
progressively, the incipient cavitation will emerge but will 
have little impact on the performance of the pump. Until the 
blade passage has enough blockage due to the vapour, the 
performance will rapidly degrade. 
 

 
Figure 6 The drop curves of the NPSH vs. head at a design mass flow rate under 

different tip clearances 
 

As the tip clearance decreases, the head breakdown 
corresponding to the 3 % head drop emerges at a smaller 
NPSH value, which demonstrates that the smaller the tip 
clearance, the stronger the capability of preventing 
cavitation. However, the relationship between the increase 
of the tip clearance and enhancement of the capability of 
preventing cavitation is nonlinear. 
 
4.3 The effect of rotor-stator interaction on cavitation 
 

The transient blade row modelling and cavitation model 
were employed to investigate the influence of the relative 
circumferential position between the rotating impeller and 

stationary diffuser on cavitation. The rotating angle φ 
indicated the relative circumferential position between the 
rotating impeller and stationary diffuser, and φ = 0 degree is 
defined when the prescribed impeller blade trailing the edge 
approaches the designated diffuser vane leading the edge 
(Fig. 3(a)). 

In order to analyse the effect of rotor-stator interaction 
on cavitation, the volume fraction of cavitation (VFC) is 
defined below. 
 

%
V
VVFC

p

c 100×= ,                                                          (15) 

 
where Vc is the volume of zone, whose pressure is below 
3229Pa. Vp is the total volume of the computational 
domains.  

Fig. 7 shows the relation of VFC and the head with φ at 
a 3 % head drop point of the case 2. The head profiles at φ = 
0 degree show a very good periodicity for each 120 degrees, 
obviously, within the circumferential range of 360 degrees. 
The average of the head under the condition of the unsteady 
is equal to the steady, which validates the expected flow 
correctness for the numerical simulation. 
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Figure 7 Head and VFC compared with different φ at a 3 % head drop point of the 
case 2 

 
As Fig. 7 shows, the head has relative fluctuation 

amplitude of about 8÷10 % with the impeller position φ. 
Both the head and VFC have extreme points at the same φ 
value. However, the VFC shows the trend of falling down. 
When φ = 9°, VFC reaches the maximum value, about 0.27 
%, and correspondingly, the head also achieves the 
maximum value, about 6.45 m. As the impeller rotates, the 
head reaches the minimum value, about 6.43 m, at φ = 44°. 
When the VFC reaches the minimum value, about 0.24 %, 
at φ = 120°, the head reaches the minimum value, about 5.7 
m. 
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4.4 The blade loading at different φ values 
 

The static pressure on the suction and pressure that 
surfaces at a 50 % span was estimated for different φ values 
at a 3 % head drop point of the case 2. The variation of the 
static pressure is shown in Fig. 8. 
 

 
Figure 8 The blade loading at different φ values at a 3 % head drop point of the 

case 2 
 
The blade loading is represented by the area inside the 

curve, which indirectly represents the work done by the 
impeller. It is observed that the static pressure variation is 
affected by the relative position of the rotor and stator. The 
lowest pressure emerges on the suction side around the 
leading edge and almost keeps its constant value, which is 
equal to the vapour pressure, and then it rapidly increases. 
Because the cavitation bubble develops along the blade 
suction side within the constant pressure region, the cavity 
zone corresponds to this region. In fact, the cavity appears 
from the leading edge to the 20 % chord for different φ 
values, which indicates that the cavitation zone grows along 
the normal direction of the suction surface. As for the blade 
loading, when φ = 120°, the blade loading reaches a 
maximum, and the VFC is at its minimum value. 
 
5 CONCLUSIONS 
 

A simulation was carried out for the mass flow 
parameter ranging from 0.5 to 1.5 at a design speed using 
different turbulence models, and the k-ω based on the SST 
turbulence model was chosen eventually. Then the 
numerical data was compared with the experimental data. 
The influence of three different tip clearances on the 
performance of the pump were researched; the smaller tip 
clearance the better performance of keeping the head stable, 
but the size of tip clearance is limited. The pump cavitation 
performance on different tip clearances were studied by 
using the cavitation model, and the conclusion is that the 
smaller the tip clearance, the stronger the capability of 
preventing cavitation. Lastly, transient blade row modelling 
was employed to examine the relation between the 
cavitation and rotor-stator interaction. When φ = 9°, the 
VFC reached a maximum value, while the minimum value 

achieved was at φ = 120°. Meanwhile, the blade loading 
was also estimated, and when the blade loading reaches a 
maximum at φ = 120°, the VFC is at its minimum value. 
The cavity appears from the leading edge to the 20 % chord 
length, indicating that the cavitation zone grows along the 
normal direction of the suction surface. 
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LIGHT PERMANENCE WRAP PRINTS PRODUCED WITH CMYK UV INKJET INKS 

Ana LEŠIĆ, Igor MAJNARIĆ, Damir MODRIĆ, Marko MORIĆ, Ivana BOLANČA MIRKOVIĆ 

Abstract: Nowadays, Inkjet technology has become one of the most widespread printing technologies in car industry (car wrapping = printing and wrapping the whole vehicle or 
a part of a vehicle in printed foil). Printed wrap foils are, after the wrapping process, exposed to the same conditions as a lacquered vehicle: intensive sunlight, high and low 
temperatures, rainfall, snow, ice, particles or bugs that the vehicle encounters while driving, etc. In this paper we tested different types of wrapping foils (Orajet, 3M Scotchcal 
and 3M Controltac) and solvent inkjet inks to investigate the influence of different types of wrap foils on the real reproduction of UV ink jet coloured imprints, as well as their 
stability fluctuations during ageing. The inkjet prints age faster under the influence of UV light (Xenon lamp in SolarBox) in a period of 240 hours. The results show that the 3M 
Scotchcal foil has the best CMYK stability. 

Keywords: car wrap foil; Inkjet printing technology; light permanence; UV curing inks 

1 INTRODUCTION 

When selecting materials, a wide number of processes 
and factors decide about the quality and performance of the 
final product. When considering car wrapping, the 
following parameters determine the quality and technical 
requirements: foil manufacturers, vehicles, printing offices 
and distributors of all those technologies that are a contact 
point between the manufacturers and brand owners. 

When working with foils, cutting is a very important 
step in the production. E-cut foils are specially developed 
for cutting machines (e-cut refers to electronic cutting – 
with a computer controlled cutting knife and with the 
purpose of getting different kinds of precisely cut shapes). 
E-cut foils can be classified into non-transparent (or 
opaque) and transparent (or translucent) foil types. 
Depending on the application, there are also other types of 
wrapping foils: foils for glass decorating, Di-Noc films and 
protective films. [1] 

1.1  Wrapping foils 

During the nineties of the 20th century, the revolution 
in foil application occurred. The reason for that was the 
possibility of personalized printing by acceptable prices, the 
development of highly productive foil cutters, inkjet printers 
that use inks resistant to outdoor influences and the 
development of self-adhesive foils. The most popular 
producers of foils on the market today are the following: 
3M, Grafityp, APA, Avery Dennison and Arlon. Apart from 
the standard glossy foils (white and coloured), it is possible 
to print on mat and chrome foils. One of the popular 
classifications is given by the quality of production. Based 
on that classification, there are premium foils (the best 
quality), intermediate foils (medium quality) and foils for 
promotional purposes. [2]  

One special category includes foils for interior 
decoration and special foils for glass application, where the 
Di-Noc foils are a typical representative of that category, 
mostly used in architecture, for walls.  

The most important classification of foils is the one by 
structure, that is, the number of materials that the foil is 
made of: cast foils (usually made from vinyl) and 
calendered foils (mostly made from PVC). All the layers of 
foils have similar thickness. The final layer is usually used 
for fixing the ink in the printing process (Figure 1). 

Figure 1 Basic construction of a wrapping printable foil with the 3M Controltac and 
Comply technology [3, 4] 

1.1.1 Production of foils 

 Cast foils are made by mixing all the ingredients 
together and pouring them in a liquid aggregate condition 
on the paper carrier. This process produces a film which has 
the thickness of 1-2 mm. It is a durable, flexible, adaptable 
and dimensionally stable film that holds the inkjet colour 
very well. Such foils are ideal for wrapping complex 
surfaces such as those on vehicles, where a slick finish is 
expected. Calendered foils are made by applying the molten 
mixture through the mould, after which the mixture is 
passed through a series of calendering rolls.  

By rolling and stretching, thick layers of foil (usually 3-
4 mm thick) are produced with uniform properties. This 
results in a somewhat less dimensionally stable and less 
adaptable coating foil which will exhibit shrinkage when 
exposed to heat. However, such wrapping foils are cheaper 
and more resistant to scratching. [5, 6] 
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1.1.2 Adhesives 

A typical wrap foil is coated with a solvent-based 
adhesive layer (an adhesive that is activated by stronger 
contact of a silicone squeegee). [7, 8]  
 There are different types of adhesives. The most 
common are: PA (Pressure-Activated Adhesive) that is 
activated by increased pressure and heat, SP (Strong 
Pressure Adhesive) that is activated by high pressure, and 
PSA (Pressure Sensitive Adhesive) that is activated by low 
pressure. In some of these adhesive layers, the Comply 
Adhesive Technology can also be found. This is actually a 
film with air ducts through which air is exfoliated during the 
cladding (to remove even the smallest air bubbles). This 
technology solved a problem that would otherwise require a 
decollation of the foil part and re-bonding, which in some 
cases causes the film to deform, which would then become 
unusable. [9, 10] 

1.2 Inkjet printing technology 

The Inkjet printing technique implies NIP printing 
systems (Non Impact Printing). This means that liquid ink 
apply through micro size nozzles directly on printing 
substrate (without contact with imaging unit). The 
assumption for dripping is correct Weber number (must be 
greater than Wk>12).[3] Inkjet printing techniques can be 
divided into two basic categories: Continuous Inkjet and 
Discontinued (or DoD - Drop On Demand) Inkjet. In 
Continuous Inkjet, the binary and multiple dropout systems 
differ, while in DOD Inkjet there are three different ways of 
forming droplets: Piezo Inkjet, Thermal Inkjet and 
Electrostatic Inkjet. 

1.2.1 UV inkjet inks 

UV and LED UV inks provide high thicknesses of 
application regardless of the thickness of the printing 
substrate. The composition of this color consists of: 
pigments (15%), prepolymers (20-35%), monomers and 
oligomers (10-25%), photoinitiators (5-10%) and additives 
(1-5%). One of the most important UV ink components are 
certainly photoinitiators. By absorbing UV light from the 
appropriate source, they enhance the polymerization 
processes, thus initiating the drying process itself. 

1.2.2 UV electromagnetic radiation 

The UV region includes only a small part of the 
electromagnetic radiation spectrum and is expressed in 
wavelengths measured in nanometers (1 nm = 10−9 m). The 
UV wavelengths are extremely short and range between 200 
and 380 nm and have been shown to be the most suitable for 
UV ink and varnish drying. The UV spectrum is divided 
into three possible subregions with different UV drying 
characteristics: UVC, UVB and UVA electromagnetic 
waves. The UVC ranges from 200 to 280 nm. Such high 
UV radiation energy provides instant drying and is most 
often used for surface UV drying of inks and coatings. The 

UVB ranges from 280 to 315 nm. The light in this wave 
range penetrates deeper into the layer of ink film, i.e. this 
UV radiation (with longer wavelengths) allows a better 
drying of the medium printed ink layers. The UVA ranges 
from 315 to 380 nm. This type of UV rays is the closest to 
the visible part of the spectrum. It can reach deep layers of 
highly pigmented colors and ensure the drying of thick 
layers of lacquer. 

Figure 2 Radiation spectrum of typical UV sources 

1.2.3 UV ink drying 

UV light sources are mostly called UV lamps. They are 
usually made up of quartz glass tubes that contain mercury. 
The body of the lamp is constructed of high-quality quartz 
glass which passes at least 90% of generated UV rays. The 
quartz lamp body must be resistant to the internal 
temperature exceeding 1100°C, while the temperature on 
the surface of the lamp is about 900°C. In order to avoid 
damage to the surface of the lamp, an adequate cooling 
system must be installed. 

Figure 3 UV ink polymerization process: a) wet coating (liquid or viscous), b) UV 
radiation, ink is still liquid, c) the photoincitiators are bonding and macro-molecules 

are formed, d) final stage: all molecules are linked except the pigments 
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In the case of UV drying, the printing ink film 
polymerizes and completely dries as soon as radiation 
arrives. The UV drying method, however, requires special 
printing ink containing a binder and additional 
photoinitiators. The photoinitiators are active at the 
wavelengths between 365 and 415 nm, which results in a 
solidification process. This cross-linked reaction of UV-
dyeing and varnish takes place for one second. 

2 EXPERIMENT 

For the experiment purposes, a CMYK test form with a 
0-100% rasterton value – RTV (with a 10% step) was made. 
A PDF document was then made and sent to Roland’s RIP 
Versa Works. The printed form was printed on a Roland 
LEC 300 (with UV ink). Three experimental wrap films 
were used for printing: 3M Scotchcal, 3M Controltac and 
Orajet. 

Figure 4 Scheme of the performed experiment 

 After the printing, a null measurement followed. It 
included the measurement of colorimetric values of typical 
fields with 20% and 100% RTV with the X-Rite eXact 
spectrophotometer. Thereafter, a set of three previously 
measured samples was subjected to fast aging in the 

SolarBox 1500E chamber on a 280 × 280 mm bracket that 
was adapted to the dimensions of the aging chamber. The 
aging conditions in the chamber were pre-defined: 50 °C 
temperature and 550 W/m2 radiation, in time periods of 6h, 
12h, 24h, 48h, 96h, 144h and 240h.  
 The measured results were analyzed in the Origin 8.5 
program, where the results depicting the value of the change 
in coloration (ΔE00) were shown in the graphs, depending 
on the aging time (fields with 20% and 100% RTV values 
were analysed). [11, 12] 

3 RESULTS AND DISCUSSION 

 The aging process of the printed foil is a process of 
atmospheric influence (temperature, relative humidity, 
insolation, etc.) over a longer period of time. Since the 
changes in coloration during the aging process can be 
caused by changes in the substrate itself, it was necessary to 
determine how much the substrates themselves change 
(Figure 4).  

Figure 5 Differences in the colouring of white wrap foils within 240 hours 

 For all three foils it can be said that they are very stable 
and that during the aging process (after the period of 240h) 
no apparent changes (seen by the naked eye) have been 
observed. However, from Figure 4, it is obvious that the 
biggest changes occurred on the Orajet foil and that the least 
changes occurred on the 3M Scotchcal foil. The utmost 
changes occurred at the beginning of experimental aging 
(after 6h in the chamber), and their numerical values are the 
following: ΔEOrajet=0.31, ΔEControltac=0.16 and 
ΔEScotchcal=0.05. During the 240-hour period, no color 
changes occurred, and the values at t=240h are: 
ΔEOrajet=0.35, ΔEControltac=0.24 and ΔEScotchcal=0.14.  
 UV inkjet ink is dried by polymerization that starts with 
the exposure to ultraviolet electromagnetic radiation. Due to 
the short drying time, the print has a relatively thick layer of 
ink, which does not diminish over time. Moreover, such 
inkjet ink is much more resistant to atmospheric conditions 
than solvent inks because the other contain a high 
percentage of solvents.  
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Figures 5, 6, 7 and 8 show the results of the measured 
CMYK surfaces printed with 20% (bright tones) and 100% 
RTV (full tones). [13, 14] 
 Figure 5a shows the differences in the colouring of cyan 
UV inkjet ink, measured on 20% RTV fields. The largest 
changes in ΔE00 were achieved after t=240h 
(ΔEScotchcal=0.37, ΔEControltac=0.76 and ΔEOrajet=1.02). The 
difference in full tone colouration (Figure 5b) abruptly 
changed after the first six hours, after which the colour 
differences reached the following values: Scotchcal ΔE144h= 
0.95, Controltac ΔE40h= 0.41 and Orajet ΔE240h= 0.91. As it 
was expected, the highest changes occurred on the PVC 
Orajet foil, and the smallest on the vinyl 3M Scotchcal foil. 

Figure 6 Changes in the cyan UV inkjet colours after 0h and 240h;  
a) ΔE00 for 20% RTV fields; b) ΔE00 for 100% RTV fields 

 For magenta full tones (Figure 6a) it can be seen that 
the results for the 3M Scotchcal and Orajet foils are almost 
identical. The only differences appear after 240 hours, when 
the change on the 3M Scotchcal foil is lesser than the one 
on the Orajet foil (difference between the two is ΔE=0.05). 
At this point, the resulting colour changes are: 
ΔEScotchcal=0.57 and ΔEOrajet=0.62. The largest deviations are 
visible on the magenta prints on the 3M Controltac foil 
(ΔEControltac=0.68).   

 The results of colour changes for the fields with 20% 
RTV (Figure 6b) show a trend that, when increasing the 
aging time period, the measured values on the Orajet and 
3M Controltac foils equalize (they overlap after 240h). At 
that point, the differences in colouring were: ΔEOrajet=0.73, 
ΔEControltac=0.72. The measured values for the 3M Scotchcal 
foil are the lowest in the same time measured, and reach the 
value  ΔEScotchcal=0.50. Such colour changes remain the 
same even after the period between 48 and 96 hours of 
aging.  

Figure 7 Changes in the magenta UV inkjet colours after 0h and 240h;  
a) ΔE00 for 20% RTV fields; b) ΔE00 for 100% RTV fields 

On the yellow fields with 100% ink coverage (Figure 
7b), the colour differences vary linearly to a period of 144h. 
From that moment on, the changes are constant. Therefore, 
after the t=144h, the colour differences are: ΔEScotchcal=0.36, 
ΔEControltac=0.42 and ΔEOrajet=0.43, and after 240h, 
ΔEOrajet=0.47. On the screened fields, the results are similar 
(Figure 7b). That means that during aging, the yellow prints 
on the 3M Controltac foil have changed the least. However, 
at the end of the experiment (t=240h), all values were 
equalized (ΔEScotchcal=0.43, ΔEControltac=0.41 and 
ΔEOrajet=0.43). Such changes are minimal, but it is to be 
expected that, with the increase of the aging time period, the 
changes could increase too. 
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By analysing the full tonal field printed with black UV 
ink (Figure 8b), it is apparent that the differences have over 
time approximately linearly increased. After the period of 
240h, the values of ΔE00 were: ΔEScotchcal=0.76, 
ΔEControltac=0.76 and ΔEOrajet=1.64. Thus, these are the ones 
with the biggest changes in coloring if compared to other 
experimental results. It is especially important to point out 
the value curve for the Orajet foil that shows an exceptional 
tendency to increase the color difference value. On a graph 
that shows the color change results for the 20% RTV black 
field (Figure 8a), a non-characteristic change in color 
difference is observed after the first six hours of aging 
(ΔEOrajet=2.78). 

Figure 8. Changes in the yellow UV inkjet colours after 0h and 240h;  
a) ΔE00 for 20% RTV fields; b) ΔE00 for 100% RTV fields 

Further aging will cause much less changes which are 
the following after t=240h: ΔEScotchcal=0.28, ΔEControltac=0.39 
and ΔEOrajet=3.03. This value for the Orajet wrap foil 
exceeds the limit of tolerance and is visible to the naked 
eye. The black UV ink on the Orajet substrate should, 
therefore, not be used for practices where the print would be 
exposed to aging conditions, because it would show a 
marked difference in coloration in a very short time. A 
possible solution to such a problem would be additional 
varnish or the application of an additional protective layer 
by special laminating. 

Figure 9. Changes in the black UV inkjet colours after 0h and 240h;  
a) ΔE00 for 20% RTV fields; b) ΔE00 for 100% RTV fields 

4 CONCLUSION 

 In the analysis of experimentally aged wrap printing 
substrates, we found no significant changes in the 
colorimetric values during the period of 240 hours. Such 
changes are not visible to the human eye. By colorimetric 
measurements, it was found that the largest changes are 
exhibited on the Orajet foil (ΔEOrajet-240h=0.35), and the 
lowest on the 3M Scotchcal foil (ΔEScotchcal-240h=0.14). 
Moreover, colour difference curves do not show a tendency 
of growth over time, and all three foils retained satisfactory 
colorimetric properties after a longer aging period. 
 When analysing the UV inkjet print, it is concluded that 
each process colour behaves differently. On cyan prints, 
after six hours, larger changes took place, which over a 
period of 240h increased to a maximum of ΔE240-6h=0.3. 
Due to low production costs, the biggest changes were, as 
expected, on the Orajet foil, and the smallest on the 3M 
Scotchcal foil. However, all changes do not exceed the 
value of ΔE=1. Magenta prints were almost identically 
changed on the Orajet and 3M Scotchcal foils, on fields 
with 100% RTV, while the biggest differences for the 20% 
RTV fields were noticed on the 3M Controltac foil. All 
changes did not exceed the value ΔE=1 until the end of 
experimental aging. 
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 The yellow colour has shown the slightest change in 
colouring. Overall differences do not exceed the value of 
ΔE=0.5, and the values are approximately the same for the 
prints on all three foils on fields with 20% and 100% RTV. 
The black colour demonstrated the largest changes. Full-
tone fields exhibit a linear growth tendency throughout the 
experiment. The maximum value is ΔEOrajet 20% RTV=3.03. 
After the initial change at t=6h, this curve demonstrates an 
approximately stable growth gradient. The black UV prints 
were the only that after a very short time (6 hours of aging) 
showed a big difference in coloration, ΔEOrajet 20%=3.03. 
This difference is clearly visible, which is why the black 
UV ink is not recommended for use in practice (especially 
for small RTV values).  
 The 3M Scotchcal foil has, in most cases, shown the 
best and the most stable results in measurements. The 
majority of the measured colour differences show a value 
lesser than ΔE=0.5 for all CMYK colours on the 3M Scotch 
cal foil (even the black UV ink on 20% RTV fields).  
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Abstract: The paper is dedicated to the development of methods of waterproofing curtains arrangement for seepage protection of irrigation canals. The analysis of the 
informational sources in the field of seepage protection of irrigation canals has been conducted together with the use of horizontal directional drilling and the bentonite usage. 
The innovative technology of such works is proposed. The gist of the innovative technology is the combination of horizontal directional drilling and waterproofing bentonite-
containing mortar injection. The laboratory experiments of the protective curtain arrangement are conducted. Bentonite powder concentration per unit of volume of hardening 
mortar, discharge pressure (supply) of injection mortar, and duration of mortar supply are chosen as the most influencing technological factors. Soil filtration coefficient is 
selected as the most important indicator. It is concluded that the combination of values of low bentonite powder concentration and relatively high discharge pressure allows 
obtaining lowest soil filtration coefficient values. 
 
Keywords: bentonite; horizontal directional drilling; irrigation canals seepage; soil filtration coefficient; waterproofing curtain 
 
 
1 INTRODUCTION 

 
Analysis of the problems arising from the underground 

loss of water in the irrigation canals of the southern regions 
showed that the scale of the impact and the need for 
financial and technical resources are playing a dominant 
role in conservation of water resources intended for the 
reclamation of arid regions. The arrangement of 
waterproofing curtains can be used to protect irrigation 
water from losses during transportation through extended 
channels. Numerous methods help to build such curtains, 
but their analyses showed low economic and environmental 
performance. According to this, the elaboration of 
innovative seepage protection technology is relevant. The 
present study has a social significance, as it will allow to 
provide the population with timely supply of water intended 
for reclamation. 

 
2 THE AIM AND TASKS OF THE STUDY 

 
The aim of the study is to determine the optimum 

operating parameters of the waterproofing curtain 
arrangement for irrigation canals seepage protection by 
processing and analyzing experimental statistical 
dependency of soil filtration coefficient from the studied 
factors. In keeping with this purpose, the following research 
objectives were formulated: 
- Analyze the informational sources in the areas of 

protection from irrigation water loss, usage of 
horizontal directional drilling, binders for anti-filtration 
injection mortar. 

- Work out the conception of innovative technology. 
- Develop the methodology for laboratory research of 

anti-filtration underground shields and construct the 
appropriate laboratory bench. 

- Carry out the laboratory research of arrangement of 
waterproofing curtain by horizontal directional drilling 

with varying technological parameters of mortar 
injection. 

- Build and analyze the experimental statistical 
dependencies of curtain filtration coefficient from 
technological factors by regression analysis of 
laboratory results with the help of "Compex" software. 

- Determine the technological parameters of 
waterproofing curtain arrangement in which an optimal 
value of soil filtration coefficient is obtained. 

 
3 ANALYSIS OF INFORMATION SOURCES 

 
Different research shows that methods of water 

management in different countries can be significantly 
improved. The developed water management scenarios [1] 
showed that water, which could be used in the agricultural 
land expansion, can be saved by 43÷52 % (4.7÷5.7 billion 
m3). The findings indicate that average technical, allocative, 
and overall economic efficiency of irrigation water use in 
the Northern China are 0.35, 0.86 and 0.80, respectively [2]. 
According to [3], the loss of water by the seepage from 
unlined canals in India generally varies from 0.3 to 7.0 m3/s 
per 100 m2 of wetted surface. 

Ukraine is also suffering from non-effective water 
management techniques. There are lengthy irrigation canals 
in Ukraine (Tab. 1). According to studied sources [4], there 
are problems with underflooding of agricultural territories 
due to seepages of irrigation canals. This proves that the 
problem of reduction of irrigation canals in Ukraine, as well 
as in the whole world, is an urgent problem. 

Scientists of Iran have suggested that the installation of 
a grout curtain in hydraulic projects can be rational, based 
on the reviewing many types of waterproofing methods 
regarding cost, feasibility and safety factors [5]. 
Measurements showed that irrigation water loss rates, while 
influenced by soil texture, were even more strongly 
influenced by the condition and composition of channel 
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banks [6]. It is concluded [3] that the seepage loss from 
canals is governed by hydraulic conductivity of the subsoil, 
canal geometry, and water depth relative to the canal bed. 
According to that, the method of reducing the water seepage 
by injection of surrounding soil with bentonite-containing 
mortar can be effective from the technical point.  

Fundamental research suggests several methods for the 
reduction of seepage losses of irrigation canals. One of them 
is lining of canal banks [7]. The annual groundwater 

recharge in the irrigated areas can be reduced by 
approximately 50 % by concrete lining of irrigation canals 
banks [8]. Still, researches confirm, that large losses from 
canals have been identified, even when the canal is lined 
[9]. It is shown [10] that the seepage flow can go both 
through canals with impervious lining on their sloping sides 
and canals in which the impervious lining is located on the 
bottom of the canal and the sides are unlined. Moreover, 
lining is an extremely expensive procedure.  

 
Table 1 Irrigation canals of Ukraine [11] 

Canals and waterways of Ukraine Years of erection Length, km Height difference of the canal end 
points, m 

Dnepr-Donbas Canal (the 1st stage of construction) 1970-1982 263 68.3 
Dnepr-Donbas Canal (the 2nd stage of construction) 1980-1997 (unfinished) 171 68.3 
Dnepr-Ingulets Canal 1978-1988 150.5 55.5 
Dnepr-Krivoy Rog Canal 1957-1961 41.3 83.8 
Inguletsky Canal 1951-1963 53.5 57 
Kakhovsky Canal 1980 130 24 
North Crimean Canal 1957 400.4 100 
Seversky Donets-Donbass Canal (the 1st stage of construction) 1928-1930 131.6 200 
Seversky Donets-Donbass Canal (the 2nd stage of construction) 1949-1954 123.3 200 

 
The results of the research, conducted by the Iranian 

and British scientists, showed that the random 
reinforcement of soils with fiber can be an effective 
technique in controlling the seepage velocity and seepage 
force [12]. 

The two most known methods for determining losses 
from irrigation canals (inflow-outflow and ponding test) are 
quite expensive and time-consuming [13]. Several relatively 
inexpensive methods can be used for search and location of 
seepage places of irrigation canals, for example 
electromagnetic induction system [13], acoustic Doppler 
current profilers [14, 15].  

Thus, it can be suggested, that it is very useful and 
economically effective to locate the place of the loss and 
liquidate it. For this, the combination of horizontal 
directional drilling and injection with waterproofing mortar 
can be used. 

As a result of the analysis of Ukrainian sources on the 
subject, it can be concluded that the existing methods of the 
waterproofing curtain arrangement are not effective for the 
localization of irrigation water loss [16, 17, 18, 19, 20]. In 
recent years, several attempts were made to develop an 
efficient technology for similar works [21], but the use of 
horizontal directional drilling (HDD) technology for 
groundwater protection shields can be more promising from 
an economic or technological perspective. 

Horizontal directional drilling technology is described 
in many sources, for example, in [22]. It can be used for 
laying and rehabilitation of underground communications, 
wells setting with different configurations in the soil 
column. The arrangement of such wells will allow to use 
them as a way of supplying an injectable solution into the 
desired region of underground space. Such an injection at 
the appropriate technological modes will make it possible to 
form waterproofing curtain at the place of water seepage. 

The operation, which increases the complexity of work 
on HDD, is the installation of equipment in a specially 

constructed pit [23]. Placement of the drilling rig on the 
earth surface can reduce labor costs and cash cost per 
arrangement of horizontal directional wells. 

During the arrangement of curved shape wells, it is 
important to ensure the stability and accuracy of the drilling 
head move in the soil column. To that end, you can use 
special nozzles, technological modes of drilling [24]. 

The aforementioned confirms the possibility of the 
waterproofing curtain arrangement under the irrigation 
canals by drilling directional wells, pulling the injector into 
them followed by injecting of a hardening solution. 

For effective shielding device it is important to choose 
a binder having hydrophobic properties. Bentonite can be 
considered as an effective tool for the waterproofing curtain 
arrangement [25]. Its use is possible mixed with larger 
fraction material [26, 27]. Glue properties of bentonite can 
be used for curtain arrangement, preventing the spread of 
radioactive substances [28]. Moreover, bentonite due to its 
low dispersion may be used as binder in the injectable 
solutions [29, 30]. 

 
4 THE CONCEPTION OF INNOVATIVE TECHNOLOGY 

 
Innovative technology will provide a method for 

underground curtain arrangements under structures. Using 
this method will not only reduce the complexity and cost of 
projects, but will also shorten the time of production. 

The problem is solved by the method of the 
construction of a waterproofing curtain. The horizontal, 
sloping or curved injection wells are created starting from 
the surface of the earth. The wells are pumped by injected 
mortar. After setting, this mortar forms a shield. 

The scheme of works on the underground curtain 
arrangement is shown in the figures: Fig. 1 shows a vertical 
section through the axis of the pilot well when it is created; 
Fig. 2 - the same, when the injector is drawn into it; Fig. 3 - 
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the same, when the mortar is injected; Fig. 4 - cross-section 
of a curtain A-A. 

The multi-step drilling process is outlined in Fig. 1 as 
follows. A number of parallel wells (6) are drilled in the 
ground (5) under irrigation canal (1) from the ground 
surface (2) curvilinear to the base of the canal (4). The 
injector (7) is pulled after completion of drilling the well (6) 
(Fig. 2). Then, the dilator (10) and the head with a hinge 
driving force (swivel) (11) are attached to the drill rod (9) 
instead of the drill bit (8), the swivel (11) is attached to the 
injector (7). Drilling rig (3) draws the injector (7) in the well 
(6) according to project trajectory, wherein the swivel (11) 
rotates with the drill rod (9) not transmitting rotational 
movement to the injector (7). Injection mortar is fed from 
the supply line (12) to the injector (7), which is drawn in by 
the traction device (13) (Fig. 3).  

 

 
Figure 1 The pilot well drilling 

 

 
Figure 2 Drawing the injector in the well 

 

 
Figure 3 Injection of hardening mortar into the well 

 

 
Figure 4 Cross-section A-A of the underground shield 

 
The distance between the wells is assigned depending 

on the radius of mortar distribution and should not exceed 
two radii of distribution zone (Fig. 4). Soil injection is 
produced by hardening compounds, which are selected 
according to the permeability of rocks based on viscosity 
and time of mortar setting. After hardening of the mortar the 

waterproofing curtain (14) is formed in the ground. The 
curtain is bent over the underground part of the building. 
 
5 OVERALL METHODOLOGY OF THE STUDY 

 
To simulate the injection process described above, the 

laboratory bench (Fig. 5) has been created. It simulates the 
section perpendicular to the axis of the well, wherein the 
injectable solution is distributed at various places away 
from the injection source. 

 

 
Figure 5 Scheme of laboratory test bench for injections: 1 - the cylindrical tank of 
the laboratory bench; 2 - the pump with pressure gauge for supplying the solution 
to the tank; 3 - crane for solution supplying; 4 - taps to indicate the filling tube with 
solution; 5 - tap for output of the solution; 6 - threaded joint sections; 7 - flanged 

end cap; 8 - metal ties to seal threaded connections. 
 

Since the main feature of impervious screen is its 
impermeability to water, it was decided to select a soil 
filtration coefficient as a key indicator. This indicator 
represents the filtration rate when the pressure gradient is 
equal to unity, and is measured in ‘m/day’ or ‘cm/sec’. 
Determination of filtration coefficient was carried out using 
the SPETSGEO device [31]. According to the normative 
documents [32], minimum allowances of filtration 
coefficient values were established in which the reliability 
of impervious properties can be considered as sufficient 
(Tab. 2). It is assumed that the curtain has reliable 
impervious properties when the value of filtration 
coefficient is less or equal to 0.3 m/day. 

Three factors were chosen as having the greatest impact 
on the key indicator: X1, X2, and X3.  
- X1 - bentonite powder concentration per unit of volume 

of hardening mortar, which changes a soil filtration 
property. This factor is important because the bentonite-
containing mortar prevents the penetration of water 
through injected ground. Considering this, the 
concentration of the bentonite should be sufficient to 
form the shield, which has a maximum capacity of 
impermeability. However, there is a limiting factor - 
viscosity of the injection mortar, which affects the 
penetration of material into the gaps between the fine 
particles of a sandy ground. According to sources 
considered [33, 34], the permissible viscosity for clay 
and cement mortars is between 26 and 43 sec. The 
viscosity was determined by viscometer "Marsh 
Funnel" with volume of 1000 ml. 

- X2 - discharge pressure (supply) of injection mortar in 
the base soil. Discharge pressure affects the range of 
injection mortar spread in soil. This factor is very 
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important in economic terms, as modern industrial 
pumps can achieve more than 100 bar pressures, at the 
same time allowing you to increase the distance 
between the horizontally drilled wells, which can 
reduce the cost of the project. 

- X3 - the duration of mortar supply, by which a curtain is 
formed. Time factor could allow establishing a direct 
proportional relationship between the injection time and 
the concentration of active substances which affects the 
properties of impervious soil shield. 

 
6 METHODOLOGY OF LABORATORY BENCH INJECTION 

 
Test process included the following steps: 

1) Preparing the lab bench to the tests. 
2) Filling a cylindrical tank of the test bench by sand and 

preparing for the injection. 
3) The injection process with the specified parameters. 
4) Technological break. 
5) Definitions of the filtration coefficient, fixing the 

results. 
 

Preparation of the laboratory bench for testing included 
lubrication of threaded joints, tank installation in vertical 
position to be filled with sand, as well as preparation of 
materials, tools and instruments used in the test. 
Characteristics of sand used to fill the bench are shown in 
Tab. 3.  

Filling of the cylindrical tank of the laboratory bench 
was carried out in an upright position with layer-wise sand 
compaction. Sealing was carried out by ramming. Thus, the 
achieved density was close to the density of sandy soil 
under natural conditions. After filling the pipe tank was 
brought to the horizontal position. 
 

Table 2 The division of soils according to the permeability degree 
Soil type Soil filtration coefficient (meter/day) 

waterproof < 0.005 
nearly waterproof 0.005…0.30 
moderately waterproof 0.30…3 
weakly waterproof 3…30 
non-waterproof >30 

 
The following requirements were identified while 

formulating research problems of selection of injectable 
solution components: 
- components should have waterproof properties or 

capable of forming a stable waterproof structure; 
- environmental safety components of the composition; 
- convenience throughout the work (good miscibility, 

convenience when measured proportions, and so on). 
 
Characteristics of bentonite, used in injection mortar, 

are shown in Tab. 4. 
Preparation of the mortar took place in a separate 

container immediately prior to injection. Measured amounts 
of the components were poured into the tank and were 
stirred by means of a mixer into a homogeneous mortar. 
 

Table 3 Physical properties of sand to be injected during laboratory experiments 
# Name of the characteristic Value of indicator 

1 

Grain composition: total balances on sieve, % 
2.5 mm 
1.25 mm 
0.63 mm 
0.315 mm 
0.14 mm 
has passed through a sieve of 0.14 mm 

 
14.5 % 
25.0 % 
20.0 % 
31.25 % 
8.25 % 
0.1 % 

 
14.5 % 
39.5 % 
59.5 % 

90.75 % 
9.0 % 

- 
2 The content of grains measuring more than 10.0 mm, must not exceed % by weight 0.5 
3 The content of grains larger than 5.0 mm should not exceed % by weight 5.5 
4 Gradation factor 2.0 
5 Pulverized, clay particles, % 1.0 
6 Bulk density, kg/m3 1420 
7 Humidity, % 2 
8 Clay in lumps no 

 
Table 4 Physical properties of bentonite 

# Name of the property Unit of 
measurement Value 

1 The content of montmorillonite (XRD 
analysis) % ˃80 

2 Swelling Index (ASTM D 5890) ml/gr2 ˃ 24 
3 Water loss (ASTM D 5891) ml ˃ 18 

 
During injection, the mortar was periodically stirred in 

order not to change the solution concentration. 
Injection of mortar was happening with the defined 

technological parameters: a certain pressure and a 
predetermined time. Crane located opposite the point of the 
mortar injection remained open throughout the experiment 
until the moment when the mortar passed through the 
laboratory bench and did not start to flow through it. 

 
7 METHODS OF DETERMINATION OF SOIL FILTRATION 

COEFFICIENT BY THE SPETSGEO DEVICE 
 

The sequence of determination of soil filtration 
coefficient: 
1) Fill the tube 1 (Fig. 6) with the tested sandy soil. 
2) Fill the tube with the sand producing layers. 
3) Fill the measuring cylinder with water, turn it over the 

tube and set the top cover so that its neck would be 
placed above the ground surface on approximately 
0.5÷1 mm. 
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As such, the measuring cylinder maintains a constant 
water level above the sample. As a result of the infiltration 
of water through the sample, the level goes down, the air 
bubble breaks in a graduated cylinder and the corresponding 
amount of water is put out of it. By this the water gradient is 
achieved, its numerical value is equal to one and the 
pressure is equal to the length of filtration path. 

If after installation large air bubbles break into the 
cylinder, it indicates that the neck of the cylinder is located 
too far from the ground surface. In this case, the measuring 
cylinder has to be pushed a little deeper in order to let only 
small air bubbles to rise through the water, following one 
after the other at the same distance. 
1) After reaching the specified mode, measure the scale of 

water level in the cylinder (1), start the stopwatch and 
fix the second level after a certain time (50÷100 
seconds for medium-grained sand, 250÷500 seconds for 
clay sand). 

2) Repeat the test several times, record observations, and 
calculate the average value of the soil filtration 
coefficient for them. Determination of soil filtration 
coefficient was carried out according to the formula of 
[31], 

 

cm/s     ,
'FT

Qk
×

=                                                            (1) 

 
where: Q - volume of water filtered during the time T, cm3; 
T - filtration time, s; F - area of the tube section, cm2. 

SPETSGEO device for determination of the soil 
filtration coefficient is shown on Fig. 6. 

 
8 METHODOLOGY OF STATISTICAL ANALYSIS OF 

EXPERIMENTAL DATA 
 

As part of the experimental laboratory research it is 
most convenient to follow a special plan, or a planning 
matrix, defined as: 
 

,2nN =                                                                              (2) 
 
where: N - number of experiments, sufficient to describe the 
response functions within the studied factor space; n - 
number of variable factors that determine the process. 

In the calculations of this research assessment of the 
impact factors, it has been decided to obtain the response 
function of the second degree, where: Y - a function of hail; 
Bi - regression coefficients; Xi - variable factors. 
 

Table 5 Matrix of varying researched factors 
# Factor’s indication −1 0 +1 
1 Х1 10 gr/l 40 gr/l 70 gr/l 
2 Х2 2.027 bar 3.040 bar 5.066 bar 
3 Х3 10 min 60 min 110 min 

 
For reliable results, it has been decided to take a 15-

point symmetrical plan "B3" with repetition of experiments 
at each point not less than 3 times. Matrix of varying the 

technological parameters of injection (investigated factors) 
is shown in Tab. 5. The coding of factors value was made as 
follows: the medium value of each factor was marked as 
"0", the minimal as "−1" and the maximal - as "+1". 

Despite the fact that for a complete experiment with 
three factors, which vary on 3 levels, it is required to 
conduct 27 tests, the optimal experimental planning allows 
to take only 15 tests. This will still keep the same research 
accuracy. 

Calculation of experimental statistical model was 
performed taking into account the adopted experimental 
error. Two-way risk was set at a typical level of 10 % (α = 
0.1). After that the testing was conducted to determine the 
difference of calculated coefficient estimates from zero. The 
Gauss’s criterion was used for this calculation. Coefficient 
estimates, which were acknowledged as indistinguishable 
from zero, were consistently excluded from the 
experimental statistical model. After this model with all 
significant coefficient estimates was tested for adequacy by 
the Fisher test. If this criterion was not critical for a given 
risk value, the model was assumed to be correct for 
engineering solutions and analysis. Calculation of the 
coefficients and statistical analysis of experimental 
statistical model was performed using the dialogue system 
COMPEX-99, which was developed in the Odessa State 
Academy of Civil Engineering and Architecture [35]. 

 

 
Figure 6 SPETSGEO device for determination of soil filtration coefficient: 1 - the 

glass measuring cylinder with a scale division 1 cm3; 2 - the major tube; 3 - 
bedplate, which is attached on the lower part of the cylinder; 4 - the bottom cover; 5 

- the cavity that is filled with soil; 6 - the top cover. 
 

9 METHOD OF SELECTION OF THE INJECTABLE MORTAR 
COMPOSITION 
 

Selection of an injectable mortar composition 
determined the most suitable concentration of the solution 
components. Preparation of the sample solution and 
determination of the viscosity was conducted in accordance 
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with the study plan and predetermined binder concentration. 
When mixing the solution, the sequence of components 
addition was respected. Mixing occurred as long as the 
sediment at the bottom of the tank did not disappear. 
 

.       2
333333223

2
22222

31132112
2
111110

XBXBXXBXBXB
XXBXXBXBXBBYj

+++++

+++++=
       (3) 

 
Determination of the mortar viscosity was performed 

using Marsh funnel viscometer according to the procedure 
[36] (see Fig. 7). 

The algorithm of composition selection is a sequence of 
the following actions: 
1) Prepare the sample of the solution. 
2) Hold funnel vertically plugging the outlet with a finger, 

pour the solution into the funnel through a sieve (sieve 
filters out large particles, which may stall the outlet 
funnel). 

3) Quickly remove finger from the outlet, and immediately 
start the countdown. 

4) Enable solution to emerge from the Marsh funnel into a 
graduated container. 

5) Record the time in seconds that it took for the solution 
to leave the funnel. 

 

 
Figure 7 Viscometer "Marsh Funnel" 

 
Table 6 The plan and the results of experimental laboratory studies 
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1 2 3.040 4 5 6 7 8 
1 70 5.066 110 1 1 1 0.37114 
2 70 5.066 10 1 1 −1 0.26929 
3 70 2.027 110 1 −1 1 0.21114 
4 10 5.066 110 −1 1 1 0.07526 
5 70 2.027 10 1 −1 −1 0.40124 
6 10 5.066 10 −1 1 −1 0.08985 
7 10 2.027 110 −1 −1 1 0.80065 
8 10 2.027 10 −1 −1 −1 0.36041 
9 70 3.040 60 1 −0.33 0 0.34387 

10 10 3.040 60 −1 −0.33 0 0.29899 
11 40 5.066 60 0 1 0 0.15554 
12 40 2.027 60 0 −1 0 0.08977 
13 40 3.040 110 0 −0.33 1 0.14669 
14 40 3.040 10 0 −0.33 −1 0.17049 
15 40 3.040 60 0 −0.33 0 0.04775 

 
10 THE RESULTS OF EXPERIMENTAL STUDIES 

 
Tab. 6 presents the experimental data. The columns 2 

and 5, 3 and 6, 4 and 7 show actual and coded values of 
studied value respectively. The value of soil filtration 
coefficient, shown in the table, can be obtained at the 
distance of 2 meters or less from the source of the mortar. 
The dependency of soil filtration coefficient on 
technological factors (bentonite powder concentration, 
discharge pressure and duration of mortar supply) is shown 
in the equation 1. Points in this formula mark the factor 
impact estimations, deemed indistinguishable from zero. 

Fig. 8 shows the ranking of the degree of variable 
factors influence on the indicator. 

 

 
Figure 8 Ranking the impact of variable factors on the indicator (soil filtration 

coefficient) 
 

The greatest influence on the filtration coefficient in the 
area of maximum indicator values has two factors in 
approximately the same degree: the concentration of 
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bentonite powder and discharge pressure of mortar. At the 
same time, the duration of mortar supply does not play such 
a significant role in the change of the indicator. In the area 
of minimum indicator values, where the dependencies are 
the most significant from the perspective of results 
implementation, the degree of influence of the discharge 
pressure decreased slightly. The degree of the time factor 
influence in the considered factor space has decreased to the 
limits that are not significant from an engineering point of 
view. 
 

•+•+•+•+−−
−++•=

231

2112
08700640                       

123021201050(m/day) 
X.XX.

XX.X..SFC        (4) 

 
These rankings can be interpreted as follows: 

- Bentonite concentration in the mortar plays the most 
important role for the following reasons: the conditions 
of the experiments carried out have enabled the most 
complete way to explore this relationship in the selected 
factor space, which is confirmed by the nature of the 
graph shown in Fig. 9; composition of the mortar does 
play a major role in the arrangement of protective 
shields. 

- From a physical point of view, the degree of influence 
of pressure on impervious properties is quite high, as 
the supply pressure of the mortar directly affects the 
amount of bentonite injected into the soil. 

- Duration of mortar supply factor is not significant from 
an engineering point of view on the change of the 
monitoring indicator within the selected experimental 
conditions. 

 
Fig. 9 shows graphs of the indicator from each of 

variable factors. 
 

 
Figure 9 Indicator of dependence on the factors (dark lines and curves show 

dependence on each of the studied factors in the area of minimum indicator value, 
light lines – in the area of maximum value). 

 
The nature of the graph of the soil filtration coefficient 

from bentonite concentration can be interpreted as similar to 
parabolic. In this case, the extreme point of this curve is 
vividly shown and is within X1 = (−0.4, −0.5) in the 
minimum indicator area, whereas it is within X1 = (0.6, 0.7) 
in the maximum zone. It can be said that for the conditions 
studied in the experiments, it was possible to identify the 
optimal conditions for bentonite powder concentration. 
When translating into full-scale parameters, the most 

effective mortar in the minima zone would contain the 
amount of bentonite within 22÷25 grams per liter, in the 
area of the maxima – 58÷61 g/l. 

The dependence of soil filtration coefficient from the 
discharge pressure of mortar is inversely proportional. The 
angle of the line to the horizontal is sufficiently sharp, 
therefore we can assume that the data points belong to the 
parabolic nature of the curve with a peak, not included in 
considered factor space. In this case, used pressure values 
are not the highest possible from a technical point of view 
and may be adjusted upward during the further study. 

The effect of duration of mortar supply on the indicator 
value is directly proportional. Limits of soil filtration 
coefficient changes are quite small for time variation, so 
you can conclude that the dependency, which follows from 
the obtained data, is not enough meaningful from an 
engineering point of view. However, under natural 
conditions, long duration of injection will undoubtedly 
affect the soil filtration coefficient of the waterproofing 
curtain to the reduction. The reason for this discrepancy 
may be due to imperfect experimental conditions. 

Nature of the dependence obtained in the zone of high 
and low values of indicator are close. It should be noted that 
dependences obtained in the zone of the low values of 
indicator must be taken as highly significant. This is due to 
the ultimate goal of the experiments which is to determine 
the conditions under which the soil filtration coefficient of 
the waterproofing curtain will meet the specified conditions 
for water-proof resistance. 

Fig. 10 shows the descending ranking values of soil 
filtration coefficient obtained during laboratory tests. By 
this ranking, the conditions, which are the most suitable for 
low values of indicator, can be analyzed. 
 

 
Figure 10 Graph of soil filtration coefficient values (ranked in descending order) 

 
Five experiments were conducted, in which a mortar 

containing 40 grams of bentonite per liter was used. The 
majority of the experiments were carried out at the 
operating discharge pressure of X2 = 2.027÷3.040 bar. 
These experiments showed the lowest filtration value. Also, 
low values of filtration coefficient are determined in the 
experiments, in which the combination of low 
concentrations of bentonite (or the low viscosity of mortar) 
and relatively high discharge pressure were used. The 
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experiments, in which a high viscosity and low discharge 
pressure of mortar were used, showed slightly higher values 
of soil filtration coefficient. Finally, the least favorable were 
the combination of high contents of bentonite in mortar and 
high discharge pressure; small saturation of bentonite 
powder and a low pressure of mortar. Inconsistencies of 
experiments ranking can be attributed to the account of the 
corrective impact of duration of mortar supply. 

Fig. 11 shows the effect of the bentonite powder 
concentration and discharge pressure on the filtration rate of 
the waterproofing curtain while the duration of mortar 
supply is fixed on the level X3 = 10 min. This level was 
selected to avoid errors in the calculation of the 
dependency. 
 

 
Figure 11 Change of the soil filtration coefficient of the waterproofing 

curtain under the influence of the bentonite powder concentration and discharge 
pressure when fixing the duration of mortar supply at X3 = 10 min 

 
Analysis of the graph shows that the dependence of the 

indicator on the concentration of bentonite is close to a 
parabolic arch. The effect of the discharge pressure of 
mortar supply is inversely proportional: minimum zone of 
soil filtration coefficient is formed at the highest pressures. 
Thus, in the case of short-term injection, the maximum 
pressure should be followed with the optimal concentration 
of bentonite in mortar at about 22÷25 grams per liter, with 
the least 43÷46 grams per liter, and less viscous mortar is 
more effective. The soil filtration coefficient is equal to 
0.023 meters per day and 0.194 meters per day respectively 
to the parameters indicated. Thus it can be concluded that 
the value of discharge pressure effects the level of bentonite 
concentration in terms of lowest soil filtration coefficient 
values obtained. 

 
11 CONCLUSIONS 

 
1) The analysis of information sources showed high 

actuality of search for method of underground 
waterproofing curtain arrangement for irrigation canals 
seepage protection, low economic and technical 
efficiency of existing methods. Use of horizontal 
directional drilling and mortar, prepared with the use of 
bentonite, could be effective for such work. 

2) The developed technique and research equipment 
allows determining the filtration coefficient of sand 
injected under different technology parameters. 

3) The results of experimental studies allowed creating 
graphs and polynomial equations that define patterns of 
the impact of technological regimes and composition of 
an injectable solution on impervious properties of the 
shield. 

4) Bentonite concentration in the injection mortar and the 
discharge pressure of mortar have the biggest impact on 
the index. Duration of mortar supply does not 
noticeably affect the indicator for the chosen 
experimental conditions. 

5) The combination of values of low bentonite powder 
concentration (or the low viscosity of mortar) and 
relatively high discharge pressure allows to obtain 
lowest soil filtration coefficient values. 

6) The optimum soil filtration coefficient value is equal to 
0.023 meters per day, and is achieved at a bentonite 
powder concentration equal to 22-25 grams per liter and 
the discharge pressure of mortar – to 5.066 bar. It will 
allow building a reliable underground curtain with the 
distance between wells at 2 meters. 
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THE INFLUENCE OF CONSTRUCTION AND PROCESS DESIGN ON IMBIBITIONAL 
PROPERTIES OF "WATERPROOFING − LIMESTONE SHELL" SYSTEM 
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Abstract: Absorption capacity and water absorption as the main factors determining the strength and adhesion of waterproofing with stone have not been sufficiently studied. 
The need to establish this characteristic of the stone is due to the difference in the behavior of its porous system in the dry state and after absorbing moisture from the volume of 
water and the solution. The article presents a solution to the problem of increasing the effectiveness of waterproofing plastering systems by selecting the optimal technological 
factors: the type of material, the number of layers and the time of full water saturation. 
 
Keywords: imbibitional properties; limestone shell system; mastic waterproofing; plastering waterproofing  
 
 
1 INTRODUCTION 
 

In the modern world, most people prefer to live in 
houses with good ecological characteristics. This promotes 
the use of natural building materials, with excellent 
environmental qualities. One of such material is limestone-
shell.  

Since several thousand years, buildings and structures 
have been constructed from this material [1]. Today, many 
of them are monuments of architecture. In the last century, 
the issue of preserving monuments of cultural heritage, 
including Odessa, was sharply raised. In the official list of 
monuments of town-planning and architecture of Odessa, 
700 buildings and structures were added. Only 31 % of 
them are in good technical condition and do not require 
major repairs and restoration. The remaining 69 % of 
monuments of cultural heritage require, to different extents, 
major repairs, restoration or replacement of structures and 
building elements. 

Based on the results of the processing of technical and 
design documentation from the archival data of the housing 
and communal services and design organizations, buildings 
and structures that are made of bond shell - limestone or 
have constructional structural parts from this building 
material, make up 26 %. 

The reasons for damaging the waterproofing course are 
most often the following: non-compliance with the 
technology of the waterproofing device; low quality of the 
material; change in groundwater table; incorrectly chosen 
type of waterproofing; low adhesion bond strength; works 
on the base with excessively high humidity; violation of the 
dosage of waterproofing components; deformation caused 
by the displacement of the individual building elements 
relative to each other, etc. Moreover, the practice of 
building management shows that the destruction of open 
joints, and consequently the disruption of the continuity of 
waterproofing, is one of the main reasons for premature 
deterioration of structures, increased costs for repair, and 
restoration work and deterioration of the operational 
characteristics of the building. The damages of the 

waterproofing system are the most common cause of failure 
of subsurface structures [2]. 

Thus, one of the topical problems of the building 
complex is the problem of destruction of shell - limestone 
structures due to the absence or damage of waterproofing. 

One of the factors affecting the durability of the 
structure, shell-limestone in particular, is the effect of 
moisture; namely, alternate moistening and drying of the 
material, regardless of the temperature regime. This is 
especially true for materials with a capillary - porous 
structure. Evaporation of moisture from the structure occurs 
by drying, first from large, and then from smaller pores of 
capillaries. 

It is assumed that for some period in completely air-
dried conditions, the evaporation of free capillary and 
absorbed-bound water from the body of the structure is 
possible. At the same time, the wedging forces play out on 
the structure, and as a result, considerable shrinkage stress 
appears in the material. 

With increasing relative humidity of the surrounding 
air, the material is again moistened, the cracks are unfolded. 
The rate of destruction of stone structures under the 
influence of stress, shrinkage and bulging depends on the 
intensity of moistening and drying [1]. 
 

 
Figure 1 Маyakovsky Street 5 

 
One can give enough examples of such buildings in the 

historic center of Odessa; several of them are shown in Fig. 
1÷3. 
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Figure 2 Pushkinskaya Street 20 

 

 
Figure 3 Kanatnaya Street 39 

 
The study of the influence of constructive technological 

solutions of the system "waterproofing limestone-shell" will 
increase the protection from the effects of capillary rise and 
water absorption, providing reliable and durable operation 
of buildings and structures from shell limestone. 

The following authors studied the absorption 
characteristics of shell-limestone: Komyshev A. V., 
Eremenok P. L., Izmailov Yu. V., Figarov A. G., Orujev F. 
M., Tursunov N. T., Shcherbina S. N. Scientific works of 
scientists such as Shilina A. A., Lukinsky O. A., Khomenko 
V. P., Leonovich S. N. were scientific and theoretical basis 
of waterproofing research conducted by Karapuzov E. K, 
Soha V. G., et al. However, the absorption characteristics of 
the "waterproofing - limestone-shell" system of the 
limestone-shell of the Odessa deposit have been little 
researched. 

To a great extent, the main factor determining the 
formation of the strength of the mortar durability and the 
strength of adhesion in the bond is the suction capacity, 
determining the ability of the stone to absorb moisture out 
of the green mortar. The necessity in establishing this 
characteristic of the stone is due to the difference in the 
behavior of its pore system upon the absorption of moisture 
from the volume of water and from the mortar [7]. 

According to the results of the analysis given in [8], one 
of the rational methods of the waterproofing system is 
plaster waterproofing with the use of dry mixtures and cold 
mastics. 

The pre-selected samples were weighed to determine 
the weight and volume in the dry state before the 
application of the waterproofing mixture itself, and marked 

with the number of the series and the direction of bedding 
of the stone structure. 

Waterproofing mixture of dry powders was prepared by 
gradually adding them to the water under constant agitation 
until it turned into a viscous mass, which was applied with a 
spatula. The material was applied according to the 
experimental design in one, two and three layers on a dry 
and wet surface of the sample. To prevent coating during 
application, the direction of each subsequent layer was 
perpendicular to the previous layer. The thickness of the 
layers did not exceed 1÷2 mm to prevent the formation of 
cracks. Mastic was applied by brush. Each subsequent layer 
was applied only after the previous one had dried 
completely. 

The process of applying plaster and mastic 
waterproofing are shown in Figs. 4÷5 

 

   
                               a)                                                                b) 

Figure 4 Application of waterproofing on the basis of dry mixes 
 

   
                               a)                                                                b) 

Figure 5 Application of bitumen-rubber and acrylic mastics 
 

The essence of the investigation was the determination 
of the impact of structural and technological solutions on 
the absorption properties of the system "waterproofing - 
limestone-shell". 
 
2  RESULTS OF EXPERIMENTS 
 

 The investigation of the intensity of the suction capacity 
was determined by the amount of water in grams absorbed 
in 1, 2, 3 minutes by one dm2 of the air-dry stone surface 
and treated with a certain kind of waterproofing (according 
to the experiment's plan) immersed in water at a depth of 5 
mm, 10 mm and 15 mm. 

The graph of Figs. 6÷10 is constructed according to the 
results of the investigation of the water absorption of 
limestone-shell not treated with waterproofing composition. 

Based on the results of the studies, graphs of the 
dependence of the water absorption coefficient of the 
"waterproofing - limestone-shell" system on variability 
factors are constructed, Figs. 11÷19. 
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Figure 6 Determination of the water absorption coefficient of limestone-shell rock, 

"Gidrozit". 
 

 
Figure 7 Determination of the water absorption coefficient of limestone-shell rock, 

"Siltek V-30". 
 

 
Figure 8 Determination of the water absorption coefficient of limestone-shell rock, 

"Ceresit CR 65". 
 

 
Figure 9 Determination of the water absorption coefficient of limestone-shell rock, 

mastic "AQUASTOP". 
 

 
Figure 10 Determination of the water absorption coefficient of limestone-shell rock, 

Bitumen-rubber mastic. 
 

 
Figure 11 Values of water absorption of the "waterproofing-limestone-shell" system 

immersed in water by 5 mm, 1 minute. 
 

 
Figure 12 Values of water absorption of the "waterproofing-limestone-shell" system 

immersed in water by 5 mm, 2 minutes. 
 

 
Figure 13 Values of water absorption of the "waterproofing-limestone-shell" system 

immersed in water by 5 mm, 3 minutes. 

21,5 

25,8 

30 

20,4 

23,3 

27,1 22,1 

26,8 

33,4 

12
14
16
18
20
22
24
26
28
30
32
34
36
38

 1 minute 2 minutes 3 minutes

sample 1

sample 2

sample 3

17,5 

22,3 

25,7 

19,5 

26,7 

33,4 

24,6 

34,2 
37,4 

12
14
16
18
20
22
24
26
28
30
32
34
36
38

 1 minute 2 minutes 3 minutes

sample 1

sample 2

sample 3

16,6 

19,8 

26,4 

20,4 

23,7 

28,2 

21,3 

28,4 
32,1 

12
14
16
18
20
22
24
26
28
30
32
34
36
38

 1 minute 2 minutes 3 minutes

sample 1

sample 2

sample 3

18,9 

22,6 

27,6 

23,4 

27,7 

34,1 

17,3 
19,4 

24,8 

12
14
16
18
20
22
24
26
28
30
32
34
36
38

 1 minute 2 minutes 3 minutes

sample 1

sample 2

sample 3

23,7 

32,2 
35,6 

14 

18,2 
20,4 

13,4 

18,9 

21,6 

12
14
16
18
20
22
24
26
28
30
32
34
36
38

 1 minute 2 minutes 3 minutes

sample 1

sample 2

sample 3

0
0,5

1
1,5

2
2,5

3
3,5

 "Gidrozit" - 1 layer "Gidrozit" - 2 layers
"Gidrozit" - 3 layers "Siltek V-30" - 1 layer
"Siltek V-30" - 2 layers "Siltek V-30" - 3 layers
"Сeresit CR 65" -1 layer "Сeresit CR 65" -2 layers 
"Сeresit CR 65" -3 layers Mastic ""AQUASTOP"" - 1 layer
Mastic  ""AQUASTOP"" - 2 layers Mastic ""AQUASTOP"" - 3 layers
Bitumen-rubber mastic - 1 layer Bitumen-rubber mastic - 2 layers
Bitumen-rubber mastic - 3 layers

0
0,5

1
1,5

2
2,5

3
3,5

4
4,5

5

 "Gidrozit" - 1 layer "Gidrozit" - 2 layers
"Gidrozit" - 3 layers "Siltek V-30" - 1 layer
"Siltek V-30" - 2 layers "Siltek V-30" - 3 layers
"Сeresit CR 65" -1 layer "Сeresit CR 65" -2 layers 
"Сeresit CR 65" -3 layers Mastic ""AQUASTOP"" - 1 layer
Mastic  ""AQUASTOP"" - 2 layers Mastic ""AQUASTOP"" - 3 layers
Bitumen-rubber mastic - 1 layer Bitumen-rubber mastic - 2 layers
Bitumen-rubber mastic - 3 layers

0
1
2
3
4
5
6
7

 "Gidrozit" - 1 layer "Gidrozit" - 2 layers
"Gidrozit" - 3 layers "Siltek V-30" - 1 layer
"Siltek V-30" - 2 layers "Siltek V-30" - 3 layers
"Сeresit CR 65" -1 layer "Сeresit CR 65" -2 layers 
"Сeresit CR 65" -3 layers Mastic ""AQUASTOP"" - 1 layer
Mastic  ""AQUASTOP"" - 2 layers Mastic ""AQUASTOP"" - 3 layers
Bitumen-rubber mastic - 1 layer Bitumen-rubber mastic - 2 layers
Bitumen-rubber mastic - 3 layers



Nina DMITRIEVA et al.: THE INFLUENCE OF CONSTRUCTION AND PROCESS DESIGN ON IMBIBITIONAL PROPERTIES OF "WATERPROOFING – LIMESTONE … 

TEHNIČKI GLASNIK 11, 4(2017), 210-215   213 

 
Figure 14 Values of water absorption of the "waterproofing-limestone-shell" system 

immersed in water by 10 mm, 1 minute. 
 

 
Figure 15 Values of water absorption of the "waterproofing-limestone-shell" system 

immersed in water by 10 mm, 2 minutes. 
 

 
Figure 16 Values of water absorption of the "waterproofing-limestone-shell" system 

immersed in water by 10 mm, 3 minutes. 
 

 
Figure 17 Values of water absorption of the "waterproofing-limestone-shell" system 

immersed in water by 15 mm, 1 minute. 
 
The water absorption increases with increasing time 

from 1 to 3 minutes. At the same time, the water absorption 
depends on the type of material and the number of layers of 
their application. 

 
Figure 18 Values of water absorption of the "waterproofing-limestone-shell" system 

immersed in water by 15 mm, 2 minutes. 
 

 
Figure 19 Values of water absorption of the "waterproofing-limestone-shell" system 

immersed in water by 15 mm, 3 minutes. 
 

The directionality of the stone layers relative to the 
surface and its composition impact on the value of the 
suction capacity of the stone. The suction of moisture from 
the solution along the layers of rock is more intense than in 
the direction perpendicular to the bedding. The maximum 
value of the suction capacity for the stone of a given deposit 
is affected by the type of material that showed the minimum 
water retention capacity. These are samples processed by 
the composition "Hydrozit". For example, when immersed 
at a depth of 5 mm, treated in one layer with this 
composition, the samples showed water absorption: after 1 
minute - 3.19 g; after 2 minutes - 5.25 g; after 3 minutes -
6.94 g. An increase in the immersion depth of the samples 
shows that the water absorption rate of samples treated with 
a layer increases by 0.16 g, by immersion at 10 mm and by 
0.2 g -by immersion at 15 mm. 

Varying the depth of immersion did not affect the water 
absorption rates of specimens treated with AQUASTOP 
mastic. 

According to the comparative analysis, the initial 
intensity of water absorption of limestone-shell rock 
decreases with the installation of waterproofing systems, 
depending on the type of material and the number of layers. 

This indicates a decrease in the intensity of water 
absorption compared to the initial intensity of limestone and 
waterproofing systems (3 layers of application), which is: 
Hydrosite - 4.96 times; Siltek V-30 - 63.4 times, Ceresit CR 
65÷68.3 times; Mastics: "AQUASTOP" - 19 times; 
Bitumen-rubber mastic (BRM) - 12 times. 
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When comparing the parameters of the processed 
samples with one layer and three layers, it was found that 
the decrease in water absorption after 3 minutes is: Hydrozit 
÷3.08 times; Siltek V-30 - 1.8 times, Ceresit CR 65 - 3.6 
times; Mastics: "AQUASTOP" -in 1.15 times; Bitumen-
rubber mastic (BRM) - in 1.1 times. 

At the initial intensity, the structure of limestone-shell 
rock also has an impact. In most cases, the pores of 
limestones are of various shapes - micro-and macro 
capillaries of variable cross-section. The larger the diameter 
of the bulk of the capillary pores of the stone, the higher the 
value of its initial water absorption intensity. 
Results of the tests of the intensity of capillary suction 
capacity of the rock are constructed in Figs. 20÷28. 

 

 
Figure 20 Intensity of capillary suction capacity of the rock submerged in water at 5 

mm, 1 minute. 
 

 
Figure 21 Intensity of capillary suction capacity of the rock submerged in water at 5 

mm, 2 minutes. 
 

 
Figure 21 Intensity of capillary suction capacity of the rock submerged in water at 5 

mm, 3 minutes. 
 

 
Figure 23 Intensity of capillary suction capacity of the rock submerged in water at 

10 mm, 1 minute. 
 

 
Figure 24 Intensity of capillary suction capacity of the rock submerged in water at 

10 mm, 2 minutes. 
 

 
Figure 25 Intensity of capillary suction capacity of the rock submerged in water at 

10 mm, 3 minutes. 
 

 
Figure 26 Intensity of capillary suction capacity of the rock submerged in water at 

15 mm, 1 minute. 
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Figure 27 Intensity of capillary suction capacity of the rock submerged in water at 

15 mm, 2 minutes. 
 

 
Figure 28 Intensity of capillary suction capacity of the rock submerged in water at 

15 mm, 3 minutes. 
 

The minimum value of water absorption (0.47 g) was 
shown by a series of samples No. 9 treated with Ceresit CR 
65 in 3 layers after 3 minutes. At the same time, samples of 
the No. 6 series, treated with Siltek V-30 in 3 layers, 
showed a minimum of this value during the first 2 minutes 
(0÷0.09 g). 

As the research results show, in most cases the suction 
intensity decreases after the elapse of time, except the Siltek 
V-30 waterproofing system (series of samples No. 4, 5, 6). 
As can be seen in the graph, the intensity of absorption 
increases at the third minute, regardless of the depth of 
immersion, and with increasing the number of layers of 
waterproofing, the intensity of the suction capacity 
decreases. 
 
3  CONCLUSION 

 
1) The effect of technological parameters of waterproofing 

on the capillary suction of the treated structure is 
studied. 

2) The indicator of water absorption intensity of the 
system "waterproofing-limestone shell", limestone-shell 
was determined. 

3) The indicator of the intensity of capillary suction 
capacity is determined. 

4) The analysis of the obtained data is carried out. 
 
Note: This research was presented at the International 
Conference MATRIB 2017 (29 June - 2 July 2017, Vela 
Luka, Croatia). 
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Abstract: Overhead costs are considered to be an important part of cost management in companies. This research aims to address the ways in which overhead costs are 
managed in the specific environment of construction. The Czech Republic is selected as the study area in order to give answers to several research questions. Data collected 
through a web-based survey among 112 respondents are evaluated e.g. in relation to the use of various costing methods, frequency of costing updates or in relation to the 
companies’ competitiveness. The results presented in this paper have an ambition to serve not just as a contribution to the current body of knowledge, but the managerial 
implications resulting from the analysis performed and the ensuing discussion could be helpful especially for practitioners, i.e. the cost managers responsible for estimating the 
products/works/services properly, and they could also contribute to maintaining and improving companies’ position on the market. 
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1 INTRODUCTION 
 

Alongside time and satisfaction, costs are among the 
principal performance indicators for construction projects 
[1]. Costs are crucial both for the client and the contractor: 
the client wishes to get the final output of a construction 
project at the lowest possible cost, while the contractor is 
motivated to satisfy the client and get an adequate profit. 
Therefore, on the one hand, the contractor is motivated to 
negotiate a reasonable contract price, and on the other hand, 
he seeks to reduce his own costs in order to maximize 
profit. The calculation of the unit price of production 
consists of the direct cost calculation plus the overhead 
costs (OHC) and profit [2]. 

The amount of direct costs is dependent on the scope of 
works, unit prices of materials, wage tariffs and costs of 
machinery usage, and can be easily planned in a detailed 
way. However, a proper allocation of overhead costs to 
individual contracts is a challenging issue. Taking into 
consideration that OHC can be considered as a factor of the 
company’s competitiveness [3], it is obvious that overhead 
costs should be managed adequately in order for the 
company to remain eligible to participate in tenders with 
acceptable prices.  

OHC are defined by Janani et al. [4] as costs that are 
not a component of the actual construction work but support 
the main work. Accordingly, administration staff wages, the 
depreciation of fixed assets or acquisition and operation of 
IT and mobile devices are among the typical OHC items.  

An accurate estimation of OHC should be supported by 
a detailed cost accounting enabling the required analysis. 
From a theoretical perspective, different approaches have 
been presented to support the OHC estimation, e.g. 
approaches based on neural networks [5, 6], ABC approach 
[7] or earned value [8]. OHC management should also take 
account of the fact that some cost items are of a variable or 
fixed nature, i.e. are or are not, respectively, dependent on 
the volume of production. This issue was addressed by 

Banker et al. [9], who claim that OHC are not driven by 
production volume but by transactions resulting from 
production complexity. 

Taking into consideration that the construction process 
is usually accompanied by a high level of uncertainty and 
complexity, and that a high number of stakeholders are 
involved [10], the company should also consider whether all 
the works will be implemented using its own capacity, or if 
employing subcontractors is more advantageous. Taking 
into consideration that subcontractors and general 
contractors have an important influence on the functioning 
of a construction company [11], the decision to outsource 
will also influence the extent of overhead costs in a 
particular contract. 

Based on a review of appropriate literature, it can be 
said that OHC is a focus for many researchers, especially in 
terms of construction projects. For example, Chan has 
explored the principal factors affecting construction project 
overhead expenses [12], Becker et al. addressed the 
predictability of construction project outcomes through the 
intentional management of indirect construction costs [13] 
and Plebankiewicz and Lesniak presented their research on 
defining and calculating overhead costs and profit by Polish 
contractors [14]. 

The issue of OHC management becomes more 
important especially in the highly competitive environments 
such as tenders using electronic reverse auctions [15]. At a 
high price pressure, i.e. where it is no longer possible to 
reduce direct costs, OHC represent potential additional 
room for a tender price reduction. 

 
1.1 Research aim  

 
Based on the literature, it can be reasonably claimed 

that OHC management counts among the important 
managerial tasks in the construction sector companies. 
Therefore, the present research aims to contribute to the 
current body of knowledge by performing an investigation 
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within the Czech construction sector in order to analyse the 
selected managerial practices relating to OHC management 
in companies.  

 
1.2  Research questions 

 
Following the above-defined research aim, three 

research questions were formulated. 
• The selection of a suitable costing method can be 

considered an important prerequisite enabling proper 
OHC evaluation. As there are several methods 
available, the first research question seeks to establish 
the most frequently used costing method. 
RQ1: Which is the most frequently used costing 
method? 

• Updating OHC calculation is important in relation to 
providing outputs that reflect the current state of the 
company. It might be interesting to find out whether the 
size of the company affects the frequency of OHC 
calculation updating. 
RQ2: Is the size of the company affecting the frequency 
of OHC calculation updating? 

• OHC can be divided into several subcategories to 
provide more detailed evidence and cost management.  
RQ3: Do companies use OHC sub-categories? 

 
2 METHODOLOGY 
 

A web-based survey was used to collect the data in the 
studied area representing companies active in the Czech 
construction sector. Data was collected from April 2015 to 
May 2016. The content of the survey is divided into three 
sections containing 16 questions. The first section concerns 
the general information about the surveyed companies (e.g. 
the scope of business, number of employees, place of 
business and the length of the company’s existence on the 
market). The information provided in Section 1 ensures that 
the respondents are relevant to the study population. The 
number of employees has been used as a variable measuring 
the size of the company.  

The second section examined various aspects relating to 
OHC management (e.g. the relative significance of OHC, 
costing methods used, distribution of OHC into sub-
categories). The content delivered in Section 2 will allow 
answering the research questions.  

The last section focused on the effect OHC have on the 
company’s competitiveness by asking the respondents 
whether they agreed with the statement that OHC affect 
companies’ competitiveness (estimated on a 5-point Likert 
scale). An additional question then examined the 
significance of OHC in comparison to other factors that 
influence competitiveness.  
 
3 RESULTS AND DISCUSSION 
3.1 Description of the study population 

 
In total, 672 subjects (companies operating on the 

Czech construction market) were invited by email to 

participate in this research. From this number, 112 subjects 
responded appropriately to the survey questions and 
submitted their answers to the examined topics, representing 
a 16.7.% rate of response. The majority of respondents 
(74.1.%) reported 15 years or more of activity on the 
market. Taking this result into consideration, it can be 
claimed that the study population represents a valuable 
sample. Similarly, an overwhelming majority of 
respondents reported that construction works belong to their 
core business. 

Based on the Commission Recommendation [16], the 
number of employees was used to measure the size of the 
company (≤50 a small, ≤250 medium, and >250 large 
company). Small companies were the most frequent 
category of respondents, followed by mid-size and large 
companies (63, 37, and 12 respondents respectively). A 
description of the sample with respect to the company size 
is given in Table 1. 
 

Table 1 Distribution of respondents regarding the size of the company 
Size of company Absolute frequency Relative frequency 

Small 63 56.3% 
Mid-size 37 33.0% 

Large 12 10.7% 
Total 112 100.0% 

 
This research faces a similar problem as other studies 

that take company size into consideration [17]. In particular, 
this relates to the uneven distribution of respondents within 
the categories, showing a higher representation of small 
companies as opposed to large companies.  

 
3.2 OHC significance in a company 

 
Respondents reported the significance of OHC to their 

company. This significance is assessed as a relative share of 
OHC on the company’s total costs (Eq. (1)).  
 
𝑂𝑂𝑂𝑂𝑂𝑂 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑂𝑂𝑂𝑂𝑂𝑂

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
                                (1) 

 
Outputs are presented at 10 % intervals (see Tab. 2). 

The total of 99 respondents replied to this question while 
other respondents did not provide this information. 

 
Table 2 Relative share of company OHC on total costs 

Relative significance Relative frequency 
0 % - 10 % 28.3% 
11 % - 20 % 47.5% 
21 % - 30 % 12.1% 
31 % - 40 % 7.1% 
41 % - 50 % 3.0% 
51 % - 60 % 1.0% 
61 % - 70 % 0.0% 
71 % - 80 % 0.0% 
81 % - 90 % 1.0% 

91 % - 100 % 0.0% 
 

Almost half of the respondents (47.5.%) reported that 
OHC represented between 11.% and 20.% of the total 
company costs. Typically, OHC are between 0% and 30.%, 
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indicating that OHC are considerably lower than the direct 
costs. The rate exceeded 50.% only in a couple of cases (2 
companies). We attribute this to the fact that these 
companies focus mostly on delivering services rather than 
performing works. 
 
3.3  OHC calculation 

 
The next question in Section 2 asked about the 

companies’ approach to OHC calculation. Specifically, 
companies reported whether they (a) used any specific 
method for an accurate OHC calculation, (b) used only 
approximate estimations, or (c) did not use any method or 
estimation. It was found that half of the population (50.9.%) 
approached OHC calculation responsibly, 29.5.% at least 
tried to make an approximate estimation of the costs, while 
the rest of the population (19.6.%) did not apply any 
method/estimation to OHC. 

The next question inquired about the specific methods 
used for OHC calculation/estimation based on [18] and 
[19]. The only respondents who answered "Yes" or 
"Partially" to the previous question were asked this 
question. See the details in Fig. 1). 

 

Figure 1 OHC calculation methods usage 
 
Based on the data presented in Fig. 1, RQ1 can be 

answered as follows: The most frequently used method for 
OHC calculation in the Czech construction sector is the 
overhead rates costing method, followed by variable costing 
and activity based costing (ABC), where almost half of 
respondents (36 out of 81 respondents answering to this 
question) use overhead rates costing. 
 
3.3  Updating OHC calculation 

 
Having accurate input data for any calculation is crucial 

if actual outputs are required. Consequently, RQ2 asked 
how often such updates are made with respect to the 
company size (see the data in Tab. 3).  

The results clearly show that the majority of the 
respondents (70 out of 112) update the OHC calculation 
annually; however, the preference to perform more frequent 
updates (monthly, quarterly or biannually) was reported in 

some companies. In total, 14 companies reported that they 
applied some other approach (no updates or irregular 
updates performed if some major change in the company 
occurs). It is very important for companies to apply updates 
regularly; however, major one-off changes in the company 
must be taken into account sooner if necessary (e.g. a 
change of outsourcing policy for the delivery of works by 
sub-contractors, significant changes in the prices of 
substantial commodities purchased or a substantial change 
in the number of employees). 
 

Table 3 Updating OHC calculation 
Company size Updating frequency 

 Monthly Quarterly Biannually Annually Other 
Small 7 5 2 39 10 

Mid-size 2 4 5 23 3 
Large 1 2 0 8 1 

 
The preference to update annually could be attributed to 

the fact that at the end of each year, financial statements are 
prepared and could then serve as an information source for 
OHC calculation updates. 

Concerning RQ2, Table 3 indicates that there is no 
significant relationship between the OHC updates frequency 
and the company size. To support this statement, the data 
were tested using the chi-square test of independence. It 
should be mentioned that the application of the chi-square 
test of independence is more suitable if the data are more 
evenly distributed among the categories. However, the use 
of chi-square tests is not appropriate if any of the expected 
frequencies is below 1 or if the expected frequency is less 
than 5 in more than 20.% of the cells. This is why the 
categories "monthly", "quarterly" and "biannually" were 
merged into  "more often than once a year" (MOTO) and 
the category "Other" was omitted. For the adjusted data (the 
MOTO and Annually categories) taken from Tab. 3, there is 
just one cell with the expected frequency below 5 (3 in the 
case of large companies and the MOTO category). From 
this perspective, the chi-square test of independence can be 
used. The data were tested with a 5.% significance level. 
For the chi-square test of independence, the null hypothesis 
assumes that the examined categorical variables are 
independent. 

For a chi-square value of 0.368 with 2 d.f. (degrees of 
freedom), the p-value = 0.832. Because p>0.05, there is not 
enough evidence to reject the null hypothesis concerning the 
independence of the examined variables. Therefore, the 
results support the assumption that company size does not 
affect the frequency of OHC calculation updates.  

 
3.4  Details of OHC calculation 

 
RQ3 aimed to establish the level of detail concerning 

OHC in terms of dividing OHC into sub-categories. Results 
show that the most frequent approach is to use a general 
OHC category without any subdivision (54 respondents), 
followed by the use of two sub-categories (47 respondents) 
and the use of three sub-categories (5 respondents). 

44% 

9% 6% 

21% 

15% 

5% 
Overhead rates
costing

Division costing

Standard and
direct costing

Variable costing

ABC (Activity
Based Costing)
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This result is surprising because the two most common 
software solutions used in the Czech Republic for 
estimating the price of construction works commonly work 
with the subdivision of OHC into production OHC and 
administration OHC (i.e. two sub-categories). It appears that 
about half of the companies use a more detailed approach to 
OHC management with two or three sub-categories, while 
the rest only use one general OHC category. The remaining 
6 companies in the sample do not keep track of OHC for 
calculation purposes. 

Few companies reported the use of different OHC rates 
according to the subject of the contract. This is important 
because the structure of production OHC in particular can 
differ significantly, e.g. with regard to water supply 
systems, buildings or transport infrastructure projects. 
Therefore, it can be recommended that companies with a 
diverse portfolio of work/activities apply this approach.  

None of the respondents mentioned that the value of the 
contract was taken into account for OHC management 
purposes. They do not seem to be concerned with the fact 
that for small contracts, the relative amount of OHC is 
higher than for large contracts due to the fixed and variable 
nature of the individual OHC items. Companies dealing 
with both large and small contracts (in financial terms) 
should therefore take this aspect into account in order to 
implement a corresponding calculation of contract prices. 

 
3.5  OHC and competitiveness 

 
In the final section of the survey, respondents were 

asked to give their opinion on the statement that OHC 
affects the company’s competitiveness on a 5-point Likert 
scale where 1 indicates strong agreement and 5 indicates 
strong disagreement (see Tab. 4). 
 

Table 4 Relation of OHC and competitiveness 
Response Relative frequency 

Strongly agree 55.3% 
Rather agree 36.6% 

Nor agree nor disagree 4.5% 
Rather disagree 3.6% 

Strongly disagree 0.0% 
 

The data clearly show that an overwhelming majority of 
respondents (92.0.%) agree with the statement that OHC 
affect the company’s competitiveness. If compared with the 
data in the Section 3.4, it appears that companies are aware 
of OHC significance but, simultaneously, they assume that 
OHC management on a general level (i.e. without the 
distribution into sub-categories) is sufficient for their 
purposes.  

Finally, respondents were also asked to give their 
opinion on various competitiveness factors in order to get 
an idea of the significance they assigned to OHC. The 
overall management of the company was the most 
frequently mentioned competitiveness factor, followed by 
direct costs, manufacturing processes and techniques, with 
OHC being fourth.  

These results confirm that OHC management is one of 
the key areas for construction companies to pay attention to. 

4 CONCLUSIONS 
 

The present research dealt with the issue of OHC 
management in the construction sector. By using a web-
based survey, data from Czech companies were collected 
and evaluated in order to provide the experts and the 
professional community with a deeper understanding of 
various aspects relating to OHC management. In particular, 
the results revealed the significance of OHC within 
companies, the companies’ approach to OHC calculation, 
the details thereof and the calculation update frequency. The 
results confirmed that OHC cannot be omitted as they affect 
the company’s competitiveness on the market and, 
consequently, its ability to win contracts.  

The research also faced several limitations. Firstly, 
although the study population provided insight into the 
opinions and practices of 112 private companies, its 
distribution in terms of company size was not well-
balanced. Therefore, an extension of the dataset, especially 
in the category of mid-size and large companies, could 
enable a follow-up analysis which could potentially lead to 
additional interesting findings. 

Furthermore, addressing OHC values in greater detail 
could be of interest. Such approach has the potential to 
assess the level of the companies’ competitiveness in a 
quantitative way. This is one of the possible future research 
directions that could contribute to the current state of 
knowledge in the area of corporate OHC management. 
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Abstract: Sustainable mobility is one of the key challenges for further transport development and an increasing quality of life in urban areas. The European Union (EU) 
encourages its member states to develop transport strategies based on sustainable mobility through EU funds and involvement in various projects launched by the EU Initiative. 
The Republic of Croatia, as a member state, is still not sufficiently involved in the development of these strategies. Considering the division of the state into regions and counties, 
we examined the European directives related to sustainable mobility, reviewed examples of good practices in the Republic of Slovenia and then we drafted suggestions for 
introducing such transport strategies into the Development Strategy of the County of Varaždin. Taking into account the nature of a research paper, we used descriptive methods, 
compilation methods and deductive methods. With a detailed review of the directives and good practices of the current traffic situation in the County of Varaždin, we concluded 
that the main focus should remain on the development of cycling, public transport and railway as a means of carrying out freight logistics. It has been proven that the County of 
Varaždin has the potential to develop transport strategies based on sustainable mobility. 
 
Keywords: European Union; sustainable mobility; Sustainable Urban Mobility Plans; the County of Varaždin; transport strategies 
 
 
1 INTRODUCTION 
 

Today, ecology plays an important role in all sectors of 
the economy, including traffic and transport development. 
Because of its increasing importance, The European Union 
(EU) is investing and requesting from its members to 
develop and modernize that area in the transport sector. EU 
directives and laws have clearly determined policies for the 
development of sustainable mobility in urban areas and their 
surroundings. All member states must respect these 
directives and laws. The Republic of Croatia, as an EU 
member, must adapt to the requirements and directives that 
the EU imposes as a priority. In this way, the state can 
develop in the required direction and solve the problems in 
the prescribed manner. 

With the review of the Development Strategy of the 
County of Varaždin, we have found that sustainable 
mobility is not included in further development plans. By 
reviewing the EU directives, as well as the examples of 
good practices introduced in the municipalities of the 
neighbouring country Slovenia, we will be able to give 
clearer suggestions for the introduction of transport 
strategies based on sustainable mobility into the 
Development Strategy of the County of Varaždin. 

We can see the importance of this research by the 
amount of directives that the EU imposes as a priority and 
numerous projects that have been or are still being 
implemented in order to reduce the adverse impacts of 
traffic and increase the quality of life for all residents of 
urban areas. Legislation has been committed to the 
following areas: 
• intelligent transport services; 
• road safety; 
• "green" vehicles and fuel; 
• cycling and motorcycling; 
• urban mobility in general; 
• environment [1]. 

With regard to intelligent transport services, the 
Directive 2010/40/EU of the European Parliament and of 
the Council was adopted on July 7, 2010. The Directive 
deals with the framework for the introduction of intelligent 
transport systems (ITS) in the road traffic area and mentions 
other modes of transport, associated with the multimodal 
transfer of information and planning [2]. Following the road 
traffic policy orientation 2011÷2020, the European 
Commission has launched the strategy for a safety analysis 
on national roads. Many examples of good practices, 
planning and actions for road safety have proven to be 
valuable for an exchange between the member states. The 
existence of the strategy for national road safety can be an 
indicator that traffic safety is an issue on the political 
agenda. This part of the legislation is divided into two parts. 
The first part of the analysis relates to the planning of the 
aspects and format of the strategy and the second part 
relates to the content of the action plan [3]. The legislation 
related to vehicles is very extensive. It covers "clean" and 
energy-efficient vehicles, "clean" fuels (the European 
alternative fuel strategy), emission standards for light 
vehicles, carbon dioxide emissions and other greenhouse 
gas emissions, fuel efficiency and other directives related to 
vehicles and fuels [1]. Taking into consideration cycling 
and motorcycling, we reviewed the Regulation 168/2013 
which deals with the technical and administrative conditions 
for all new vehicles, separate parts and component technical 
units. These include two or three wheeled vehicles and 
mopeds whose purpose is driving on public roads, including 
those made in one or more phases and separate technical 
units, parts and equipment for the construction of such 
vehicles [4]. On December 17, 2013, the European 
Commission also announced "The Urban Mobility 
Package", whose main element is called "Together Towards 
Competitive and Efficient Urban Mobility". The appendix 
to this is the concept of sustainable urban mobility plans 
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(SUMP), urban logistics, access to all urban regulations, the 
development of ITS and the safety of urban roads [5]. It is 
also important to mention the Directive 2011/92/EU, which 
deals with the environmental impacts from public and 
private projects, including construction and installation 
works, plans and all other interventions in the natural 
environment, taking into account the exploitation of mineral 
resources [6]. 

The European Platform implements SUMPs and 
supports competitive sustainable mobility systems in 
European cities through further development of the SUMP 
concept and all the tools required for its successful 
implementation. It also provides a Portal of Mobility Plans 
for the dissemination of all relevant information and the 
facilitation of cooperation and coordination between various 
actions supported by the EU and the ability to exchange 
experiences, knowledge and contacts [7]. SUMPs represent 
modern and sustainable plans for urban mobility and 
transportation, including goals and tasks, a clear 
implementation plan and long-term vision, assessment of 
current and future effectiveness, integrated and balanced 
development of all modes, horizontal and vertical 
integration, access to participation, monitoring, review, 
reporting and quality assurance [8]. The most useful and 
most important tools for sustainable mobility planning are 
sustainable mobility marketing, SUMP effects 
measurement, applications of innovative transport measures 
and sustainable mobility indicators for cities. Funding 
through the EU can be divided into three categories: 
financing through the EU cohesion policy, financing 
through the European Investment Bank and other ways [9]. 
Numerous projects related to SUMPs have been 
implemented within the EU. The EU CH4LLENGE project 
encourages mobility practitioners to improve the traffic 
planning process and the development of a quality SUMP 
concept. It addresses the challenges such as participation, 
collaboration, selecting measures, monitoring and 
evaluation [10]. The EU BUMP project provides the 
knowledge and skills needed for successful urban mobility 
planning in the cities and suburban areas of the partner 
countries. In addition to this, the EU BUMP project 
supports cities in developing their own SUMP concepts 
[11]. The EU Poly-SUMP project refers to the polycentric 
planning of sustainable urban mobility and is based on the 
development of such plans for polycentric regions [12]. The 
EU Tide project is focused on the development of the North 
Sea region, i.e. the ears under a strong tidal influence, 
protected by European directives [13]. The EcoMobility-
Shift project includes a methodology for measuring 
performance in urban mobility and making decisions related 
to the areas that needed to be improved. Shift methodology 
gives cities support in creating and strengthening their 
mobility plans and developing action plans for the 
implementation of integrated urban mobility [14]. From 
2011 to 2013, the EU Quest project has developed quality 
management tools that help small and medium-sized cities 
in further development of their policies and actions for 
sustainable mobility [15]. The EU Advance project aims to 
improve urban transport systems in European cities. The 
project gives support to cities and municipalities on their 
path towards a more sustainable urban mobility and assists 

them in the development of their SUMP concepts [16]. The 
EU PUMAS project offers solutions to the challenges of 
sustainable urban mobility through the co-ordination and 
development of the SUMP concept in the Alpine area [17]. 
The EU Solutions project offers solutions for the current 
and future soil and water pollution. The project is searching 
for new and better solutions, tools, methods and models of 
support in the land and water protection decisions [18]. The 
CIVITAS Initiative is a platform for the exchange of ideas 
and experience in the field of sustainable urban mobility. In 
some cases, challenges are technical and logistical, while 
others need extensive citizen involvement to achieve 
change. Currently, the CIVITAS Initiative has several 
different projects related to sustainable mobility, 
categorized into three categories. There are joint projects or 
demonstration projects, knowledge-based research projects 
and support projects [19]. The EU Endurance project is 
helping cities and regions to develop their SUMP concepts 
through the facilitation of networking, learning and sharing 
experiences and best practices in all countries [20]. 

Considering the results achieved in Ljubljana, Maribor 
and Ljutomer and the examples of good practices not only 
in the mentioned towns and municipality, but through the 
entire country, the Republic of Slovenia proved to be 
extremely successful in this sector. 

It is also important to note that the County of Varaždin 
and the City of Varaždin (main centre of the County of 
Varaždin) aim to increase the development of bicycle traffic 
and cycling infrastructure both in the centre of Varaždin and 
other county towns, as well as in the rural and more distant 
areas of the county. The city bus station has been 
repurposed into a fast food restaurant, while the concession 
for the city bus transport belongs to a company named 
"Vincek autobusi". The suburban and interurban bus traffic 
is insufficiently developed, making it difficult to travel from 
the rural areas of the county. There is also insufficient use 
of the railway traffic, which could reduce the burden on the 
urban and suburban roads from freight vehicles. From the 
aspects of road safety, together with the County of Varaždin 
Police Administration, the County of Varaždin took 
concrete measures, which helped the county to achieve 
significant success in raising the awareness of road and 
traffic safety. 

We are interested in the following: types of EU 
directives regarding sustainable mobility, how they work in 
practice and whether sustainable mobility can be included in 
the Development Strategy of the County of Varaždin. We 
have set the following hypothesis: The County of Varaždin 
has a predisposition to accept sustainable mobility based on 
transport strategies. We will prove the hypothesis by 
reviewing the current traffic, mobility and transport 
situation in the County of Varaždin. 
 
2 METHODS 

 
At the very beginning we set the assumptions about the 

impact of traffic on the Earth’s atmosphere, carbon dioxide 
emissions and the interests of the County of Varaždin. The 
scientific process began with an overview of the status and 
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legislation at the EU-wide level. The next step was a 
presentation of the methods followed by solutions divided 
into two categories. The first category refers to SUMP in 
the Republic of Croatia and the Republic of Slovenia. What 
is reviewed is the current state of sustainable mobility in 
both states. Next to that, key projects are presented, 
examples of good practices and future plans. The second 
category refers to the County of Varaždin itself, where we 
described the county, demographic situation, traffic 
development and connectivity. The collected data were 
analysed and based on that, analyses were provided, as well 
as the suggestions for the introduction of sustainable 
mobility based transport strategies into the Development 
Strategy of the County of Varaždin. The last part covers the 
conclusions. 

As the main sources of legislation we used the Eltis 
organization website, the aforementioned directives and 
regulations of the EU, the main websites of the cities and 
municipalities of the Republic of Slovenia, as well as the 
main websites of the County of Varaždin and the City of 
Varaždin. The area of traffic development and connectivity 
in the County of Varaždin has been defined by a review of 
the current situation and we contacted the Development 
Agency North and the County Road Administration, where 
they referred us to the County of Varaždin Police 
Administration. By reviewing the current situation and the 
mentioned contacts, we can more closely define the traffic 
image of the County of Varaždin and the City of Varaždin. 
Throughout the research process, we used the description 
and compilation methods, as well as the deductive method. 
All collected data were analysed, and based on the analysis, 
we prepared suggestions for the introduction of sustainable 
mobility based transport strategies into the Development 
Strategy of the County of Varaždin. 
An overview of the research step by step: 
• the first step: a review and presentation of the EU 

legislation; 
• the second step: a review and presentation of the 

European platform, SUMP and its tools; 
• the third step: a review and presentation of the projects 

implemented in the field of sustainable mobility; 
• the fourth step: a presentation of methods and the 

hypothesis; 
• the fifth step: spatial planning in the Republic of 

Croatia; 
• the sixth step: spatial planning in the Republic of 

Slovenia; 
• the seventh step: a description and demographic 

situation of the County of Varaždin; 
• the eighth step: traffic development and connectivity of 

the County of Varaždin; 
• the ninth step: a collected data analysis; 
• the tenth step: proposing solutions; 
• the eleventh step: conclusions.  
 
3 PRESENTATION OF RESULTS 
 

The results include the SUMP development in the 
Republic of Croatia and the Republic of Slovenia, as well as 

an overview of the current situation, traffic development 
and connectivity in the County of Varaždin. They also 
include an analysis of the collected data and suggestions for 
the implementation of sustainable mobility based strategies 
into the Development Strategy of the County of Varaždin. 

 
3.1 SUMP in the Republic of Croatia 
 

In the Republic of Croatia there is no legal definition of 
the SUMP concept, a national guidance for its preparation, 
or a connection with the national sources of funding. 
However, the state has defined the goals of sustainability 
and the political support for SUMP, but public participation 
and the technical capacity for its preparation are very 
limited. In 2014, a public hearing on the SUMP concept and 
project was conducted at the Faculty of Transport and 
Traffic Sciences, where it was found that there is a lack of 
coordination between the local, county and state level [21]. 
The current situation in the country is defined as follows: 
• according to the data from 2012, there are 336 

registered personal cars per 1,000 inhabitants; 
• the need to "rejuvenate" the fleets and the use of high-

quality fuel for driving; 
• the need for catalytic converter vehicles; 
• compared to 1990, carbon monoxide emissions 

decreased by 70 %; 
• compared to 1990, nitrogen oxide emissions decreased 

by 22 %; 
• compared to 1990, lead emissions were reduced by 94 

%; 
• compared to 1990, the number of passenger cars 

increased by 80.4 %; 
• compared to 1990, the number of heavy duty vehicles 

increased by 2.2 %; 
• compared to 1990, the number of light duty vehicles 

increased by 7.2 %; 
• compared to 1990, the number of motorcycles and 

mopeds increased by 10.2 %; 
• compared to 1990, fuel consumption in road traffic 

increased by 62 %; 
• diesel fuel is twice more used than gasoline [22]. 

 
In the period from 2012 to 2025, national forecasts 

foresee a growth in greenhouse-gas emissions caused by 
traffic. For this purpose, the Transport Development 
Strategy has been developed, with the aim of developing an 
efficient and sustainable transport system in the Republic of 
Croatia. All measures are in line with the EU regulations. 
The mentioned measures are the following: 
• ensuring the interoperability of the system; 
• increasing the level of service ability in the transport 

sector; 
• improving energy efficiency; 
• financial sustainability assurance; 
• security and protection; 
• ensuring social and environmental sustainability; 
• efficiency ensuring; 
• improving accessibility and social inclusion; 
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• improving the distribution of traffic patterns in favour 
of public transport; 

• improvement of the environmentally acceptable and 
alternative modes of transport; 

• quality service assurance [23]. 
 

It is also important to mention the participation of the 
Republic of Croatia in two EU projects, the Adria.Move IT! 
and CIVITAS Dyn@mo projects. The Adria.Move IT! 
project was co-funded by the 2007÷2013 IPA Adriatic CBC 
Programme. The project brought together the Adriatic 
coastal towns that have been facing mobility issues due to 
their specific historical and spatial circumstances. Traffic 
congestion is the result of the historical heritage of such 
cities as they were not designed to use cars and were not 
prepared for a sudden increase in the number of inhabitants 
during the summer tourist season. The motive to launch the 
project was a joint development of efficient, 
environmentally friendly, safe and heathy transport 
solutions that could stimulate sustainable transport, an 
increase in the quality of life and the socioeconomic 
cohesion of the project area. The project is a good example 
for other Adriatic local authorities. In order to promote 
sustainable mobility, small pilot projects have been 
implemented in partner cities, aimed at encouraging cycling 
and alternative transport channels [24]. CIVITAS Dyn@mo 
is an ambitious project with a strategic significance for 
sustainable mobility planning in four dynamic European 
cities. It includes two leading cities, Aachen in Germany 
and Gdynija in Poland, and two learning cities, Mallorca in 
Spain and Koprivnica in Croatia. The mission of this project 
is to strengthen sustainable mobility through the promotion 
of non-polluting lifestyles, the fostering of social interaction 
and co-operation on the basis of new media and the 
integrated implementation of innovative transport services 
for citizens of all ages. Strategic objectives of the project 
are the development of the "Mobility 2.0" system and 
service through the implementation of 2.0 technologies, 
solutions for the electric mobility of citizens, the use of new 
electric and hybrid vehicles and the inclusion of a dynamic 
citizen dialogue in mobility planning and service 
improvement. The objectives are divided into four levels, 
which are the strategic, technical, service and European 
level [25]. 

So far several cities have participated in the projects 
related to SUMP. The cities are Dubrovnik, Umag and 
Novigrad for the Adria.Move IT! project and Koprivnica for 
the CIVITAS Dyn@mo and CH4LLENGE projects. 
Dubrovnik, as a popular tourist resort, faces problems of 
overcrowding due to the lack of parking spaces, excessive 
use of cars, traffic congestion and unregulated cycling and 
pedestrian paths. Within the framework of the IPA Cross-
border Cooperation Program and Adria.Move IT! project, a 
local Mobility Plan was created, modern urban equipment 
was installed at key locations in the city and outside the 
centre, bicycle holders were installed at the Sport Centre 
and near the city core, and all pedestrian paths were 
renovated and marked. Moreover, Dubrovnik owns a 3.5 
km long pedestrian and cycling route that connects the 

residential and tourist area with the north-western part of 
the city. This has significantly contributed to the 
development of the city as a tourist resort. In the city of 
Umag, there is a cycling path called Umag-Ungarija, which 
is a 2.5 m wide and 921 m long asphalt road, equipped with 
traffic and information signalling. In Novigrad, there are 
two walking and cycling paths over 11 km in length, called 
the Dalja-Maleda-Pineta-Karpinjan and Kršin-Stancija-
Vinjeri-Novigrad paths. Novigrad is thus succeeding in 
boosting its sustainable mobility, leading to a reduction in 
the number of motorised vehicles in traffic. We also have to 
mention a pilot project of the municipality of Lopar, which 
is about building a pedestrian and cycling trail on the 
already existing route that connects Sveti Rok and Jamin. 
The purpose of the project is to reduce the congestion in 
road traffic, preserve natural resources and limit the use of 
vehicles [26]. It is important to mention the City of 
Koprivnica, which, within the CIVITAS Dyn@mo project, 
has adopted six measures: 
• public transport planning; 
• sustainable urban transport plan; 
• university campus of zero nitrogen oxide emissions; 
• low-emission public transport; 
• development of sustainable traffic curriculum for the 

University of Koprivnica; 
• common use program for urban electric vehicles [27]. 
 

In order to improve the implementation of SUMP and 
increase sustainable mobility, many pilot studies have been 
conducted, and their results gave an insight into the themes 
and their percentage share in the presented sustainable 
mobility plans. Tab. 1 shows the topics and their percentage 
share [28]. 

 
Table 1 Topics and their percentage share in the sustainable mobility plans of the 

Republic of Croatia 
Topics % 

Walking and cycling 14.1 
Public urban transport 13.4 
Integrated traffic system 10.8 
Parking control 7.2 
Delivery in towns 6.2 
Compliance of the urban development and land use 6.2 
Access Restrictions Schemes (green zone, reduced gas emission 
zones, congestion charge) 6.2 

Compliance with the traffic plans at the county, national and EU 
levels 5.9 

Ways of citizens’ and other participants’ participation 5.6 
Accessibility, social inclusion (young, old, disabled) 5.2 
Evaluation procedures, evaluation of the plan 3.9 

 
3.2 SUMP in the Republic of Slovenia 
 

There is no legal provision in the Republic of Slovenia 
that would force the local authorities to implement SUMP, 
but in the last decade, a concept has been developed, mainly 
through the EU projects. The Slovenian experts tested 
SUMP through three levels, recommended by the EU, such 
as the size of the city recommended by the EU (+ 100,000), 
the size of small municipalities and regions. The concept 
proved to be successful at each level. The SUMP, adjusted 



Ines GAJSKI et al.: IMPLEMENTING TRANSPORT STRATEGIES BASED ON SUSTAINABLE MOBILITY IN THE COUNTY OF VARAŽDIN 

TEHNIČKI GLASNIK 11, 4(2017), 221-229   225 

to the regional level, was developed only for the area of 
Nova Gorica, while all other SUMP concepts were 
developed for municipalities. Several years ago, the 
Ministry of infrastructure, responsible for the urban 
transport, recognized the value of the SUMP concept and 
supported it on several levels. The priority of the 
government is the development of a National Platform for 
Sustainable Mobility. The Ministry of Infrastructure has 
also established cohesion funds that serve as a source of 
funding for the development of SUMP in cities and the 
implementation of all sustainable measures under this 
concept [29]. The current situation in the country is defined 
as follows: 
• EU access has raised the use of road traffic by 70 %; 
• 500 km of railway lines are electrified; 
• the ratio between the road freight transport and rail 

freight transport is 71:29; 
• the share of combined transport is 0.8 %; 
• more than 75 % of individual travel in the state is 

performed by personal cars; 
• public passenger transport is used in a 25 % share; 
• the total length of roads is 85,220.00 km; 
• the total length of railway lines is 2,177.50 km; 
• road traffic caused 90 % of harmful emissions; 
• the number of traffic accidents is around 38,000 per 

year; 
• spatial planning documents are mainly focused on the 

infrastructure [30]. 
 

It is also important to mention integrated traffic 
planning based on the development of transport strategies. 
The process of preparing integrated transport strategies 
involves a sustainable and holistic approach, a clear vision 
and goals, a focus on achieving measurable goals, an 
overview of all transport costs and benefits and staff 
expertise based on the use of measures that have been 
tested. 

There are the so-called guidelines for the development 
of sustainable urban mobility plans, prepared for Slovenia 
in line with the experience gained in the preparation of the 
integrated transport strategies for Ljubljana, which have 
been implemented within the CIVITAS Elan project and in 
the development of the integrated transport strategies for the 
Ljutomer municipality, covering 11 following steps: 
• foundation setting; 
• defining the process; 
• state analysis and scenario design; 
• a scheme of a required state; 
• defining priorities; 
• selecting measures; 
• making a performance plan; 
• establishment of supervision; 
• acceptance of the strategy; 
• implementation of the strategy; 
• learning from experience [31]. 
 

Each of the mentioned steps has certain sub-processes 
and additional tasks that need to be completed in order to 
take the step successfully. 

Some of the most well-known projects related to SUMP 
were conducted in Ljubljana, Maribor and Ljutomer. 
Ljubljana has participated in two CIVITAS projects, 
Mobilis and Elan. Maribor is the second largest city in 
Slovenia and has developed a Sustainable Urban Transport 
Plan. In 2012, the Ljutomer municipality accepted a traffic 
strategy which was rated as the most successful in Europe 
[32]. 

The results of the Mobilis project in Ljubljana have 
shown that biodiesel is not a competitive and cost-efficient 
fuel. Public transport buses, adjusted to this fuel, demanded 
twice more maintenance. Although the results proved to be 
negative, 20 buses adapted to biodiesel are still in use and 
Ljubljana, on the basis of the project, has made firm 
partnerships with the involved institutions [33]. Besides 
Mobilis, Ljubljana also participated in the Elan project. 
Within the Elan project, the SUMP upgrading measures 
were implemented. The project also provided real-time 
information, transport according to demand, e-ticketing and 
a public transport portal, green procurement for city fleets 
and clean plant propulsion [34]. In 2000, Maribor adopted 
the concept of spatial development with its goals. The goals 
are a sustainable urban development, establishing links 
between the rural and urban areas, preserving the 
environment and improving the quality of life in the town. 
In 2008, the Municipal Environmental Program was 
adopted with a detailed action plan for urban mobility and 
in 2009, a sustainable energy and climate change was 
mentioned within the local energy concept, which included 
a detailed action plan for reducing energy consumption in 
transport [35]. Maribor has set the strategic objectives that it 
wants to reach by 2020. The city wants to become the 
leading municipality in Slovenia in terms of sustainable 
mobility, to limit noise and pollution levels in line with the 
EU directives, to reduce the number of traffic accidents and 
injuries by 50 % (period from 2008 to 2013) and balance 
travel patterns [36]. The city has also been included in the 
TRAMOB project, which has been successfully 
implemented in order to reduce the trend of deterioration of 
the quality and efficiency of mobility [37]. It is also 
important to mention the municipality Ljutomer. Ljutomer 
has implemented its integrated transport strategy to address 
the five challenges in the municipality, which is a shortage 
of the planning practice, unhealthy travel habits, a drop in 
the public passenger transport, poor conditions for walking 
and cycling and a lower quality of life caused by road 
traffic. Ljutomer has initiated a national project for the 
establishment of the SUMP, which include the strategic 
pillars of sustainable mobility planning, integrated 
promotion of walking, use of the potential for cycling, 
attractive public transport and optimization of road traffic 
[38]. The transport strategy was successfully implemented 
through the Ljutomer municipality. 

Ljubljana, Maribor and Ljutomer are some of the 
examples of how to successfully import sustainable 
mobility and its aspects into the system. The Republic of 
Slovenia can boast numerous examples of good practice, 
not only in the mentioned cities and municipality, but 
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throughout the country. The following are some of the 
examples: 
• free local transport – Kavalir (Ljubljana); 
• free local bus (Velenje, Nova Gorica, Murska Sobota); 
• extension of the bus line to the suburbs (Grosuplje and 

Brezovica); 
• a dead end street with pedestrian and cycling passes 

(Ljubljana); 
• two-way passage of cyclists in one-way streets 

(Ljubljana); 
• a narrowing of the carriageway (Ljubljana); 
• common traffic space (Ljubljana); 
• the so-called pedestrian bus and bike train; 
• a connection of a regular and school bus line 

(Grosuplje); 
• free transportation for the elderly (in a region called 

Obalno-Kraška); 
• traffic island (Reteče); 
• travellers – Prevoz.org (established at the University of 

Ljubljana); 
• sustainable mobility in Kranjska Gora; 
• soft mobility in Bohinj; 
• sustainable mobility at the Ski-jumping World Cup 

(Planica); 
• sustainable mobility at the European basketball 

Championship Eurobasket 2013 [39]. 
 
3.3 Information about the County of Varaždin 
 

The County of Varaždin is located in the northwest of 
the Republic of Croatia and borders with the County of 
Krapina-Zagorje, the County of Koprivnica-Križevci, the 
County of Međimurje and the Republic of Slovenia. The 
county area amounts to 1,261.29 km2 and includes 302 
villages and six cities. Those cities are Varaždin, Ivanec, 
Lepoglava, Varaždinske Toplice, Ludbreg and Novi Marof. 
Additionally, the county includes 22 municipalities. The 
centre of the county is the City of Varaždin and the 
population of the county is 175,951 inhabitants [40]. 
 
3.3.1 Traffic development and connectivity 
 

The County of Varaždin has several important roads, 
such as the Goričan-Varaždin-Zagreb highway, the state 
road D-2, also well-known as "Podravska magistrala". 
Moreover, the fast road Varaždin-Ivanec-Krapina and the 
fast road in Podravina linking Ormož, Varaždin and 
Virovitica are being constructed. Regarding railway traffic, 
91,751.00 km of railway lines pass through the county. All 
lines are single-track, without electrification, intended for 
mixed traffic. The permissible speed varies from 45 to 100 
km/h. When all the positive and negative features of the 
transport infrastructure are summed up, there are some 
needs in terms of improving road infrastructure for the 
purpose of passenger safety, modernization in railway 
traffic and in terms of improving the infrastructure in the 
public transport [41]. Looking at the City of Varaždin, some 
of the most important roads are already built. Those roads 

are an Eastern bypass connecting Hungary and Čakovec, the 
Western bypass connecting the settlements Gojanec and 
Hraščica and the Southwestern bypass connecting the 
settlements Gojanec and Kneginec [42]. It is known that the 
most common types of transportation in Varaždin are 
personal vehicles, public transport, bicycles and walking. In 
the morning hours, there are 5,880 passengers in personal 
vehicles, 2,450 passengers in public transport, 980 cyclists 
and 490 pedestrians [43]. The city has solved the potential 
parking problems by building several large parking 
locations, including the underground garage at the Capuchin 
Square, with 446 parking spaces and three other parking 
locations. The first of the bigger parking spaces is located at 
the so-called Banus place, the second one is located at the 
Faculty of Organization and Informatics (building 2) and 
the third one is located at the Varaždin Cemetery. The city 
has several electronic devices to display free parking 
spaces. Varaždin also owns several objects similar to traffic 
islands, installed to reduce the critical speed and to increase 
traffic safety. 

 
3.3.2 Mobility of people 
 

The line transport of passengers in Varaždin was 
conducted by company named "Autobusni promet d.d. ", 
which ended up in bankruptcy, while the city bus station 
was converted to a fast food restaurant. Concession for 
conducting line transportation was taken over by the 
company named "Vincek autobusi". Regarding the taxi 
services, in 2014, the Cammeo Group’s taxi service arrived 
in the County of Varaždin. Due to the frequent unadjusted 
speed and accidents ending with an injured pedestrian, the 
centre of the city was turned into a pedestrian zone divided 
into two parts. The narrow part consists of the Street of Ivan 
Gundulić, King Tomislav Square and Franciscan Square, as 
the narrow centre of the city; while the wider part is divided 
into the streets and squares of a broader centre of the city. In 
2014, it was decided that riding a bicycle in certain parts of 
the pedestrian zone would still be permitted, but not faster 
than a pedestrian walk. Towards the centre of the city, on 
the Street of Zrinski and Frankopan, near the bus station of 
the "Autobusni promet Varaždin", is a two-way bicycle 
path, with a total length of about 100 m. The path is clearly 
visible and color-separated from the pedestrian path and the 
carriageway. If the cyclists want to arrive from one part of 
the city to another, they cannot shorten their journey 
through the centre because of a strict cycling ban, but have 
to cycle around the centre, on marked cycling paths. The 
City of Varaždin, as the so-called "Bicycle Town", in some 
locations still does not have an adequate cycling 
infrastructure and the accompanying signalling. Several 
tourist cycling routes go through the county, but the county 
still does not have the option of renting bicycles for tourist 
purposes. Apart from this, the city has several smaller 
bicycle parking lots, most popular in the Alojzije Stepinac 
Street. There is no covered parking space for bicycles. 
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3.3.3 Ecological factors and road safety 
 

No significant exceedance of harmful greenhouse gases 
has been noted in the County of Varaždin. However, their 
greatest influence is seen in the urban areas of the county. 
For the sake of environmental protection, within the 
strategic objective of environmental protection, the rational 
space management and infrastructure development, the 
priority lies in environmental protection, which emphasizes 
the importance of addressing the problems of the reduced 
air quality in the county’s urban areas [44]. 

As a result of an increased number of traffic accidents 
during 2016 and 2017, camcorder boxes for measuring the 
speed of vehicles were set up at seven locations in the 
county (mainly near the City of Varaždin). The County of 
Varaždin Police Administration owns two cameras that are 
constantly moving from one location to another. According 
to the data from the County of Varaždin Police 
Administration, the County of Varaždin is included in the 
National Road Safety Program which finances the repair of 
dangerous traffic spots. The police administration has also 
carried out numerous actions to increase the awareness of 
safety, such as making a list of children cyclists carrying 
helmets, placing promotional commercials for wearing 
reflecting jackets and establishing the Road Safety Council. 
The Council initiated the pedestrian crossing lighting action. 
The pedestrian crossing lighting is based on solar cells, 
LED lamps and battery cells. The Council has also launched 
a campaign that involves citizens in the making of road 
safety decisions. 
 

 
Figure 1 Proposed cycling route through one part of the pedestrian zone in 

Varaždin 
 
3.3.4 Possible solutions 
 

Regarding the road infrastructure, the County of 
Varaždin and the City of Varaždin are well equipped. There 
is a need to work on the development of railway transport 
for the purpose of freight logistics. This action could reduce 
the burden on city roads from freight vehicles. Parking 
problems in the city are well-solved. We propose the 
construction of traffic islands at some of the critical 
locations in the county which will also help reduce the 
number of accidents. For the purpose of the cycling 
encouragement, recreation and justifying the name "The 

Bicycle Town", what is proposed is a construction of a two-
way cycling route through one part of the pedestrian zone, 
as well as a reconstruction of the existing cycling paths and 
a construction of new ones on certain locations. What is 
also proposed is the import of bicycle rental opportunities at 
the County of Varaždin Tourist Board. By implementing a 
two-way cycling route, we believe that the violations of the 
cycling ban through the centre of the city can be reduced, as 
well as the travel time from one part of the city to another. 
Moreover, the quality of life in the city and the pleasure of 
all Varaždin bikers can be increased. Figure 1 shows the 
proposed cycling route. 

The reconstruction of the city bus station and the 
implementation of environmentally-friendly bus vehicles 
for urban traffic are also suggested. In addition to this, we 
suggest an increase in the number of routes and frequencies 
in passenger transportation to the suburban villages of the 
county. Regarding the security that is well-solved in the 
county, the County of Varaždin Police Administration has 
put forward several proposals for its increase, such as the 
changes in the behaviour of traffic participants through the 
organization of driver awareness campaigns, investments in 
further development of the infrastructure, a development of 
safe vehicles and an improvement of medical care. 
Considering the already set strategic objectives and their 
priorities, it is necessary to formulate proposals that can be 
integrated into the existing vision and strategy of the 
County of Varaždin. It is also necessary to include other 
participants at the state and county level. At the state level, 
we recommend including the Ministry of Maritime Affairs, 
Transport and Infrastructure, project companies and media 
and other interested groups. At the county level, we 
recommend the inclusion of the County of Varaždin, the 
City Council of the City of Varaždin, the Development 
Agency North, the association "Varaždin bikers", the 
County of Varaždin Police Administration, the municipal 
boards of all interested municipalies of the County of 
Varaždin, the public transport service provider "Vincek 
autobusi", educational institutions, the Society of the 
Dystrophic, Cerebral and Polio Invalids and Other Physical 
Invalids of the City of Varaždin and all other interested 
groups. The project’s holder should be the County of 
Varaždin authorities, which would conduct interviews with 
all other interested groups. Five strategic goals have already 
been set in the Development Strategy of the County of 
Varaždin. Taking all that into consideration, we propose the 
introduction of two new strategic goals, as well as the 
subsequent priorities. The strategic goal 6 is connected to 
the renewal of the traffic infrastructure. This goal includes 
two priorities. The first priority is the development of the 
railway infrastructure and the second priority is the 
development of a cycling infrastructure and superstructure. 
The strategic goal 7 is connected to the development and 
renewal of bus traffic. It also includes two priorities. The 
first priority is the development of bus traffic in Varaždin 
and the second priority is the development of intercity bus 
transport. Measures for both strategic goals should be 
formed according to the set priorities. 
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Within the third strategic objective, which is the 
Environmental Protection and Energy Management, what is 
proposed is the import of priorities related to the improved 
greenhouse-gas emissions control and repair of locations 
exposed to the harmful effects of traffic noise. The EU 
funds could cover the costs of projects related to sustainable 
mobility. Some of the money sources can be innovative 
actions and sustainable urban development that cover and 
test pilot projects and the trans-European transport networks 
such as TEN-T which includes interoperable railways and 
sustainable transport promotions. Some of the money 
sources are also loans and guaranties from the European 
Investment Bank (projects over 25,000,000.00 euros), the 
ELENA program which covers 90 % of the technical costs 
for the preparation of projects related to renewable energy 
sources, the JESSICA program which also covers the costs 
of sustainable development, the European Energy 
Efficiency Fund, the LIFE program which is a financial 
instrument for the environmental and climate change 
actions. 
 
4 CONCLUSION 
 

By reviewing the available literature, it is concluded 
that the Republic of Croatia is lagging behind the 
neighbouring Republic of Slovenia with regard to the 
development of sustainable mobility. It is necessary to 
mention that significant changes and development efforts in 
accordance with the EU directives in the case of the 
Republic of Croatia have only been noticed in the City of 
Koprivnica which is continuing with the development in 
this direction. On the other hand, the Republic of Slovenia 
is actively involved in the development through Ljubljana, 
Maribor and Ljutomer, and it provides the examples of good 
practice throughout the country. 

Regarding the County of Varaždin, through a review of 
the Development Strategy of the County of Varaždin and 
the City of Varaždin, by talking to key stakeholders such as 
the County Road Administration and the County of 
Varaždin Police Administration, it is concluded that the 
County of Varaždin has the predispositions for further 
development of cycling and for the improvement of 
conditions for cyclists, which then leads to increased 
tourism and quality of life. Further development of bus 
traffic is also much needed. However, all discussions and 
meetings related to this topic did not bring any positive 
conclusions. All the presented results and solutions can be 
linked to the EU directives on clean transport and cycling 
encouragement. The exception that we did not deal with 
through reviewing the EU directives is the development of 
railway traffic, but in the case of the County of Varaždin, 
the development of railway traffic could save city and 
county roads from freight vehicles.  

These solutions can bring various advantages such as: 
• increasing the quality of life in the County of Varaždin;  
• encouragement of physical movement;  
• reduction of greenhouse gas emissions in the 

atmosphere;  
• increasing the satisfaction of the population;  

• facilitating the travel of people from rural areas or 
distant places;  

• reducing congestion caused by personal cars;  
• development of the so-called "Healthy Region";  
• development of the County of Varaždin in accordance 

with the EU directives;  
• contribution to the development of the entire Republic 

of Croatia. 
 
Taking all of the above mentioned into account, the 

strategic goals based on the needs of the County of 
Varaždin are formed. Moreover, taking into account the 
logistical side of our research, it is concluded that there is a 
lack of a more detailed economic analysis, i.e. an overview 
of all costs that follow the innovations and that need to be 
done. 

Sustainable mobility is the future of a better aggregate 
functioning, especially in the urban areas. 
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more addendums, when needed. It is recommended to use 

an example when an experiment procedure, the use of the 

work in a concrete situation or an algorithm of the 

suggested method must be illustrated. In general, an 

analysis should be experimentally confirmed. 

Conclusion is a part of the article where the results are 

being given and efficiency of the procedure used is 

emphasized. Possible procedure and domain constraints 

where the obtained results can be applied should be 

emphasized. 
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