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Analysis of Shear Load Capacity of Reinforced Concrete Beams in the 
Light of EUROCODE 2 and MODEL CODE 2010 

*Kamil Bacharz, *Magdalena Godowska, *Justyna Tworzewska, *Paweł Tworzewski 
*Kielce University of Technology, Faculty of Civil Engineering adn Architecture, Department of Strength of 

Materials and Concrete Structures, al.Tysiąclecia Państwa Polskiego 7, 25-314 Kielce, Poland, 
*kamil.bacharz@gmail.com 

Abstract Despite numerous studies devoted to shear strength of reinforced concrete beams, the issue has not 
been sufficiently recognized or presented as a calculation model that fully represents actual strength of the 
element. The models currently used are based on the classic truss of Mörsch. The verification of those 
models was performed through destructive testing on eight reinforced concrete beams with pre-assumed 
material parameters, varied arrangement of longitudinal reinforcement and identical spacing of stirrups.  
Shear strength calculations conducted to currently applied standards give values much lower than those 
obtained in tests. Also, too short embedment of longitudinal reinforcement near supports significantly 
reduces the shear load capacity of the reinforced concrete beam.  
 
Keywords: shear, capacity, beam, reinforced concrete 

1. Introduction 

Maximum values of the main tensile stress acting near supports can be determined by 
calculating shear stress proportional to transverse force, if certain simplifying assumptions are 
adopted. As a result, near support zones of beams, plates/slabs and columns [1] are considered in 
terms of diagonal tension failure.   

The problem of shear strength in reinforced concrete beams continues to be the subject matter 
of many currently conducted studies and results in changes introduced to calculation models. Such a 
change has been made in PN-EN-1992-1-1 (Eurocode 2), where the calculation model based on the 
modified truss analogy of Mörsh has been modified further and included in already approved Model 
Code 2010, with part of the shear force carried through concrete interlock action in the diagonal 
crack taken into account.  

The aim of this paper was to compare the results of calculations based on the models mentioned 
above with the results of experimental studies of reinforced concrete beams that failed under the 
shear force, conducted at the Department of Materials Strength and Concrete Structures.   

2. Calculation Models 

2.1. Eurocode 2 (PN-EN 1992-1-1 ) [2] 

The calculation model adopted in PN-EN-1992-1-1 is based on the truss analogy of Mörsch [3]. 
The significant difference in EC2 [3] lies in the possibility of using a variable truss angle method 
where the truss angle θ can take values from 21.8 to 45 degrees. This approach has a significant 
impact on the obtained value of shear stress. Fig. 1 presents the schematic of the truss introduced in 
Eurocode 2. 
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Fig. 1. Truss model by Eurocode 2 [2] 

2.2. Model Code 2010 [4] 

Model Code 2010 adopts a similar approach to that of EC2 in relation to calculating shear 
strength, with some differences in the calculating methods. MC 2010 takes into account the shear 
load capacity resulting from the concrete interlock in the crack, as illustrated in fig. 2. 

Fig. 2. Model takes into account the interlock of the concrete in the crack by Model Code 2010 [6] 

MC 2010 provides varied calculation algorithms, including two calculation options for 
elements with no shear reinforcement and four options for elements that require shear reinforcement 
calculation. 

3. Experimental Studies 

The tests were carried out on eight reinforced concrete beams with cross section of 
0.12x0.30m, 3.0m effective span, simply supported, loaded by two compressive forces (fig.3) 
applied with 60cm distance from the support, with monotonic loading to failure at 0.4 kN/min. 

Fig. 3. Static scheme of the beams 

The beams were manufactured at a precast concrete plant. Longitudinal reinforcement was 
designed from the same number of bars with varied arrangement  – P2, S2 and Z2 – with the same 
spacing of stirrups: 20 cm along a 1.2m section calculating from both beam edges, and 22.5 cm in 
the central part. The beams were divided into three groups corresponding to the designed failure 
types [5,6]: 
• P2 beams – shear-slip failure – due to shortened embedment of tension bars, 
• S2 beams – shear-flexural failure, 
• Z2 beams – shear failure at cross section change – change in the reinforcement system. 

As a result of the tests the values of destructive forces were obtained for each type of the beams.  

4. Theoretical Calculations 

The calculations were conducted on real parameters of materials obtained from the tests on 
companion specimens, as presented in tab. 1.  
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Parameter 
Beams 

S2M-1 S2M-2 S2M-3 S2M-4 P2M-1 P2M-2 Z2M-1 Z2M-2 
fck,cube [MPa] 67,29 67,29 66,71 66,71 69,98 69,98 67,91 67,91 

fck [MPa] 53,84 53,84 53,37 53,37 55,18 55,18 54,33 54,33 
fyk [MPa] 580,5 580,5 580,5 580,5 580,5 580,5 580,5 580,5 

Tab. 1. Material parameters 

4.1. Eurocode 2 

For calculations conducted according to EC2 the following parameters were considered: angle 
θ = 21.8°, which corresponds to cotθ = 2.5 , shear strength determined on the assumption that 

sRdRd VV ,= , and maximum strength of compression diagonal bracesmax,RdV . The results are 

presented as a bar graph in fig. 4. 

4.2. Model Code 2010 

Calculations according to MC2010 were conducted based on three proposed approximations, 
with assumptions presented in tab. 2.  

 

Level Parameter 
Beams 

S2M-1 S2M-2 S2M-3 S2M-4 P2M-1 P2M-2 Z2M-1 Z2M-2 

L1,L2, L3 load [kN] 125 125 125 125 100 70 55 55 
L1 angle Θ 30˚ 30˚ 30˚ 30˚ 30˚ 30˚ 30˚ 30˚ 

L2, L3 angle Θ=Θmin 21,36  ̊ 21,36  ̊ 21,04  ̊ 21,04  ̊ 21,09˚ 20,77˚ 21,18  ̊ 21,18  ̊

Tab. 2. Assumption for Model Code 2010. 

4.3. Model Code 2010 

Test and calculation results are presented in graphical form as a bar chart (fig. 4).  

 
Fig. 4. Summary of destructive forces and capacities designated by EC2 and MC2010 for tested beams 

 
Fig. 5 A deformation map of the beam S2M-3 at a force 68kN equal to the maximum capacity 

  
Fig. 6. A deformation map of the beam S2M-3 at a destructive force equal to 132kN  
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Fig. 7. A deformation map of the beam P2M-1 at a force 75kN almost equal to the maximum capacity 

  
Fig. 8. A deformation map of the beam P2M-1 at a destructive force equal to 102kN 

Figs. 5 - 8 illustrates field deformations in the left and right side of the beam obtained using a 
3D optical scanner – cracks in the beams with S and P reinforcement for loads representing the 
maximum theoretical shear strength and the destructive force respectively. The comparison of 
theoretical results for shear strength with the results from the tests reveals significant discrepancies. 
In the case of beams with properly made longitudinal reinforcement, the calculated strength is more 
than two times lower than that measured in the tests. The situation is different in the case of beams 
with reduced longitudinal reinforcement, but here the failure was due to bending and much higher 
shear strength may be expected.  The deformation maps (figs. 5÷8) based on 3D optical scanner 
images confirm these observations. The images show small deformations under loading equal to the 
maximum strength of all the calculated strength values.   

The tests were performed under the research project No. 04 00 007 10/2011 for the development 
of an acoustic emission diagnostic method for reinforced concrete structures [7]. 

5. Conclusions 

The results presented above allow drawing the following conclusions: 
• strength values calculated to Eurocode 2 and Model Code 2010 are much lower that those 

obtained from the tests,  
• too short embedment of the reinforcing bar tensioned on the supports leads to the reduction in 

shear strength, 
• the use of high-strength concrete and high-ductility steel entails the necessity to continue the 

studies of shear in reinforced concrete elements.  
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Abstract.  The paper presents computations for gravity and wind ventilation in clear span industrial sheds. 
The amount of ventilation air was computed using the two available methods. For each method, 
computations were made for three different ratios of heat source areas to the building floor area. Also, the 
computations were performed for ventilation openings area, for the ventilation resulting from thermal load, 
the action of wind and from both factors acting concurrently. Computations were performed with the 
Microsoft Excel software. Comparison of computational methods was made for both the amount of 
ventilation area and the area of ventilation openings. The computational methods presented in the paper 
concern the simplest solutions for calculating gravity ventilation in industrial buildings. The literature on the 
subject, however, does not provide calculations for more complex cases.   

Key words: natural ventilation, amount of ventilation air, thermal load, wind load, industrial shed. 

1. Introduction 

In a building, gradual air exchange through ventilation openings takes place continuously, 
which is caused by air infiltration into the building from outside, and in a reverse direction. To 
provide appropriate ventilation intensity in the building, it is necessary to determine the amount of 
ventilation air and the area of ventilation openings [3]. 

Natural ventilation in the building can be driven by a difference in outside and inside air 
temperatures, i.e. ventilation results from thermal load of the building. It can be also provided by 
the wind action on the building, which causes the occurrence of pressure difference inside the 
building and on its exposed surfaces. Most frequently, both the factors coincide [1]. 

Gravity and wind ventilation depends on many parameters, including the building thermal load, 
external and internal temperatures, wind velocity, the areas of supply air and  exhaust air openings, 
the ratio of heat source area to the building floor area, and the building height [1]. 

2. Computational methods for natural ventilation 

Computations for natural ventilation are based on the balance of sensible heat, which results 
from the building thermal load. The amount of ventilation air for a given building can be calculated 
from the following formula [3]: 

� � ���,��	
�����		 ���/��  (1) 

To calculate the temperature of the exhaust air, the following dependence can be used [2]: 

�� � �� � ����� 	 ���  (2) 

When calculating the amount of ventilation air, resulting from thermal load, it is possible to 
employ the dependence derived by Cihelka, which is expressed by the following formula [2]: 
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where: �	– mass flow of ventilation air [kg/h]; 	Q1 – building thermal load [W]; ��– exhaust air temperature [°C]; t3 – ambient air temperature [°C]; 	t4 – air temperature in the work zone [°C]; 	B  – index of relative temperature 
difference [–]; ��- plant floor area [m2]; 	f - area of heat sources [m2]; 	H  - building height [m]; 	q  - unit thermal load of 
the plant [kcal/ m2h]; 	k  – coefficient dependent on the building height to width ratio. 

Figure 1 shows ventilation air movement resulting from different factors. 

 
Fig.1. Air movement in the building caused by a) thermal load, b) wind action, c) concurrent thermal load and wind 

action. 

When calculating ventilation, it is necessary to maintain the balance of ventilation air. That 
means the amount of the air supplied must be equal to the amount of the air removed from the 
building. To satisfy this condition, it is necessary to correctly calculate the area of both the supply 
air and exhaust air ventilation openings. The areas of ventilation openings for ventilation induced 
by thermal load can be determined using the following system of equations [3]: 

:�; 	 
<� � <ś>� � �� 	 
<� � <ś>� � � 	 
<� � <ś>� � ? 	 @)A�B 	 <� � ? 	 @�A�B�C � �� � DC 	 �C 	 <� � D� 	 �� 	 <�
(4) 

(5) 

Here, it is necessary to calculate the internal pressure caused by thermal load, then determine 
velocity in supply and exhaust air openings, and finally calculate the area of the openings [3].  

When computing ventilation induced by wind action, the area of openings can be expressed by 
the following formulas [1]: 

E� � E� � F 	 EG � E� � ? 	 @),�A�B 	 <��C � �� � DC 	 �C 	 <� � D� 	 �� 	 <�  
(6) 

(7) 

First, the wind dynamic pressure must be calculated, then pressure above or below atmospheric 
on the surface of the exterior wall, and finally air velocity in individual openings and their areas [1]. 

In buildings equipped with natural ventilation, most frequently, both the methods described 
above are applied simultaneously. Computations of the areas of ventilation openings in a building, 
where the air movement is caused by thermal load and wind action are based on the following 
dependence [3]: 

E� � E� � ECH � F 	 EG � E� � � 	 
<� � <ś>� � ? 	 @)A�B 	 <�   (8) 
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where: 	h;,�	– distance from the neutral plane to the axis of lower or upper ventilation opening [m]; 	γ3	– ambient 
(supplied) air specific gravity [kg/m3]; γK	– exhaust air specific gravity [kg/m3]; 	γśL	– mean air specific gravity in the 
building [kg/m3]; 	vN,K	- air velocity in supply or exhaust ventilation openings [m/s]; FN,K	-  area of supply or exhaust 
air ventilation openings [m2]; 	g	- g force [m2/s]; E� − pressure above or below atmospheric created on the wall surface 
[kg/m2]; E� 	– pressure excess in the building [kg/m2]; 	K- aerodynamic coefficient [–]; pT- wind dynamic pressure 
[kg/m2]; 	pNU- pressure above or below atmospheric inside the building [kg/m2]. 

In this method, the same computations must be performed as for the two previous ones. From 
pressure difference, it is necessary to determine which openings operate as the supply air or exhaust 
air ones. Then, velocities in the openings and opening areas must be calculated [3]. 

3. Computation results and their analysis  

Data for computations are presented in Table 1. The results of computations of the amount of 
ventilation air and of the areas of supply and exhaust air openings are presented in Table 2. 
Microsoft Excel software was used to calculate the amount of ventilation air. 

Date 
Symbol Amount Unit 

 

Symbol Amount Unit  Symbol Amount Unit 
Qj = 3000000 kcal/h ζ= 2,37 - vśr3= 3,0 [m/s] 
tz = 22 °C K1= 0,5 - f = 0,10 * Fz = 400 m2 

Fw/Fn = 0,8 - K2= 0,4 - B = 0,3 - 
b = 40 m K3= -0,5 - f = 0,16 * Fz = 640 m2 
H = 20 m K4= -0,6 - B = 0,4 - 
FZ = 4000 m2 vśr1= 1,5 [m/s] f = 0,28 * Fz = 1120 m2 
h= 17,5 m vśr2= 2,0 [m/s] B = 0,6 - 

Tab. 1. Data for computing the amount of ventilation air resulting from thermal load in the clear span shed 

Mass flow of ventilation air 
Index B and f/F B = 0,3; f/F = 0,1 B = 0,4; f/F = 0,16 B = 0,6; f/F = 0,28 

G [kg/h] 
For (1) 750000 1000000 1500000 
For (3) 967999 1078531 1226715 

Area of supply and exhaust air openings for G according to (1)  [m2] 

For thermal load Fn = Fw [m2] 110,6 161,0 274,1 
For wind load 
 v = 1,5 [m/s] 

Fn = Fw [m2] 252,8 337,0 505,5 

For wind load 
v = 2,0 [m/s] 

Fn = Fw [m2] 189,6 252,8 379,2 

For wind load 
v = 3,0 [m/s] 

Fn = Fw [m2] 126,4 168,5 252,8 

For thermal load and wind load 
v = 1,5 [m/s] 

Fn [m
2] 252,6 336,9 505,7 

Fw [m2] 77,8 114,5 197,1 
For thermal load and wind load 

v = 2 [m/s] 
Fn [m

2] 189,7 253,4 382,4 
Fw [m2] 78,1 115,4 201,6 

For thermal load and wind load 
v = 3 [m/s] 

Fn [m
2] 130,4 180,4 278,2 

Fw [m2] 84,8 135,7 278,2 

Tab 2. Results of computations of the amount of ventilation air and corresponding areas of ventilation openings for the 
amount of air calculated in accordance with formula (1). 

The results of computations of the ventilation air amount vary for different methods. Fig. 2 
shows that the amount of ventilation air increases with an increase in the index of relative 
temperature difference. 

It can be seen that for value B < 0.45, the amount of ventilation air is greater for computations 
performed in accordance with formula (3) (Cihelka method). For B value approx. equal to 0.45, the 
amount of air is the same for both methods. When B > 0.45, however, the amount of ventilation air 
calculated following formula (1) is greater. Because computation results are not unambiguous, it is 
not possible to state which method is suitable, the one based on formula (1), or the one following 
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formula (3). That is related to the fact that neither of the methods indicates a greater amount of 
ventilation air for all the cases considered. 

 
Fig. 2. Dependence of the amount of ventilation air to the index of relative temperature difference. 

Fig. 3 shows the areas of ventilation openings for different computational methods, wind 
velocity and index B. As regards cases analysed in the paper, the area of supply air openings is 
equal to the area of exhaust air openings. At the concurrent action of the wind and the occurrence of 
thermal load, however, the results are different. Also, it can be seen that with an increase in index B 
value, area of the openings increases, whereas with an increase in velocity, area of the openings 
decreases. 

 
Fig. 3. Area of supply air ventilation openings with respect to value B and amount of ventilation air computed in  
            accordance with formula (1). 

4. Conclusions 

Presented in the paper, methods that are available for computing natural ventilation in industrial 
objects account for the simplest solutions for clear span sheds, in which ventilation openings are 
spaced symmetrically. Formulas for computing the aerodynamics of natural ventilation for more 
complex cases, e.g. when openings are located at different height, have not been developed yet. 
Computational methods for multi-space industrial buildings, in which ventilation process is much 
more complex than in clear span sheds, are also unavailable. 
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Abstract. The paper presents a system for capturing and storing thermal energy obtained from solar 
radiation. The energy-efficient truss-purlin covering was installed in an exemplary structure of a prototype 
hall. The covering functions simultaneously as a load bearing structure, a thermal and moisture barrier, an 
absorber, and instantaneous storage space for thermal energy. Three designs for absorber and transparent 
barrier spacing in the energy-efficient covering were proposed. Because latitudes need to be accounted for in 
the design of energy-efficient structures, all solar irradiation parameters correspond to Poland’s geographic 
conditions. As buildings with thermal energy traps offer economic and environmental advantages, the paper 
presents options concerning both the design of new energy-efficient objects and the upgrade of the already 
existing ones. All investigations were covered by the grant Structural Solutions of Energy-Efficient  Building 
Coverings Adjusted for Obtaining Thermal Energy.     

Keywords: absorber, energy-efficient covering, solar energy  

1. Introduction 

The amount of solar radiation hitting the absorbers is primarily determined by latitudes and 
weather conditions [1]. For Poland, insolation, i.e. the total annual irradiation received by  
a horizontal plane ranges from 950 to 1250 kWh/m2. The annual exposure to the sun’s rays, 
however, amounts to approx. 1600 hours [2], which constitutes only 18.3% of the time. Insolation is 
also largely diversified, depending on the year’s season. Because the availability of solar energy in 
winter months is significantly reduced, it is necessary to store the heat obtained in the summer 
period.  

Despite variable insolation conditions in the area of Poland, it is possible to build zero energy 
houses which gain thermal energy from solar radiation [2,3,4,5]. 

1.1. The concept of energy-efficient covering  

The diagram of energy-efficient truss-purlin roof [6] having thermal storage function is 
presented in Fig. 1. After permeating the transparent barrier, solar radiation hits an absorber made 
of profiled sheet metal, where it becomes partially absorbed.  On the side exposed to solar radiation, 
the absorber is covered with an absorption enhancing coating. The air, which operates as a working 
medium, is trapped between the glazing and the absorber, and heated due to convection. Thus 
obtained heat is transported via channels from the accumulation space to the thermal energy storage 
site. 

1.2. Assumptions 

The transparent barrier can be made of either plastic or glass. The most relevant parameters that 
need to be accounted for when selecting a covering are light transmission and thermal insulating 
power. A transparent glass barrier makes it possible to employ the “greenhouse effect”. The latter 
results from glass allowing shortwave solar radiation to penetrate into the collector, whereas the 
radiation reflected and emitted by the absorber in the form of longwave radiation is absorbed by 
glass [4].  
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Fig. 1. Diagram of solar radiation thermal energy gain, transport and storage                          
             (1-transparent barrier, 2-absorber, 3-working medium, 4-accumulation space, 5- transport channel,                   
              6-heat storage, P-purlin, W-truss). 

Absorbers can be made of profiled sheet of any metal having high heat capacity (e.g. steel, 
copper, aluminium), which is covered with an additional coating to enhance efficiency. The coating 
is characterised by a higher coefficient of thermal wave absorption and emission. The absorber plate 
bottom should be protected against direct heat losses, which is achieved through providing  
a thermal insulation layer of high temperature resistant material.   

Air is here a working medium that transports heat. The heated air is collected from the internal 
accumulation space, and forced (with suction and force pumps) through a system of vertical 
channels to the thermal energy storage sites. The action of pumps forces air circulation, after heat is 
released in the heat exchanger, air is stored.   

Two alternative designs for accumulation space arrangement were prepared. In the first option, 
the whole covering of the object constitutes the accumulation space. The other option involves 
segments between the neighbouring trusses, which constitute separate closed spaces. The advantage 
of the latter design is the possibility of controlling the heat which comes from individual segments 
of the covering. 

2. Absorber spacing options  

2.1. Absorbers located in the plane of  the truss bottom cord  

Fig. 2 shows an example of energy-efficient hall covering, in which infill bars, constituting a 
support structure for the glass casing, were laid perpendicular to the purlin, whereas absorber plates 
were installed in the plane of the truss bottom cord. Such a solution is most advantageous as regards 
building practices and due to the highest energy gains during spring and summer seasons [4]. 
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Fig. 2. Absorbers spaced in the plane of the truss bottom cord (1-purlin, 2-truss, 3-infill bar,               
              4-glazing, 5-absorber). 
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2.2. Absorbers located in the plane of  the purlin bottom flange  

In the second design, absorbers are located in the plane of the purlin bottom flange, which is 
shown in Fig. 3. Such spacing is recommended if, due to technological reasons, it is forecast that  
a volume of air to be heated will be lower than the potential volume of the whole covering.   
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Fig. 3. Absorbers spaced in the plane of the purlin bottom flange (1-purlin, 2-truss, 3-infill bar,               
              4-glazing, 5-absorber). 

2.3. Absorbers located in the plane of the elements of truss lattice work  

Fig. 4 shows an option, in which absorbers are spaced in the plane of corresponding diagonal 
braces of neighbouring trusses. This solution proves to be the most efficient one because the 
maximum irradiation per unit area occurs when the angle of solar radiation is perpendicular to the 
absorption surface. Taking into account the maximum value of the angle at which the sun’s rays hit 
the surface, locating absorbers along the whole length of the diagonal brace is not effective.    
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max

555 6  
Fig. 4. Absorbers located in the plane of the elements of truss lattice work (1-purlin, 2-truss,               
              3-infill bar, 4-glazing, 5-absorber, 6- additional thermally insulated barrier).  

Absorbers, should be mounted at an angle corresponding to the latitude where they are installed 
±5o [7], which in the area of Poland is approximately equal to the optimum inclination angle of the 
diagonal brace. 

3. Design and conversion of building coverings for obtaining thermal energy 
from solar radiation  

Latitude determines the intensity of solar irradiation, the angle at which radiation hits the earth, 
and the insolation itself. The performance of energy-efficient buildings is mainly affected by the 
building location and orientation in relation to the sides of the world. 

As it is the case with newly designed energy-efficient objects, all possible factors that concern 
location, type of the structure and construction materials are handled at the design concept stage. 
The most advantageous solution is orienting the hall towards the south with ±15o tolerance [7], 
owing to which the structure fully exploits the energy potential of solar radiation. The location of 
absorbers in the roof space is of equal importance (see section 2 of the paper), as it significantly 
affects the covering construction technology and solar energy gain. It is necessary to design the load 
bearing structure for the glass barrier in the form of infill bars supported by the purlin top flanges. 
Additionally, to ensure the glass contact tightness, and because of the possibility of the occurrence 
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of glass longitudinal strains, it is necessary to apply high strength and flexibility distance pieces 
between infill bars and glazings and also between neighbouring panes.  

The conversion of a classic covering of truss-purlin halls for obtaining thermal energy from 
solar radiation involves substituting a traditional roof covering with a glass barrier, designed in the 
same way as for a new object, and installing absorbers following one of the designs described 
above. It should be remembered that both a glass barrier and absorbers mounted on the structure 
will produce an additional load. Therefore, every time an object is converted into an energy-
efficient building, an alteration must be preceded by load bearing capacity and usability analyses of 
the existing structure.     

4. Conclusions 

In view of constantly increasing energy costs, energy-efficient roofs in hall buildings provide 
an alternative to conventional methods of obtaining heat. Although the construction costs of energy-
efficient objects are higher when compared with traditional designs, the application of the materials 
that are widely available on the market and that of air as a working medium generates much lower 
costs of the operation of such buildings.   

It should be mentioned that the selection of the parameters that are decisive for the system 
efficiency must be made very carefully. All the designs must be considered on individual basis 
taking into account object location and orientation in relation to the sides of the world, and absorber 
arrangement, depending on the building type and function.                        
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Abstract. Concrete structures or their parts are designed for service life of 50 years (or 100 years). They 
must satisfy required reliability conditions in accordance with European Standards. Taking a long-term view 
service life must resistance mechanical load, such as cyclic loading, exceptional loads. The effect of these 
loads without inspection and revision of structures can lead to material fatigue (steel fatigue and concrete 
fatigue) and damage or weakening of the load bearing elements. At the present, structures are strengthened 
with different metallic or non-metallic materials during their service life, what increases the mechanical 
resistance and prolongs service life. Structural evaluation of existing structures, which were designed by the 
previous standards, shows need of strengthening by external or internal materials (bars, sheets, strips and 
lamella). For verification of effect of cyclic loading and fatigue behavior on structures, will be carried out 
experiment and then verified and compared with the parametric study and considering approaches of 
international standards. 
        

Keywords: fatigue, cyclic loading, strengthened, CFRP, near surface mounted. 

1. Introduction 

At present, influence of growing traffic on bridges, or in industrial buildings with operation of 
bridge cranes have increased fatigue damage on the load bearing concrete structures.  

  Fatigue or fatigue damage leads to a change in material properties, what can lead to the 
rupture of the element. The result of fatigue loads is an increase of cracks, deflections and reduction 
of stiffness of construction, although fatigue fracture is not occurred. Building structures are 
verified for fatigue resistance only if it is recommended by the European Standard 1992-1-1.   
Verification consists of two parts – the concrete and steel are verified independently. Thus fatigue 
load may negatively affect only one material. 

Concrete considerable resists fatigue (cyclic) loading. The influence of cyclic load causes 
(more) frequently the failure of steel. Thus it is necessary verify and evaluate fatigue resistance of 
steel for the N* number of load cycles. The resistance obtained of the S-N curve is expressed by 
amplitude of the stress  for N* cycles.  

At present, not only in Slovakia but also in Europe runs process of evaluation of existing 
structures, not only for reason of adoption of new European Standards, but also due to influence of 
increased load on structure. The solution of strengthening of structures therefore becomes 
important. In present is one of most commonly used method. Strengthened process means 
intervention to existing structure for the purpose of resistance of structural element.. The use of 
these materials is mainly attractive because they are not corroding materials and their weight is 
much lower than that steel reinforcement.  

By location of beams is on the sides, the bottom edge of slabs and beams (external) or in a 
groove near-surface mounted (NSM; internal). As external used sheet or fabric and internal NSM 
are typically solid circular rods of thin rectangular strips.  
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2. Verification of fatigue behavior of concrete beam 

2.1. Experimental Study 

For purpose of the experimental verification has been designed reinforced concrete T-beam 
(Figure 1, 2). Five specimens of T-beam were manufactured of concrete of C35/45 strength class 
and reinforced by reinforcing steel bars B 500B and stirrups B500A. The beams were produced in 
February 2013.  

Monotonic and dynamic testing and verification of fatigue loading is scheduled on summer 2013.  

Because of application of reinforcement into groove (type NSM), the higher value of cover layer 
was designed on the bottom edge of beam 

 The static system of beams is simply supported beam. In Fig. 3, dimensions, theoretical span 
and details of beam are shown. 

 The span of the beam is 3300 mm and overall length of the beam 3600 mm and cross section 
according Figure 3 . 

  
Fig. 1. Reinforcement in form.            Fig. 2. Conrete T-beam. 

 

 
Fig. 3. Cross section with NSM – 4 pieces T-beams (in 1. piece is T-beam without strip). 

4-point bending test will be carried out on each beam. One beam will be verified by 
monotonic loading test to failure and 4 beams will be verified to bending failure beam or fracture 
strengthened material and loaded by fatigue loading with N* cycles. Beam is loaded with the force 
F until the first crack and then the beam will be strengthened with non-metalic CFRP lamella into 
the groove. For cyclic loading is design frequency 4 Hz and dispersion forces Fmax=40,65 kN, Fcr = 
12,05 kN. 

Control and monitoring of parameters in experimental testing: 

- Beam deflection and deformation of selected components using strain gauges, 

- Monitoring of formation and growth of cracks (bending and shear), 
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- Control in the supporting areas, deformation of supports and other, 

- On strengthened T-beam systems NSM will be examine the impact of anchoring in the 
groove for fatigue loading. 

 

2.2. Numerical model 

To verify the load and the behavior of the structure 3D model designed (Fig. 4., 5.)                 in 
Atena 3D software. After loading the beam with force we can verify the results for the emergence 
of the first crack, resistance and failure of the beam model. The values will be obtained from 
monitoring. 

   
Fig. 4. Model T-beam with reinforcement.      Fig. 5. Detail mesh.   
 

2.3. Analysis according to European Standards 

T-beam structure was designed and reinforced from the assumption: 

EdRd MM ≥                       
(1) 

Then verified fatigue resistance Methods for Equivalent Fatigue Stress Amplitude according [2]. 
Verification and control stress in materials and their comparison with boundary conditions for steel 
and concrete. Also control of amplitude of stress (amplitude stress ∆σ) to fatigue resistance.  
Coefficients of reliability have value 1,0. Where: 
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The S-N curve shows that the value of the fatigue resistance skR,σ∆ to time aspect the loading 

capacity – the numbers of cycles to failure steel. The value *)(, NskRσ∆ obtained from S-N curve 

for steel. (Figure  6.) Verification with the design load. (Figure 7.) 

 

(2) 

 
 

 
Fig. 6. S-N curve for steel for N* cycles. 
 

 
 
Fig.7. Dependence of number of cycles and fatigue resistance. 
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Verification of applied force to deflection was performed in Atena and Scia Engineer. 

 
Fig. 8. Deflection of concrete T-beam. 

3. Strengthening 

T-beam will be strengthened with type NSM. Groove will be  25 mm depth and 5 mm width. 
Technical parameters MBRACE CFRP 150/2000 lamella is Young´s modulus >165 kN/mm2 and 
cross section 20/1,4 mm.  Increased by moment of resistance is strengthening about 25%.  

Influence of fatigue of strip and bond between CFRP and concrete will be studied in 
experimental testing.    

According to [3] all strengthened beams with CFRP strip survived the 2,000,000 load cycles 
with no observable loss in bond or by force transfer. Thus, composite action between the NSM 
CFRP and concrete appears to be unaffected by fatigue loading. The static failure for all samples 
(monotonic and fatigue) was steel yielding followed by concrete crushing. 

According to [4] when the reference beam was compared, load carrying capacity was 86% 
higher than at non-strengthened beam NSM in the fatigue tests. 

4. Conclusion  

With the increase of existing loads (not only cyclic) in structure it is necessary to reconstruct 
and strengthen the structures to satisfy the reliability requirements. Influence of cyclic loading at N* 
cycles leads to failure of steel (or concrete). For increase the resistance of structure, construction is 
strengthened with non-metallic material which is well tolerated at fatigue loading at N* cycles. 
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Abstract. Quality of road infrastructure has been more recently influenced the development of the regions. 
Practical entire road infrastructure of the Slovak Republic is asphalt roads, the construction of which 
required considerable funds. Construction of roads today is significantly affected by a significant deficit 
funding. It is therefore necessary not only to find ways to reduce construction costs but also to reduce costs 
for managers and users while maintaining the defined quality parameters roads. 
Saving money can be achieved by reducing both operating costs and the cost of the repair and reconstruction 
of roads and not reducing the required layers of the road or in exchange for lesser quality material. Since 
road construction is one of the most important parts of roads must meet specified conditions. 
For high-quality road infrastructure and its maintenance is important to know the status of the road is 
located. For detecting road condition diagnostics used road. 
 
Keywords: bearing capacity, pavement management system, measuring, measuring devices 

1. Bearing capacity definition 

In according to Slovak technic norm [1]is bearing capacity defined as the ability to satisfied 
demands of the pavement characterized by a defined critical value (stress, strain, deflection, etc.) or 
functions these values. It´s mean that according this definition is understood as a response (reaction) 
pavement on load and if measured value is less than specified value so pavement is considered 
tolerable. From this perspective, must be required values of decisive values viable pavement smaller 
than the values corresponding to the ultimate limit state. Numerical representation of decisive 
parameters required values must be then considered size of the load, the required operational 
performance, type and thickness of construction layer etc.  

1.1 Diagnostic equipment  
 Currently there are a lot of diagnostic devices for measuring deflection with diverse results and 
therefore were necessary make comparisons measuring. Reproduced conclusions of article [2] and 
[3] which there dealing with results non-destructive testing of flexible pavement by testing devices 
as a Road Rater, Benkelman Beam and FWD. From the final evaluation shows that FWD is the best 
for simulating real response of pavement under moving the wheel to size and duration of the load.  

In [4] described the conclusion of the study, where the results comparison FWD (Dynatest, 
KUAB), Dynaflect, static load, Deflectograph and Benkelman Beam. In this literature was 
described about these devices which measuring on 9 constructions. Conclusions speaks about wide 
range scale measured results depending on method of loading, loading, thickness of pavement and 
the measuring condition. Also in this paper was concluded that the best measuring devices on 
measuring bearing capacity of various road construction is FWD because the best feedback of 
moving wheel is simulation by this equipment. 

Equipment types FWD are currently considered the accurate devices for diagnostic bearing 
capacity to simulate moving of designed axle. However, they are confronted with some weakness as 
the static measuring, which blocking traffic on roads and threatens lives of road users and 
measuring staff. 
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2. Pavement Management System (PMS) 

Input values are obtained from measuring in field of roads in pavement management system. 
After visual inspections and measuring with device called Profilograph GE it evaluatespoor section, 
that measures bearing capacity of FWD KUAB. Outputs from this device with data about 
construction pavement and traffic- engineering characteristic enter into the program CANUVthat 
calculates residual life, critical layer and thickness of reinforcements. Then using the outputs from 
this program is determined adjustment required of pavement. Whether is required reconstruction, 
reinforcement or other modification. 

In the next step the device calculates the user costsaccording to dependability and economic 
efficiency through international rate of return. Finally, section established on repair according to 
urgency.Finally, it is determined the order of repair of individual sections according importance.In 
PMS there are evaluated the variable parameters at the level of the road network and project level. 

2.1 Diagnostic pavement on road network level 
In [5] the authors describe in detail each variable parameters and their impact on users and they 

state thatfor high-quality road infrastructure and their maintenance is important to know their 
condition. For detecting road condition is using diagnosis of pavement. Diagnosis of pavement is 
exploring variable parameters of the pavement. Variable parameters of the road including: state of 
the surface, roughnessand skid resistance and bearing capacity.  

Diagnosis of pavement in road network making out with multiple diagnostic is devices such as a 
Videocar andProfilograph. In the places where the parameters are not satisfactory entering there are 
using the lower range of devices such as a Skiddometer BV 11 and KUAB. 

The surface state of roads in Slovakia is diagnosed either detailed visual inspection of errands, a 
quick visual inspection using equipment Videocar or using camera system LineScan.etc.   

Skid resistance is measured in Slovakia by the device Skiddometer BV11. This device has a 
third wheel which is at an angle 17° against trailer wheel and this rotate wheel is a bit breaking and 
water is pour under this wheel. Subsequently, is measured the resistance that the surface puts 
against this a bit breaking wheel. 

Roughness is measured in Slovakia by device Profilograph GE. It measures transverse and 
longitudinal roughness. Roughness is measured by laser beam mounted on front of the car.  

Bearing capacity is measured in Slovakia by company SSC (Slovak Road administration) with 
device KUAB. A more accurate description and the measurement of this device there is in section 
2.2.1. 

Such a diagnostics are used to continuously detect condition road network and help us to predict 
what can be happened in next years. 

2.2. Diagnostic pavement on project level 

 This diagnostic in Slovakia is based on evaluation of the measured data from KUAB and other 
information about pavement design and their traffic load to program CANUV. Then the program 
calculates residual life and needed thickness reinforcement of pavement at a specified residual life 
of pavement with determined critical layer of pavement.  

2.2.1. Falling weight deflectometer KUAB 2m-150 

 For collecting data about bearing capacity of road network level are the best methods that are 
using deflection of pavement surface. Diagnostic is using analysis of deflection curve, from that can 
be obtained deformation of characteristic of all pavement construction or just individual layer. 
According to [6] is the most commonly used pavement deflection characteristics for pavement 
strength as other characteristics are calculated just from the deflection. In Slovak Republic there is 
obtained deformation curve by falling weight deflectometer KUAB 2m – 150. 
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Equipment KUAB 2m – 150 generates loading by falling weight on rubber bumpers, that are 
stored on circularloading plate located on pavement surface, from which is transferred this load to 
the pavement. 

The measurement principle is based on lowering the load with a given weight on rubber 
bumper, that transfers loading impulse on circular plate and it causes stress on pavement surface. 
Subsequently, this stress invokes deflection of pavementthat is recorded by sensors on measuring 
beam. The size of this stress is regulated by the number of damping bumpers under load, by change 
of height of falling and by change of size of load. Duration of the load pulse the force should take 
time from 40 to 60ms - is circa passage of design axle of truck. Measured deflection values of 
pavement are automatically recorded.  

 
Fig. 1. KUAB 2m – 150 

Currently, equipment’s type of FWD is considered as the most accurate device for measuring 
bearing capacity from the devices that simulate the passage of the design axle. However, they are 
confronted with same weaknesses as the static measuring and blocking the traffic.  

2.2.2. Program CANUV 
Bearing capacity of flexible pavement in Slovak Republic was evaluated by methods, that have 

basis on measuring deflection curve by Deflectometer KUAB or PHÖNIX. However the software 
products,that these devices contain, use climate conditions, design methods and material properties 
of abroad. It was developed program CANUV, that respects local design standards and uses 
deflection obtained from deflektometer KUAB. 

The base program function is back calculation of elastic calculate of individual pavement 
layers. Interactive calculation uses modelling the impact of changes in the elastic modules of 
individual pavement layers to form deflection curve. The calculation compares calculated with 
measured curve. Calculation of deflection curve consists from 3 – layer system, created from a 
specified pavement construction that is calculated by solving multi-layer linear elastic half-space of 
program OPMEKO. The next step is to determine pavement residual life on base of crack criterion 
and bearing capacity criterion of soil. For the limit state using the corresponding layer is calculated 
residual life, operational performance of individual layer by residual number of axle design. As a 
final step is determination of reinforcement layer and assess thus formed pavement.  

Complement of this program is a separate module, allowing the creation homogenous section 
of a uniform thickness reinforcement layer: 

• the calculation of residual life – methodology uses design method for the design pavement 
and retains three – layer system, that was created for back-calculation of elastic modules by 
the program OPMEKO from measured deflection curve. For calculation is used modules 
elasticity of subsoil and the base and cover obtained bay back-calculation. The values are 
modified to a temperature at thatmeasurement was realised. During calculation are 
considered two criteria: 1, criterion creation cracks and 2, criterion load capacity of the soil 

• thecalculation of required thickness of reinforcements – outputs from visual inspection, 
evaluation of roughness and bearing capacity are used as input for design of technology 
repairs. The main criterion for determining technology of repairs is required thickness 
reinforcement:
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o if the thickness of reinforcement is less or equal than 30mm => that pavement is not 

necessary to amplify but if one of other monitored parameters is inconvenient so than 
suggest one of the technologies from the continuous maintenance of road cover 

o if calculated thickness of reinforcement in the range of 40 to 100mm => design new 
asphalt layer. It should also take into account other parameters and at milling is need to 
choose such a thickness to eliminate most disturbances. For milling, the thickness of the 
new carpet will consist of the milling thickness and thickness of calculated 
reinforcement 

o ifcalculated thickness of reinforcements more than 100mm => section of road proposed 
to reconstruction.  

When designing reinforcement and rehabilitation of road cover is necessary to respect relevant 
technic standards and technical regulations, especially STN 73 6121, STN 73 6134 and TP 9A/2005 
and TP 08/2011. 

The calculationof user’s costs by dependability – after assignment acquisition costs and user 
costs, part of the economic program begins. Also, join the traffic load values. This is difference 
between higher costs, which would be users have, if wouldn´t be realised construction technology 
and lower costs, which would be users have, if would be realised designed technology. The 
economic advantages of the proposed criteria for assessing technology building modifications are: 
internal rate of return, net present value and return on year. 

Disadvantage of this method is that calculations are based only on virtual values and are not 
based on real values obtained from testing pavements as a core drill, etc. Therefore it would be 
better to include to this method of diagnostic of pavement on project level add core drill, which can 
be determined real thickness of the individual layers and real deformation modules.  

Diagnosis of obtained core drills will be carried out using triaxial tests on triaxial apparatus. 
The principle of the test method is described in [7], where the author describes the test method. 

The measurement principle is based on pushing a lightening of the test sample, that represents 
the core barrel or Marshall Sample. The specimen is compressed in tiaxial chamber which is filled 
with water at zero pressure is compressed in the direction of compaction. During the measurement 
values are recorded as running power, running vertical deformation of the sample and the sample 
volume changes. 

3. Conclusion 

As can be seen from the article, the lack of the acquiring of deformation modulus as using.It is 
therefore appropriate to include to this methodology the actual values obtained from testing samples 
drill cores identified in the laboratory using triaxial tests.Due to this test,asphalt layers of quality 
control could become more objective and comprehensive. 
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Abstract. Moisture in conjunction with salts can cause significant injury of construction materials. Highly 
porous and vapour-permeable restoration plasters are used in order to protect walls moist due to capillary 
wicking and hygroscopic absorption of water, which are exposed to the harmful effects of salts. The structure 
of such plasters reduces the capillary conduction inside the material. The purpose of research was to estimate 
physical properties of modified plaster mortars. Examination was focused on the impact of the addition of 
perlite, silica fume and air-entraining admixture on the following parameters:  density, tensile strength during 
bending, compressive strength, ratio of compressive strength to tensile strength, capillary absorption of water 
and water penetration. 

Keywords: restoration plasters, capillary conduction, water absorption, perlite, silica fume, air-entrainment 

1. Introduction 

The harmfulness of salts lies in the fact that their crystals dissolve as a result of contact with 
water, then move into the wall structure and crystallize again when the evaporation of water takes 
place. During the process of crystallization a significant amount of water is bounded, which 
increases the volume of emerging crystals. Accompanying crystallization pressure bursts the 
material. In addition, some kinds of salts, such as chlorides and nitrates, have hygroscopic 
properties. Their presence in the wall causes an increase in moisture, because these salts are able to 
attract and bind water. Salt efflorescence is a tarnish on the surface of building material, that forms 
as a result of the crystallization of water-soluble salts. This adversely affects the appearance of the 
facade and also might be a warning sign, because it means wall penetration by the water with 
contaminants. Thus may be a harbinger of serious problems, reduce comfort, as well as announce 
future damages and destruction of the wall. 

The machanism of function of restoration plasters system consist in the fact that the 
evaporation zone is located inside the layer of plaster. Transport of moisture in its liquid form is 
carried out only in the first 5 mm of plaster. Then the water changes the state of matter, becomes a 
gas and the dissolved salts crystallize in the pores of plaster. Moisture is removed by diffusion of 
water vapour. The proper pore geometry prevents damages of the material. Thanks to air pores with 
hydrophobic surface a capillary transport of water is disrupted [1,2] 

Properties of the restoration plasters largely depend on the composition of the mixture. An 
important role play binder, fillers, additives and modifying admixtures. The purpose of the research 
was to determine the effect of the addition of the perlite, silica fume and air-entraining admixture on 
the properties of hardened plaster mortar. 

2. Modification of plaster mortar 

Lightweight fillers, which are used in restoration plasters, reduce their bulk density. They 
should cause an increase in volume of the pores in the plaster mortar but the pores of this 

33



 

 

lightweight fillers should not be available for salt solutions and water vapour. Lightweight fillers 
contribute very little to the salt accumulation and are mainly responsible for ensuring the possibility 
of diffusion of water vapour. Their further task (together with the hydrophobic substances) is to 
limit the capillary transport within the plaster structure. Therefore this is not a rule that salts are 
accumulated by these lightweight fillers. For tested specimens entered expanded perlite, formed 
from a volcanic glass by heat treatment. The product has a high resistance to frost and moisture. 
Despite its high porosity, easily can be hydrophobised, what makes it non-hydroscopic. 

Another addition introduced to the mortar was silica fume, which is a byproduct of the steel 
industry. The addition of silica fume, starting from a small amount (2-3% by weight of cement), 
increases the density of the structure by filling voids. This results in substantial reduction in 
porosity of the capillary pores. What is more, silica fume has a positive impact on such features of 
mortar as: water permeability, bulking reduction and water absorption. Increases compressive 
strength, sulfate resistance and resistance to acids and salt water. 

Admixtures added to restorative plasters are hydrophobizing agents, substances for better 
treatment and adherence and air-entraining admixtures (physic-mechanically or chemically 
reactive). 

For the preparation of the plaster mortar, on which research have been carried out, was used an 
air-entraining admixture  for mortar and concrete Ceresit CO 84, produced by Henkel. 

3. Methodology of experimental examinations. 

The samples, on which the examinations have been carried out, differed among themselves in 
the composition and water to binder ratio, as shown in the table 1. The sample marked with the 
letter A is a comparative sample and was prepared and tested in order to determine changes in the 
properties of mortar before and after the addition of lightweight filler (which in this case is perlite) 
and air-entraining admixture. Mortar A is not a restoration plaster. To make a mortar samples was 
used Portland cement CEM I 42,5 with loose bulk density equal to 1.2g/cm3. The density of the 
lime is 0.5 g/cm3 and the sand – 1.76 g/cm3 (the fraction 0.2 -0.6 mm). The amount of water was 
adjusted experimentally on the basis of the consistency measurement. 

Sample  Components 
Volumetric 
proportions 

A 

cement 1 
lime 1 
sand 6 
water 2 

B 

cement 1 
lime 1 
sand 3 

perlite 4 
CO 84 0.014 
water 1.57 

C 

cement 1 
lime 1 
sand 2.95 

perlite 4 
CO 84 0.014 

silica fume 0.05 

water 1.57 

Tab. 1. Composition of samples 
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On hardened mortar was carried out fallowing examinations: density, tensile strength, 
compressive strength, strength ratio, capillary absorption of water and water penetration. 

The density of hardened mortar with air pores was determined mathematically by dividing the 
sample weight by its volume. 

The value of tensile strength during bending for restorative plasters is not defined in the polish 
norm PN-EN 998-1[3]. It is also not specified in the WTA Instruction [4]. However, should be 
examined to determine the ratio of compressive strength to tensile strength, which maximum value 
is given in the WTA Instruction [4]. 

Determination of compressive strength of the samples was made on a press KC 300 KS 300 
EUR. 

The ratio of compressive strength to tensile strength was determined by calculation. 
Capillary absorption of water through the bottom of the sample after 24 hours was measured 

according to WTA Instruction [4]. The samples were weighted, then immersed in water to a depth 
of 2 mm and re-weighted after the required time. The amount of absorbed water was determined by 
the difference in weights of the samples before and after immersion. 

The depth of penetration of the water was measured simultaneously with the measurement of 
capillary water absorption. Measured was capillary wicking height at the cleavage plane. Water 
penetration caused by capillary wicking should not be higher than 5 mm [3,4]. 

4. Results of research and conclusions 

Table 2 presents the results obtained in the tests compared to the required values [3,4]. 

Properties 
Sample Required 

value 
Unit 

A B C 

Bulk density 1,85 1,23 1,20 <1,4 kg/dm3 

Tensile strength 1,34 1,74 1,68 - MPa 

Compressive strength 3,2 4,18 4,43 1,5-5,0 MPa 

Strength ratio 2,39 2,4 2,64 < 3,0  - 

Capillary absorption of water 8,44 6,88 6,72 ≥ 0,3 kg/m2 

Water penetration 
entire cross 

section 
6 5 ≤ 5 mm 

Tab. 2. Characteristics of the samples 

 
The next table shows information about which type of mortar meets the requirements for 

particular properties. Sign � means compliance with standards and sign � shows that the mortar 
does not conform to the requirements [3,4]. 

 
 
 
 
 
 
 
 
 

Tab. 3. Comparison of obtained results with the requirements. 

Properties 
Sample 

A B C 

Bulk density � � � 

Tensile strength � � � 

Compressive strength � � � 

Capillary absorption of water � � � 

Water penetration � � � 
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As shown in the table above, all the tested properties meet the requirements only in case of 
mortar C, modified by the addition of light filler (perlite), air-entraining admixture  Ceresit CO 84 
and silica fume. 
 Based on research of the bulk density of hardened mortar, it can be concluded that adding to 
the composition particular components was appropriate and justified. Thanks to this required values 
of density have been achieved. The reduced mass of mortar has a positive effect. 

Air-entraining admixture and perlite helped to reduce value of compressive strength (sample B) 
to allowed by the norm. In turn, sample C containing the addition of silica fume is characterized by 
slightly compressive strength, but still does not exceed the maximum value according to WTA 
instruction [4]. 

The only mortar for which the height if capillary wicking is acceptable by the norm [3,4] is 
mortar C. 

To summarize the obtained results of research, it can be concluded that adding perlite and air-
entraining admixture Ceresit CO 84 led to decrease in bulk density value and a sharp drop in mortar 
strength parameters, which is preferred in this case. 

The difference between composition of mortar B and C consist in the fact, that a small amount 
of sand was replaced by silica fume. Using exactly the same quantity of water, noted was a slight 
change in measurement of consistency of fresh mortar. Addition of silica fume caused small 
differences in the strength tests. The compressive strength of mortar with silica fume has increased, 
while the tensile strength during bending has decreased. Both the compressive strength value and 
the strength ratio comply with the requirements. A small reduction in the amount of water absorbed 
by the material due to capillary wicking has occurred. The height of capillary wicking so modified 
mortar was lower compared to other samples and was equal to the maximum of 5 mm according to 
the norm. The mortar of such composition corresponds with all recommended by the norm values of 
parameters that have been tested. 
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Abstract. The following article presents the results obtained through the modification of sand-lime matter. 
The modifying filler is a low-density polyethylene granules (hereinafter referred to as LDPE), formed as  
a result of the recycling process. The main purpose of the research was to receive a lightweight, recyclable 
product with physical and mechanical properties similar to abovementioned traditional sand-lime products. 
The filler has given the desired effect, however the compressive strength of newly created elements has 
significantly decreased. It is therefore conclude that from the building operation point of view, relevant are 
modified products that contain less than 9% of LDPE filler. The paper describes the examination 
methodology and the results, in the form of tables and graphs. 

Keywords: sand-lime products, silicates, masonry elements, polyethylene LDPE, recycling, compressive 
strength, density, absorption, modification, experiments, lightweight fillers. 

1. Introduction  

Silicate products are construction materials, in which the basic ingredient is a sand-lime matter. 
These products are primarily characterized by high compressive strength (more than 20 MPa). 
Furthermore, silicates are commonly considered to be environment-friendly, because unlike cellular 
concrete, do not contain cement, characterized by high content of radioactive isotopes, such as 
radium, potassium and thorium. Nevertheless, high bulk density tends to seek production methods 
and recipes of lighter blocks with properties similar to traditional products. 

Methods of modification of these products are not widely known in the literature. More tests 
are subjected to cement and silica cement products. 

The first known in the literature attempts to modify mentioned above construction products, 
took place at the turn of the 19th and 20th century. Modified was a cement-gypsum mortar. Then,  
a few years later, as a result of combination of curing and air bubbles formation process was 
obtained the first modern lightweight concrete, called then a cellular concrete. [1]. In the following 
years, to the cement-silica matter introduced many other additives, such as polystyrene granules [2], 
polystyrene foam [3], comminuted glass foam comes from glass cullet or blast furnace slag [4], the 
resin foam particles with foaming agent [5], or glass foam aggregate reinforced i.a. by glass, steel, 
titanium or carbon fibers and with addition of fly ash [6]. 

From a practical point of view, in building operating relevant are those silicate products which 
compressive strength is higher than 10 MPa [7]. Having regard to environmentally sustainable 
development and the progress in science in the field of masonry units modification, the main 
purpose of research was obtaining a light product, which can be recycled and has a physical and 
mechanical properties similar to a.n. traditional sand-lime products. 

Among the many products available on the market that might be helpful in reducing bulk 
density of sand-lime elements, special attention is paid to the low-density polyethylene (LDPE)  
in granulate form, which is a result of recycling process. So far this material has found application 
mainly in the electronic, electrical and food industry, household appliances as well as in civil 
engineering (in the manufacture of foam insulations, gas, central heating and air conditioning pipes, 
etc.) 
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Polyethylene referred  in the paper is characterized by low bulk density (up to 0.91g/cm3) and 
water absorption after 24 hours lower than 0.03% [8]. These properties have prompted to use this 
product as a filler in the silicate matter in order to reduce the density of the obtained products.  

2. Examination methodology 

The starting material to conduct the preliminary tests was a sand-lime mixture, which consisted 
of quartz sand (approx. 90-92% by weight), calcined lime (about 5-8% by weight) and water [4].  
In the following steps as a filler were used  formed by recycling LDPE granules, in order 3, 6, 9, 12 
and 15% of the weight. The resulting matter was formed in a rectangular blocks with dimensions  
of 4x4x16cm, compacted and then autoclaved for 8 hours at 203oC. Prepared in this way product 
was weighted and then subjected to a compressive strength test. 

Each of made elements was desiccated in a dryer with air circulation in order to achieve dry 
matter in accordance with the guidelines of the norm EN 772-13/2001 [9]. In the next stage the 
samples were weighted and then immersed in water to determine water absorption (according to  
EN 771-2:2003+A1:2005 [10]). 

3. Results of research 

Tests and calculations of selected physical parameters was performed on each of the six 
samples with identical composition. Further studies were carried out on separate samples  
of silicates. The results obtained were averaged and shown in table 1.  
 

Granules mass 
percentage in sample 
[%] 

Gross 
density 
[g/cm3] 

Water 
absorption 
[%] 

Compressive 
strength 
[MPa] 

0 1,6 21,34 15,9 
3 1,5 20,23 15,1 
6 1,5 19,45 14,5 
9 1,3 17,50 13,1 
12 1,2 16,23 12,1 
15 1,0 14,61 11,4 

Tab. 1. The average physical properties of modified silicate products. 

 

 

Fig. 1. Impact of LDPE granules on gross density of received sand-lime product. 
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The obtained values of gross density confirm the assumption that the partial modification  
of lime-cement mixture by the used filler affects reductively on the mass of the product, which 
clearly presents  Fig.1. 

Interference  in the composition of the mixture has not shown the expected results, because 
together with the decrease in density decreases the compressive strength of tested silicate product 
(Fig.2.). 

 
Fig. 2.  Impact of LDPE granules on gross density of received sand-lime product  

The absorption of the silicate material was calculated according to the procedure laid in the 
norm PN-EN 771-2:2003+A1:2005 [10] and presented in table 1. 

From the obtained results noted was a growing trend in water absorption of the received 
product with decreasing compressive strength (Fig.3.).  

 
Fig. 3. The relationship between water absorption and compressive strength of the modified silicate material 

4. Conclusion 

The additive in form of low-density polyethylene granules (LDPE) to the silicate matter, 
applied in the studies, is a recycling product. The partial, increasing share of the filler in sand-lime 
mixture has contributed to achieve the desired reduction in gross density. Unfortunately, despite the 
high compressive strength of LDPE, with increasing content of granules, there is a decrease  

39



 

 

in compressive strength in relation to the standard samples. In building operating may be applied 
only these modified products which contain no more than 9% by weight of LDPE. 

Furthermore, it is noted that the series of obtained products is characterized by a significantly 
lower than traditional products water absorption, which means a smaller amount of absorbed water 
in the examined materials. 

To summarize the above observation, there is an implication that further research in order  
to achieve the highest possible strength with the lowest bulk density, should be carried out with 
other fillers, which improve the compressive strength of the newly manufactured products. 
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Abstract. Tunnels are specific structures, which are constructed and used to carry persons and transportation 
of general cargo, in order to shorten transport routes and improve traffic safety. Safe operation of the tunnel 
is very important for the function of the transport infrastructure. It is necessary to know the risks related to 
traffic accidents and their possible consequences before the construction of the tunnel. Technical regulation 
allows assessing operation risks in tunnels according to methodology that reflects the event tree by the 
possibility of accidents and fire. Risk analysis should be in the future a good aid for designers to design 
tunnel with possible corrections in respect to the results of risk analysis. 

Keywords: analysis, evaluation, event tree, expected value, model, TP 02/2011, risk. 

1. Introduction 

European Directive 2004/54/EC, on minimum safety requirements for tunnels in the trans-
European road network with a length exceeding 500 m, was adopted by the European Parliament 
and the Council of the European Community in April 2004. After two years, according to this 
European directive, was approved in Slovakia the Government Decree n. 344/2006 Z. z. 
(hereinafter referred to government regulation), in which the Slovak Republic has committed to 
establish a uniform methodology for determining the risk analysis of security tunnels. Risk model 
for the risk analysis of Slovak road tunnels was mancomunal from Austrian model TuRisMo 
(Tunnel Risk Model) established in RVS 09.03.11. 

2. Technical specification 02/2011 

Technical specifications 02/2011 „Risk Analysis for Slovak Road Tunnels“ serve as methodical 
basis for quantitative assessment of risk parameters of road tunnels with a length exceeding 500 m. 
Besides the principle of the whole model of risk analysis there are also included model 
characteristics, which are based on simulation calculations. There were considered extensive data 
documentation, respectively data that more accurately capture the reality of the Slovak tunnels. The 
model in [1] is designed in the way to allow changes in model parameters additionally. It should be 
mentioned that the use of the model is not easy according to given data base, which is made up of 
the output data of simulation models that are not described in detail in this regulation. Therefore, a 
typical user of these specifications without access to databases will not be able to make a correct 
calculation of the expected value of risk. Regulation [1] determines only the boundary conditions of 
simulation conditions, without a detailed derivation of the output data needed to take account of 
specific risks.  

At the Department of Construction Management, Faculty of Civil Engineering, University of 
Žilina the calculations for bi- and unidirectional tunnels are performed. Models of influence 
formulation of individual tunnel elements are processed and within the solution of project AŠFEU 
[2] should be processed prediction models on estimation of operating phases. It is predicted to 
improve operation safety in evaluated tunnels on the basis of analysis. 
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2.1. Technical Safety of Road Tunnels 

The technical safety of the road tunnel consists of the following four steps: 
� specific hazard analysis – qualitative safety control with systematic evaluation of all 

relevant safety and technical parameters of the tunnel 
� safety evaluation on the base of Slovak and international technical-safety guidelines – 

minimal requirements of government regulation must be unbroken 
� risk analysis and assessment 
� safety documentation. 

2.2. Risk Analysis Methodology 

Risk analysis model examines the personal risk of tunnel users, which means that all 
parameters are used only to accidents with personal injury. It is detected the statistical value of risk 
for risk of tunnel users, namely the statistically expected value of number of fatal casualties per 
year.  Effects of dangerous goods (DG) are considered only a simplified model. For deeper 
disquisition of risks from the transport of DG through the tunnel should is needed to use special risk 
model DG-QRA which was developed in the framework of the joint OECD/PIARC. 

“Fig. 1” The risk analysis model consists of two main items: 
� quantitative frequency analysis 
� quantitative consequence analysis. 

 
Fig. 1. Basic structure of road tunnel risk analysis 

By frequency analysis – using event tree – to calculate the potential numbers of events for a 
set of defined scenarios of damage. Based on the initial event (failure or accident), whose frequency 
is known (statistic data), is generated by several degrees different possible sequences of events that 
lead to different damage scenarios. Damage scenarios are different types of events, vehicles 
involved, damages and the like. 

By analyzing the consequences of accidents for each damage scenario estimated effects of the 
accident: 

� accidents only with mechanical damages based on an assessment of accidents in the tunnel 
with injured people from the data file of about 450 accidents in the Austrian road tunnels 
and adaptation to conditions in accordance with Slovak statistical data from the period 2000 
to 2009 

� accidents with fire - model based on an estimate of the damage 
� by one-dimensional model of the spread of smoke was calculated temperature distribution 

and concentration of pollutants as a result of fire in the tunnel, taking into account tunnel 
ventilation; using the model of evacuation simulation are simulated escape movements of 
disabled road users and are combined with the results of the model spread of smoke. 
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2.3. Hazard Class Assignment 

“Tab. 1” The studied tunnels are assigned to risk (hazard) classes: 

Expected Risk Value 
Hazard Classifications 

Lower thresholds Upper threshold 
- 0,02 I 

>  0,02 0,1 II 
>  0,1 0,5 III 
>  0,5 - IV 

Tab. 1. Distribution of hazard classes of road tunnels 

This classification provides an overview of the absolute risk level of tunnel (regardless of whether it 
was under government regulation assessed as safe or not) and can serve as an additional criterion 
for safety relevant technical decision. It complements a relative risk evaluation where the risk value 
of examined tunnel is compared with the risk value of comparable reference tunnel. Reference 
tunnel represents fictive tunnel with minimal safety requirements according to European Directive 
2004/54/EC.       

3. Dependence of Results from Transport of Dangerous Goods  

In the experimental part some values of input parameters were sorted from [1] (tunnel length, 
annual average daily traffic (AADT), amount of traffic jams, distance between emergency exits, 
length of weaving section, etc.) like averages in Slovak conditions. 

By calculation program TUN_RISK [3] of Department of Construction management, 
University of Žilina were obtained partial data according to evaluated parameters, while two 
parameters were changeable (during the modeling) and others were invariable or depended on 
structural characteristics of risk model. 

“Fig. 2” Risk margin doesn’t depend to percentage of DG or it can be said that this dependence 
is very low. But accidents from Alp’s tunnels (Mt. Blanc, Gotthard, Fréjus, etc.) demonstrated that 
just small accident of heavy good vehicle (HGV) with DG can lead to a catastrophe. Colored 
markings represent different percentage of personal vehicles, HGV and buses in traffic flow (e.g. 
numerical formulation 90, 8, 2 means 90 percent of personal vehicles, 8 percent of HGV and 2 
percent of buses in traffic flow). 

 
Fig. 2. Comparing of risks of 3000 m long bidirectional tunnel with point extraction ventilation system depending up 
the composition of the traffic flow and percentage of DG [4] 

“Fig. 3 and 4” Other dependence represents comparison with small changes in the composition 
of the traffic flow. But the results are very different and it is admirable that the risk, in Figure 4 with 
the same percentage of HGV and buses in traffic flow, has downtrend. The risk doesn’t change with 
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the increasing portion of DG in HGV traffic. Risk model in [1] solves a problem of DG transport, 
but only insufficiently. Technical specification [1] advises to use DG-QRA model, but without an 
interconnection of results with Slovak risk model for road tunnels. 

  
Fig. 3, 4. Comparing of risks of 5000 m long unidirectional tunnel with transversal ventilation system depending up the 
composition of the traffic flow and percentage of DG [4] 

4. Conclusion 

Conclusions not only from results listed above but also from many others results: 
� demonstrable influence of tunnel length, traffic volume and density of vehicles in traffic on 

final risk value 
� very small influence of DG transport proportion on final risk value. It would be convenient 

to resolve the influence of this transport also with consideration its shutout in our operated 
tunnels. The interconnection of risk model TuRisMo with DG-QRA model should be those 
important step to create better and complex risk analysis 

� amount of traffic jams affects the extent of damages in case of fire only with very small 
margin in spite of an increasing number of people in tunnel 

� almost none influence of distance between emergency exits.  
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Abstract. The paper provides an analysis of heavy metals content from leachte from municipal solid waste 
landfills. Leachate for the analysis were collected from a closed and rehabilitated landfill for non-hazardous 
and inert in Barcza (Świętokrzyskie Region) Dry municipal waste, liquid waste deposits after neutralization, 
wastewater containing cyanide, chloramine, acid and alkaline wastewater containing sulfuric acid, 
phosphoric acid, hydrochloric acid, etc. were collected in landfill  in 1972-1987. According to the results of 
heavy metals contain in leachate it was found that in the research period 2010-2011 in any of the cases, they 
did not exceed the values set by Polish law. Furthermore, they contain a numerical ranges defined in the 
literature. 

Keywords: heavy metals, leachate, landfill 

1. Introduction 

The oldest and the most common method of waste disposal in Poland is their deposit in a 
landfill [1]. Landfill for others than non-hazardous and inert contaminates is an unique object from 
the point of view of the protection of the environment and in terms of sanitation, because none of 
the currently used technologies does not protect completely against its negative environmental 
impact [2]. The application of the landfill, as well as after its closure leachate are formed, which 
according to [3] are "any liquid percolating through the deposited waste and emitted from or 
contained within a landfill." Leaching characteristic feature is a large variation quantity and also 
quality which depends on many factors including storage size, number, and type of waste deposited, 
climatic conditions, etc. [4, 5, 6]. According to the literature [1] number of leachate from landfills 
represents only about 0.4% of treated municipal wastewater, but the charge of organic pollutants 
carried in leachate is a 2% charge included in all municipal wastewater and nitrogen charge 8.5%. 
With the aging of the deposit landfill leachate volume increases, what should be attributed to 
saturation of the waste retention capacity while reducing the volume of water as a result of 
mineralization of organic matter. Leachate is produced less shortly after proper closure of the 
landfill [7]. Chemical processes occurring in municipal waste landfill Barcza, which is already 
inactive, are long and not controlled, therefore, it is necessary to carry out continuous local 
monitoring. From the point of view of the standard environmental monitoring in the landfill region 
the most important is Regulation of the Minister of Environment from 9th December 2002 in range 
of the scope, time, method and conditions of landfill monitoring [8]. This regulation clearly 
specifies the minimum range of environmental monitoring conducted in the area of the design 
(phase before application), running (operational phase) and closed (after application) landfills. The 
required range of indicators was submitted in the cited regulation, their control is essential in 
clinical monitoring around landfills, which include: pH, conductivity electrolytic correct, TOC, 
heavy metals Cu, Zn, Pb, Cd, Cr+6, Hg, and total PAHs . 

Heavy metals are one of the most troublesome contaminats present in the leachate. Their toxic 
nature disrupts the natural balance of biological processes inhibits the self-cleaning water. Heavy 
metals in the leachate can be in the form of suspensions, as well as in soluble form [9]. According 
to the literature the amount of heavy metals deposited in the landfill, which enters the effluent, is 
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less than 0.05% [10]. Weight bioaccumulation processes by microorganisms and extraction 
processes conducive to migration of heavy metals to the leachate from landfills. Chemical processes 
such as leaching, oxidation and reduction can influence the differentiation of the chemical forms of 
heavy metals in the leachate, many of which can pass directly from the effluent to the soil 
environment. 

2. Methods of Investigations 

The leachate used in the experiment came from the municipal landfill Barcza near Kielce 
(Świętokrzyskie Region). The landfill is located in the excavation of the sandstone operation. This 
excavation was the shape of the basin with a length of about 310 m, a width of 70 m and a depth of 
nearly 25 m. Operation of the landfill (without unprotected field) began in 1972 with the stipulation 
that it will be dry municipal waste landfill. Liquid waste in addition to the dry waste were collected 
in 1978. Moreover, the sludge after neutralization of Polmo-SHL were stored there (including waste 
water containing cyanide, chloramine, acid and alkaline wastewater containing sulfuric acid, 
phosphoric acid, hydrochloric acid, etc.). Operation was completed in 1987 and it was proceeded to 
the site of his rehabilitation. The analyzed results were performed in accordance with applicable 
legal requirements in a formal Environmental Research Laboratory of the Geological Enterprises in 
Kielce and SGS Laboratory of Eco-Design Ltd. in Pszczyna. 

Water leaching in the area of municipal waste collected in Barcza research are drained from the 
leaching wells Z1 and Z2. 

3. Results and discussion 

The average content of heavy metals in the leachate are highly diverse and depend on many 
factors (Tab. 1).  Individual heavy metals may be present in a high broad range what was presented 
in the following table by two different authors. Therefore, it is not difficult to conclude that the 
analyzed results (Tab. 2 and Fig. 1) contained in the specified ranges.  

Parameter 
Range by Christensen T.H. and 
others 
[mg/L] 

Range by Pleczyński J. and others 
[mg/L] 

As 0.005÷1.6 0÷0.025 
Cd  0.0005÷0.14 0.004÷0.375 
Ni 0.02÷2.05 0.007÷1.04 
Pb 0.008÷1.02 0.034÷2.89 
Cr 0.03÷1.6 0÷0.271 
Cu 0.004÷1.4 0.004÷0.375 
Hg 0.0002÷0.05 0÷0.0045 

Tab. 1.  The average content of heavy metals in the leachate [11] 

Maximum values of contaminant indicators allowable for leachate are presented in the 
Regulation of the Minister of Environment of 28 January 2009 which concern the conditions to be 
met by the introduction of wastewater into water or soil and on substances that are particularly 
harmful to the aquatic environment (Dz. U. nr 27 poz. 169 z późn. zm) [12]. The individual values 
of the heavy metals from the cited regulation are shown in Tab. 2 (column 3) and Fig. 1 (black 
column).  

The results of analyzed effluents from regular surveys carried out under the monitoring of 
inactive landfills  are presented in Tab. 2. Tests are performed in accordance with applicable 
provisions of law, every six months. With the collected data the maximum and the minimum, 
arithmetic mean, and median (in order to reduce the impact of extreme values) were calculated. 
Comparing the obtained values with the values specified in [12] it can be seen that the level of 
heavy metals in leachate is analyzed below the permissible limits in force in Polish law. The low 
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content of heavy metals may be due to many factors, and in this particular case, including with a pH 
of from 7.42 to 8.23 (with an increase in pH reduces the solubility of the metals). Moreover, the 
adsorption and precipitation reactions (through co-anions sulfides, carbonates, hydroxides) have a 
significant influence on the concentration of heavy metals in the stabilized landfill.  

Parameter Unit [12] Maximum Minimum Median Mean 

Pb [mg/L] 0.5 0.067 0.043 0.0510 0.0523 

Cd [mg/L] 0.2 0.015 0.006 0.0085 0.0095 

Cu [mg/L] 0.5 0.083 0.02 0.0430 0.0474 

Zn [mg/L] 2 0.261 0.07 0.1710 0.1591 

Cr+6 [mg/L] 0.1 0.01 0.003 0.0100 0.0083 

Hg [mg/L] 0.03 0.0005 0.00001 0.0005 0.0004 

pH - 6.5÷9 8.23 7.42 7.91 7.91 

Tab. 2. The content of heavy metals in leachate from the landfill in Barcza (2010-2011) 

To better illustrate the difference between the maximum limit values for concentrations of 
heavy metals in the leachate and the real data from the landfill in Barcza from Tab. 2 are shown in 
Fig. 1.  

 
Fig. 1. The content of heavy metals in leachate from the landfill in Barcza 

Fig. 1 clearly shows that the content of heavy metals in the leachate from the landfill in Barcza 
is far lower than that allowed in [12]. The maximum effective concentration of heavy metals in all 
analyzed cases is less than 17% of the maximum permissible concentration laid down in [12]. The 
least in relation to the maximum permissible value is Hg (about 2%), while the greatest Cu 
(approximately 16.6%). Based on the analyzed results of the concentration of metals in the leachate 
test are presented in the following order of decreasing content: Zn> Pb> Cu> Cr+6> Cd> Hg. The 
median value as a more representative (more resistant to extreme values than the arithmetic mean) 
were taken into accounti determining the order of this series.  
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4. Conclusion 

Landfill leachate are generated for example as a result of leaching by rainwater various 
chemicals from the landfill deposits, and the amount and composition depend on many factors. 
Moreover, in the literature high wide ranges of heavy metals in leachate can be found so that it can 
be said that the analyzed leachate from the landfill in Barcza not stand out in the literature. In the 
leachate from the landfill in Barcza there were no exceedances of the maximum permitted levels of 
heavy metals in 2010-2011. Moreover, the concentration of analyzed metals are low in relation to 
occupational exposure limit values (are from about 2% to less than 17% of the limit). 
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Abstract. The paper focuses on verification of the thermal conductivity coefficient λ of railway subbase 
gravel sand layer via laboratory tests. The main target of these tests was to clarify the conditions under the 
thermal conductivity coefficient λ was defined in the TNŽ 73 6312 prescription. For this purpose the gravel 
sand specimens with 3 different degrees of humidity (dried gravel sand material, material with natural humidity 
and saturated material) were tested in the laboratory. 
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1. Introduction 

The thermotechnical characteristics of construction materials are considered the basic 
characteristics for the design and assessment of railway subbase construction related to non-
transportation load (effects of climatic factors, mainly frost).  From this point of view the most 
significant parameter is  the thermal conductivity coefficient λ of construction materials that are 
used in the subbase construction layers. 

2. Verification of the thermal conductivity coefficient of  gravel sand layer 

In the Slovak republic the design and assessment of subbase construction of railway tracks is    
realized in accordance with TNŽ 73 6312. In this  legislative document, binding for the design and 
assessment of  ŽSR tracks related to non-transportation load, the following thermal conductivity 
coefficients λ  of materials used in the  subbase layer are stated: 

Material Thermal conductivity coefficient 
 λ (W.m-1.K-1) 

Track ballast 2,00 
Sandy gravel 2,30 
Crushed aggregate, tailings, recovered material 2,00 
Blast furnace slag 0,95 
Stabilized soil 1,75 
Asphalt coated aggregate 1,15 
Cement concrete 2,55 
Sand clay 2,20 
Clay 1,95 
Silty clay 1,70 
Mechanically compacted aggregates 1,80 
Hydraulically bound aggregates 2,20 
Polystyrene concrete 0,25 
Polystyrene 0,15 

Tab.1. Design values of thermal conductivity coefficients λ of subbase layer materials [1]. 
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 On the basis of long-term experimental measurements of  the temperature regime of subbase 
layer conducted in the experimental stand  of the Department of Railway Engineering and Track 
Management  of the University of Žilina in Žilina, it was proved that freezing of the subbase layer 
is not significantly influenced only by the origin and a granularity, but also by the humidity of 
construction material built in the subbase construction. It is not known, which granulometric 
composition and humidity of the material the above stated thermal conductivity coefficients λ were 
gained for. Due to this fact and also due to the verification of the freezing process flow by the 
mathematical analysis  using  SoilVision software, at the same time it is necessary to  verify the 
thermal conductivity coefficients  λ, that are used in the procedure of the design and asssesment of   
subbase related to adverse effects of frost according to TNŽ 73 6312. 
 The laboratory of  the Department of Railway Engineering and Track Management has  been 
conducting experimental measurements to verify the thermal conductivity coefficients λ stated in 
Tab.1  since 2008. There have been analysed several standard materials, that are used or possibly 
occur in the subbase construction, such as clay, track ballast, fraction 32/63 mm and crushed 
aggregate, fraction 0/32 mm. The verification results of their thermal conductivity coefficients λ 
were presented in [2]. This paper specifies the testing procedure and the results of the experimental 
measurements of gravel sand, for which  [1] states the thermal conductivity coefficient  λ = 2,3 
W.m-1.K-1.  
 The material in question was verified for 3 different humidities, specifically: 

� w1 = 0 % 
� w2 = approx. 2,5 % 
� w3 = approx. 5 % 

The relation for the calculation of the respective coefficient λ follows from ČSN 72 1105, 
because STN 72 1105  was canceled, and it can be stated as: 

t

h
,

c. ∆ρ
λ 2

2490=  (1) 

where: λ - thermal conductivity coefficient, (W. m-1. K-1), ρ - volume weight, (kg. m-3), 
 c - specific heat capacity, (J. kg-1. K-1),     ∆t - time interval, (s),  

  h - specimen thickness, (m). 

To determine the thermal conductivity coefficient λ, it is neccessary to conduct the 
measurements of all the needed input characteristics  that enter the relations for its calculation.  The 
method of their determination is stated in the following chapters. The time interval ∆ t and the 
specific heat capacity c are among these characteristics. For each of the above stated humidities 
three measurements were conducted, they were averaged and the result was compared to the value 
of the thermal conductivity coefficient λ stated in [1]. 

2.1. Calorimetric test 

The calorimetric test serves to determine the specific heat capacity c (J. kg-1. K-1). This  
parameter is necessary for the indirect determination of the thermal conductivity coefficient λ.  

A special device was constructed to specify it by the Department of Railway Engineering and 
Track Management of the University of Žilina. The exact determination of the specific heat 
capacity c, as well the time interval  ∆t is a complex technological process and plays a crucial role 
in achieving overall results. 

The calculation of the specific heat capacity of the gravel sand specimen in the dry state c0 is 
realized according to the relation: 
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where:  m - mass of the tested specimen, (kg), mv - mass of water, (kg), 
  TP - initial temperature of water, (ºC), TK - final temperature of water, (ºC), 
  T  - specimen temperature prior to measurement, (ºC), 

 c0 - specific heat capacity of the dry specimen, (J. kg-1. K-1), 
  cv  - specific heat capacity of water, (J. kg-1. K-1). 

For the conversion of the specific heat capacity of the gravel sand specimen from the dry to the 
humid state the following relation is valid: 

( )
w

w
.cccc v +

−+=
10000  (3) 

where:  c  - specific heat capacity of  humid material, (J. kg-1. K-1), 
  w - specimen humidity, (%) [3]. 

 The time interval ∆t is a further characteristics necessary for the indirect determination of the  
thermal conductivity coefficient λ. It is not possible to specify this characteristics by standard  
laboratory tests and that is why a special device for its determination had to be invented by the 
Department  of Railway Engineering and Track Management. The time interval is derived from the 
difference in time between 50% and 10% decrease of  the sample temperature. 

2.2. Evaluation of the results of experimental measurements  

 As pointed out in Chapter 2, the experimental measurements were based on the verification of  
the thermal conductivity coefficient λ (W.m-1.K-1) of gravel sand for 3 different humidities. A 
complex set of measurements was carried out on the specimen, and their evaluation was based on 
the correlation dependencies with determining parameters and influencing factors. The achieved 
results were subsequently averaged for each humidity. The measured values of the parameters 
necessary for the calculation of the thermal conductivity coefficient λ and the calculated values of 
this coefficient are stated in Tab. 2, Tab.3  and  Tab. 4. 

Measurement 
number 

mv 
(g) 

cv 
(J.kg-1.K-1) 

K 
(J.kg-1) 

m 
(g) 

TP 
(ºC) 

TK  
(ºC) 

T 
(ºC) 

c0 
(J.kg-1.K-1) 

1 18366,1 

4190 5840 

774,9 37,98 37,81 19,92 872,06 
2 17883,6 617 41,14 40,93 16,81 956,63 
3 17954,7 600,6 40,01 39,82 15,64 931,73 
4 17959,7 901,6 40,79 40,57 18,4 781,68 
5 18004,1 720,6 40,21 40 16,98 868,37 
6 17996,4 743,9 40,01 39,84 20,61  826,70 

854,397 
Tab.2. Calculated values of the heat capacity of dry specimen c0 

Measurement 
number t1 

T1 
(ºC) 

t2 
T2 

(ºC) 
t3 

T3 
(ºC) 

∆t 
(s) 

1 8:45:00 22,540 11:11:30 20,286 17:05:30 11,270 21240 
2 8:17:00 19,570 10:27:00 17,613 16:27:30 9,785 21630 
3 9:14:50 18,720 11:14:30 16,848 17:18:30 9,350 21840 
4 8:20:00 20,870 10:50:30 18,783 17:23:00 10,435 23550 
5 8:08:40 22,060 10:32:50 19,854 16:54:50 11,030 22920 
6 13:21:20 19,270 15:32:10 17,343 21:59:30 9,635 23240 
7 10:54:30 19,180 17:42:30 17,262 10:36:30 9,590 60840 
8 9:09:00 19,930 15:31:30 17,937 7:49:30 9,965 58680 
9 9:30:00 19,730 16:06:30 17,757 7:47:00 9,865 56430 

Tab.3. Calculated values of the time intervals ∆t 

 Note:           t1- start time of measurement               T1 – temperature at the start of measurement 
  t2 – time of temperature decrease by 10 %   T2 – temperature decrease by 10 %  
  t3 – time of temperature decrease by 50 %   T3 – temperature decrease by 50 %  
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Measurement 
number 

w 
(%) 

h 
(m) 

ρ 
(kg.m-3) 

c 
(J.kg-1.K-1) 

∆t 
(s) 

λ 
(W.m-1.K-1) 

λ  
(W.m-1.K-1) 

λTNŽ 
(W.m-1.K-1) 

1 
2,458 0,305 2066,65 934,419 

21240 2,106 
2,074 

2,3 

2 21630 2,068 
3 21840 2,048 
4 

4,865 0,32 2132,48 1009,146 
23550 2,330 

2,362 5 22920 2,394 
6 23240 2,361 
7 

0 0,309 2173,56 854,397 
60840 0,726 

0,753 8 58680  0,752 
9 56430 0,782 

Tab.4. Calculated values of the thermal conductivity coefficients λ 

The influence of humidity on the 
value of thermal conductivity coefficient 
λ of the gravel sand layer, following 
from the measured values, is 
demonstrated by Fig.3. This evaluation 
clearly shows that the value of the 
thermal conductivity coefficient λ grows 
with increasing humidity and the value 
of this coefficient, stated by TNŽ           
73 6312, may thus correlate for the 
gravel sand material of humidity approx. 
4,1 % [3]. 

 
Fig. 3. Dependence of the thermal conductivity coefficient λ of the gravel sand layer on humidity   

3. Conclusion 

 The value of the thermal conductivity coefficient λ of the gravel sand layer has so far most 
correlated with the thermal conductivity coefficients stated in TNŽ 73 6312, unlike the values of the 
coefficients verified in the previous years.  
 As nowadays the crushed aggregate, fraction 0/63 mm, is used for the subbase layers, (mainly  
due  to the application of reinforcing geogrids), this particular material will be a subject of further  
experimental assessment.  Besides this material, further laboratory test will verify all the con- 
struction materials used for subbase construction layers  with thermal conductivity coefficients   
λ  stated in Tab. 1.  
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Abstract:  The long-term deflections of cast-in-place segmental bridges constructed by cantilever method are 
often larger than the deflections expected in the design. The deformations often increase with time over the 
entire life span of the bridge, although in a decreasing rate. A detailed structural analysis and monitoring of 
these types of bridges has therefore become a matter of interest. There is seen significant influence of 
rheological properties of concrete. Behaviour of these bridges is object of interest also in Slovakia. The 
analysis is based on a parametric study and long-term monitoring of the behaviour of a Highway bridge in 
Slovak Republic. The results of the study were compared with in-situ measurements that have been regularly 
carried out since the very early stages of construction.  

 
Keywords: prestressed concrete bridge, bridge monitoring, long-term behaviour, differential shrinkage 

1. Introduction 

Bridges built by free cantilever method are mainly used for overcoming the large spans in 
places where stationary support can not be used. Concreting and prestressing of concrete proceed 
stage by stage by using of formwork traveller. Consequently, every individual segment has different 
age of concrete. The rheological effects as the shrinkage and creep are significant affecting on the 
stress redistribution and deformation of structures in the final construction stage in service but also 
in various construction stages respectively. Monitoring of bridges shows real behaviour of structure 
during construction and also in service life. Currently, monitoring is running on the highway bridge 
which is in these days still under construction. Experimental results are compared with 
computational model performed in Midas Civil Software according to Eurocode 2. 

2. Bridge 205 on Highway D1, Dubná skala – Turany 

2.1. Construction and Monitoring System 

The bridge structure has five spans, main span (119,97m) is built by free cantilever method and 
other spans are built on stationary support. Length of each cantilever is 49,25m and is consist of 11 
segments with length from 4,4m to 5,0m. Longitudinal section of this span presents the Fig.3. The 
cross-section is single box girder, see the Fig. 4. Height of cross-section is variable, from 2,85m to 
6,50m, total width is 13,65m. Thickness of the walls varies from 450mm (centre of span) to 800mm 
(over support). Upper slab has a constant thickness of 300mm, bottom slab has variable thickness, 
from 240mm (centre of span) to 920mm (over support). 

Materials used for cast-in-situ structure are concrete C40/50 and prestressed tendons which 
consist of 15 or 18 strands, tendon diameter is 15,7mm and characteristic strength is 1860 MPa.  

Bridge has started to build in autumn 2012 and currently is under construction. Detailed 
monitoring has been carried out during first construction stages. Obtained results are compared to 
the numerical model performed in the MIDAS CIVIL software. 
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The main monitored quantity in a concrete is stress. For this purpose vibrating wire strain 
gauges are used. Strain gauges are placed in representative cross-section before concreting. 

Except stress we also measure temperature of concrete. We can observe development of 
hydration heat in concrete. 

 

 
Fig. 1 Construction of first segment.         Fig. 2 Placement of strain wire gauge. 

 

 
Fig. 3 Location of strain gauges placed in span build by free cantilever method. 
 

 
Fig. 4 Position of strain gauges in cross-section. 
 

2.2. Structural Model 

The detailed finite element model was developed for the analysis. The analysis aimed 
especially at the calculation of the long-term deformation of the segment “L1”. Certainly the 
structural model of bridges constructed using the cantilever method must respect the changes of 
static system and boundary conditions. Concrete of structural elements of various ages is combined. 
Therefore, during both construction and throughout the service life, account must be taken of the 
creep and shrinkage of concrete, modulus of elasticity (aging) and tendon relaxation. Temperature 
difference between the top and bottom fibres of the beam is represented by temperature gradient.  

Such realistic modelling of structural behaviour can be achieved using the software Midas 
Civil. The finite elements on eccentricity represent the concrete box girder, prestressed tendons, 
supports, temporary support system and the formwork traveller. All operations in the construction 
are respected in the structural analysis according to the real construction schedule. 
The structure was analysed in typical section – “L1”, the first segment of cantilever.  
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2.3. Results 

Theoretical numerical model was performed in Midas Civil software according to construction 
schedule and according to Eurocode 2.  

Shrinkage strain is underestimated in this model due to assuming of uniform cross-section of 
box girder. Model doesn’t take into account differential shrinkage of thinner upper slab and thicker 
bottom slab. Differences between calculated shrinkage strain and shrinkage strain in uniform cross-
section can be seen on Fig. 5. The differential creep doesn’t play significant role. 

Underestimation of differential shrinkage is significant at bottom slab. Numerically obtained 
microstrain is smaller than experimental results. Correct calculation of shrinkage gives results 
which are very close to experimental results. 

 
Fig. 5 Compared shrinkage strain. 
 

 
 Fig. 6. Microstrains in upper, bottom and middle fibres of the wall. 
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3. Conclusion 

We can see agreement between the theoretical values and in-situ measurements in upper and 
bottom fibres. Great differences between theoretical and measured values are in the middle fibres of 
the wall. It could be caused by shrinkage of concrete which is delayed in the wall due to thickness 
of 790mm.  

Differential shrinkage has considerable influence on development of stress in cross-section. In 
numerical models shrinkage effects on prestressed concrete box girder bridges are usually analysed 
assuming the shrinkage strain is uniform over the entire cross section of the box girder. The 
underestimation of differential shrinkage can lead to wrong assumptions of development and 
redistribution of stress in structure. 

Experiences from monitoring of prestressed concrete box girder bridges and comparing with 
theoretical models can allow us to understand the problem and formulate conclusions. 

 

Acknowledgement 

The research work presented in this paper has been supported by the Slovak Grant Agency, 
Grant VEGA No. 1/0517/12. 

References 

[1] EN 1992-1-1 EUROCODE 2: Design of concrete structures. Part 1-1: General rules and rules of buildings. Brussels 
2009. 

[2] Křístek, V., Bažant, Z.P., Zich, M., Kohoutková, A.: Box girder bridge deflection In: Concrete International. 2006, 
vol. 28, no. 1, s. 55-63. ISSN 0162-4075. 

[3] Navrátil, J., Zich, M.: Long-term deflections of long-span bridges. In Chalenges, Opportunities and Solutions in 
Structural Engineering and Construction. 2009. The  Netherlands 

 

56



 
 TRANSCOM 2013,  24-26 June 2013 
 University of Žilina, Žilina, Slovak Republic 
 

  

Influence of connections stiffness on critical load capacity  
and natural vibration frequency of bar structures 

*Agnieszka Dudzik, *Beata Potrzeszcz-Sut 
*Kielce University of Technology, Faculty of Civil Engineering and Architecture, Department of Mechanics, 

Metal Structures and Computer Methods, al. Tysiąclecia PP 7, 25-314 Kielce, 
agad@tu.kielce.pl, beatap@tu.kielce.pl 

Abstract. In the article the influence of connections stiffness on values of natural vibrations frequencies and 
critical load capacity was analyzed. The parametric analysis was performed to calculate eigenvalues of 
orthogonal one-nave frames including joints and support susceptibility. For the actual model initial stiffness 
was determined with the use of Eurocode 3 close method [1] and approximate method as proposed in the 
article [2]. A graph showing the relation of natural vibrations frequencies versus axial force and connection 
stiffness changes for Sj,ini ∞〉÷〈∈ 0  was also determined. The analysis demonstrated that considering the real 
connections stiffness we obtain lower critical load and natural vibrations values in comparison to the models 
of perfectly rigid joint. 

Keywords: semi-rigid connections, end-plate joint, initial stiffness, critical load capacity, natural vibration 
frequency. 

1. Introduction 

For years, in the analysis and design of steel frames, the real behavior of beam-to-column 
connections have been simplified to two idealized extreme models: rigid-joint or pinned-joint. 
However, most connections used in steel-framed structure actually exhibit semi-rigid deformation. 
Stiffness of joints should be taken into consideration for the purpose of proper analysis and design. 
The fundamental characteristic that describes these connections is the non-linear M-φ relationship, 
i.e. the relation between bending moment and angular displacement. Simplification of the method 
consists in the consideration of linear M-φ relationship in the form of initial stiffness (Sj,ini) 
(Fig. 1a).  

a) b) 
 

Φ  

M j  

M j ,R d 

Φ cd 

S j ,in i  

α 0  

S j,in i =  tg α 0  
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M j
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Fig. 1. The relationship between the bending moment at the node and the angle of rotation according to Eurocode [1]. 

This value plays the main role in the connections classification, rules of which are presented in 
Eurocode (Fig. 1b). And so in the case of the non-bracing frame analysis, in the elastic range, nodes 
are divided into nominally rigid (Fig. 1b, range 1): 

b

b
inij, L

EJ
25S ≥  (1) 

nominally pinned (Fig. 1b, range 3): 
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and semi-rigid (Fig. 1b, range 2). According to the formulas (1) and (2), the connections stiffness 
depends on the moment of beam inertia Jb, the moment of column inertia Jc, beams span (axes of 
columns) Lb, storey height Lc. For each storey, the formula Kb/Kc ≥ 0,1 must be satisfied, where Kb 
is mean value of the ratio Jb/Lb for all beams of the upper storeys, and Kc – the average value of 
Jc/Lc for all columns of the given storey. If the connection is classified to the semi-rigid nodes 
category, its stiffness must be taken into account in structure analysis. 

2. Effect of node initial stiffness changes on critical load capacity and vibration 
frequency 

The paper attempts to assess the impact of the node initial stiffness Sj, ini , on the critical load 
capacity Scrit. and vibration frequency ωown. The analysis was performed on the dimensionless 

parameters σ, λ ( )4 242 /EJωµlλ ,EJSlσ == . The displacement method using transformation 

patterns for transverse harmonic vibration subjected to axial force were applied [3]. In this paper 
susceptibility of column-foundation connections was also included. 

Parametric analysis of orthogonal frames composed of rods having the same length l and 
stiffness EJ was performed. Connection stiffness is labeled k symbol with the appropriate index 
determining the location of susceptible node. Various computational schemes were considered 
(Fig. 2). 

a)    0<k1,k2,k3,k4≤∞         b)      0<k1,k2≤∞            c)      0<k3,k4≤∞ 
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d)     0<k1,k2,k3≤∞            e)   0<k1,k3,k4≤∞          f)         0<k3≤∞ 

k1k1 k2

k3k3

k4=0 k4=0
k4k3

k1=0k2=0 k2=0

S SSSSS

 

Fig. 2. Computational schemes considered in the parametric analysis.  

Initial stiffness of beam-to-column or column-foundation connections in range from k = 1 to 
k = ∞ were taken. The range of eigenvalue changes was presented in Table 1. The analysis shows 
that the greatest differences were observed in the range of stiffness connections changes from k = 1 
to k = 10. They are formed within the limits of the order of 25,3% (Fig. 2f) to 108,6% (Fig. 2a) for 
critical load capacity and 16% (Fig. 2f) to 45,6% (Fig. 2a) in the case of natural vibration 
frequencies. Minimal effect on the eigenvalues was obtained for stiffness range 1000 < k < ∞. 
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Scheme a b c d e f a b c d e f 

k1,k2,k3,k4 Critical load capacity parameter – σσσσ    Vibration frequency parameter – λλλλ    
1 1,2647 0,8603 0,8123 1,0605 1,0617 0,5466 1,1767 0,9819 0,9368 1,0842 1,0746 0,7712 
10 2,3508 1,4289 1,2492 1,8253 1,8594 0,7997 1,6329 1,3213 1,1612 1,4695 1,4368 0,9312 
100 2,6736 1,5553 1,3386 2,0178 2,0757 0,8488 1,7707 1,4084 1,2042 1,5751 1,5349 0,9593 
1000 2,7121 1,5692 1,3485 2,0400 2,1010 0,8543 1,7881 1,4188 1,2090 1,5880 1,5469 0,9624 
10000 2,7160 1,5706 1,3494 2,0422 2,1035 0,8548 1,7899 1,4199 1,2094 1,5893 1,5481 0,9627 
∞ 2,7165 1,5708 1,3495 2,0425 2,1038 0,8549 1,7901 1,4200 1,2095 1,5894 1,5482 0,9628 

Tab. 1. Comparison of eigenvalues by range stiffness changes for different schemes of susceptible node location 
(Fig. 2. a – f). 

The computational experiment shows that the largest increases of the critical load capacity and 
natural vibration frequency are obtained in the case of stiffness modification of all frame nodes 
(Fig. 2a). Stiffness change of the column-foundation connections has a greater impact on 
eigenvalues of structure (Fig. 2b) than the stiffness change of the beam-column node (Fig. 2c). The 
analysis also concluded that the greater sensitivity on nodes susceptibility changes has a critical 
load capacity. 

3. Analysis and conclusions 

The problem presented in the parametric analysis is illustrated by a model which allows 
obtaining the existing discrepancies between the extremes connections in the theoretical 
considerations, and the real work of structure. In the article the orthogonal steel frame shown in 
Fig. 3a was analyzed.  
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Fig. 3. a) Steel frame geometry b) connection elements in joint. 

The connections were designed as end-plate joints (Fig. 3b). Initial stiffness was determined 
with the use of Eurocode 3 method [1]: 

∑
=

i i

2

inij,

k

1
Ez

S  
(3) 

where: E – modulus of steel elasticity, ki – stiffness coefficient of the i connection component 
(Table 6.11. pos. [1]), z – arm of internal forces (Fig. 6.15. pos. [1]); 
and approximate method as proposed by Kozłowski [2]: 

2300dhh0,00268tS 0,2520,6154
c

1,985
b

0,1359
pinij, +=  (4) 

where tp – endplate thickness, hb – height of beam section, hc - arm of internal forces, d – screws 
diameter. 
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Sj,ini  [kNm/rad] ωωωωown [rad/s] Scrit  [MN] 
12608     acc (3) 4,32 42,42 
9856       acc (4) 4,26 41,14 

21,8 % 1,2 % 3,1 % 

Tab. 2. Comparison of eigenvalues for stiffness determined by the components and approximate methods. 

Estimated nodes stiffness was compared with the limit values for the semi-rigid connection in 
relation to the analyzed frame structure. The formulas (1) and (2) give a range for susceptibility 
nodes: 509 [kNm/rad] < Sj, ini < 25463 [kNm/rad]. Stiffness Sj, ini calculated by components and 
approximate methods is in the range for semi-rigid connections. 

Knowledge of nodes real stiffness affects the safety, displacement and computational load 
capacity of the whole system design and, consequently, distribution of internal forces, the critical 
load capacity and natural vibration frequency.  

The graph showing the relation between the eigenvalues S(ω) and changes of connections 
stiffness was plotted using MathematicaTM program (Fig. 4). The displacement method for 
transverse harmonic vibration subjected to axial force was used in the analysis. 

S [MN]

ω [rad/s]

Sj,ini >25463
rigid-joint

Sj,ini <509
pinned-joint

509< Sj,ini  <25463
semi-rigid joint

Sj,ini  [kNm/rad]

k3=k4=Sj,ini

k4k3

 
Fig. 4. Graph of S(ω) relation for the stiffness of the beam-column connection for the ∞〉÷〈∈ 0S inij, . 

The values of connections stiffness calculated by accurate and approximate method differs by 
20%. As for critical force, the difference is 3,1%, while the difference in natural vibration is 1,2%. 
Such small differences between eigenvalues allow simple approximate formulas to be used in order 
to determine the initial stiffness. The main aim was to demonstrate how the actual structure and the 
corresponding eigenvalues differ from accepted theoretical models of a rigid-joint. From the 
perspective of reliability and safety of construction, it is important to take into consideration the 
actual initial stiffness of the connection. 
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Abstract. In composite structures, headed stud shear connectors are commonly used to transfer longitudinal 
shear forces across the steel-concrete interface. This paper describes an experimental and numerical study on 
the behaviour of these connectors. The push-out tests of connectors, 10 mm in diameter and 50 mm in length, 
in normal C25/30 concrete with transverse reinforcement were carried out. The experimental study also 
investigates the influence of the connectors spacing, in the longitudinal and transversal directions, and the 
thickness of the concrete slab on the shear resistance.  

Keywords: Shear connectors, finite element analysis, push-out test, shear resistance.   

1. Introduction 

Headed stud shear connectors are the most widely used shear connectors in steel-concrete 
composite structures. The shear capacity and the load-slip relations are the most important 
characteristics for the design of the composite structures. The most suitable method to determine 
this relation can be a full-scale composite beam test but it might be a time-consuming and costly, 
therefore the push-out tests are adopted.  

In the second half of the 20th century, the first parametric studies to investigate the behaviour 
of the connectors were realized. The first analysis of headed stud connectors, with different stud 
diameters and spacing of the connectors, was carried out by Viest [1], followed by Slutter and 
Driscoll [2][3], Goble [4]. The behaviour of connectors was analysed by the authors in [5][6][7]. 
Experimental and numerical analysis of shear connection in composite elements (reinforced 
concrete flanges with glass fibre reinforced polymer) web is described in [8][9][10][11][12]. 

Lam and El-Lobody [13] developed a numerical model of push-out tests and compared its 
results with the experiments and the design standards such as British BS5950 [14], European EC4 
[15] and American AISC [16]. It was observed that EC4 [15] shows a good correlation with the 
experimental and numerical results, while BS5950 [14] and AISC [16] may overestimate the shear 
capacity of the headed studs. Design of the connection in the composite structures according to EC4 
is described also in [17]. 

However, the full-scale push-out test remains also the time-consuming and costly option, 
therefore the numerical analysis is adopted, once the verification of the numerical model with 
experimental results was established. 

The main objective of this investigation is to carry out the full-scale push-out tests and to 
develop a three-dimensional finite element model using the software ATENA to simulate the 
behaviour of headed shear stud connectors and to use it for subsequent parametric study. The results 
of this model were compared with the experimental results. The push-out tests with different 
configurations of connectors, 10 mm in diameter and 50 mm in length, in normal C25/30 concrete 
with transverse reinforcement were carried out.  
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2. Push-out test specimens 

Five series of three push-out specimens called SP1, SP2, SP3, SP4 and SP5, were tested (Fig. 
1). Each specimen consists of a short piece of steel beam HEB 260 connected on both sides to 
concrete slabs using shear connectors. The concrete slabs dimensions are 650 mm length and 600 
mm width for all the specimens. However, the thickness of the specimen SP1 (150 mm) is different 
from that of specimens SP2 to SP5 (100 mm). Concrete slabs were produced from concrete C25/30. 
For each mix, three cylindrical specimens of concrete were prepared and tested to obtain the 
concrete strength. The connectors are made of steel S235J2. The specimens SP1-SP2 are realized 
with four connectors and the specimens SP3-SP5 with six connectors welded on each beam flange. 
The diameter of the connectors is 10 mm and their height 50 mm. The longitudinal distance 
between the connectors is 250 mm (SP1-SP2), 60 mm (SP3, SP5) or 40 mm (SP4) and transversal 
distance is 100 mm (SP1-SP4) and 32 mm (SP5).  

Slip between the concrete slabs and the steel beam is measured continuously using 
potentiometric displacement transducers.  The average value of slip between the two interfaces 
concrete-steel is plotted against the load per connector and used to compare the different 
configurations. Fig. 2 shows the tested configurations of push-out specimens. 
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Fig. 1. Details of the push-out test specimens. 

The procedure of testing was carried out in accordance with Eurocode 4 [15]. The load was 
applied in increments from 0 to 40 % of the expected failure load, and then returned to 5% of the 
expected failure load. After that, the loading cycle between the values of 5 and 40 % was repeated 
25 times. The slip controlled load continued up to the failure so that it is not occurred earlier than in 
15 minutes. At each load increment, values of slip between the steel beam and the concrete were 
recorded. For each specimen, 8 transducers (4 for each steel-concrete interface) were used to 
measure the relative displacement vertical displacement between steel and concrete, representing 
the slip, and 4 (2 for each steel-concrete interface) to measure the horizontal displacement 
representing the separation between steel and concrete. 
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3. Finite Element Model 

Finite element (FE) model is developed using the software ATENA. It considers the nonlinear 
behaviour of materials and the large displacements. It is capable of simulating real behaviour of 
concrete material in structures including cracking, crushing and reinforcement yielding. 

Three-dimensional linear four-node tetrahedral isoparametric element (IsoTetra4_3D) was used 
to model the specimens. Because of symmetry, only a quarter of the push-out configuration was 
modelled. Fig. 3 shows the FE mesh used to represent a quarter of the push-out test specimen. The 
element size is 0.05 m for the elements of concrete slab and steel beam and 0.005 m for the shear 
connectors (head and shank). The circular shape of the connector is approximated by a prism 
because of the problems with concentrated mesh in cylindrical form of the stud.   

 
 
 

                   
                                                  

 Fig. 2. Configuration of the push-out test.                   Fig. 3. Finite element mesh of the model. 

To reproduce the testing conditions on the supports, all the nodes of the concrete slab in the 
opposite side of loading are fixed in the Z direction. All the nodes along on the plane of symmetry 
of the specimen (steel beam web and bearing plate) are fixed in the X direction. For the second 
plane of symmetry (XZ), all the nodes of concrete, steel beam flange and steel beam web are fixed 
in the Y direction. 

A displacement controlled load is applied at the centre of the steel web, as shown in Fig. 3. 
Load is applied using the arc length method to improve the convergence process in the phases of 
large nonlinearities. An initial increment of displacement is given on the data line and the initial 
load proportionality factor is assigned to this initial increment using the automatic incremental 
scheme. 

To describe the behaviour of the concrete slab in the push-out specimen, concrete is treated as 
an elasticplastic material, as shown in Fig. 4(a). From tests realized on cylinder specimens, the 
average measured value compressive strength (f’cu = 28 MPa) was set-up and entered as known 
input concrete property and the other values have been calculated according to the parameters used 
by ATENA: 

''
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Fig. 4. Stress-strain law for (a) concrete; (b) steel beam, headed stud and reinforcement. 

The stress-strain curve of the headed stud is shown in Fig. 4(b). The steel was modelled as 
elastic perfectly plastic. For stud and beam, the Young’s modulus E = 210000 MPa is chosen and 
yield stress is taken equal to fy = 360 MPa for stud and to fy = 235 MPa for steel beam. For the steel 
reinforcement, the Young’s modulus and yield stress chosen are: E = 200000 MPa and fy = 550 
MPa. Reinforcement was modelled by discrete bars loaded in tension and also in compression. 

4. Results 

Because of limited number of specimens the evaluation was not carried out statistically, but the 
characteristic resistance PRk and the characteristic ultimate slip δuk were determined in accordance 
with [15]. These values are presented in the Tab. 1. The value Pu,min is the value of minimal failure 
load, the characteristic resistance PRk,exp is 0,9 Pu,min and δuk is the maximal value of the slip measured at 
characteristic load. From these results, according to the Eurocode 4 requirements [15], it can be 
observed that the 10 mm studs tested with concrete C25/30 cannot be considered as ductile  
(δuk< 6 mm). The failure modes observed were the shear failure of the studs or the combination of 
failures of stud and concrete bearing. The typical failures are shown in Fig. 5.  

Series 

Strength per stud 
[kN] 

Ductility 
[mm] 

Pu,min PRk,exp δuk 

SP1 31,91 28,71 4,5 
SP2 29,48 26,53 4,4 
SP3 33,29 29,96 4,7 
SP4 29,64 26,67 4,1 
SP5 34,09 30,68 5,9 

Tab. 1. Push-out tests results. 

The Fig. 6 shows the mean force-slip curves for all the specimens taking into account the force 
corresponding to one connector. It can be observed that for all the tested configurations of push-out 
specimens, in the elastic domain, the behaviour of the studs is characterized by very close values of 
initial rigidity. When curves exceed the initial domain, a plastic plateau can be observed for the 
specimens SP1, SP3 and SP4. For the other specimens (SP2 and SP5), the plastic plateau is too 
short and passes directly to the decreasing branch. From the Fig. 6 and Tab. 1, it can be stated that 
the resistance and ductility of 10 mm stud is not influenced by the slab thickness, the longitudinal 
and transversal spacing of the connectors. However, for the SP1 specimen, where the transversal 
spacing is limited to 32 mm, the resistance and ductility of the stud is greater than the others with 
higher spacing. As the value of 32 mm is in the limit of the Eurocode 4 [15], it is supposed that it is 
caused by the proximity of the studs to the web of the steel beam where the rigidity is greater. 
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Fig. 5. Details of failures of the push-out test specimens. 

Fig. 6 shows also a comparison between the load-slip curves obtained experimentally and 
numerically using the finite element method. The model describes well the elastic domain of the 
stud, however for plastic domain it does not represent the descending branch of force-slip curve. 
This one could be explained by the damage evolution in the concrete or the connector welded basis.  

 
Fig. 6. Load-slip curves of the push-out tests. 

Eurocode 4 specifies for the studs with 16-25 mm diameters two expressions (2) to determine 
their strength: 

                        4/8,0 2
1, dfP uRk π=       cmckRk EfdP 2

2, 29,0=                                       (2) 

With the nominal values of steel and concrete, the calculated resistances (without the partial safety 
factor) of the tested connectors are:  PRk,1 = 32,04 kN and PRk,2 = 25,53 kN. 

5. Conclusion 

The behaviour of shear studs (d=10mm, h=50mm) with concrete C25/30 is analysed on the 
basis of 15 push-out tests. The tests showed insufficient ductility of these connectors, with slip 
lower than 6 mm, for all the configurations. The tests showed also a small influence of the slab 
thickness and transversal and longitudinal spacing of the studs on their resistance and ductility. A 
finite element model is developed to simulate the behaviour of the studs considering the nonlinear 
behaviour of materials (steel and concrete). The proposed model described well the behaviour of the 
tested specimens mainly in the elastic domain. Improvements of the model are in progress to 
represent the whole load-slip curves of the push-out test including the descendant branches.   
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Abstract. Non-destructive methods assessing bearing capacity are commonly used in quality control of earth 
structures. In order to apply these methods in practice, it is necessary to pay close attention to correlations of 
static and dynamic deformation characteristics of earth structures built of various materials. For explanation 
of a wide range of objectified values of correlation coefficients is being applied the theory of a rigid body 
impact on a flexible half-space. 
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test, non-destructive measuring 

1. Introduction 

 Diagnostics are an important tool in construction supervision which follows directly after 
quality control in case defects were detected in structure, method statements were not followed or if 
test results indicate that defects in the structure may occur in the future. Quality control is to 
determine the state of the structure by performing measurements, observations, and inspections, and 
comparing them with the required values and quality criteria. Subsequently is determined the 
compliance or non-compliance of results with the requirements.  [4] 

2. Engineering Theory of Impact 

Static theory of impact can be counted as one of the approximate impact theories. For purposes 
of engineering practice, further simplifying assumptions are being introduced. A summary of such 
solutions is usually designated as the engineering impact theory.  For the determination of the 
dynamic elasticity modulus of subgrade is essential the contact between a solid cylinder and an 
elastic half-space [3].  

When a cylinder is pushed into the elastic half-space, subject to the contact surface being 
constantly parallel to the surface plain of the half-space, between the pressure force P 
(perpendicular to the contact surface) and pushing force y, applies the following relation:  

    
yCy

Ea
P ⋅=⋅

ν−
⋅⋅= 12

1

1

2

      (1) 
, where:  a - radius of the cylinder base;    [m] 
  E1 - elasticity modulus of the half-space material; [MPa] 
  ν - Poisson’s number of the half-space material. 
Figure 1 shows the contact between a rigid cylinder and an elastic half-space.   
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Fig. 1 The impact interaction between a solid body and elastic half-sapce 
The whole impact represents one half of a vibration and takes place in a half of the vibration 

period T0.  Hence, the time of impact tr [s] equals to: [3] 
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Maximum push vmax is calculated as follows:  
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Maximum impact force Pmax is determined by the following equation:  

      
2

100
2

10
0100max1max 1

4

1

2

νν −
⋅⋅⋅⋅⋅

=
−

⋅⋅⋅
⋅=⋅⋅=⋅=

EahgmEam
cCmcyCP

  (8) 
The following variables are used in equations (6) to (10):  
ω0  -  angle frequency of movement     [rad.s-1]   
    Lv⋅= πω 2        (9) 
c0   - speed at impact of rigid body           [m.s-1] 
h0   - rigid body drop height   [m] 
m0  - rigid body weight       [kg] 
g    -  acceleration of gravity  [m.s-2] 
The velocity of the rigid body at the impact on the elastic half-space is determined according to 

equation (10)                                                                

     00 2 hgc ⋅⋅=       (10)  

3. Summary of Correlation Dependencies 

The following table lists some indirect methods and applicable devices. 
Method Device 

Dynamic method using the principle of impact load                                                   WS 32830 – CBR Clegg Impact Soil Tester 
Dynamic load method LDD 100 (Light dynamic plate) 
Dynamic method using the principle of mechanical 
impedance method 

H4140 – Humboldt GeoGauge 

Tab. 1 Indirect methods and devices 
These devices are available to the University Department and are being used for in situ 

measurements. From measured data are determined correlations. These are described below for 
each device. 
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3.1 LDD100 and Static Load Test Correlation  
German, Czech and Slovak literature presents correlations between values of the dynamic 

deformation modulus Evd, mostly measured by the Light dynamic plate LDD 100, and values of 
Edef,2 , obtained by the static load tests, mostly in the following form: [1]  

 vdLDDSZSdef EkE ⋅= 100/2,          (11) 
Fig. 2 presents objectified correlation between the results of 110 static load test measurements 

and the data obtained by the LDD 100 in a power form and a linear form.  

 
Fig. 2 Power (left) and linear (right) correlation Edef,2 and Evd 

3.2. GeoGauge H-4140 and Static Load Test Correlation  

 Testing the device and comparative measurements were conducted in situ, together with control 
tests on various parts of the embankment (embankment subsoil, body of the embankment, 
formation), on pavement sub layers - crushed gravel, cement bound granular mixture type CBGM 
C8/10 and to a lesser extent on the pavement base layer and wearing course. Following figures 
present measurements results. [4] 

 
Fig. 3 Comparative measurements GeoGauge H-4140 and the static loading test, slab 357 mm, STN 736133:2010, 
Appendix F, on the structure of active zone and crushed gravel sub-layer at the expressway embankment  

 
Fig. 4 Comparative measurements GeoGauge H-4140 and the static loading test, slab 357 mm, STN 736133:2010, 
Appendix F, on the structure of active zone and crushed gravel sub-layer at the expressway embankment  

3.3 Clegg WS 32830 and Light Dynamic Plate Correlation  
Measurements carried out on the 11th October, 2010 were performed to determine the 

correlation between CBR and the dynamic modulus of deformation, identified by the Light 
Dynamic Plate LDD100. the dynamic modulus of deformation measurements were carried out by 
the University personnel and are presented in the linear form in Fig. 5 [1] 
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Fig. 5 Linear (left) and power (right) correlation between the dynamic modulus of deformation Evd observed by the 
LDD 100 device and Clegg Impact Values (CIV) observed by the Clegg Impact Soil Tester. 

4. Conclusion 

Results presented in this paper are only partial. Our ambition is to carry out further 
measurements on different soils of various moisture content. From collected results we aim to 
create an open database system that would be a helpful tool for the designer when choosing an 
indirect method of quality control. Results from open database system will be processed in to a 
transparent matrix of soils and devices interaction - Table 2. Correlations of variables will facilitate 
the use of non-destructive methods in practice. Future measurements can be carried out in the 
laboratory, at the testing field (Fig. 6) or in situ. 

Soil/ 
Device 

F - fine grain  
cohesive soils 

S - sandy soil G - gravel soil 

WS 32830    R=0.7887 
LDD 100     R=0.815 
H-4140 R=0.865   

Tab. 2 Matrix of soils and devices interaction 

 
 

Fig. 6 Testing field (left), and polyurethane ring for compacting the testing material in laboratories (right) 
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Abstract.  The article presents the partial knowledge of the area of building thermal physics. The goal is to 
evaluate the measured data of the temperatures of three window structures from different material and 
different glass systems. The measurements are made at different places of window friezes and glazing and 
they underway continuously throughout the year. These windows are suitable for low-energy building. The 
window structures are placed in the testing laboratory of the Department of Building Engineering and Urban 
Planning, Faculty of civil engineering, University of Žilina. The article will publish initial results only of 
temperature measurements. After completing the laboratory of additional sensors will be able to be processed 
year round balance observed window structures. 

Keywords: building thermal physics, window structures, surface temperature, plastic window, wooden 
window 

1. Introduction 

Window structures constitute an essential element architecture of building. Currently they are a 
large variety whether material or construction versions of window designs on the market. Quality 
windows have to particularly good properties except esthetic criteria. One of the main criteria are 
mainly thermotechnical and sound-insulating properties in the selection of high-quality windows. 
When choosing is very important that the window constructions least harmful to the environment 
and they optimize the energy efficiency of buildings.  

2. Methods of measurements 

 Window structures evaluated in this article are built in the testing laboratory of the Department 
of Building Engineering and Urban Planning, Faculty of civil engineering, University of Žilina. 
This is so-called. pavilion type, where the windows are mounted into the outer wall of known 
thermal characteristics in a room with a constant indoor climate and they are exposed to the real 
effects of external climate. In the chamber there is formed internal environment identical with the 
basic boundary conditions of thermal standard STN 73 0450:2002 [3], i.e., temperature of the 
indoor air θai is maintained to 20 °C and the relative humidity φai is 50%. For purposes of the 
article has been selected measurement of internal surface temperatures on the frieze of the sash and 
on the glazing of observed window structures. Temperatures were recorded with thermocouples at 
significant locations of window structures. 

2.1. Description of window structures 

Plastic window No. 1 
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Under review plastic window of white color has U-value Uw = 0,80 W/(m2.K). Number of chambers 
is 6. U-value of the frame is Uf =1,0 W/(m2.K) and it is made form high-tech material RAU-FIPRO. 
The window has insulating triple glazing with U-value Ug = 0,5 W/(m2.K). It is made with 
technology Float which has a special coating. The filler of space between the glass is thermal gas. 
The dept of glazing building-in is 12 mm. The thickness of the structure is 86 mm. This window 
structure is suitable for low-energy houses and energy-efficient building renovation. 

Plastic window No. 2 

Second Under review plastic window of white color has U-value Uw = 0,78 W/(m2.K). Number of 
chambers is 6. U-value of the frame is Uf = 0,85 W/(m2.K) and it is made form high-tech material 
RAU-FIPRO. Window structure is complemented by thermal modules that are embedded into 
profiles for maximum energy savings, and they are therefore suitable for windows in buildings with 
passive standard. The window has insulating triple glazing and U-value Ug = 0,5 W/(m2.K), It is 
made with technology Float which have a special coating. The filler of space between glass is 
thermal gas. The dept of  glazing building-in is 12 mm. 

Wooden window 

Friezes of Sash window structure are made of wood with the same characteristics, in order to fit into 
the passive building standard. U-value of the window construction is Uw = 0,79 W/(m2.K), which is 
less than 0,8 W/(m2.K). It satisfies the condition using the window construction to passive house. 
The window has insulating triple glazing with U-value Ug = 0,6 W/(m2.K). The filler of space 
between glass is used noble gas argon, distance frames are Swisspacer V with value Ψg = 0,029 
W/(m2.K) The dept of  glazing building-in is 18 mm. 

2.2. Description of the evaluation window structures 

Thermocouples are placed on each window structure from the inside and the outside. They pick 
up the inner surface temperature θsi,w [˚C] of window and the outside surface temperature θse,w [˚C] 
of window. Location of thermocouples is shown in Picture 1. Each data logger recorded a long time 
with a time step of 30 minutes. For purposes of article values of compared measurements were 
realized between 26 01. 2012 to 03.02.2012 - cold season of the year and the value of 26.03 to 
03.042012 - transitional climatic period (grapf 1.).  

 
a, plastic window without thermal modules   b, plastic window with thermal modules   c, wooden window 
1 - in the center of pane of glass, 2 - bottom center of glazing in intimate contact with the lower edge of the frieze sash, 
3 - in the middle of the lower frieze sash 

Pic. 1. Location of thermocouples on the window structures 
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Grapf  1. The course of temperatures θe [˚ C] during the reporting period 

3. Analysis of the measured values 

All fragments window construction has to be of the quality material and made properly in order 
to ensure one of the functions of the window. It means the capturing of excessive heat and cold 
from the outside and in order to prevent to lay-offs the heat from the interior during the heating 
period. The graphs 2, 3 and 4 shows the course surface temperature θsi,w [˚ C] under consideration 
on the inside of windows in the wintertime.  

 

 
Grapf  2. The course of surface temperatures θsi,w [˚C] on the inside of  under consideration window structures on 
measurement point No.1 during wintertime 

 

 
Grapf  3. The course of surface temperatures θsi,w [˚C] on the inside of  under consideration window structures 
measurement point No.2 during wintertime  
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Grapf  4. The course of surface temperatures θsi,w [˚C] on the inside of  under consideration window structures 
measurement point No.3 during wintertime 

 

To ensure the correct functioning of the various parts of the building in terms of energy saving and 
prevention of disorders hygrothermal it need to comply with the requirements specified in the 
standard STN 73 0540-2. The standard specifies that transparent and translucent doors and windows 
must have the surface temperature θsi, w [˚ C] above the dew point θdp [˚ C] at any point in rooms 
with relative humidity φai ≤ 50%.Considered window structures have the dew point equal value θdp 
= 9.26 ° C at the indoor air temperature θai = 20 ° C and at an internal humidity φai = 50% (in the 
EU is normally considered to 10 ° C). The graph shows that wood window give the best surface 
temperature during the winter. Only at the point of contact with the frame it received below the dew 
point during the two days. It was at a time when the outside air temperature significantly decreased 
to - 23 ˚ C (see Graph 1). A significant decrease in temperature below the dew point is measured on 
the plastic window No. 1 mostly in contact with the glazing and frize sash. That fact is only 
confirming the existence of thermal bridges on the window structure and significant temperature 
fluctuations show that window constructions represent systems in terms of material and structural of 
the real state of incorporation of complex. Distance profiles of glazing and the dept of glazing 
building-in into the construction of frame frieze have significant for the emergence of such a 
thermal bridge.  

The graphs 5, 6 and 7 show the traces of surface temperatures θsi, w [˚ C] measured on the 
inside during the transitional climatic period. 

 

. 
Grapf  5. The course of surface temperatures θsi,w [˚C] on the inside of  under consideration window structures 
measurement point No.1 during transitional period 
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Grapf  6. The course of surface temperatures θsi,w [˚C] on the inside of  under consideration window structures 
measurement point No.2 during transitional period 

 

 
Grapf  7. The course of surface temperatures θsi,w [˚C] on the inside of  under consideration window structures 
measurement point No.3 during transitional period 

 
Surface temperatures at all measurement points of under consideration window structures are 

measured above the dew point during transitional period. It follows, during this period the 
requirement of the dew point is maintained. There shouldn't be condensation of water vapor on the 
inner surface of the window fragments. 

 
Table 1 shows the average inner surface temperature θsi,w [˚C] of window structures during the 

periods of measurement points. The table shows that the highest average surface temperature 
measured on the wooden window in all the places. 

 

period 
type of 
window  

measurement points 

1. 2. 3. 

COLD  
plastic No.1 16,5 11,6 14,0 
plastic č.2 15,9 12,7 13,7 
wooden 17,9 14,3 16,1 

TRANSITIONAL 
CLIMATIC 

plastic No.1 19,0 18,0 18,1 
plastic No.2 18,6 18,2 18,2 
wooden 19,5 19,2 19,2 

Tab 1. Average internal surface temperatures θsi,w,avg [˚C]  of window structures 
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4. Conclusion 

Wooden window has the highest minimal temperatures of the measured instantaneous values in 
all fields, whether in winter or transition climatic period. The minimal temperatures were measured 
always above the dew point than two days, which came surface temperatures below the dew point 
in the measurement point No.2. Plastic windows had temperatures significantly lower in the winter. 
It follows that the observed wooden window could have better thermal properties than plastic 
windows. Continuous measurements have shown that the course of surface temperatures of all 
window structures during each measurement period is symmetrical even with the outside air 
temperature. The observable is the significant impact of the effects of solar radiation on the 
temperature increase when approaching maximums up to 36°C in transition climatic in the 
measurement point No.2. The highest average surface temperature of the inside of the window 
structures were recorded in a wooden window in each measurement point. The highest temperatures 
are measured in both periods. Average temperature difference is especially noticeable when 
compared to each field. The lowest average surface temperature was measured at each window in 
measurement point No.2, what is the point of contact with the glazing and frieze sash. This fact 
confirms the presence of thermal bridges. The highest average surface temperature is established in 
the measurement point No. 1, the place in the center of the glazing. From the measured value, it is 
clear that the inner surface values vary depending on the outside temperatures. In the transitional 
climatic period amounted inner surface temperature much higher value than in the winter. It is 
comparable to the particular with outside temperatures in winter, when the outside air temperature 
dropped well below freezing. This was reflected in the reduction internal surface temperatures of 
window structures below the dew point. 

During measurements it proved to maintain temperature and relative humidity at a constant 
level in the measuring chamber. It should be noted that the parameters of the internal environment 
are maintained, compared to a normal way of convection heating air handling unit area outside 
windows, window constructions weren't thus influenced by the flow of hot air from the radiator.  

This is the initial results of the measurements pavilion type witch they were presented, further 
analysis could not be processed so far because the laboratory center does not have all the equipment 
for financial reasons. 
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1. Introduction 

 It is now widely accepted fact that human development can not be equated only with the notion 
of economic growth, but it must be directed to achieving significant socio-objectives (poverty 
reduction, improving quality of life, improved opportunities for better education, health etc.), which 
requires a holistic approach to development (management of inter-relationships between natural and 
human, structural and sectoral aspects of development at all levels).  

 One consequence is the emergence, development and application of international concepts of 
sustainable development. The turn of 60th to 70th of the 20th century represents a historic milestone 
in virtually all areas of development of human society. Increasingly expanding knowledge that 
unrestricted, respectively, uncontrolled growth of any age-type (stocks, production, consumption, 
pollution, etc.). is not sustainable in an environment of limited resources actually existing model – 
industrial civilization must therefore be replaced by another - more durable and more equitable 
development conception. 

 For such a concept begins increasingly considered sustainable development as a possible 
solution addressing the adverse impact of global trends in society and their negative impacts on 
nature. Stresses the need to establish the concept of healthy ecosystems, strong economy and a 
functioning social sphere. 

2. Historical precondition 

Although especially in the last decade making great progress in several areas of development, 
the concept of sustainable development is not yet sufficiently implemented worldwide and still 
remains mainly in declarative terms. 

The best known and probably most used is the definition of sustainable development according 
to the report our common future: 

 
Sustainable development is that development that allows meeting the needs of present 

generations without prejudicing the rights of future generations to meet their needs. 
(Brundtland et al., 1987)  
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Sustainable development is of such a development that current and future generations the 
opportunity to meet their basic living needs and still reduce the diversity of nature and conserving 
the natural functions of ecosystems. 

(§ 6 of the act 17/1992 Law of the environment) 

3. Aspects and technology 

Developed road infrastructure is very important factor that influences and determines the 
development of the economy. Development of road construction but must respect the protection of 
the environment must be controlled and sustainable development. This is a development that current 
and future generations to meet basic living needs and respects the natural functioning of 
ecosystems. 

In this context we can say that the development of road construction will be related to the use 
of environmental technologies, which will focus on: 

- reuse road construction materials, 
- use of recycled materials and industrial by-products, 
- use of new binders, 
- use less energy-intensive technologies in the construction and reconstruction, 
- use of structures with longer life and less need for maintenance and rehabilitation of roads. 
Recycling and reuse road construction materials are two different technological processes. 

Reuse road construction materials is understood as a process in which material is knocked down 
without further treatment to re-incorporated into the design of the road, while preserving its original 
characteristics. By recycling as an adjustment of material properties of the old roads, such as 
crushing, screening, unbound materials, complementing and adding substances to the regenerating 
mixture with an organic binder, adding different kinds of inorganic binders such as cement, lime or 
fly ash. Its result is thus saving materials, energy and fuel, the total cost, but mainly to protect the 
environment.  

All building materials or a mixture of built-in layers of pavement are recyclable and, based on 
laboratory work, analysis and testing, be incorporated into relevant sections of roads subject to the 
required-by necessary strength and deformation parameters. Species used binders for recycling 
materials from old pavement decide on the use technology, as well as the possibility of using 
technology for the production site or production centre. 

To check the properties of road construction materials bound binder used different testing 
methods and procedures. Relevant knowledge of the milled materials is the analysis of their 
physical and mechanical properties. We need to know their grain, the quality of the stone skeleton, 
homogeneity of material, quantity and quality of the binder when the mixture is. Building materials 
that affect the quality of the finished product, as binders, aggregates and the environment in which 
these building materials used. 

Technology reprocess the original asphalt (asphalt treatment for heat wrap sets, the processing 
of asphalt on site for heat processing and asphalt in place of cold), reclamation of construction 
technology blends cemented hydraulic binder (cement stabilization, aggregate bound with cement), 
reprocessing technology unbound stone mixtures of lower underlying layers (milled ballast, ballast), 
reprocessing technology unbound stone mixtures, together with the open, the original hydraulic 
binder bound mixtures. 

On technologies related to bound or unbound layers underlying the ground (second, third and 
fourth technology) is used milling machine and processed on the spot or in a mixing centre, in both 
cases, cold-on. 

Recycling hot spot has a positive impact on the environment, because all the original materials 
can be used up to 100%, saving the raw material resources and eliminates the problem with the 
storage of milled material (and land). Around the building is dusty, because the asphalt mixture is 
disconnected and processed in whole, without crushing. Compared with traditional cold-milling and 
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surface cleaning following here there is no dust. In the process of repair and no waste can be 
substantiated further technical, technological and economic advantages. 

Cold recycling on-site also can be compared with the classical exchange and construction of 
new underlying layers of material exploit the original construction roadway. For demolished 
original materials are not necessary storage space and saves the consumption of new building 
materials, also save natural resources. Posology binder ensures its uniform distribution in the 
mixture and the original road can be recycled to the required depth without breaking the lower 
layers. The advantage is the lower cost and short construction time. Surroundings of communication 
is not encumbered in connection with the removal and imports of construction materials by noise, 
vibration, emissions and dust or mud. 

Recycling is also linked to technical, economic and environmental issues. Despite its 
undeniable advantages most barriers to the use of recycling in Slovakia is not a technical nature. 
The first obstacle is a lack of interest, respectively investors caution. Linked to this lack of 
awareness and education customers and lack of domestic references from observation of sections of 
roads rehabilitated by this technology. Furthermore, this lack of legislation, regulations on waste 
and the inclusion of these materials into groups according to technical and qualitative terms (TKP). 
Administrators roads do not have enough funds to repair roads, and there be removed only by the 
consequences, not causes of defects. Another obstacle is the lack of regulations and appropriate test 
methods for alternative materials and concern for quality. With the economy and related programs 
appropriations in the missing items with financial evaluation of individual work and practice. 

Looking to the future and contribute to sustainable development is a topical issue of the use of 
environmental technologies in road construction. The spread of technology, recycling and use of 
industrial wastes in road construction will be the environment a little healthier. Important role in 
solving the present situation could also new European Association for Quality Recycling (European 
Quality Association for Recycling eV) and its activities at European level. 

Among the technologies appropriate to extend pavement life and accident repair solution 
sections are micro carpet emulsion and emulsion paints. These technologies not only serve cold to 
minimize the adverse effects of climatic conditions on the free flow and road safety, repair and 
maintenance of roads, but also to ensure the operational capacity of roads. The statistics show a 
failure to use technology for cold, despite their undeniable advantages. 
Micro carpet emulsion is advanced technology designed especially for road maintenance in order to 
increase their operational capacity and life. Less, uses a combination of emulsion micro carpet with 
tar finish layers to adjust and gain ground. The mixture is composed of modified cationic asphalt 
emulsion, aggregate suitable mineralogical composition of cement, stabilizer or other additives. 

4. New materials for road 

In recent years, we can watch on our roads increased intensity and increased traffic congestion. 
Roads but in the past were not designed for such heavy truck transportation, as it is today (of 
course, very common congestion of vehicle combinations). Thus the current issue of what to look 
for new solutions in the construction of roads. A possible solution is currently building cement 
concrete pavement. 
Recently, much discussion about the use of these roads to highways and expressways. Very often 
the argument that the construction of cement concrete pavement is more expensive than the building 
of roads with asphalt cover. Before making a decision it is necessary to compare the advantages and 
disadvantages of each technology solutions from construction to maintenance. The criteria for 
deciding today include the cost of the entire life cycle. 

Concrete pavements are mainly due to the high resistance against excessive burden and are 
essential for most busy and busy road sections. Successfully used the airport and parking areas, 
parking areas and conurbations including intersections and public transport stops. 
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The three primary benefits of concrete pavements over other technical solutions include: 
• economic efficiency - life of 40 years, the total cost over 20 years to use up to 60 percent 

lower than the asphalt road is covered with material production from domestic raw materials, 
• environmental protection - does not leach out of the concrete substance dangerous for the 

environment, while in contact with aqueous media asphalt and exposure to high temperatures can 
occur releasing toxic substances; concrete, which is made of cement, is recyclable, produced from 
domestic resources and the winter maintenance of roads need less salt and gritting materials, 

• benefits to users - ensuring smooth traffic on roads, security, better visibility, such as in 
tunnels to reduce the cost of lighting. In urban areas can concrete roads with trees reduce summer 
temperatures up to 10 degrees. Last but not least is the variability of these items in a fireproof 
concrete. 

The environmental technology issues related to the recycling of cement concrete pavement. 
The material was further specified by crushing, which can be single or two-stage. Edited by 
crushing recycled material can be used for protection and the underlying pavement layers. 

It can be concluded that the situation today in the construction and maintenance of roads is not 
easy and it affects a number of factors. The main include increasing congestion, problems with oil 
and further use of bitumen, changes in climatic conditions and finally acceptance of European 
standards and related quality issues. Accordingly, it is necessary to address the issues of increasing 
life, in particular layers of the roadway, the total cost and energy consumption, improving surface 
properties, particularly roughness and reducing noise. 

5. Conclusion 

The modern, progressive and highly productive technologies for continuous repair and 
maintenance of roads include the production technology for cold, due to reach the effective closure 
of the road surface against ingress of water into the structure of cars, high roughness of the 
relatively small decline, a relatively quick evacuation of water from the road surface, and thus limit 
the occurrence aquaplaning, reducing consumption of saline solutions in winter maintenance, 
limiting the icing on the road surface, swift implementation of the recovery of surface features, 
short limited public transport in its implementation and to minimize the preparatory work, 
particularly in the urban cities and towns. Using modified bitumen emulsions increases heat 
resistance and treatment is limited to the remainder of degradation of modified bitumen. 
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1. Introduction 

Buildings or structures subjected to bomb attack by terrorist organization or offenders are 
considered as one of critical infrastructure elements. There is creating a model / system for 
evaluation of the effectiveness of security measures to protect typed objects in terms of used 
security elements, breakthrough resistance, technical capabilities and effectiveness in detecting and 
slowing the movement of offenders or potential intruder to overcome them in relation of the active 
intervention time in our Faculty of Special Engineering [4]. This type of extreme loading is not 
commonly considerate. Required input data for such model is the resistance of blast loaded 
structures. 

A blast or explosion is a typical source of impulsive non periodic load. The analysis of dynamic 
response of blast-loaded structures is very complex. To simplify the analysis, the structure is 
idealized as a single degree of freedom (SDOF) system. The real structure can be replaced by an 
equivalent system of one concentrated mass and one spring representing the resistance of the 
structure against deformation. Therefore, so called single degree of freedom system is a springmass-
damper system where the mass is allowed to move in only one direction.  

 
 
 
 

P(t)

kSDOF

mSDOF

 

Fig. 1.  One-degree 
System 

 

For a description of behaviour of this system we use an undamped SDOF 
structure because maximum response usually occurs during the first vibration 
cycle when damping has minimum contribution to the dynamic response. For 
structures under the impulsive loads (blast loads) dumping has much less 
importance because the maximum response will be reached in a very short 
time, before the damping forces can absorb much energy from the structure. 
The effects of damping are hardly ever considered in blast design because of 
the following reasons: 

(1) Damping has very little effect on the first peak of response which is 
usually the only cycle of response that is of interest. 

(2) The energy dissipated through plastic deformation is much greater than 
that dissipated by normal structural damping. 
      (3) Ignoring damping is a conservative approach. [1] 
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2. One degree system analysis 

2.1. Blast Load 

Simple dynamic system can be analyzed using rigorous analysis. The solution will be obtained 
in the form of an equation giving the displacement as a function of time. Such solution is possible 
only for simple system subjected to mathematically simple time variations of load. For this reasons 
a pressure time history of blast wave is idealized as a triangular pulse having a peak force Ps and 
positive duration td. The simplest form assumes a linear decay (Figure 2) given as  

P
s

td

t

P(t)

linear

decay

 
Fig. 2.  Linear Decay Time Profile 

( ) )1(0 td

t
PPtP s −+=                            (1) 

where 
 
 t is the time after the pressure wave arrival 
Ps is the peak pressure 
P0 is the ambient pressure .               

2.2. Solution of Equation of Motion 

The mass of SDOF system can move in vertical direction only and all mass in the system 
deflects by the same amount (the spring is assumed massless). The equation of motion of un-
damped SDOF system a time ranging from 0 to the positive phase duration td is given by [2]  
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where M is the mass of the system, v&& is acceleration, k is the spring constant and v is vertical 
displacement of system. 

The particular solution of this differential equation is divided in two parts. The loading during 
first phase (forced vibration phase) when dtt ≤≤0 and the second, free vibration, phase when the 
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and for the time 0≤dt in the second phase of the loading is [3]. 
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Since the natural circular frequency of vibration is  

T

πω 2= , where T is the natural period of vibration. 
                                   (5) 

It is very important for the design of such loaded structure for us to find the maximum 
response. The maximum response is defined by the maximum dynamic deflection which occurs at 
time tm. It can be evaluated by setting the velocity of the mass (the first derivation of displacement) 
equal to zero, i.e. when the structural velocity is zero. Solving this problem we may plot response 
spectra Rmax to given input versus some system parameters [3]. 
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2.3. Dynamic Load Factor 

The dynamic load factor (or dynamic magnification factor DMF) is defined as ratio of the 
dynamic deflection at any time to the deflection which would have resulted from the static 
application of the load, which is used in specifying the load – time history, DLF is defined         
DLF = v(t)/vst(t). 

2.4. SDOF factors 

For to obtain the response of structure to blast load the real structure is transformed to 
equivalent system by equating the total energy of the SDOF system at any time to the total energy 
of the beam assuming a predetermined displacement shape. The lumped mass of the SDOF system 
is made equivalent to the distributed mass of the beam by assuming that both have the same kinetic 
energy. 

Real mass of the beam we have to transform to equivalent mass: 

( ) ( )dxxxmM
L

E
2

0

φ∫= , 
                                                (6) 

where φ is the shape function and it is a ratio of the deflection function and maximum 
deflection. It may be calculated for elastic and plastic range. 

In the next step it is necessary to determine equivalent force- total load applied on the structural 
element is multiplied to obtain the equivalent concentrated load for the equivalent SDOF system. 
The concentrated force on SDOF system can be made equivalent to the distributed force on the 
beam, by assuming that the works done by the two forces are equal. 

( ) ( )dxxxmF
L

E φ∫=
0

 
                                                  (7) 

We have to know the spring constant for computing the first natural frequency of the system. 
The spring constant k is defined as the force at midspan necessary to cause unit deflection at the 
same point. To simplify the calculation of equivalent mass, force and resistance SDOF factors were 
set [2]. 

Transforming the real structure to SDOF system, the dynamic analysis can be solved by 
integration of equation of motion described above. 

2.5. Approximate Analysis of Impulsive-Load Response 

For short duration load, for example 
4

11 〈
T

t
 the maximum displacement amplitude vmax depends 

principally upon the magnitude of the applied impulse ∫=
1

0

)(
t

dttpI and is not strongly influenced by 

the form of the loading impulse. Thus the area beneath the pressure time history represents the 
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impulse. A convenient approximate procedure for evaluating the maximum response to a short-
duration impulsive load, which represents a mathematical expression, may be derived as follow. 
The impulse-momentum relationship for the mass m may be written 

( ) ( )[ ]∫ −=∆
1

0

t

dttkvtpvm &  
                                                 (8) 

where vm &∆ represents the change of velocity produced by the loading. In this expression it may 
be observed that for small values of t1 the displacement developed during the loading v(t1) is of the 
order of v(t1)

2 while the velocity change vm &∆ is of the order of t1. Thus since the impulse is also of 
the order of t1 approaches zero is negligibly small for short-duration loadings. On this basis, the 
approximate relationship may be used: [5] 
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The response after termination of loading is the free vibration 
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in which 1ttt −= . But since displacement term v(t1) is negligibly small and the 

velocity ( ) vtv && ∆=1 , the following approximate relationship may be used: 
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2.6. Mechanical properties of structure 

For determine the resistance of structure subjected to blast loads are very important mechanical 
properties. The mechanical properties, especially yield stress, of steel under dynamic loading 
condition are quite different from that under static loading. The stresses that are sustained under 
dynamic conditions gain values that are remarkably higher than the static compressive strength. 
This enhancement is described in terms of the dynamic increase factor (DIF), which can be 
evaluated for different steel grades. Details of dynamic increase factor c are written in [6]. 

3. Conclusion 

Now days it is preparing an experiment of steel beams subjected to blast loads generated by the 
detonation. The experimental results will be analyzed using an equivalent Single Degree of 
Freedom model of the beam. Methods of analyses, such model, are described above in this paper. 
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Abstract. Safety of traffic on the roads for the passage through the tunnel is extremely important. The tunnel 
is a very complicated construction, which places great emphasis on safety, quality of construction, technical 
and technological equipment and other building components. During the pass of road/motorway tunnel can 
occur several dangerous situations. Road users often do not know how to maintain in such situations, and 
therefore in dangerous situation it leads to chaos, panic and often also to the loss of human lives. The work 
will highlight the quality of the equipment and tunnel safety, risk assessment by assigning class risk and total 
and final evaluation of the risk analysis. The paper describes the different evaluation methods have been used 
to achieve the desired objectives. Practices and the subsequent assessment of individual tunnels provide clear 
results that serve professional practice and development of this issue in the scientific field. 

Keywords: analysis, risk, safety, technological equipment. 

1. Risk Analysis according EuroTAP Methodology 

The term "risk" is generally described as the probability of an incident/damage occurring and 
the severity of such damage. Damage in this context must be broken down into personal damage 
(injury, death), damage to property and environmental damage. In order to evaluate risks, a so-
called limit risk must be defined. A limit risk is regarded as the greatest acceptable risk posed by a 
certain technical process or condition (refer to Fig. 1). Limit risks are defined primarily with a view 
to economic (political) aspects. A hazard is characterized as a situation in which the risk is greater 
than the limit risk. In the illustration in Fig. 1, situations 2 and 4 must hence be assessed as 
dangerous and situations 1 and 3 as safe. The definition of the term "risk" can also be used to derive 
the direction of effect of safety measures. The aim is not only to reduce the probability of incidents 
through suitable preventive measures, but also to limit the severity of an incident when it occurs. 

 
Fig. 1. Simplified risk presentation 
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The incident development shown in Fig. 2 will be explained using the example of a vehicle that 
has caught fire in a road tunnel: 

� Phase I describes the normal condition – there is a slight hazard, all preventive measures are 
in place. A deviation from the normal condition occurs – a motorist notices smoke coming 
from his vehicle, the hazard increases.  

� In phase II, the incident should be detected as quickly as possible so that the extent of 
damage can be limited. The motorist brings his vehicle to a halt in a lay-by, takes a fire 
extinguisher from the SOS recess and begins to extinguish the fire. The safety system in the 
tunnel should be capable of detecting that the vehicle has come to a halt in the lay-by, that a 
fire extinguisher has been removed and that smoke is spreading in the tunnel.  

� In response to this, other safety systems (tunnel closure, ventilation, notification of the fire 
brigade) are activated in phase III. If the motorist manages to extinguish the fire without 
assistance, then the incident can end without a hazardous situation arising for individuals, 
the structure or the environment. 

� In this case, phase IV should be introduced as quickly as possible, i.e. the tunnel must be 
evacuated. In road tunnels, the focus is on self-rescue via the emergency exits with 
appropriate support by way of ventilation. Evacuation is perfect if it is completed before the 
situation has become hazardous.  

� Other elements of incident management in phase V can involve rescuing people trapped and 
fighting the fire. As shown in Fig. 2, personal injury, as well as damage to property and the 
environment must be expected when a hazardous situation occurs. 

 
Fig. 2. Basic developoment of accident 

2. The Safety Potential 

The safety potential covers all safety measures provided by the tunnel structure, the technical 
equipment and organization. Eight categories along with the most important assessment criteria are 
listed below: 

� Tunnel system (number of tubes, width and layout of traffic lanes, geometry and layout of 
emergency lanes/lay-bys, geometry and layout of emergency walk-ways, brightness of 
tunnel walls, additional measures: portal design, road surface, tunnel route) 
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� Lighting and power supply (lighting throughout and adaption zones, power supply: utility 
and internal; emergency power supply) 

� Traffic and traffic surveillance (congestion in the tunnel, speed limits, control centre, 
restriction for and/or registration of vehicles carrying hazardous goods, automatic detection 
of traffic and congestion, video surveillance, traffic control: traffic lights, variable traffic 
signs, signs, etc.; measures to close the tunnel: traffic lights, barriers, information displays; 
traffic signs, visual guidance equipment, additional measures: e.g. for heavy good traffic, 
monitoring the distance between vehicles and speed, automatic recognition of hazardous 
traffic, height detectors) 

� Communication (loudspeakers, traffic radio, emergency phones: distance, signs, functions, 
insulation against traffic noise; tunnel radio) 

� Escape and rescue routes (distance between emergency exits, emergency exit signs, 
prevention of smoke from penetrating escape routes, fire rating of doors, evacuation lighting 
and escape route signs in the tunnel, external access for fire and rescue services, additional 
measures: special lighting for emergency exits, signs showing what to do, barrier-free 
emergency exits) 

� Fire protection (fire protection of the tunnel structure, fire resistant cables, 
automatic/manual fire alarm systems, extinguishing systems: arrangement, signs, functions; 
drainage system: system for draining flammable or toxic liquids; the time it takes for the fire 
brigade to arrive, fire brigade training and equipment) 

� Ventilation (ventilation in normal mode to thin out vehicle emissions, special fire programs, 
control of the longitudinal flow in the tunnel and consideration of this in ventilation control, 
temperature stability of facilities and equipment, proof of correct functioning in fire trials 
and by flow measurements, longitudinal ventilation: air flow rate, length of ventilation 
sectors, air flow in the direction of traffic, reversible fans; transverse/semi-transverse 
ventilation: volume flow of extraction, capacity to control longitudinal flow, 
opening/closing of the exhaust air outlets can be controlled) 

� Emergency management (emergency response plans, automatic linking of the systems, 
measures in the case of an accident or fire, regular emergency drills, regular training for 
tunnel control centre staff, maintenance plan) 

Marks are given in the tunnel test for the safety potential of a tunnel, depending on the 
importance of each of the measures which are broken down as follows into eight categories:  

1. Tunnel system  (14.1 %), 2. Lighting and power supply (7.5 %), 3. Traffic and traffic 
surveillance (17.2 %), 4. Communication (10.8 %), 5. Escape and rescue routes (13.2 %), 6. Fire 
protection (18.0 %), 7. Ventilation (11.4 %), 8. Emergency management (7.8 %). 

The following parameters are taken into consideration with different weighting: 
� Annual traffic performance (derived from traffic volume and tunnel length)  

0 to 8 risk points. 
� HGV traffic performance per day and tunnel tube    0 to 8 risk points. 
� Type of traffic (unidirectional/bidirectional traffic)    1 or 8 risk points. 
� Traffic density (vehicles per day per lane)     0 to 5 risk points. 
� Transport of hazardous goods      0 to 5 risk points. 
� Maximum gradient of the tunnel      0 to 3 risk points. 
� Additional risks, such as points of entry and exit, intersections in the tunnel or in the 

downstream area, long gradients in front of the tunnel as well as the risk of flooding in the 
tunnel          0 to 3 risk points 

The risk points for the parameters above are added together and classified as follows: 
� Very low risk         1 to 9 risk points 
� Low risk         10 to 14 risk points 
� Medium risk         15 to 21 risk points 
� High risk        22 to 28 risk points 
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� Very high risk  more than       28 risk points 

3. Slovak Road Tunnels Evaluated by EuroTAP 

 
Tab. 1. Assessment results of slovak operated road tunnels by EuroTAP method 

4. Conclusion 

Taking into account the increasing number of road/highway tunnels in the trans-European road 
network is very important to ensure the health and safety of road users. Driving schools, police and 
non-school administrators and communications are not teaching and even not informing how the 
driver should behave in a dangerous situation in the tunnel. These safety rules are intended to 
inform not only the drivers, but also the general public on how to maintain, or what to do in 
situations that may occur in the tunnel. It would be helpful if the tunnel operators in case of one of 
the situations described embarked on the instructions of the traffic using a tunnel radio so as to 
improve security, coordination of rescue units, saving lives. 
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Abstract. The paper presents the results of modified asphalt properties by additive Fischer Tropsch synthetic 
wax. In particular, take into account changes in the properties of asphalt after aging technology. The 
modification consist in the addition of synthetic wax to the two types of paving asphalt 35/50 and 50/70. The 
scope of the research includ: penetration at 25°C, the softening temperature according to the method of 
"Ring and Ball",  Fraass breaking point and dynamic viscosity at 60°C. The research show that bitumens 
modified by synthetic wax are characterized by a significant increase in the softening point and a smaller 
change in penetration. Moreover research  show a significant increase in brittleness temperature and a lower 
increase in viscosity at 60°C  in each case the amount of added synthetic wax. 
 
Keywords: Synthetic Wax, viscosity, bitumen 35/50, bitumen 50/70, road, aging. 

1. Introduction 

In recent years in Poland there has been rapid development of modern technologies of 
production and paving asphalt, in order to reduce interference with the surrounding environment. 
Currently the new technology to produce asphalt mix at a lower temperature than used so far are 
being mainly developed. However, characterized by the same physical and mechanical parameters. 
The solution of this problem is the production of low-temperature adhesives. These road bitumen 
contains viscosity lowering components at elevated temperatures. For several years, one of these 
components is a synthetic wax by the Fischer-Tropsch synthesis [5]. Addition of a small amount of 
synthetic wax s the viscosity of the asphalt mixture all at temperatures above 130 ° C, thereby 
allows proper surrounding mixture of mineral aggregate grains at a lower temperature [1]. As a 
result, you can reduce the temperature of the production and incorporation of mineral mixture - 
asphalt about 10 to 30° C, resulting in energy savings in the production mix and reduction in 
emission of volatile organic compounds asphalt [3]. The usage of modified binders has a direct 
impact on improving the properties of the asphalt mix, resulting in increased resistance to 
permanent deformation and fatigue life. Asphalt durability mostly depends on the aging processes 
that lead to changes in the physicochemical and rheological characteristics of the asphalt, and 
thereby impair the quality of the asphalt layer and performed pavement structure. The aging of 
asphalt binders can be divided into two main stages: technological aging (short-term) and 
exploitation aging (long-term) [4]. The most intensive processes occur during the aging asphalt 
mixing it with hot aggregate in the paving mixer. The temperature is then the highest 
(approximately 160 - 180 ° C), and the aggregate asphalt layer is thinnest. Evaporation occurs in oil 
fractions and rapid oxidation of asphalt [5]. 
Currently, the process aging asphalts modified by synthetic wax Fischer-Tropsch is not fairly well 
understood due to the complexity of the processes [2,5,6]. 

The results of laboratory tests with asphalt 35/50 and the 50/70 modified with synthetic wax 
Fischer-Tropsch by aging process treated by the method RTFOT are presented below. 
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2. Methodology and Test Results 

In the research were used bitumen 35/50 and 50/70 as a input material. As the modifier used 
Fischer-Tropsch synthetic wax (present in granular form). The wax was added in amounts of 1.5, 
2.0, 2.5, 3.0%.  

The modified binders were tested by specifying basic standardized properties: 
 - penetration at 25°C, according to PN-EN 1426,  
 - softening point „Ring and Ball”, according to PN-EN 1427, 
 - Fraass breaking point, according to PN-EN 12593, 
 - dynamic viscosity at temperature 60°C. 

Next all the binders were simulated aging technology in the laboratory using the Rolling Thin 
Film Over Test (RTFOT) method by PN-EN12607-1. Assess the resilience of the synthetic wax-
modified asphalt aging was based on the analysis of changes in their properties as a result of aging 
simulated in the laboratory. 

Changes the basic properties of the asphalt after aging such as penetration and softening point, 
according to the amount of added modifier are shown in Figures 1-2. 
 

 
Fig. 1 Percent of the remaining penetration at 25ºC after 

aging RTFOT.   
Fig. 2 Change the softening point according to the 

method “ring and ball” after aging RTFOT. 

 

Based on the obtained results it can be concluded that the bitumens 35/50 and 50/70 have 
similar dependence between the change in the penetration and other softening point after aging. In 
relation to the reference asphalt the increase in penetration was noted for the remaining bitumen 
35/50 with addition of 1.5% to 2.0% of a Fischer-Tropsch wax. However, the contents of more than 
2.0% of the synthetic wax resulted in a significant decrease in the rest of penetration. At the same 
time, it was observed that the decrease in the remaining penetration was proportional to the increase 
in the softening point after aging technology. Bitumen 50/70 that was containing from 1.5% to 2.0% 
of added Fischer-Tropsch wax had a value comparable to the rest of the referenced asphalt 
penetration. Similarly in the case of bitumen 35/50 it is noted that an increase above 2.0% additive 
synthetic wax Fischer-Tropsch causes significantly reduction the penetration after aging process. It 
should be noted that the increase in the softening point and the amount of additive is not as 
significant as in the case of bitumen 35/50. At the same time it can be concluded that the intensity 
change in the parameter estimation process of aging is greater in the case of bitumen 35/50 asphalt 
than 50/70. 
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The results of brittleness determination by means of Fraass breaking point after aging of 
modified bitumen are shown in Figure 3. 

 

 
Fig. 3 Brittleness temperature rise by Fraass after aging RTFOT. 

 

Based on the analysis results it can be concluded that the temperature brittleness in the case of 
2.0% of the synthetic wax for bitumen 35/50 significantly affects the temperature brittle after aging. 
In the case of bitumen 50/70 from 2.0% of the synthetic wax content has undergone technological 
aging can be seen breaking lower temperature rise than for the reference asphalt. 

An important element of the study was to evaluate the effect of the addition of synthetic wax-
Tropsch Fishcera on the dynamic viscosity at 60°C. Road bitumen 35/50 and 50/70 were treated 
aging process (Fig. 4). It is one of the most important parameters for assessing the behavior of the 
binder in the event of a long-term burden on roads and vehicle traffic parameter indicating the 
capacity to produce asphalt at low temperatures.  

 

 
Fig. 4 Dynamic viscosity change of modified bitumen determined at 60ºC after aging RTFOT. 
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Based on the results shown in Figure 4 it can be seen that the there was a significant increase in 
the modified viscosity determined in the exploitation temperature of 60°C for both 35/50 and 50/70 
bitumens. The addition of a synthetic wax in an amount of 2.5% of bitumen 35/50 led to a 
comparable increase in viscosity asphalt reference. Whereas in the case of bitumen 50/70 the 
contend of 3.0% synthetic wax Fischer-Tropsch process did not cause the increase in viscosity in 
comparison to referenced to asphalt. It can be concluded that the bitumen 35/50 modified by 
Fischer-Tropsch wax in an amount of 1.5% asphalt and 50/70 with 2.0% wax content had the lowest 
viscosity increase at 60°C. 
 

3. Conclusion 

Based o the results of conducted research with 35/50 and 50/70 road bitumen containing the 
addition of a low viscosity modifier (synthetic wax, Fischer-Tropsch) after aging process, the 
following conclusions can be drawn: 
� bitumen 35/50 modified by synthetic wax Fischer-Tropsch (low-viscosity modifier) in an 

amount of from 1.5% to 2.0% after aging process had a significant increase in the softening 
point and a smaller decrease in the penetration relatively to the referenced asphalt. Bitumen 
50/70 modified by synthetic wax is similar to the natural one, but there is smaller intensity in the 
process of change is less; 

� the addition of synthetic wax in an amount of 2.0% to the asphalt 35/50 after aging process 
caused a large increase in temperature brittleness, while the same value added to the bitumen 
50/70 was characterized by the smallest increase in temperature brittle after aging process; 

� the increase in the amount of additive synthetic wax reduces the increase in viscosity at 60°C, 
virtually all of the synthetic wax was added;  

� bitumen 50/70 modified by synthetic wax in an amount of 2.0% treated aging was characterized 
by the most favorable technological parameters, and the best results in the case of bitumen 
35/50 was obtained at the content of 1.5% synthetic wax, Fischer-Tropsch. 
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Abstract. The paper presents the problems of energy consumption of mechanical ventilation systems in 
public buildings. Studies carried out on representative buildings with traditional refrigeration system. The 
study was conducted to demonstrate the energy savings associated with the use of free cooling technology to 
cool the air in the mechanical ventilation. To do this, set the cooling energy consumption of ventilation air 
for air normative parameters and alternative values for the variables using a system of air free cooling 
technology allows for cooling ventilation air by dry coolers at certain times of the year. This results in 
significant energy savings per year. 

1. Introduction 

Free cooling technology is well known and often used in the world, although it is not yet 
widely used in Poland. This is due to the fact that it is not required in any Polish legal regulations. 

Free cooling saves energy and operating expenses at buildings, where the application of 
traditional compressors air conditioners has resulted in very high energy costs. By using free 
cooling, the overall thermal management running expenditure can be reduced by up to 90%. 
Surveys and studies aimed at optimizing the energy consumption of HVAC systems is carried out 
for many years by experts from various professional associations of engineers in Germany and the 
USA. Due to the fact that climate and energy standards for public buildings in these countries are 
similar to Polish, foreign development can and should be a reliable source of reference for the 
Polish energy realities 
        In modern public buildings used centralized heating-ventilation-air conditioning (HVAC) 
installation systems, which are responsible for supply of air (ventilation), heating and cooling. 
HVAC systems work together to produce the indoor air microclimate. HVAC systems consume 
about one third of the total energy demand of buildings. Application solutions for the reduction of 
the energy consumption by HVAC systems gives the possibility to reduce the total energy 
consumption of the building. 

2. Free cooling technology 

Free cooling is the technology used in ventilation that uses natural methods of cooling. 
Natural ventilation is one of the most effective techniques for cooling. Its potential for cooling may 
be assessed by using a method based on the indoor–outdoor temperature difference of the free-
running building, the adaptive comfort criteria and the outdoor temperature. It is demonstrated that 
the free-running temperature may be used instead of the balance temperature in energy estimation 
methods. The indoor–outdoor temperature difference of the free-running building becomes a 
characteristic of the thermal behavior of the building which is decoupled from comfort range and 
outdoor temperature. A measure related to the energy saved and the applicability of free-cooling is 
given by the probabilistic distribution of the degree-hours as a function of the outdoor temperature 
and time. Weather data for this method are available in public measurements government. The 
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method can be applied when buildings similar to existing ones are constructed in a new location, 
when existing buildings are retrofitted or when completely new buildings are designed.  [3] 

3. Methodology and test results 

Research was conducted to determine the energy consumption of the cooling unit [m3 / h] fresh 
air. To demonstrate the potential for reducing energy consumption compared to the energy demand 
for cooling section normative system parameters according to Eurovent, assuming air cooling using 
a cooling compressor and an alternative taking into account the use of energy-efficient solutions, ie 
free cooling. To determine the actual energy requirements of the process air cooling using free 
cooling system, an analysis of the distribution of hourly outdoor air temperature for a representative 
village located in the second climatic zone. Then calculated the energy demand for cooling 1 [m3 / 
h] fresh air, taking into account the actual changes in the outside air temperature. The results were 
compared with the normative demand and analyzed energy efficiency of this solutions. [2] 

3.1 Calculation of energy consumption cooling process of ventilation air units 

3.1.1 Calculations were made for normative parameters of  the ventilation air units: 

 

Air 
stream 

Number of 
hours in the 

year in which  
T external > 
supply air 

temperature 

Internal 
Temperature 

External 
Temperature 
(constans) 

(normative) 

Temperature 
of supply air ∆T Cp ρ 

Energy for 
cooling         
1 [m3/h]      

of air 

Energy for 
cooling 
1 [m3/h] 
air/year 

m n T internal ΤExternal Tn Q Qannual 

[m3/h] [h/year] [oC] [oC] [oC] [K] [kJ/kgK]   [kg/m3] [kW] [kWh/year] 

1 2052 20;   35 15 20 1,005 1,22 0,0068 13,98 

Table 1. Energy consumption of the air cooling process. 

3.1.2 Calculations were made for the units of ventilation air, taking into account the           
            real changing values of the external air                                          

Air 
stream 

Number of 
hours in the 

year in which  
T external > 
supply air 

temperature 

Internal 
Temperature 

External 
Temperature 
(constans) 

(normative) 

Temperature 
of supply air ∆T Cp ρ 

Energy for 
cooling         
1 [m3/h]      

of air 

Energy for 
cooling 
1 [m3/h] 
air/year 

m n T internal ΤExternal Tn Q Qannual 

[m3/h] [h/year] [oC] [oC] [oC] [K] [kJ/kgK]   [kg/m3] [kW] [kWh/year] 

1 2052 20   variable 15 20 1,005 1,22 variable variable 

 
This configuration leads to designation of the energy demand for the cooling process of [m3/h] 

fresh air, using the proposed solution, based on three modes of operation of the cooling system with 
the use of free cooling. The different modes are selected automatically according to the ambient 
temperature. 

Working with Free Cooling system in 3 modes. Assumptions modes 
 

• Mode 1- external temperature >35°C 
Cooling by compressor unit with a cooling capacity 0.0068 kW and 0.0023 kW electricity 
consumption  

• Mode 2-external temperature before 35°C a 15°C 
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50% cooling by dry cooler unit with a cooling capacity 0.0068 kW and 0.00023 kW electricity 
consumption, cooperate  in 50% with compressor unit with a cooling capacity 0.0068 kW and 
0.0023 kW electricity consumption 

• Mode 3-external temperature <  15°C 
Cooling by dry cooler unit with a cooling capacity 0.0068 kW and 0.00023 kW electricity 
consumption, decreasing as external temperature reduction 
 

External temperature 

Texternal  [°C] 

>35°  35° <15° <15° 
Number of hours in the year at a given 

temperature  
n [h/rok] 

1 2052 6708 

Table 2. The results of air temperature over the year [8760 h / year] [1] 

3.2 Economic analysis of energy savings 

The amount of energy [kWh / year] = Installed capacity [kW] * amount of hours per year 
[h / year] 
The power consumption of air-cooling process in the refrigerator compressor operation throughout 
the year 
0,0023 kW * 8760 [h/year]= 19,89[kWh/year] 
 

• Mode 1-Energy consumption of the cooling process  - 
0,0023 kW * 1 [h/year]= 0,0023 [kWh/year] 
 

• Mode 2-Energy consumption of the cooling process  
(50% * 0,00023 + 50% * 0,0023) kW * 2052 [h/year] =1,15 [kWh/rok] 
 

• Mode 3-Eergy consumption of the cooling process  
0,00023 kW * 6708 [h/year] = 0,69 [kWh/year] 
 

• Total energy consumption of the cooling process: 
0,0023 + 1,15 + 0,69 = 1,84 [kWh/year] 
 
The results of energy saving solutions 
19,89 –1,84 = 18,05 [kWh/year] 
Percent energy savings 
1,84/19,84=0,09  which is approximately  9% ccurrent energy consumption 

. 
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Annual costs and energy savings [kWh / year]

The new energy 

consumption; 1,8
The energy savings; 18,1

The current energy 

consumption; 19,9

 
Fig. 2 The results of energy saving 

3.3   Results 

The analysis shows that the energy consumption for cooling ventilation air units in real terms, 
and using energy-efficient technologies, i.e. free-cooling can be approximately 9% of the current 
energy consumption by normative parameters. 

4 Conclusion 

The ventilation system equipped with options "free-cooling" to skip the compressor cooling 
mode to cooling mode by dry cooler so-called free-cooling. When the outside temperature is 
sufficiently low, it is possible to use it for cooling a solution of polyethylene glycol, as well as to 
limit the operation of the compressor, thereby reducing the cost of electricity consumption. In this 
way, one can get a large savings in energy consumption, depending on the desired cooling load and 
the period of time during which the outside temperature is relatively low. 

The research shown that taking into account only the normative guidelines for the design of 
ventilation systems and selection of heating equipment cooling capacity, causes the energy 
consumption of the air conditioning process is not economically viable and is not relevant to the 
hygienic needs of the building. Consequently, this leads to excessive oversizing ventilation systems 
generating unnecessary investment costs and operating. 
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Abstract. Characteristics of shear resistance of asphalts are parameters that could be used to evaluate 
resistance of asphalts to permanent deformations. Values of cohesion and angle of internal friction of asphalt 
concrete and stone mastic asphalt determined by triaxial test are presented in the article. Results for two 
statuses from number of loading cycles point of view (samples without cyclic loading and samples that reach 
inflection point on creep curve) were used to evaluate changes of characteristics of shear resistance of 
mixtures that differed in content and type of binder. It is possible to state that changes were recorded but 
tendency is not always the same. Generally, cohesion decrease but there is not clear relation taking into 
account type of bitumen and bitumen content. Changes of angle of internal friction are very small and 
probably negligible from resistance to rutting point of view. 

Keywords: triaxial test, permanent deformation, cohesion, angle of internal friction, asphalt concrete, stone 
mastic asphalt. 

1. Introduction 

Permanent deformations of asphalt pavements in a form of ruts are one of the many failures 
occurring in this type of pavement construction. It is the failure that has significant impact on traffic 
safety, because it allows accumulation of water which may be, in greater quantities, one of the 
causes of aquaplaning. 

Strength and deformation characteristics of the asphalt pavement layers or insufficient 
compaction of the unbound layers and subgrade can be a cause of track formation. 

Viscous flow and plastic deformation are mechanisms that are main cause of ruts when hot 
asphalts are used in pavement layers. Plastic deformations result from the mutual progressive shift 
of coarse aggregate particles that is accompanied by viscous flow of mastics joining the grains 
together [6]. Resistance of asphalt to permanent deformation, load intensity and temperature of 
asphalt are parameters affecting rate of formation and depth of rut. 

Permanent deformation in the form of rut develops gradually and increases with the number of 
passages of heavy vehicles. It is obvious from the theoretical shape of creep curve (Fig. 1) that after 
initial compaction of asphalt (phase 1) and linear increase of the permanent deformation (phase 2) a 
significant acceleration is occurred in the phase 3 after reaching the inflection point 4. 

This phenomenon is probably caused by a significant change of one or more asphalt mixture 
parameters involved in the mechanism of plastic deformation. Present knowledge about 
contribution of the shear strength characteristics on the increase of the permanent deformation is 
minimal.  
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Fig.1. Theoretical shape of creep curve 

 

2. Objective and scope of research 

The main aim of research was based on the premise that the repetitive loading can lead to shifts 
of coarse aggregate particles in asphalt and subsequent transfer of the asphalt mortar. It can cause a 
change in some parameters of the asphalt mixture. Therefore the following objective was defined: 

• to verify if values c and φ are changed after repetitive loading and to determine values of 
eventual changes. 

Shear strength characteristics of an asphalt concrete (AC 11)  and stone mastic asphalt (SMA 
11) for wearing course, and asphalt concrete  (AC 16) for base course were determined. Two types 
of binder (paving grade and polymer modified bitumen) and two binder contents were used for AC 
and SMA respectively. 

Cohesion and angle of internal friction were determined using a triaxial test for two stages in 
terms of number of load cycles: 

1. without cyclic loading; 
2. after reaching the inflection point on a creep curve. 
 

3. Tested materials 

The tested asphalt mixtures had the aggregate gradation (Tab. 1) that met Slovak requirements 
determined in [2] for AC 11, AC 16 and SMA 11 respectively. The asphalt mixtures varied in a type 
and content of binder (Tab. 2). Basic parameters of used binders are in Tab. 3. 

 
 

 Passing [%] 
 Sieve [mm] 
 22,4 16 11.2 8.0 4.0 2.0 0.50 0.063 
Limits for AC 11 100 100 90-100  45-67 25-50 10-33 4-11 
Gradation of AC 11 100 100 97  52 30 16 8 
Limits for SMA 11 100 100 90-100  30-55 20-35 11-25 6-12 
Gradation of SMA11 100 100 100  40 26 14 7 
Limits for AC 16 100 90-100  55-72  20-45 10-29 3-11 
Gradation of AC 16 100 97  61  25 12 6 

Tab. 1. Aggregate gradation 
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Mixture number Binder Bitumen content 

[%] 
AC 11 – 1 CA 50/70 5.5 (increased) 
AC 11 – 2 5.2 (optimal) 
AC 11 – 3 PmB 40/100-65 5.5 (increased) 
AC 11 – 4 5.2 (optimal) 
SMA 11 – 1 CA 50/70 6.4 (optimal) 
SMA 11 – 2 6.7 (increased) 
SMA 11 – 3    PmB SFB 5-50 6.4 (optimal) 
SMA 11 – 4  6.7 (increased) 
AC 16 – 1 PmB 45/80-75 4.6 (optimal) 
AC 16 – 2 4.3 (decrease) 
AC 16 – 3  CA 50/70 4.6 (optimal) 
AC 16 – 4  4.3 (decrease) 

Tab. 2. Composition of asphalts 

Binder Penetration [mm.10-1] Softening poing [°C] Penetration index 
CA 50/70 51 48 -1.67 
PmB 40/100-65 66.8 91.0 6.52 
SFB 5-50 72 89 6.52 
PmB 45/80-75 66 80 5.12 

Tab. 3. Basic properties of binders 

Test specimens for determination of cohesion and angle of internal friction had a shape of 
cylinder with the diameter of 70 mm and the height in the range from 120 mm to 125 mm. All of 
them were produced in a laboratory using press compaction. Weight of mixture for one sample was 
calculated in relation to bulk density of samples produced by impact compactor [3] to achieve a 
minimum compaction rate of 98%. Temperature of the asphalt during compaction met the 
requirements specified in [4] and the instructions of producer of polymer modified bitumen. 

 

4. Test procedure and evaluation 

Cohesion and angle of internal friction were determined according to [5], where the UU type 
test was used (test without consolidation, drained specimen, without measurement of pore water 
pressure), which corresponds to properties of tested materials. Speed of deformation of test 
specimen in the vertical direction of 1% per minute of the specimen height was used to control 
increase of load force. Tests were carried out at three levels of lateral pressure (0.05 MPa, 0.15 MPa 
and 0.25 MPa respectively). The lateral pressure was produced by injection of water into the triaxial 
chamber. Water was also used as a medium for conditioning of specimens to the test temperature of 
60 °C for AC 11 and SMA 11, for AC 16 we used test temperature of 50°C, that according to [1] 
corresponds to the temperature of asphalts in wearing course during hot days (air temperature above 
30 °C). Values of the loading force and height of specimen were recorded every 0.1 s during the test 
and then they were used to determine parameters of the Mohr’s circles and the lines of shear 
strength (Fig.2). All tests were carried out in an equipment consisting of a triaxial chamber, a 
hydraulic pump and piston, a proportional distribution valve, a load generator, a water tank with a 
circulating pump and heating, a water pump, force and strain transducers (Fig. 3). 
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Fig.2. Example of triaxial test evaluation               Fig.3. Equipment for cyclic loading 
 
To verify if values c and φ change after repetitive loading samples were subjected to a load 

force. The force was changed harmonically in the range from 0 N to 2300 N with the frequency of 
0.8 Hz. 

Relative strain in vertical direction over given time interval (Fig. 4) and the cumulative relative 
strain (Fig. 5) were continuously calculated from the change of specimen height during the test. 

 

 
 
 
 
 
 
 
 
 
 
 

Fig.4. Increments of relative strain                  Fig.5. Cumulative curve of relative strain 

As it can be seen on Figure 4, a relative strain is the highest when cyclic loading starts, then, there is 
a time interval with relatively same values of relative strain and after that relative strain get 
increased. When the relative strains for time intervals are transferred to a cumulative curve (Fig. 5) 
the shape of the curve corresponds with the individual phases according to theoretical assumptions 
(Fig. 1). When strain again starts to increase it indicates beginning of the third stage on the 
theoretical curve according to Fig. 1 (change of slope on the cumulative curve) and it means the 
inflection point on the creep curve was reached. The cyclic loading of the specimen was terminated 
at the stage and the test of shear strength was realized. 

5. Results and discussion 

 The numerical values obtained during the tests for each mixture are presented in Tab. 4. 
Graphical presentation of changes in shear strength parameters is on Fig. 6 and Fig. 7 for asphalt 
mixtures for wearing course and Fig. 8 for base course. 

Mixture number Cohesion [MPa] Agnle of internal friction [°] 
 Without loading After loading Without loading After loading 
AC 11 – 1 0.139 0.100 42.0 39.8 
AC 11 – 2 0.101 0.107 47.5 44.7 

Normal stress [MPa] 
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AC 11 – 3 0.149 0.121 45.2 47.2 
AC 11 – 4 0.159 0.155 49.9 46.0 
SMA 11 – 1 0.114 0.105 44.6 42.2 
SMA 11 – 2  0.090 0.091 45.2 45.1 
SMA 11 – 3    0.217 0.186 37.1 39.3 
SMA 11 – 4  0.195 0.144 37.8 39.9 
AC 16 – 1 0.296 0.129 21.1 36.3 
AC 16 – 2 0.124 0.085 39.2 37.3 
AC 16 – 3  0.154 0.128 34.6 37.9 
AC 16 – 4  0.145 0.124 38.8 34.5 

Tab. 4. Shear strength characteristics of tested mixtures 

 

Fig.6. Changes of c and φ for AC 11 

 

Fig.7. Changes of c and φ for SMA 11 

 

Fig.8. Changes of c and φ for AC 16 

 As for specimens without cyclic loading it can be said that the effect of binder type and content 
is considerable. It means that cohesion of the asphalt mixture increases with the use of the asphalt 
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with higher penetration and higher softening point and the use of modified asphalt increases values 
of cohesion and angle of internal friction. The same statement is valid for specimens after 
achievement of the inflection point. 

 Main aim of research was to verify if values c and φ are changed after repetitive loading. From 
this point of view it is possible to state that changes were recorded but tendency is not always the 
same. Generally, cohesion decrease but there is not clear relation taking into account type of 
bitumen and bitumen content. It was found that cohesion of the asphalt concrete mixtures with 
bitumen content higher (AC 11, SMA 11) or lower (AC 16) then optimal (relating to specific 
surface of aggregate) decreases due to loading. The reduction was more significant when the asphalt 
with lower value of penetration and softening point was used (paving grade bitumen). 

 As for changes of angle of internal friction it is similar to cohesion. Moreover changes are very 
small (according to a percentage values) in this case and probably negligible from resistance to 
rutting point of view except of one case in AC 16. 

6. Conclusions 

 Taking into account results of triaxial tests carried out on loaded and unloaded samples it can 
be stated that design of an asphalt composition (aggregate gradation and binder content) is an 
essential factor influencing parameters of asphalt. Test results again demonstrated that higher 
parameters from rutting resistance point of view can be achieved with polymer modified binders. 
The angle of internal friction of the asphalt mixture was not changed significantly due to cylic 
loading. This could mean that the aggregate mixture in the asphalt mixture was properly designed, 
the grains were sufficiently wedged and prevented from mutual displacement. 

 It was showed that the design of accurate aggregate mixture and the addition of adequate 
amount of the asphalt binder are the essential factors that designate the asphalt mixture resistance to 
permanent deformation of asphalt pavement in the form of rut. 
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Abstract. The research and analysis presented in this paper is to assess the influence of natural asphalts 
Gilsonite and Trinidad Epuré on road bitumen 35/50 aging. The research area includes the study: penetration 
at 25°C, softening point "Ring and Ball", Fraass breaking point and dynamic viscosity at 60°C and 135°C. 
Bitumen properties were determined in two steps: before and after aging by methods RTFOT (Rolling Thin 
Film Oven Test). Short-term aging of road bitumen 35/50 modified with natural asphalts results in a 
reduction of penetration grade, increase of softening point and slight decrease in breaking point. After 
RTFOT aging tests an effective increase of the dynamic viscosity in temperature of 60°C, as well as 
temperature of 135°C was observed. 
 
Keywords: natural asphalt, Gilsonite, Trinidad Epuré, short-term aging, RTFOT. 

1. Introduction 

Asphalt binder us a component of the pavement has great impact on the durability of road 
surface. It is designed that its properties do not change over time[1]. Unfortunately asphalt during 
storage, transport, and during all the processes related to the production of asphalt mix, the 
incorporation and operation, is subject to adverse aging, which results in the reduction of physical 
and chemical parameters[6]. 

The aging of asphalt binders can be divided into two main stages: short-term aging and long-
term aging. 
 Short-term aging occurs from the moment of asphalt binder production, by the time of  storage 
in tanks, and it intensifies during the production of asphalt mix, transport and incorporation in the 
road surfaces.That aging was simulated in the laboratory using the Rolling Thin Film Oven Test - 
RTFOT method[7]. 
 Long-term aging occurs during operation of asphalt surface and is a long and slow process. The 
aging is significantly influenced by climatic conditions and others environmental factors [4]. That 
aging was simulated in the laboratory using the Pressure Aging Vessel - PAV method. 
 In order to preserve the properties of the bitumen, it is appropriate to introduce an addition of 
modifier to the binder. An example of such modifiers are natural asphalts Gilsonite and Trinidad 
Epuré. 
 Gilsonite is a natural, solid hydrocarbon extracted in the mines in the east of the state of Utah in 
the USA. In appearance it resembles coal or hard rock asphalt[3]. Trinidad Epuré natural asphalt 
comes from the field called the Trinidad Asphalt Lake, which is located on the island of Trinidad, 
located in the Caribbean Sea off the coast of Venezuela[2]. Based on the experience a positive 
effect of the addition of natural asphalts on the properties of road bitumen was proved. 

In this paper the results of laboratory tests regarding short-term aging road bitumen 35/50 
modified with natural asphalts are presented. 
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2. Methodology and test results 

In the research petroleum road bitumen 35/50 was used as a input material. Two natural 
asphalts were used as a modifier: Gilsonite (which appears in the form of powder) was added in the 
range from 5 to 20%, and Trinidad Epuré (which appears in the form of granules) was added in the 
range from 5 to 40% by weight of the composite, increasing the amount of 5%. 

The samples were subjected to laboratory testing, indicating the following properties:  
� penetration at 25°C, in accordance with PN-EN 1426, 
� softening point "Ring and Ball", in accordance with PN-EN 1427, 
� Fraass breaking point, in accordance with PN-EN 12593, 
� dynamic viscosity at temperature 60°C and 135°C. 

 The parameters listed above were determined on the samples before and after short-term aging. 
This process in the laboratory the RTFOT method (Rolling Thin Film Oven Test) - in accordance 
with PN-EN12607-1 was used to simulate. 

Changes in the basic properties of asphalt, i.e. penetration and softening point 
depending on the amount and type of modifier added before and after RTFOT aging are shown in 
Figures 1-4. 
 

  

Fig. 1. Penetration value at 25°C versus Gilsonite 
content before and after RTFOT. 

Fig. 2. Penetration value at 25°C versus Trinidad 
content before and after RTFOT. 

 
 

  

Fig. 3. Softening point „Ring and Ball” value versus 
Gilsonite content before and after RTFOT. 

Fig. 4. Softening point „Ring and Ball” value versus 
Trinidad content before and after RTFOT. 

 
Analysis of the results indicate that with an increase in their amountof natural asphalts their 

impact on the selected changes of rheological characteristics of bitumen grows. Aging causes 
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stiffening of asphalt observed by a decrease of penetration and a proportional increase in softening 
point. The largest decrease in penetration (above 15·10-1mm) and increase in softening point (above 
10°C) as compared to the situation before the aging of modified road bitumen was observed for 
10 to 20% Gilsonite. This means that bituminous pavement made of asphalt mix with less addition 
Gilsonite than Trinidad is  less susceptible to deformation at high temperatures. 

The results of  Fraass breaking point test are shown in Figure 5-6. The breaking point of asphalt 
35/50 with an increase in the amount of additive increases, regardless of the natural bitumen type. 
Modified road bitumen after RTFOT aging is characterized by the increased breaking point 
of 1÷4°C as compared in the binder before aging. The lowest decrease in temperature was observed  
in the bitumen with the 5-20% addition of Trinidad (about 1°C), and the highest for the bitumen 
with 35% of Trinidad added (about 4°C). 
 

  

Fig. 5. Fraass breaking point versus Gilsonite content 
before and after RTFOT. 

Fig. 6. Fraass breaking point versus Trinidad content 
before and after RTFOT. 

 
An important element of the study was the effect of short-term aging on the dynamic viscosity 

of bitumen 35/50 modified with natural asphalt (Fig. 7-10). This parameter is fundamental an 
among the rheological properties and one of the most important in assessment of the bitumen 
behavior [5]. 

 

  

Fig. 7. Dynamic viscosity at 60°C versus Gilsonite 
content before and after RTFOT. 

Fig. 8. Dynamic viscosity at 60°C versus Trinidad content 
before and after RTFOT. 
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Fig. 9. Dynamic viscosity at 135°C versus Gilsonite 
content before and after RTFOT. 

Fig. 10. Dynamic viscosity at 135°C versus Trinidad 
content before and after RTFOT. 

 
Analyzing the test results shown in Figures 7-10 it can be seen that a considerable increase in 

dynamic viscosity in temperature of 60°C, as well as at temperature of 135°C occurs with an 
increase in the amount of additive. Short-term aging resulted in additional increase in viscosity in 
all cases the modifications. The largest increase showed at temperature 60°C for road bitumen 
35/50 modified by 15% Gilsonite and 30% Trinidad. The smallest increase viscosity is found both 
at 60°C and 135°C respectively bitumen 35/50 modified by 5% Gilsonite and 10% Trinidad. 

3. Conclusion 

Based on the tests performed on road bitumen 35/50 with the addition of Gilsonite and Trinidad 
Epuré natural asphalts before and after aging RTFOT the following conclusions can be drawn: 

- aging cause stiffening of bitumen characterized in decrease in penetration and increase in 
softening point irrespective of the type of natural asphalt and in each variant of dosage, 

- after the aging process the bitumen modified with Gilsonite shows a more adverse change in 
Fraass breaking point, compared to Trinidad, 

- aging caused the increase in the dynamic viscosity of the bitumen, 
-taking the increase in viscosity as the assessment measure of aging, the most resistant to aging 

is the road bitumen 35/50 modified by 10% addition of Trinidad natural asphalt. 
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Abstract. The present article focuses on the evaluation of pavement serviceability in terms of pavement skid 
resistance. The above-mentioned parameter is very important especially in relation to safety on roads, and 
therefore should be approached responsibly, not only for analysis, but also for the evaluation of pavement 
roughness. Operational capacity is dependent on traffic load and climate change, so over the life of the road 
we see a gradual deterioration, which can be expressed using the degradation models and features 
degradation. While the degradation skid resistance describes the development of the road and another is the 
basis for deciding whether the optimal time of reconstruction, restoration, repair, etc. road. At the end of the 
article describes the current status and potential for further development of the degradation model features a 
degradation in the Slovak Republic.   

Keywords: pavement serviceability, skid resistance of pavement, degradation of pavement, degradation 
model, degradation function. 

1. Introduction 

Currently we see a constant increase in traffic intensity, and thus inextricably linked to the 
growth in traffic loads, and it can be assumed that this trend will permanently increase, resulting in 
particular the dynamic degradation of pavements. In order to have adequately evaluated the state 
pavement, you must first know what it is pavement serviceability and such parameters are 
characterized. The representative parameters are skid resistance, equality and road pavement 
distress. The gradual deterioration of the materials used in pavement construction, as well as 
exposure to traffic loads and climatic influences, primarily reflected the aforementioned parameters 
on degradation. The actual course of degradation of the pavement or change the pavement surface 
characteristics captures the degradation model and mathematical expression of these changes again 
feature degradation. 

1.1. Pavement serviceability 

Technical condition of the pavement is a summary of qualitative parameters, speaking about 
the extent to which the communication is able to fulfill its function, is ensure safe, comfortable, 
smooth, fast and economical driving of motor vehicles. These quality parameters are pavement 
surface characteristics that characterize as transport and operating parameters that change during 
use mainly due to traffic load and climate effects. The basic variable parameters are: 

- skid resistance, 
- surface condition,  
- roughness, 
- bearing capacity and other. 

But in this article I focus in terms of degradation models for pavement roughness [1]. The 
pavement management system in decision-making and planning at the level of the road network are 
of great significance and application of the degradation models. [2] 
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2. Evaluation of variable parameters pavement 

 Evaluation of pavement, generally means setting qualities, and in relation to the pavement 
serviceability the surface properties are evaluated [1]. 

2.1. Skid resistance 

Pavement serviceability is the ability of pavement to meet the required operational functions 
expressed by the instantaneous values of variable parameters (roughness, skid resistance, surface 
condition). Pavement skid resistance is one of the most pavement surface characteristics pavements, 
affecting operational capability pavement [2]. Skid resistance describes the contribution that the 
road makes to tyre/road friction [5]. Is expressed by macro-texture, which is required on create 
channels to drain water from road surface and micro-texture, which provides a basic level of friction 
[4]. Slip resistant characteristics best describes coefficient the longitudinal friction fp [3]. 

 

 
 

Fig. 1. The texture of the road surface [2] 

 
Longitudinal friction on the roadway, the value of the parameter Mu, indicating the designation  

Mu60.  To have come from the reliable results that are the basis for the development of the 
degradation model and function degradation must follow certain conditions: [1] 

- the measurement we observe a constant speed, 
- parameter Mu should be recalculated from measurements at the same speeds. 

Important are steps in the evaluation, respectively classified measured distance according to Mu. 
Criteria must be given to vehicle speed. If values are available Mu from measurements at speeds 
60km.h-1 admits the conversion of: 

 
                                              Mu80 = 0,93 . Mu60                                       (1) 

 
In classifications skid resistance addition to values coefficient Mu indicates the value IFI. This 
characteristic is determined device PROFILOGRAPH. The calculation of IFI is done computer 
program SKID.   
 

2.2. Determination of the degradation function 

 Defining degradation function can be based on practices that are based on experimental 
measurements or knowledge of aging materials. The process of degradation model is very time 
consuming, because the parameter monitored, we need to measure the intensities of several years 
and after statistical processing as a set of values reflect changes over time or transport loads 
possibly it can be complemented with laboratory tests. 
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By creating a model of degradation and degradation function for parameter skid resistance was also 
addressed by [3] in 1993 in its analysis, where, in addition to equality and the state of the surface  
addressed roughness pavement. The basis of the degradation model proposed linear relationship. 
 

���� � 1 � �	
�
�
                                                (2) 

 

 
 Fig. 2. Degradation function parameter skid resistance of 1993 [3] 

 
However from this analysis, many years have passed, and it should be noted that in addition to 

the time changed significantly important parameter and the intensity of traffic, so it must be 
assumed that they also significantly alter the course of the degradation model and the associated 
change in the degradation function. At present, the development of pavement skid resistance and 
tent degradation model discussed skid resistance analysis [1], which found that the section is 
sufficient 500 m, SKIDDOMETR measurement should be done at a constant speed 80 km.h-1  
subject to tolerance ±10% and measurements can be carried out at temperatures in the range of air 
+5°C till +30°C. It is important to conversion values Mu other than speed 80 km.h-1, this analysis is 
not recommended. 

 
 

 
Tab. 1. Draft classification of asphalt pavements by surface skid resistance values Mu80 [1] 

 

 
Draft degradation model based on repeated measurements of surface skid resistance of asphalt 

pavement equipment Skiddometer BV 11 with parameter Mu. 
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Fig. 2. Model degradation and degradation function in terms of skid resistance [1] 

3. Conclusion 

From both of degradation models are sees change from linear function to fifth series of 
polynomial function. It can be assumed that in the first analysis, which has the shape of degradation 
function linear function disorders arise already at the first crossing vehicle, while the second 
analysis already considered with up phase and the phase propagation. That is, it needs time to be 
any failure not developed and then spread. Of course between these analyzes is a generation gap, 
and therefore there is a need for continued development and analysis of the skid resistance 
parameter which is related to improving the assessment of pavements. 
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Abstract. The article deals with the resistance verification of laterally restrained hot-rolled beam-columns 
with H cross-sectional shape under axial force and biaxial bending. Results of analysis of the beam-column´s 
resistance according to methods of former STN 73 1401 [3] and the current STN EN 1993-1-1 [4] are 
compared with results of numerical approach. The observed members are subjected to the axial force and to 
the transversal load uniformly distributed along the length of both axes. The cross section of HEB 300 was 
chosen to compare obtained results. 

Keywords: axial force, bending moment, lateral restraint, beam-columns. 

1. Introduction 

Nowadays, the development of new materials creates a competitive environment for the use of 
steel as a structural material in constructions. High-strength concrete and reinforced concrete cross-
sections of high quality compete to steel with their dimensions. Therefore, many specialists are 
seeking to improve the accuracy of design equations for steel members especially for members 
subjected to the combined actions. The beam-column subjected to combination of the normal force 
and the bending moment is an example of this problem. Therefore, the possibility of using cross-
sectional plastic reserve or high strength steels becomes. If the standard prescriptions comply with 
these criteria, then determination of the resistance and its verification need necessarily to be more 
precise and often complex based on the numerical calculations using FEM models.  

Stability problem has been solved in the past using solution of the relevant differential 
equations. The following system of equations describes the buckling resistance of thin-walled 
beam-column with double symmetric cross-section constant along the member, subjected to the 
axial force and to transversal load uniformly distributed along the length of the both axes: 

   

IV I I II
z o y o

IV I I II
y o z o

IIV II 2 I o o II II
w t s o y g,y z g,z o y o z o

EI  v [N(v v ) ] +(M ( )) =0
EI  w [N(w w ) ] +(M ( )) =0

EI GI i N( ) q z q z ( ) M (v v ) M (w w ) 0

θ θ
θ θ

θ θ θ θ θ θ

+ + +
+ + +

   − + + + + + + + + + =   

   (1) 

where 
N      is the axial force,  
vo     is the initial deflection of a member in the direction of y-y axis, 
wo      is the initial deflection of a member in the direction of z-z axis, 
θo     is the angle of the initial cross-sectional rotation of a member about the x-x axis, 
v       is the deflection increment of a member in the direction of y-y axis, 
w      is the deflection increment of a member in the direction of z-z  axis, 
θ       is the angle increment of cross-sectional rotation of a member about the x-x axis, 
E       is the Young’s modulus of elasticity, 
G      is the shear modulus, 
is is the cross-sectional polar radius of gyration around to the centre of shear given by 

the formulae 
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Iy, Iz is the second moment of area about y-y or z-z axis  
It is the St. Venant torsional constant, 
Iw is the warping torsional constant, 
A  is the cross-sectional area, 
zg,y, zg,z             are the distances of the applied transversal load from the centre of shear measured in  

the direction of y-y or z-z axis, 
ys, zs                       are the coordinates of the centre of shear Cs of the observed cross-section.  

In general, those equations represent the system of differential equations with non-constant 
coefficients whose solution can not be found in analytical form. Bending moments My and Mz 
depend on the type of the transversal load and usually have the non-constant shape. The equations 
become more inhomogeneous when the initial imperfections are implemented into the system. Then 
the exact solution in the analytical form can only be found in the case of the constant cross-sectional 
stiffness, constant internal force and constant bending moments along the length of the member.  

Due to the complexity of analytical solutions of the non-homogeneous differential equations, 
the numerical analyses are used to obtain results. Numerical model is usually created using 
computer software based on FEM method. In this case the Ansys-Workbench was used. 

Numerical model consists of one dimensional finite element BEAM 188. The element is based 
on Timoshenko beam theory including shear-deformation effects. The unrestrained warping of 
cross-sections or restrained one respectively can be taking into account. The element is a linear, 
quadratic, or cubic two-node beam element in 3-D. BEAM188 has six or seven degrees of freedom 
at each node. These include translations in the x, y, and z directions and rotations about the x, y, and 
z directions. The seventh degree of freedom - warping magnitude, is optional. This element is well-
suitable for linear large rotation and/or large strain nonlinear applications.  

The sinus function was chosen to simulate the initial shape of the bow member imperfection. 
Its amplitude was taken according to recommendation for flexural buckling in accordance with 
chapter 5.8 in [2]. In the case of applied numerical model, the boundary conditions Rotx =0 were 
considered, allowing for laterally restrained member with disabled rotation about x-axis.  

Ideal elastic-plastic material model was chosen. Material characteristics were used according to 
the standard recommendations [4]. It was necessary to evaluate a large number of combinations of 
forces and transversal loads to create compact surface resistance of the observed members. 

 
Fig. 1.  The cross-section of HEB 300 used for comparison 

The following input values were taken into account for calculations using the numerical approach: 
• the yield strength fy = 235 MPa, the Young’s modulus of elasticity E = 210 GPa, the 

modulus of strain hardening Et=0 GPa , the Poisson ratio ν = 0.3, the amplitude of initial 

bow member imperfection o,z el,ze = ( -0,2)W /Aα λ  , α = 0.49 for HEB 300; 

• geometric nonlinearity, laterally restrained member - Rot x = 0, cross-sectional dimensions of 
HEB 300 was taken according to the table from [5].  

The standard procedures are used for assessment of members to achieve the greater extent. The 
resistance of members subjected to the interaction of axial force and biaxial bending was verified by 
means of formulas according to STN 73 1401 [3]. The latest revision of this standard was valid 
from 23.03.1998 due to replacing the previous one published in April 1984. This latest version of 
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the standard was applied in our country till 01.04.2010, when it was replaced as well as the other 
Slovak standards by Eurocodes.  

The present study analyzes the resistance of members with cross-sections of Class 1 and 2. 
Members with laterally restrained cross-sections of the class 1 or 2 according to [3] shall satisfy the 
following single condition: 

                                      
1,0

 /W

Mk
+

/W 

 Mk
+

/Af

N

M1zpl,

Sdz,z

M1ypl,

Sdy,y

M1ymin

Sd ≤
γγγχ yy ff                                         (3) 

where: 
NSd is the design normal force, 
My,Sd, Mz,Sd are the design bending moments about y-y or z-z axis, 
Wpl,y, Wpl,z are the plastic section modulus about y-y or z-z axis, 
ky, kz are the interaction factors, 
χmin is the minimum of reduction factors due to flexural buckling to y-y or z-z axis, 
fy is the yield strength, 
A is the cross-sectional area, 
γM1 is the partial safety factor for material. 

Set of Eurocodes for the design of building structures has been successively implemented into 
the STN standard system since 2005. Translation of standards to individual parts with the National 
Annex was gradually published. Already in the time of the first edition, the date of cancellation of 
national standards – 31 March 2010 was known.  

To assess the member resistance under interaction of axial forces and biaxial bending, two 
annexes A and B are possible to apply according to standard [4]. In Slovakia, the utilization of 
Annex B was recommended by the National Annex.  Equations for individual interaction factors 
were calibrated using many geometric and material nonlinear computer simulations - GMNIA based 
on finite element method. Methods A and B have different ways of calculating the interaction 
factors ki,j.  

A common form of equations for assessing the resistance of member with cross-sections of 
class 1 to 2 subjected to the axial force and biaxial bending has the form as follows: 
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                                  (4) 

where the following designations are used in comparison with relation (3): 
NEd is the design normal force, 
My,Ed, Mz,Ed are the design bending moments about y-y or z-z axis, 
NRk is the characteristic value of resistance to compression, 
My,Rk, Mz,Rk are the characteristic values of resistances to bending moments about y-y or z-z 

axis, 
ki,j are the interaction factors,       
χy, χz are the reduction factors due to flexural buckling to y-y or z-z axis, 
χLT is the reduction factor for lateral-torsional buckling. 
 

2. Comparison of approaches to verification of member resistance laterally 
restrained 

The comparison of the results obtained using different standard approaches to the results of the 
numerical calculations is shown in Fig. 2. The value of the report 1.0 was used for comparison of 
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standard approaches [3],[4]. Display in rectangular coordinates has been implemented in the 
software MATLAB. The numerical value represents the size of the third axis in the selected levels.  
Ratios NEd/NRk, Mi,Ed/M i,Rk  are shown on the axes. Characteristic values of resistances without 
partial safety factor for material were considered as the standardized member resistances for all 
normative approaches to compare the obtained results of numerical calculations. Graphs are 

processed for non dimensional slenderness zλ =1.0 and 1.5. The investigated member is subjected 
to the uniformly distributed transverse load for both axes of symmetry of the cross-section, so that 
the shape of the bending moment is parabolic. Calculations were considered with laterally restraint 
cross-section HEB 300, i.e. the effects of lateral-torsional buckling were neglected.  

 

Fig. 2. HEB 300 - Comparison of the member resistance curves, z 1.0;  1.5λ =   

3. Conclusion 

Conservative approach of resistance verification according to the standard [3] is evident from 
all result comparison. In accordance with this standard, the spatial display creates approximately 
“planar resistance surface” which connecting the borderline cases lying on the axes of the graph. 
Isoclines of methods A and B show, that the standards [4] use the plastic reserve of members more 
accurately. Surface resistance of these approaches is already convex, describing more realistic 
member resistance. In the cases of higher levels of axial forces, standardized approaches show 
reserve compared to results of numerical calculations. Assessment of members with lateral restraint 

according to method A is less suitable for members with non-dimensional slenderness zλ >1.0. The 
recommendation to use the method B in SR seems to be correct in this context. 
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Abstract. This document presents the results of studies on the release of ATP from the bacterial cells in the 
water wells. Studies have shown best results were obtained when the ATP extraction using microwaves. 
There was no adverse effect to increase the temperature on the content of ATP in the tested samples. 
Luminometric ATP tests are now one of the main techniques used for rapid detection of microbiological 
contamination in drinking water.Quick result gives the ability to take corrective action to ensure proper 
microbiological quality of water. In case of ATP luminometric tests the right extraction of ATP from bacteria 
cells is very important. 
 
Keywords: ATP realese, water 

1. Introduction 

The ATP testing are being increasingly used for microbiological control of water supply system, 
food products, cosmetics [1]. During the tests a reaction is used between ATP and luciferin and 
luciferase enzymes, which in the presence of Mg2+ ions causes the release of photons at a 
wavelength 562 nm in proportion to the amount of ATP contained in the sample. The measurement 
is done using a luminometer and the result is given in relative light units RLU [2, 3]. The main 
advantage of this method is its ease of implementation, high sensitivity, and getting the results 
within a few minutes after sample collection. The disadvantage is the determination of the total 
amount of ATP in the water, without being able to identify pathogenic organisms. 

SchreppelDelahaye found that in case of pure cultures of bacteria one can obtain highly 
significant correlations between the number of bacteria and RLU. The best correlations were 
observed in cases of psychrophilic bacteria [4, 5, 6]. Most lumen metrical tests mainly swab, based 
on the measurement of ATP contained in the water, originating from dead cells of microorganisms, 
plants and animals. The ATP measurement contained in living bacterial cells is omitted. Before 
performing the lumen metrical test, the extraction of bacterial ATP is necessary. In the literature 
one can find different extraction methods, both physical and chemical. 

2. ResearchMethodology 
 

Studies were performed on the extraction of ATP from bacterial cells in the water supply system 
with the use of three methods: 
a) extracting the ATP with the use of TCA (trichloroacetic acid) in accordance with the following 
procedure: To 1 ml sample of water a reaction indicator (Xylenol blue) was added  at a 
concentration of 0.005%, and then 1 ml of TCA, which was then neutralized with buffer (TrisAcete) 
at pH 7.75. The study used 4 different concentrations of TCA acid: 0.05, 0.5, 2.5 and 22%; 
b) extraction of ATP by means of microwaves. Tests with a volume of 150 ml was treated with 
microwaves for a period of 1 min., 1.5 min. 2 min. and 3 min; 

115



c) Extraction of ATP by means of ultrasound. Water samples were sonicated for a period of 1 min., 
2 min., 3 min. and 4 min. 
 

The ATP was determined using the test of ENLITEN ATP Bioluminescence Assay Detection 
System for ATP Measurement Kit from Promegacompany. The ATP measurement was made using 
a specimen luminometer “Autolumat PLUS LB 953” from Berthold company. 1 ml of the sample 
was added to plastic tube, then the machine automatically dosed 0.1 ml of luciferin-luciferase 
reagent causing the phenomenon of bioluminescence. Bioluminescence was read at 25°C, the result 
was obtained in RLU units. 

 
3. Results 

The results obtained with the extraction of ATP using the TCA acid  are shown in Figure 1. The 
best ATP extraction was achieved with 0.5% TCA. With an increase in the concentration of ATP, 
the destruction of TCA by used acid was observed. 

 

 
Fig.1.Extraction of ATP by using different concentrations of TCA 

The extraction of ATP with ultrasound gave results in the range of 1540 - 2640 RLU, 
depending on the time of sonication (Figure 2). Extending sonication increased the noted ATP. 

  

 
 

Fig.2.ATP extraction results using ultrasounds 

The results of using the microwave were shown in Figure 3. The best results were obtained 
with 1.5 minutes of microwaves on a sample. Under these conditions, the sample temperature rose 
to 70℃. Maximizing the impact of microwaves over 1.5 minutes did not significantly influence the 
value of RLU. There were no destructive activities of temperature on the released ATP. This results 
from the fact that melting point of ATP is 176℃ [7]. 
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Fig.3. ATP extraction results by using microwave 

4. Conclusion 

These results suggest that any of the three methods can be used for the extraction of ATP from 
bacterial cells in the water. The best method of extraction of ATP was found in the use of 
microwaves for a period of 1.5 minute. The worst result of the extraction was obtained in the use of 
22% TCA acid. 
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Abstract. The article describes the process of unsteady heat transfer that occurs between the vertical ground 

heat exchanger and the surrounding soil at a depth that is independent from the temperature on the ground 

surface. A mathematical model of this phenomenon and its exemplary solution using the method of 

elementary balances were presented. Numerical calculations using Mathcad were applied. As a result, the set 

temperature field is formed in the heat exchanger wall and the surrounding ground. 

Keywords: vertical ground heat exchanger, heat transfer, non-stationary state, temperature field, the method 

of elementary balances. 

1. Introduction 

These times, in order to cover the demand of the building to heat or cold are increasingly being 

used for compressor heat pump which uses the lower ground as a source of the heat. The most 

effective way of obtaining of low-temperature heat from the ground is to place a vertical ground 

heat exchanger, filled with intermediate fluid- circular. During the operation of the pump in the 

heating mode, the refrigerant that circulates in the vertical heat exchanger extracts heat from the 

surrounding ground. It causes, in the initial period of the operation, a significant drop in natural, 

undisturbed ground temperature under consideration for a given length of the exchanger. The 

duration of non-stationary conditions can be different. Only after a few decades of operation of 

geothermal heat pump stationary conditions occur. During the first years of the geothermal heat 

pump there is a primarily mechanism of heat conduction in the radial direction. After some time a 

process of a three-dimensional appears[1]. 

This project presents a single computational model of vertical ground heat exchanger for non-

stationary conditions. The heat transfer using a cylindrical model is shown, which was established 

in order to facilitate a one-dimensional heat flow (only in the direction to r). Between the ground 

heat exchanger wall and the surrounding ground there is the heat conduction, while the possible 

movement of deep water or groundwater is omitted. The driving force of the process of the heat 

transfer is the temperature gradient  understood as the difference between the temperature of the 

heat exchanger wall and the undisturbed soil temperature profile. And the distance gradient   defines 

the difference between radiuses of the heat exchanger and the ground  at the site of undisturbed 

temperature. In order to determine the heat flux, to raise the potential of one meter from the hole, 

the case should be considered at limited only to what is happening on the surface of the borehole 

wall by taking the boundary condition of the third type, the convective heat transfer between the 

wall of the heat exchanger and the fluid which fills it. The heat flux taken from the ground and the 

temperature distribution in the wall of the heat exchanger and the surrounding ground always 

depends on the time, in the non-stationary processes. 
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2. A mathematical model of the heat transfer in the vertical ground heat 

exchanger 

Unsteady one-dimensional heat conduction through the layer of soil, soil density, heat capacity 

and thermal conductivity of the ground and the material from which the wall is made of the heat 

exchanger were founded. The solution to the equations of the heat exchange model [1] using the 

method of elementary balances was obtained. The test area was divided into geometric elements, for 

which the energy balance sheet based on the following assumptions was prepared: 

 The temperature of the surrounding medium is always constant and unchanging Tk = const 

(Fig.1); 

 The temperature of the transfer medium is always constant and unchanging Tf = const; 

 A one-dimensional temperature field ⇒ one-dimensional heat movement in the direction of r 

 Heat is supplied from the outer surface through convection with a constant thermal diffusion 

coefficient α = const; 

  The initial temperature of the system is equal to the initial temperature of the soil; 

 An element with a length of 1 m, which is located on the depth at which the temperature is 

independent from the temperature on the ground surface is taken to determine the 

temperature field in the ground; 

 Constant wall parameters (cpr, ρr, λr) and ground (cpgr, ρgr, λgr) are known; 

 The ground is homogeneous; 

 there are no internal heat sources; 

  Each element is represented by a node that is located in the center of gravity of the element, 

which focuses the whole heat capacity of the element in question; 

 The whole the area in question is symmetrical about an axis which is located in the core of 

the transfer medium. 

With the foregoing assumptions, the governing equations of the problem can be written as follows: 

  (1) 

where: 

α -thermal diffusion coefficient, W/(m
2
·K), 

λ- thermal conductivity coefficient, W/(m·K), 

ρ- density, kg/m3, 

cp- specific heat capacity, J/(kg·K), 

q- heat transfer rate per unit depth, (W/m), 

T-temperature, (˚C), 

r-radius, (m), 

Δτ-time (s), 

The figure below shows the heat transfer simulation model created for the case. In the scheme a 

symmetrical division of ground accumulative layer into seven layers with thermal capacity was 

adopted. There are five identical and two smaller layers which are the result of the dimensions of 

the ground heat exchanger.  
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Fig. 1. The division of the analyzed segment of ground on the computational layer. 

In the non-stationary conditions, assuming isobaric heat flow, the heat inflow to the relevant 

node or nodes from the adjacent or surface of the body will increase in enthalpy. Energy balance 

equation in the nodes in each intervals of can be written as follows: 
 

   (2) 

 

3. The example of calculation 

The numerical calculations by means of  Mathcad were presented. The following data were 

used. The average temperature of the transfer medium (ethylene glycol-38%) in the heat exchanger 

is Tf = -3 [° C] and its parameters are: cpg = 3430 [J / kg / K], ρg = 1055 [kg/m3], λg = 0.45 [W / 

(mK] [2] and calculated α = 6970 [W / (m 2 K). The adopted ground has following properties: λgr = 

0.45 [W / (mK] cpgr = 1440 [J / kg / K], ρgr = 1300 [kg/m3] and the heat exchanger of dimensions dw 

= 0.021 [m] and dz = 0.025 [m] made of material with the following parameters: λr = 0 5 [W / (mK]] 

cpgr = 4430 [J / kg / K], ρgr = 1155 [kg/m3]. It is assumed that the constant undisturbed ground 

temperature at a distance r7 = 2.5 [m] is Tk = Tg = 10 [º C]. 
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The figure below shows the results of made simulations. The figure [2] illustrates the temperature 

changes in the various nodes of the model in the subsequent time intervals. 

 
Fig. 2. The temperature distribution around a single vertical ground heat exchanger as a function of operating time of compressor 

heat pump 

In Figure [3] the possibilities of getting the heat from the 1 m of vertical heat exchanger within 

the time can be observed. 

 

 Fig. 3. The amount of heat extracted from ground ql in [W / m] as a function of the duration of the heat exchange 

process 

4. Conclusion 

Adopted computational model not only allows to analyse the heat exchange processes around a 

single ground heat exchanger, but also allows to match individual elements of the model parameters 

to optimize the work of the heat pump. The simulation can be made for example by selection the 

transfer medium (cpg, ρg, λgr) or the appropriate rate of flow, but also the material with different 

physical characteristics (cpr, ρr, λr) referring them to the ground conditions with which we  deal 

wiyh (cpgr, ρgr, λgr). Determining the optimum operating conditions of ground heat exchanger is 

extremely important at the design stage, so that a clear understanding of the application process 

taking place around it is necessary. 
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Abstract. In this paper, the foundation wood model with constant thickness and constant material 
characteristic for a dowel type connection with diameter size of 6, 25 and 30 mm was proposed. Numerical 
models were developed to verify a potential capability of proposed method. 
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1. Introduction 

Joints with dowel type fasteners are widely used in timber structures. This paper is focused on 
metal fasteners such as bolts, dowels, nails and screws. Due to the non-homogenous structure of 
wood and related anisotropy, the study and research of the load bearing behaviour of dowel type 
connection and its numerical modelling requires still development. Particularly, the stiffness of 
timber joints obtained by conventional finite element method (FEM) analysis is overestimated. In 
this paper, the method for numerical modelling of dowel type connections is presented. 

2. Numerical modelling of dowel type connection 

2.1. Load carrying capacity and load-slip behaviour of dowel type timber connection 
according to Eurocode 5 

The calculation method for load carrying capacity of dowel type connection according to 
EC5[1] considers the embedding strength of timber members, the tensile strength of metal fastener, 
and the geometry of fastener and timber members. The calculation method is based on theory 
developed by Johansen (1949) and it is assumed ideal rigid-plastic behaviour of fastener and timber. 

Stiffness behaviour of metal dowel type fasteners is defined by the instantaneous slip modulus 
for design at the serviceability limit state (SLS) - slip modulus Kser. The value of Kser is based on the 
mean density ρm and diameter of dowel d. According to [1], SLS slip modulus Kser for dowels, 
bolts, screws and nails with pre-drilling is defined by equation (1), where only the timber strength 
class is considered by corresponding mean density and foundation properties related to the dowel 
size are assumed to be constant or the difference is neglected. 

     23/K 5,1 dmser ρ=      (1) 

2.2. Numerical modelling 

Conventional methods for numerical modelling of dowel type timber connections provide 
usually non-realistic load-slip behaviour. Stiffness obtained from FEM analysis is usually 
overestimated when compared to the real behaviour, obtained by experimental testing. This 
difference is caused by crushing of wood in contact region of connection. This phenomenon was 
analyzed and simulated using FEM foundation model [2]. Various methods and research have been 
done in field of theoretical and FEM analysis of dowel type timber connections [2], [3]. 
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In such method of FEM analysis, the wood foundation material characteristic are needed for 
correct simulation of stiffness behaviour in contact region of wood member and dowel, what has 
consequence on analysis of load-slip behaviour of connection as a whole. 

2.3. Load embedding behaviour of  dowel type connection  

Embedding characteristic, such as embedding strength and foundation stiffness can be obtained 
from standardized embedment test method according to the EN383[4] or ASTM D5764[5]. 
Embedding behaviour of dowel provides relevant characteristics about stiffness behaviour of timber 
in contact area. In Tab. 1, there are presented results of embedment tests [6] of Radiata pine timber 
with the wood mean density 505kg/m3. Fig. 1 shows evaluation method of embedment tests. 

 

Dowel 
diameter  

Load to 
grain 

angle α  

Stiffness 
Foundation 

stiffness 
Yield 

strength 

Max. 
strength 

  K k fh,α,5% fh,α,max 

(mm) (°) (N/mm) (MPa/mm) MPa MPa 

6 0 12439 45,1 39,1 44,5 

25 0 56237 48,9 32,2 32,4 

30 0 81005 58,7 35,5 35,5 

6 90 5005 18,1 22 35,8 

25 90 21786 18,9 18,8 21,2 

30 90 20938 15,2 20,8 21,9 

Tab. 1. Test results of Radiata pine timber.    Fig. 1. Evaluation method of embedment tests 

2.4. Theoretical model 

Load embedment characteristics related to wood crushing need to be linked with numerical 
model. The load embedment curve presents crucial information about the strength and stiffness in 
the process of embedding.  

The following foundation characteristics are assumed in the numerical modelling: 
- The load embedment curve is non-linear; 
- According to the foundation stiffness obtained from embedment tests, the behaviour of 

wood can be defined close to the contact region as „very soft“ compared to global 
behaviour of timber member, what is caused by wood crushing in the contact region; 

- The embedding strength is decreasing with increasing diameter of dowel; 
- The foundation stiffness does not change significantly with change of diameter size in 

elastic phase; 
- The load slip behaviour of embedment test shows the lower stiffness with the bigger 

diameter size  in the phase before yield point;  
- The ratio of embedment/diameter size is not constant with the change of diameter size. 
The main goal is to develop and use numerical model with foundation zone of fixed thickness 

and constant foundation wood characteristics independent on the size of dowel diameter. In this 
paper, foundation zone has constant thickness of 10mm. In Fig. 2, there is shown a foundation zone 
around the dowel, influence of zone by stresses and fall of the stresses with growing distance from 
the dowel. Simplification of the model behaviour can be described as non-linear spring loaded by 
the varying stress load, as it is shown in Fig. 2. 
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Fig. 2. Simplified description of proposed foundation model 

Load embedding curve of 30mm dowel was used as the referential curve for numerical 
modelling and it was transformed to bilinear stress-strain curve considering the thickness of 
foundation zone. The reason for use of load embedding curve of 30mm dowel is that the dowel with 
the lower diameter induces in such foundation zone the lower stresses and the load embedding 
behaviour is stiffer, what can be observed in the real load embedding behaviour. 

2.5. Numerical models and results 

For wood foundation zone, the numerical values from embedment tests were calculated 
considering thickness of the foundation zone and application of the anisotropic plasticity model. 
Material anisotropy, assumed as transversely isotropic, was defined in three orthogonal directions, 
where properties in radial and tangential direction were assumed to be equal because of reduction of 
material characteristics. Stiffness moduli were assumed to be of double value compared to the 
measured stiffness because of non-uniform stress distribution. Based on the research [2], the shear 
moduli in the longitudinal-tangential plane and the radial-tangential plane were modified. 
According to the paper [6], the timber strength class C24 was assumed for the timber member 
outside of foundation zone. Material properties used in the numerical analysis are presented in Tab. 
2, based on [2], [6], [7]. Finite element analysis by means of software ANSYS was used for 
numerical modelling. Wood material was modelled using SOLID45 finite elements. Two groups 
with three numerical models have been developed for the analysis of embedding tests with the 
dowel diameter size of 6, 25, 30 mm for parallel and perpendicular to the grain direction of 
embedment. Numerical model description is shown in Fig. 3. Results are presented in Fig. 4 as load 
embedment curves obtained from numerical models.  

 
 
 

Material characteristic  Wood,C24 Foundation 

(MPa)       zone 

EL  ; EL,tang 11000 ; 150 1170 ; 15 

ET = ER; ER(T),tang  370 ; 5 304 ; 4 

GLT = GRL; GLT(RL),tang 690 ; 5 150 ; 1,5 

GRT; GRT,tang 132 ; 0,5 109 ; 1,5 

Ϭyield,L 35     35     

Ϭyield,R(T) 3     20     

τyield,LT (RL ) 3     4     

τyield,RT 0,5     1,5     

Poisson´s ratios              

LT; RL; RT 0,4; 0,013; 0,4 0,4; 0,104; 0,4 

Tab. 2. Material properties of wood and foundation zone              Fig. 3. Description of the numerical model 
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Fig. 4. Results - load embedment curves 

3. Conclusion 

Load embedding behaviour obtained from result of numerical modelling shows relatively good 
match with results of embedment tests [6] in cases of modelling of the load embedment test parallel 
to the grain. Comparison of results with embedment test shows the need of an optimization of 
material characteristics of foundation zone. Further research and experimental testing of mechanical 
properties of wood are necessary for general use of this FEM analysis method in other wood pieces 
and timber grade classes. 
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Abstract. The paper deals with impact of corrosion of steel cross sections of truss girder on dynamic 
parameters. It is a real construction of Old Bridge over Danube in Bratislava. Five FEM models of this 
structure were created to compute its nature frequencies, modes and these values were compared with values 
from experiment. Differences between models are introduced by graduate changes of thickness of steel cross 
sections.  

Keywords: natural modes, natural frequencies, three span truss girder, FEM analysis. 

1. Introduction 

The aim of the paper is to compare dynamic response continuous truss girder to changes of 
cross sections thickness due to corrosion of steel structure. It presents the middle part of real 
structure of Old Bridge over Danube in Bratislava. This part is composed of three simple truss 
girders, which are connected with upper and lower chord above the support D and E (Fig. 1). 
Calculated natural frequencies were compared with the  measured. The experimental analysis of the 
bridge dynamic response caused by traffic (random moving heavy vehicles) made it possible to 
identify six modes of bridge vibration. Analysis was carried out in the Laboratory of the 
Department of Structural Mechanics, University of Žilina. Natural frequencies were obtained using 
spectral analysis of the recorded bridge response dynamic components from accelerometers and 
tensometers. The gauges were installed in half of the first and second span on lower chord. 

1.1. Technical description of  OLD Bridge over Danube in Bratislava  

The bridge was built after the World War II in 1945. Steel structure is created from German 
bridge provisory system Roth-Wagner. The part of interest is composed of the middle span 4 with 
boundary span 3 and  span 5. Bridge deck is composed by prefabricated concrete slabs.  

Length of the spans: 32.42 m - 75.82 m - 75.71 m - 92.24 m - 75.64 m - 75.93 m - 32.31 m, 
total width is 9.5 m and total length is 460.1 m. 

Cross sections were made as riveted ones and truss joints were screwed with truss plates. Part 
for pedestrian is mounted on one side of the structure and has a wooden floor connected on the steel 
cantilever. 

 
Fig. 1. Longitudinal view of  the Old Bridge.  
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Fig. 2. Cross section of  the Old Bridge.  

2. FEM  analysis 

The relevant combination of a detailed and comprehensive finite element modeling, sensitivity 
analysis, on-site measurements and model updating is crucial for the assessment in order to provide 
a solid decision basis for the necessary actions to be taken.  

Five computational models were created for numerical analysis and their result differences 
were compared. Differences between the models are presented by decrease of thickness due to 
corrosion of steel material.        

2.1. Numerical 3D model  

Bridge dynamic analysis was performed using the IDA NEXIS software. The 3D global model 
incorporated all permanent and variable load, but traffic - heavy vehicles were not considered. 3D 
model was created using only 1D finite elements. Bridge deck and non-bearing elements were 
included as a mass load of the structure concentrated in the nodes. Eccentrically connected 
members, such as cross girder, stiffeners and main trusses were coupled in the model.  

  

 
Fig. 3. Cross section of  model and axonometric view of  simple element system part.  

 

 
Fig. 4. Longitudinal view of continuous truss girder of the Old Bridge with position of installation gauges. 
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Fig. 5. Supports of the structure . 

2.2. Variants of the models for calculating natural frequencies and natural modes  

Variations of cross section changes of main bearing elements are set by means of gradual 
reduction of cross section area. Model with reference area (initial area) is marked as R and other as 
R5, R10, R15, R20 describe the percentage loss of cross section area all bearing truss girder 
elements. This input in computation defines five different results, it means five different natural 
frequencies (Tab.1), which are subsequently compared with each other (Tab. 2) and are compared 
with the experimentally obtained frequencies .  

2.3. Results of numerical calculation 
 

j 
Natural frequency f( j) [Hz] 

R R5 R10 R15 R20 
1 1,362 1,327 1,304 1,266 1,228 
2 1,645 1,603 1,574 1,529 1,483 
3 1,650 1,608 1,579 1,534 1,487 
4 2,107 2,053 2,017 1,959 1,901 
5 2,786 2,715 2,665 2,590 2,513 
6 2,801 2,729 2,681 2,604 2,526 
7 2,971 2,894 2,839 2,762 2,680 
8 3,221 3,138 3,071 2,982 2,892 
9 3,281 3,197 3,134 3,043 2,950 
10 3,358 3,271 3,197 3,105 3,011 
11 3,720 3,625 3,542 3,441 3,337 
12 3,760 3,664 3,578 3,478 3,372 

Tab. 1. Calculated natural frequencies. 

 

Difference frequencies    [%] 

j R5 R10 R15 R20 
1 2,57 4,26 7,05 9,84 
2 2,55 4,32 7,05 9,85 
3 2,55 4,30 7,03 9,88 
4 2,56 4,27 7,02 9,78 
5 2,55 4,34 7,04 9,80 
6 2,57 4,28 7,03 9,82 
7 2,59 4,44 7,03 9,79 
8 2,58 4,66 7,42 10,21 
9 2,56 4,48 7,25 10,09 

10 2,59 4,79 7,53 10,33 
11 2,55 4,78 7,50 10,30 
12 2,55 4,84 7,50 10,32 

Tab. 2. Percentage difference of the frequencies between the reference model and modified models. 
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Fig. 6. Calculated modes of the bridge natural vibration. 
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3. Calculated and experimental natural bridge frequencies comparison  

Natural frequencies were obtained using the spectral analysis [3] of the recorded bridge 
response of the structural vibration [1], [2]. Spectral analysis was performed via National 
Instruments software package NI LabVIEW in the Laboratory of the Department of Structural 
Mechanics, University of Žilina. The spectral analysis of the vibration time histories allowed to 
determine the dominating frequencies of  bridge vibration by sharp peaks plotted in power spectra. 
The experimental analysis of the bridge dynamic response caused by moving load enabled to 
identify six basic modes of the bridge vibration. 
 

Old Bridge over Danube – BRATISLAVA 

N
o

. 
p

as
s 

Direction 
of 

movement 

Velocity 
[km/h] 

Span 3 Span 4 
Dominating frequency [Hz]   in 

direction 
Dominating frequency [Hz]  in direction 

vertical  
(BK4) 

horizontal                  
(BK5) 

vertical 
(BK1) 

horizontal 
(BK2) 

vertical 
(BK3) 

1 BA – PE 8,86 1,92 (2,57 2,97) 1,77 1,89 (2,96) 1,58 (1,43 1,79) 1,91 (2,97) 
2 PE – BA 10,02 1,92 (2,58) 1,85 (1,55) 1,92 1,56 1,92 
3 BA – PE 12,80 2,57 (1,92 2,97) 1,85 1,92 (2,99) 1,61 (1,88 3,0 3,2) 1,93 (2,99) 
4 PE – BA 13,71 2,94 (1,90 2,63) 1,82 2,94 (1,95) 2,94 (1,56 3,16) 1,95 (2,95) 
5 BA – PE 19,20 1,92 (2,59 2,94) 1,80 (3,39) 1,92 (2,95) 1,57 (2,95 3,18) 1,92 (2,94) 

6 PE – BA 
19,53 

1,92 (2,55 2,97) 
1,97 (1,71 1,87 
2,5) 

1,92 (2,97) 1,56 (2,97) 1,92 (2,98) 

7 BA – PE 28,80 2,58 (1,92 2,98) 1,82 1,92 (2,98) 1,58 (1,82 2,97) 1,92 (2,97) 
8 PE – BA 29,54 1,92 (2,58 2,95) 1,78 (1,50 2,57) 1,92 (2,95) 1,53 (1,31 1,75) 1,93 (2,95) 

9 BA – PE 
39,72 2,556 ( 2,969 ) 1,85 ( 2,553 ) 1,89 ( 2,96) 1,62(1,20, 

2,97) 
1,911 ( 2,97 ) 

10 PE – BA 38,40 2,576 ( 2,97 ) 1,89 ( 2,59 ) 1,93 ( 2,96) 1,57 ( 2,99 ) 1,934 ( 2,98 ) 
11 BA – PE 52,36 2,576 ( 2,97 ) 1,89 ( 2,57 ) 1,92 ( 2,97) 1,57 ( 2,97 ) 1,934 ( 2,97 ) 
12 PE – BA 50,09 2,578 ( 2,97 ) 1,798 ( 3,394) 1,93 ( 2,97) 1,57 ( 2,97 ) 1,956 ( 2,97 ) 
13 BA – PE 72,00 1,826 ( 1,533 ) 2,576 ( 2,97 ) 1,94 ( 2,99) 1,55 ( 2,97 ) 1,920 ( 2,97 ) 
14 PE - BA 96,00 2,587 ( 1,928 ) 1,806 ( 3,44 ) 2,99 ( 1,98) 3,00 ( 1,77 ) 3,002(0,976) 

Tab. 3. Values of measured frequencies. 
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Fig. 7. Example of spectral analysis result - power spectral density SD(f) in gauge BK4 for passage No. 4. 
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Natural frequency(Hz) and natural mode  
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 Experimental   

analysis 
Numerical 
analysis 

Natural mode 3 – 4 span  

Traffic histories 

1 1,56-1,62 1,23-1,36 horizontal bending 

2 1,77-1,85 1,48-1,65 horizontal bending 

3 1,77-1,85 1,49-1,65 horizontal bending 

4 1,90-1,93 1,9-2,11 vertical bending 

5 2,5-2,6 2,51-2,79 vertical + hor. bending 

6 - 2,53-2,8 horizontal bending 

7 2,95-3,0 2,68-2,97 vertical bending 

8 - 2,89-3,22 torsion 

9 - 2,95-3,28 hor. torsion - bending 

10 - 3,01-3,36 torsion 

11 - 3,34-3,72 torsion 

12 - 3,37-3,76 torsion 

Tab. 4. Summary and comparison of experimental and numerical analysis. 

4. Conclusion 

This paper presents numerical solution compared with experimental investigation of the OLD 
Bridge dynamic response caused by traffic. The following conclusions can be illustrated: 

• The predicted dynamic behaviour of the bridge using a simplified  FEM analysis 
calculation was compared to the measured one. Despite both the complex structural 
layout of the bridge and simplifying assumptions of the model, results showed good 
agreement for some identified frequencies (Tab. 4).  

• The experimental analysis of the bridge dynamic  response caused by moving load 
(traffic) allowed identifying 6 basic modes of bridge vibration. These frequencies  were 
received by the analysis that corresponds to linear vibration. 

• This computation model presents agreement with real structure in main natural modes 
of the structure vertical  vibration. Tab. 4 shows significant compliance of natural mode 
4 and 5. This accordance can be due to only vertical excitation, and therefore horizontal 
modes could not be adequately identified.       

• Extreme impact of 20% of cross section corrosion against change of the dynamic 
properties represents only 10% difference in natural frequencies. This phenomenon has 
no influence on change of the natural modes. 
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Resistance between concrete surfaces 
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Abstract. Demands of the build-up quality and intensity significantly grow for recent years.  Utilising of 
precasting satisfies both requirements. When precast elements are coupled with structural ones, their 
interface is the most important zone of the construction from the point of view of the shear resistance, and so 
an attention must be paid to its design. A theoretic-experimental analysis oriented to the shear resistance 
parameters has been carried out within the framework of the strengthened beams characteristics research in 
ICA SAS. It included tests of number of beams with various surface modifications on the interface. In the 
first phase of the test setup, an I-like beam had been loaded up to the 70 % of its flexural strength. 
Consequently, a strengthening slab was overcasted on the upper surface of the beam and in this way 
strengthened beam was reloaded to the failure. The current research has been concerned with the following 
surface modifications of the elements: reinforcement application, indentations, rough and smooth surface.  

Keywords: Shear resistance, contact, surface modification, strengthening 

1. Introduction 

Using of precast units or additional strengthening of elements by over-concreting is connected 
with a problem of interaction of singular parts on their contact. The main advantage is a larger 
height of an element’s cross section, what results in its flexural and shear resistance enhancement. 
The contact surface forms a crucial zone in which a shear stress induced by a nonuniform flexural 
moment can cause a mutual slip between the elements. This slip has to be eliminated. The sufficient 
shear resistance at the contact area is ensured by these simultaneously acting factors: cohesion, 
friction and effect of a coupling shear reinforcement crossing the contact surface. Magnitude of the 
first two factors depends on the contact surface modification. The last factor is influenced by quality 
and diameter of reinforcing steel bars and by stirrups spacing. In order to investigate a shear 
behaviour at the various surface modifications, the following cases have been surveyed: 

� the nonstrengthened beams, 
� the strengthened beams with indented or rough contact surface, 
� the strengthened beams with the application of the shear reinforcement crossing the contact  

2. Theoretical analysis of coupled element  

When shear stresses in the contact gap are analysed, it is important to take into account possible 
cracks in a cross section.  

 
 
 
            
           
 

                  Fc - (Fc+∆Fc)+Fτ = 0 

Fig.1 Shear stress – monolithic cross section without shear crack 
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If an uncracked cross section is considered, a shear stress distribution along its height has a 
parabolic shape with a maximum value at its neutral axis. If the crack occurs, the shear stress curve 
changes shape, fig. 2, neutral axis moves up significantly. The shear resistance at the contact area 
must be greater than the shear force at the maximum load. Shear stress values in both cases are 
calculated according (1), (2). Used symbols in equations are evident from posed figures.  
 

 
  
 
 
 
 
 

Fig.2 Shear stress – strengthened cross section with shear crack 

 

               (2) 

3. Experimental program 

The shear resistance of the coupled beams was verified by means of three-point flexural test 
performed on the simply supported beams with the theoretical span of 3.6 m and with the cross-
section according to fig.3. Altogether five specimens were made: 2 with shear reinforcement 
crossing the interface, 2 with the indented surface and 1 with the rough surface.  

 
  a)                                   b)          c) 

 
 
 
 
 
 
 
 

Fig.3. Geometric characteristics of beams- a) nonstrengthened, b) strengthened, c) longitudinal section 

 
All the beams were tested in two construction phases. In the first one, the nonstrengthened beam 
(Fig.3a) was gradually loaded up to the 70 % of its flexural capacity and then unloaded. 
Consequently, the beam was strengthened by overconcreting of the coupling slab (fig.3b) and 
loaded to the failure. Material characteristics of the concrete are presented in tab.1. The yield 
strength of steel was fy = 577 MPa, the limit of strength fsu = 724 MPa and the modulus of elasticity 
Es = 200 GPa. 
The following quantities were recorded during each measurement: loading force, strains of 
diagonals and flanges, deflection in the middle of the span, width of cracks and mutual slip between 
the upper surface of the I-beam and the lower surface of the slab (interface slipping). 
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Tab. 1.  Material characteristics of concrete - cube strength fcc, flexural strength fct,f, Young´s modulus of elasticity Ec, 
theoretic flexural resistance of nonstrengthened beam Fmax,beam, theoretic flexural resistance of  entire member  Fmax 

4 Experimental results 

The failure mode depends on the used surface modification. At the beams with the indented 
contact surfaces, a partial damage in the interlock had occurred which was followed by the shear 
failure of the beams. The beams with the coupling reinforcement failured by crushing of concrete in 
the compressed zone. The contact region was not damaged whence the shear resistance in the 
interlock exceeded the flexural strength over ~40 %. In the case of the rough surface, the contact 
shown a considerable resistance. The bond resistance in the interface was even greater than the 
bond strength of the surrounding concrete, fig.6d. 
  
  a)                        b)                 c)         d)  
 

 

 

 

 

Fig.4. Measurements - a) general view; b, c ) way of failure – indented beam No. 2; d) slipping measuring 

 
The experimental results are in good compliance (~95%) with the shear resistance values 

predicted according to (3). Also the supposed ways of the failure were confirmed. Theoretical and 
experimental load bearing capacities were also in good compliance. For further analysis, a 
numerical non-linear model on the FEM basis was created.               
                          a) 
  
 
 
                     
 
 

                        b) 
        

 

 

Fig.5. - FEM basis 3D model of element; calculated values - a) min. principal stresses, b) reinforcement stresses 

All contact parameters were modeled in accordance with the real properties of the surface 
modifications. The simulated loading history corresponded to the real one. The failure modes of the 
modeled beams agreed with the real behaviour.  

Surface 
treatment 

Beam Deck  
Fmax            

[kN]  
fcc           

[MPa] 
fct.f                 

[MPa] 
Ec              

[GPa] 
Fmax,beam                

[kN]  
fcc                 

[MPa] 
fct.f               

[MPa] 
Ec                    

[GPa] 

Stirrups 1 59,870 5,979 39,50 533,2 61.216 6,002 41,13 706,4 

Stirrups 2 62,470 6,717 39,73 535,4 61,440 6,826 40,01 707,8 

Indented 1 62,412 5,672 39,73 535,1 59,140 6,590 40,00 702,2 

Indented 2 63,230 5,900 39,73 536,1 57,500 5,858 39,01 708,1 

Rough 1 58,250 5,220 35,40 531,7 59,530 4,780 37,73 706.2 
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Tab. 2.  Load-carrying capacities of investigated specimens acquired by various approaches 

a)  
 

                                                 

 
                                                    

 
 
 
 
 

 

 
b) 

 

 

 

 

 

 

Fig. 6. Results – a) comparison of Indented beam 1 – strengthened vs. nonstrengthened beam, b) mutual slip - Indented 
beam 2, c) comparison of experimental results vs. numerical, d) fracture debris of concrete contact region 

5 Conclusions 

In the case of the rough and indented surface, the failure loads obtained from the numerical 
model is lower (~15%) than the experimentally measured values. It is caused by uncertainties of the 
model and by the significantly greater real bond resistances of the contacts. For the specimens with 
the coupling reinforcement, which ensures an essential part of the contact resistance and which has 
stable characteristics, the numerical and experimental maximum forces are approximately 
coincident.   
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  Theor. - EN 1992 1-1 ATENA 3D Experimental 

Surface 
treatment 

Flexure Shear coupling 
Fmax,num           

[kN]  
Fnum /Fexp                  
[ % ] 

Fmax,exp           
[kN]  

Fteor /Fexp                  
[ % ] 

Way of failure Ffl.max        

[kN]  
c µ 

Vr.max         

[kN]  
Fsh.max     

[kN]  
Stirrups 1 706,35 0,4 0,7 472,7 945,4 652 95,9 680 103,88 Shear 
Stirrups 2 707,77 0,4 0,7 490,96 981,92 674 100,6 670 105,64 Shear 
Indented 1 702,2 0,5 0,9 326,2 652,4 556 84,6 657 99,30 Shear- contact 
Indented 2 708,1 0,5 0,9 331,4 662,8 553 87,2 634 104,54 Shear- contact 
Rough 1 706,16 0,4 0,7 258,1 516,2 541 83,6 647 79,8 Shear- contact 

c) 

d) 
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Abstract. The distribution of size and number of voids is important characteristics that has a significant 
impact on air-void system required to ensure a durable concrete under repeated cycles of freezing and 
thawing. The standard void distribution ratio  not take into account this characteristic. A better solution is 

for example Philleo rate, which assumes that each bubble protects paste area around it. Developing the 
concept of Philleo a rate, which is the ratio of the paste areas now protected by air to the total surface of the 
paste, taking into account these parameters has been proposed. To determine this rate it is necessary to make 
the numerical model showing the structure of aerated concrete, taking into account the assumed void size 
distribution and the particle size of the aggregate corresponding to the grading curve. Numerical analysis of 
2D image will make possible the comparison of this rate with the rate of standard , and next the verification 

of the results obtained by standardized calculations and numerical simulations with the results of frost 
resistance received with direct methods of freezing and thawing.  

Keywords: air-void size distribution, protected yeast, numerical model, curve grading. 

1. Outline of the Problem 

The basic method of protecting concrete from the harmful effects of frost, water and de-icing 
salt is the proper aeration of the concrete mix. Aeration is the deliberate introduction of specific 
distribution of air bubbles into the grout. Proper distribution of air voids in hardened cement paste 
significantly reduces the distance the water must travel from any point within the hardened cement 
paste to the nearest air gap [5]. The way to determine the parameters of air void structure is shown 
in the PN-EN 480-11 [1] or ASTM C 457 standards [2]. The air void structure is described by the 
following parameters: total air content A, specific surface of air void system α, the rate of 
distribution   and content of microvoids A300. Standard [1] is based on the Powers’ model, which 
provides significant simplifications: all the bubbles are of equal diameter and are arranged at the 
corners of the cube.  distribution ratio, indicating the water flow path from anywhere in the paste 
to the next void, in this model corresponds to the half of the diagonal of the cube. The assumptions 
of the Powers’ model are shown in Fig. 1. 

 

 

 

 

 

 

Fig. 1.  Models of aerated paste. 
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Powers’ model does not include the distribution of air voids in concrete. Void distributions may 
vary significantly from each other what the results of previous own studies show in Fig. 2. 

 

Fig. 2. Distributions of air voids for aerated concrete. 

In modern concrete technology, in contrast to the traditionally aerated concrete, a combination 
of cement, additives and admixture is used, which means that there are often significant problems 
with obtaining a stable system of voids. Therefore, the pores may connect with each other and may 
have irregular shapes. The result is that the real picture of these voids is far from the model of 
Powers. An example of concrete structure is shown in Fig. 3.  

 

 

 

 

 

 

 

 

 

Fig. 3. The real structure of aerated concrete. 

In connection with these problems, there are various approaches to this issue, including a way of 
description of aerated concrete void structure proposed by Philleo [3] and modified by Attiogbe [4]. 
According to Philleo each air bubble protects paste area around it, with a width of S, from the 
harmful effects of frost. A significant role is played here by random distribution of voids, and not 
the total volume in the paste. Proposed by Philleo voids spacing ratio S, which is the percentage 
volume of paste protected, uses a logarithmic distribution. Attiogbe replaced the logarithmic 
distribution with the gamma distribution and set the parameter F, which, like the S, is the volume of 
paste potentially protected by the air bubbles. Both the S and F rates include randomness and size 
distribution of voids in the paste and their real number, in contrast to the distribution rate , which 
is the basis for the evaluation of frost resistance of concrete. These shortcomings in the estimation 
of distribution ratio  are the cause of the lack of a consistent correlation between the   and the 
results of frost resistance. 
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2. Porosity of Concrete –Numerical Model 

The research conducted by the author is intended to describe the characteristics of aerated 
concrete structure parameters on the basis of two-dimensional 2D analysis (or three-dimensional 
3D), taking into account the actual distribution of the voids. Different ways of measuring the void 
characteristics shows Fig. 4. These analyses are based on point (0D), linear (1D) or surface (2D) 
measurements. 

 

 

 

 

Fig. 4. Methods of measuring the air-void characteristics  

To make the 2D analysis, the image of concrete including four separate phases (aggregate, 
paste, air and paste rings protected by voids) is indispensable. The structure of the real concrete is 
not enough contrast, therefore, there are significant problems with the separation of the phases. At 
this stage of the study it was assumed that in the first place the analysis of images generated by the 
numerical model will be carried out. For its implementation it is  planned to use Yade program 
developed by researchers at the University of Grenoble and the use of Image Pro program, used for 
acquisition and calculation in the method of automatic image analysis. Generating and developing 
the model the following assumptions have been made: the shape of both the aggregate and air-voids 
was simplified to wheels and the  aggregate particles cannot overlap with each other and with the 
air-voids. Next steps of generating such an image are shown in Fig. 5. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Stages of generating the image: a) the aggregate grading curve, b) distributed aggregate particles in the paste, c) 
air-void size distribution, d) located aggregate particles and voids in the paste, e) rings of the protected paste 
around the voids, f) area of protected paste and the area of paste that is not protected. 
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The first step is to generate a random distribution of the aggregate particles (b), in such a way as 
to reflect the real distribution accordant with the grading curve (a). In the second step, in the 
selected area air-voids will be placed (d) accordant with the assumed distribution of size diameters 
of the voids (c). The third step is the formation of air bubbles around the surface of the rings of the 
protected paste (s). Then from the image (s) the mask of the image containing aggregates (b) must 
be removed and in this way in Figure (f) the area of paste protected by air-voids (grey colour) and 
the area of paste without such protection (black colour) are obtained. The final result of these 
calculations will be the ratio of the protected areas of paste to its total area. Based on the analysis of the 
same images calculations according to Powers’ model in accordance with the norm will be made 
[1]. In the next stages of the research it is planned to carry out tests to verify the compatibility of the 
results obtained by numerical simulation and the calculation of code with the results of frost 
resistance obtained with the use of methods of direct freeze-thaw cycles. 

3. Conclusion 

Used standardized approach, based on the model of Powers, raises a lot of concerns and 
questions, both in terms of how to determine the parameters and weaker compatibility of these 
results with measurements of frost. Therefore, the aim of the program presented by the author of the 
research is to attempt to describe the void structure of the concrete on the basis of two-dimensional 
analysis. In the first stage it is planned to create a numerical model, which will make analyzing of 
various structures possible, both granular and various air-void systems of the assumed distributions. 
In the next stages of the research it is expected to make attempts to verify the compatibility of the 
results obtained by means of code calculations and numerical simulations with the results of frost 
resistance obtained with the use of methods of direct freeze-thaw cycles. 
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Abstract. Acoustic emission (AE) monitoring is one of the non-destructive methods widely used in 
diagnostics of engineering structures. The paper presents the initial results of the tests conducted to evaluate 
possible application of the method for the identification of active destructive processes (IADP) as well as the 
evaluation of CFRP-strengthened reinforced and prestressed concrete beams performance. The method, 
developed at the Kielce University of Technology, consists in the analysis of signals recorded during the 
failure process, and includes a reference signal database for describing basic processes accompanying the 
failure of prestressed concrete beams.   

Keywords: Analysis of acoustic emission, CFRP, destruction, crack concrete  

1. Introduction 

The most popular procedures for testing concrete structures by acoustic emission have been 
developed and published by The University of Texas at Austin (American procedure) [2] and by 
The Japanese Society of NDI (Japanese procedure) [1]. Both organisations name the same sources 
of acoustic emission signals in reinforced elements; they include formation of microcracks, 
formation and propagation of fractures, closure of fractures (friction at the concrete-concrete 
interface), friction at the concrete-reinforcement interface, reinforcement yielding and fracture.  

Structural damage analyses are based on isolated acoustic emission parameters or the 
parameters related to an accurate force measurement. Real bridge structures usually lack 
documentation with recorded history of loads and damage. It is also difficult to measure force on 
bridges. An assessment of destructive processes in structures strengthened with composite materials 
is an additional problem as classical procedures of damage evaluation are not capable of identifying 
the destructive process.  

Therefore, the Kielce University of Technology developed a new approach to the assessment of 
destructive processes, based on a database of reference signals instead of single AE parameters. The 
database uses statistical methods of classification from 12 AE parameters.  

Signals characteristic of a particular destructive process constitute reference databases, which 
make it possible to identify such a process. Thus, e.g., initiation of cracks corresponds to a database 
which comprises experimentally determined signal parameters ascribed to this process. 

Reference databases for individual processes (or groups of those) were determined using 
material specimens and models in specially designed laboratory tests, in which a given destructive 
process, or a group of processes, is dominant. Full-scale elements of structures in strength tests and 
structures in service were also included. Reference databases were determined on the basis of the 
analysis of twelve parameters of the AE signal: number of counts, number of counts to peak, 
duration, rise time, amplitude in mV or dB, energy, strength, root mean square, mean level, mean 
frequency, reverberation frequency and initial frequency. Reference databases were grouped into 
classes corresponding to particular destructive processes and marked with different symbols and 
colours 
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The development of the database was discussed in [2, 3 and 4]. Tab.1 below collates basic 
classes of AE signals and the corresponding destructive processes. 

 

Colour/shape 
       

X 

Class number No.1 No.2 No.3 No.4 No.5 No.6 No.7 No.8 

Tab. 1. AE signal classes according to the Polish procedure [2] 

Where the successive classes and graphical symbols group the following processes: 
1 – Microfracture in concrete along aggregate grain boundaries (Ф ≤ 2 mm), 
2 – Microfracture in concrete along aggregate grain boundaries (Ф ≤ 8 mm)  
3 – Crack formation in the concrete tension zone 
4 – Crack development, 
5 – Fracturing at the concrete-reinforcement interface 
6 – Steel and concrete yielding 
7 – Reinforcement to concrete delamination 

2. Tests 

The tests were carried out on the reinforced free-ends beam manufactured of a C40/50 
concrete, 330 cm long (total) and 30 cm high. Fig. 1 presents the beam with its reinforcement. At 
the bottom, a CFRP lamel 1.1 mm was glued, and in the shear zone along 0.6 m sections CFRP 
mats were glued in order to strengthen the material for transverse forces. The beam was loaded with 
compressive forces spaced at 100 cm distance, monotonically until failure at 0.4 kN/min. The 
experimental station and the arrangement of sensors are presented in fig. 2. 

 
Fig.1. Concrete beam reinforcement 

Below, the photograph (fig. 2) of the reinforced concrete beam at the experimental station is 
shown. 

 
Fig.2. The scheme of the load reinforced concrete beam strengthened CFRP with the deployment of AE sensors 
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The tests were carried out using the 24-channel measuring system (Physical Acoustic 
Corporation) with three PCI – 8 processors with filters on the measuring channels and applications 
for the recording and analysing signals from the AEwin control panel. The array of sensors included 
SE 55-R sensors with preamplifiers 1220 40 dB.  

The recorded AE signals were processed using Noesis 4.0 software. 
 The basis for the assessment of the degree of damage is the identification of destructive 

processes occurring during loading. AE signals generated by sources of similar type are grouped in 
classes to which destructive processes are assigned according to tab. 1. 

 The AE measurement results before (fig. 3) and after analysis with the reference file (fig.4) are 
shown below: 

 
Fig. 3. Force as a function of time for the CFRP-strengthened beam 

 
Fig. 4. Summary of signals as a function of time for the CFRP-strengthened beam 

The graph of force as a function of time shows the dynamics of loading and indicates the points 
at which defects increase. The phenomena that occur and their impact on the condition of the 
investigated structure are hard to interpret. We can use the OTHSU criterion or the FOWLER 
criterion to evaluate the degree of the damage but not to find its causes. It is impossible to describe 
the performance of CFRP or how it affects the bearing capacity of the whole beam.  

Applying the IADP to the analysis of the recorded signals using the reference signal database 
we can determine the destructive process that is dominant at that moment and evaluate its intensity, 
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which is a determinant factor for the analysis of the element’s durability. Comparison with the 
signal database helps assess the quality of CFRP and, through the analysis of crack morphology, 
decide which stresses, normal or static, are significant for the failure.  

Below, in fig. 5, we can see the beam at the moment of failure. 

 
Fig. 5. Failure of the CFRP-strengthened concrete beam 

It is noteworthy that the failure of the beam occurred at the constant momentum zone, but it 
was the static stress that led to the loss of bearing capacity. This resulted in the diagonal crack and 
delamination of the reinforcement in the tension zone. In the compression zone, concrete yielded 
and the structural reinforcement and stirrups deformed.   

This is not a typical failure mode and as such it is threatening to the safety of the structure. 
Therefore, AE method can be used to assess destructive processes and their severity in the 
investigated reinfoced concrete element and CFRP. 

3. Conclusions 

The research indicated that the IADP method can be applied to evaluation of structural health 
of concrete structures strengthened with CFRP. The method is suitable not only for the 
identification of active destructive processes but also for their location.  

The advantage of the IADP method lies in the fact that it is possible to analyse the whole 
element and not only its section, like in NDT methods. Alongside being used to evaluate the 
composite strengthening performance, the method provides the possibility of locating the sites of 
crucial structural condition and facilitates planning of further investigations, using different 
methods. 
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Abstract. Landfills are treated as a ,,bioreactors”, which processes are aimed at the planned and controlled 
stabilization of mass of stored waste. Result of the decompose are solid, liquid and gas substances, for 
example methane. Main aim of the research was estimating the size of the methane emission from landfill, 
using the modelling software LandGEM - Landfill Gas Emissions Model, Version 3.02, offered by the 
American Environment Protection Agency EPA. Forecasting emission of biogas with using the EPA model 
was made for the municipal waste landfill in Promnik in Strawczyn commune. 

Keywords: Landfill gas prediction, LandGEM model 

1. Introduction 

Decomposition of solid waste from municipal sector deposited on landfill is affected by 
chemical, physical and biological processes [2,5]. Result of this process are solid, liquid and gas 
substances, most of them can be dangerous for the environment. On the landfills there are also such 
processes as hydrolysis, dissolving, precipitation, chemical weathering, sorption, ion exchange and 
desorption. Physical processes-chemical plays a vital role in stabilizing the waste, however, the 
main determinant of the degree and intensity of the decomposition of waste depends on the 
microbial activity which depends on the availability of organic matter, water, oxygen and light. 
Biological processes run in stages, in which everyone has environmental requirements and 
substrates, and ends with the production of biogas containing mostly methane and carbon dioxide. 
An illustration of this change presents figures 1 and 2.[6] in accordance with Figure 2. 2 achieving 
the status of methanisation takes time; the largest methane productivity is in the range of 2 to 20 
years.Landfill gas (LFG)  from a mature waste is composed of 50-60% methane and 35-45%  
carbon dioxide,  with  small  amounts of other gases, noticeably the odorous mainly deriving from 
sulphides,  mercaptans or other organic compounds. The last group is included in the term   
“non-methane organic compounds”. Methane emitted from landfills,  released into the atmosphere, 
can explode as it forms an explosive mixture with air in the frame of concentration (5-15%). It is 
also very active as  a self burning gas.  

 
Fig. 1. Processes  of organic matters in landfill body. 
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Fig. 2. The scheme of biogas constituents inherent during the time 

Because of the potential threat to the environment, including emissions of biogas at all landfills 
release level of biogas plant must be monitored, even after 30 years after closure of the landfill (Dz. 
U. Nr 220. poz. 1858 ze zm.). In order to estimate the potential of biogas in landfills has been 
developed a number of mathematical models. One of them is the mathematical model LndGEM. 
Model was used for prediction of biogas emission in real landfill located near Kielce (Poland). 

2. Materials and methods.  

The object of study is the municipal waste landfill in Promniku which supports the Kielce 
conurbation. To estimate the methane emissions it was used special software: LandGEM Landfill 
Emissions Gas-Model, Version 3.02, offered by the US Environmental Protection Agency EPA 
[3,4]. The Model allows forecasting gas balance at any landfill during its operation or after closing, 
acting as a basis for analysis and choosing solutions for the disposal of or use  gas. 

A basal formula of LandGEM is as follows (1): 

                                                                     (1) 
Where:  
QCH4= methane emission rate [m3 CH4. y-1] 
M = annual waste disposal (tonnes) 
k = methane generation constant (y-1) 
Lo = methane production potential (m3 CH4 . Mg waste-1) 
t = age of the i -th increment or section 

 LandGEM  model (US-EPA, 2001), assuming the first-order decay of the organic matter.  
 
The exploitation of the new lodgings of the landfill in Promnik, was started in 2002, and it was 
ended in 2010. The surface of the square amounts  3,8 ha. In a landfill of waste was deposited 408 
000 Mg of municipal waste. 
 
 
 
 

3. Results. 

The characteristics of the collected waste on landfill in Promniku presents table 1. Figure 3. 
shows the quantities of waste are stored on the lodgings of the landfill in each year of operation. 
Waste stored in 2 meters tall layers, which were covered by the insulating layer, with thickness of 
0,15-0,20 m made from soil, sand, small rubble, ash and slag. The landfill was operated in 
accordance with the provisions of (Dz. U z 2003. Nr 61, poz. 549 ze zm.). 
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type of waste share [% by weight] 
bio and other organic, including wood 18,40 
cellulose, including paper, paperboard 9,40 
rubble 8,10 
rubber 4,70 
PCV 2,00 
ash 13,30 
glass 9,50 
fabrics 7,70 
plastics, no PVC (soft plastic) 22,50 
scrap-metal 4,40 

 

Tab. 1. The average percentage of each faction in the waste - Promnik, 2011. [1] 
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Fig. 3. The mass of the waste deposited in the years 2000-2010 – landfill ,,Promnik ".   

In order to model the methane emissions from landfills by LandGEM model, you must enter 
the set of required data, which are defined below: 

� The opening year of the landfill-2000, 
� The closure of the landfill – 2010 
� The Model calculates methane emissions after closure the landfill, 
� The mass of waste stored in individual years. 
The parameters in the model adopted arbitrarily: 
� The constant production of methane-k 0.05 year, 
� The potential of methane production capacity, Lo 170 m3/Mg 
� The concentration of non-methane compounds (NMOC) 4000 ppmv as hexane, 
� Assume 60% methane content in landfill gas, on the basis of measurements of the contents 

of the methane. 
Due to legal requirements, in which it is written that the landfill should have been monitored 

for a period of 30 years after closure, methane production modeling should be carried out at least 
until the year 2040, as shown in the figure. 4. For comparison, figure 5 presents the results of actual 
measurements. 
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Fig. 4. Estimated emissions of methane by the LandGEM (2001-2040)-landfill ,,Promnik ". 
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Fig. 5. Results of actual measurements and the estimated methane emissions in the years  2003-2010 - the service life of 
landfill ,,Promnik". 

Conclusion  

LandGem is available as a useful tool in an electronic form at: 
www.epa.gov/ttncatc1/.../landgem-v302-guide.pd LandGem. On the basis of the obtained results it 
was found that in the year 2001 (the initial phase of the use of the lodgings of the landfill) methane 
emissions amounted 2,456E+05 m3/year and in the year of the closure of the landfill (2010) 
amounted to 4,866E+06 m3/year. However, the measured value of methane emissions in 2003 
amounted to 6,63E+04 m3/year, and in 2010  3,72E+05 m3/year. Differences in the estimated and 
measured amounts of methane arise from the fact that the measurement was carried out in degassing 
wells and related to the amount of gas emitted from a degassing wells. Estimated amount of 
methane reflects the capacity methane production from landfill as a result of the decomposition of 
organic substances contained in the waste. In the year 2040, in which the monitoring of landfill will 
end, methane emissions can be expected at the level of the1,256E+06 m3/year. The largest methane 
levels were observed in the years 2011 and 2012, then there has been a downward trend. On the 
basis of the results obtained it is concluded that the landfill gas must be captured and used. 
Estimated amount of methane, as well as its high measured concentrations, suggests using it to 
produce energy. This work shows opportunities to use the LandGEM model to practical issues, for 
example, estimate the emissions from the existing landfills, as well as after their closure. 
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Abstract. The paper presents the results of the tests carried out on two concretes. One of the tested concretes 
is the type currently used in the construction of airport pavements. The other concrete has a ceramic additive 
as a replacement for fine aggregate. The modifier improved the properties of the hardened concrete.  

Keywords: pavement concrete, airport pavement, cement concrete. 

1. Introduction 

The extensive development of air transport makes enhancing airport pavement durability a 
critical issue. A series of studies have been conducted to ensure that this type of concrete attains 
proper, relatively high strength, frost durability and resistance to high temperatures. Jet aircraft’s 
high exhaust temperatures generate the state of forced loadings. In response to this problem, studies 
have been performed that aim at obtaining suitable physical, mechanical and chemical properties of 
concrete for airport pavements.  

2. Aim and Scope of Study 

The studies included a C40/50 cement concrete used for airport pavement construction and 
modified concrete with an addition of ceramic modifier as a substitute for a portion of fine 
aggregate. This modifier has different physical and chemical properties than the aggregate and for 
that reason it affects the phase composition and performance of the hardened concrete. The decision 
about what is the optimal amount of the modifier to be added was preceded by initial tests on 
several series of concretes with a variable content of the modifier (7÷15%). This paper presents 
selected results of the tests on concrete with no modifier added (BBM) and on concrete with an 
addition of 11% modifier (BZM). The tests were carried out on both concretes to determine bulk 
density, absorption and compressive strength after 28, 56 and 84 days of hardening. A scanning 
electron microscope was used to observe microstructures of the hardened concrete.  

3. Methods 

Methods used in the tests, preparation of samples and interpretation of the results complied 
with the requirements set out in the literature [1-3]. 

The analysis of the microstructure of the hardened concretes was conducted using a Zeiss-
SUPRA scanning electron microscope [4].  

4. Results 

The mineral mixtures, both reference and modified, were designed to fit in the interval between 
the limit curves of good grading for pavement layers manufactured by machined placing [5].  
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Fig. 1. Good grading curves of the designed concrete mixtures 
 
The composition of the BBM concrete was as follows: CEM I 42,5R cement; water; granite 

coarse flour of three fractions; fine aggregate; plasticiser and air entraining agent.  The composition 
of the BZM concrete was the same as that of BBM plus the ceramic modifier. Selected properties of 
the concrete mixtures with and without the addition of the modifier are presented in tab.1 
 

Properties Concrete BBM Concrete BZM 

w/c ratio 0.400 0.368 

Air content acc. to 
PN-EN 12350-7:2001 

[%] 
4.5 4.6 

Consistency  Ve-Be method 
acc.to PN-EN 12350-3:2001 

[s] 
16 14 

Tab. 1. Selected properties of BBM and BZM mixtures  
 
The mixtures made to PN-EN 12350-3:2001 had consistency class K-2 and VeBe V2. Concrete 

with the modifier had lower bulk density. Average density of BBM taken from 12 measurements 
was 2.32 g/cm3; average density of BZM taken from 12 measurements was 2.25 g/cm3. 

The averaged results of the compressive strength tests after 28, 56 and 84 days of hardening 
and 200 freeze-thaw cycles in water indicated that the compressive strength of concrete with the 
modifier was significantly higher than that of the concrete samples with no modifier added. 

 

Fig. 2. Compressive strength of the concrete without and with the modifier 
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The cement matrix is the element that is most sensitive to changes in moisture and temperature 
conditions. Variations in the composition and structure of the cement paste affect the physical and 
mechanical properties of the concrete [1]. Hardened concrete usually contains the cement paste, 
aggregate grains and air voids. The contact zones between the cement matrix and the grains are a 
very important element of the concrete microstructure. These zones are widely considered as the 
weakest element of the hardened concrete because it is there where microcracks occur, contributing 
to concrete failure. 

In the tests conducted using the scanning electron microscope, the main focus was placed on 
the description of the paste microstructure. The analysis concentrated on such paste parameters as 
the size and morphology of selected ingredients, mainly hydrated calcium silicates C-S-H, 
ettringite, portlandite, and products of their carbonation. 

  Observations with the SEM indicate that concretes manufactured without the additive are 
susceptible to microcracks. The microcracks most frequently appear in the aggregate-cement matrix 
contact zone. At the interface with the aggregate, crystals of portlandite are observed in the form of 
plates and fine hydrated calcium silicates, fig. 3a. 

Samples of concrete with modifier do not display microcracks in the aggregate-matrix contact 
zone. The contact zone in those concretes consists mainly of sine-fibre C-S-H of up to 100 nm in 
length. A smaller number of ettringite crystals were observed in the cement matrix of concrete made 
with the modifier, fig. 3b. 

 

a)  b)   
Fig. 3. Contact zones of the concretes: a) cracked contact layer between granite aggregate grains and the cement matrix 
– BBM; b) continuous contact layer between granite aggregate grains and the cement matrix – BZM 

Microstructural studies revealed different size and distribution of air pores in the concrete 
without and with the modifier, fig. 4, which indicates a positive effect of the modifier on the 
properties of the air pores, as their parameters are significantly better in the concrete with the 
modifier than those of the reference concrete. 

153



 

 

 

a)                         

b)   
Fig. 4. Size and distribution of air pores: a) in  BBM, b) in BZM 

5. Discussion 

The studies of the composition and structure of concretes manufactured without and with an 
addition of the modifier showed that the modifier did not affect the qualitative composition of the 
cement matrix during the hardening time of 28 days.  

The cement matrix was composed of remnants of non-hydrated cement, hydrated calcium 
silicates C-S-H, portlandite, ettringite, hydrated calcium carbon aluminate, calcite.  

The addition of the modifier improves the content of those ingredients, their proportion and 
concrete porosity microstructure. 

The concrete samples with the modifiers have less portlandite, calcium carbonate, ettringite, 
which, considering similar water content bonded in the products of cement hydration (HI) indicates 
higher content of hydrated calcium silicates in comparison with the reference concrete samples.  
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Abstract. The paper presents the issue of thermal conductivity of soil. The tests have been conducted on 
three kinds of soil in view of determining which of them possesses the best properties for heat transfer in the 
ground and which properties of soil might be responsible for high values of conductivity. It is especially 
crucial for the design of ground heat exchangers for example in heat pumps system used for heating of 
buildings.    
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1. Introduction 

Currently, energy from renewable energy sources is quite popular. More and more people turn 
to new methods of energy generation in order to provide heat to homes and public buildings. One of 
the most promising ways are heat pumps systems with ground source heat exchangers. In this case 
heat is taken from the ground by a specially designed and installed system. Moreover, surplus heat 
can also be stored in the ground during the summer and used later when it is more needed. In all the 
cases of energy extraction or supply to the ground, its thermal conductivity plays a vital role. The 
ground can have more or less favourable conditions for heat transfer which can affect the design of 
heat exchangers.  

In [1] the effects of bulk density, salt and moisture contents as well as organic matter of sieved 
and repacked soil samples were analysed. It was found that conductivity increased as the soil 
density and moisture concentration rose. The values of conductivity for loam were in the range of 
0.29 to 0.76 W/(mK) for loam and 0.36 – 0.69 W/(mK) for clay loam. Higher organic matter 
concentrations resulted in lower thermal conductivity. Thermal conductivity of compacted bentonite 
was considered in [2]. The influence of such factors as dry density, water content, saturation on 
conductivity was determined. Moreover, a correlation was proposed to predict this value basing on 
the experiments performed. The laboratory test results presented in [3] prove that the values of 
thermal conductivity were higher with the rise in soil density. This supports the observations in [1]. 
Paper [4] discusses the relation between the values of thermal conductivity and moisture of soil for 
different moss and organic horizon kinds in black spruce ecosystems in Alaska. It was indicated that 
a strong positive and linear relationship exists between thawed thermal conductivity and volumetric 
water content. Apart from experimental analyses and correlations, theoretical studies are also 
carried out. In [5] a possibility of using artificial neural networks is shown for the prediction of 
effective thermal conductivity of moist porous systems. 

2. Material and method 

2.1. Sample specification 

Three kinds of soil have been chosen for investigations: kaolinite, clay and loam. Tab. 1 
summarises the basic physical properties and method of testing. The samples have comparable bulk 
density, which would enable drawing conclusions about the influence of other parameters on 
thermal conductivity.     
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PROPERTIES KAOLINITE CLAY LOAM TESTING METHOD 
bulk density of soil [ƍ], g/cm3 2.05 2.12 2.09 ring method 
density of solid particles [ƍs], g/cm3 2.66  2.68 2.72 pycnometer method 
dry density of solid particles [ƍd], g/cm3 1.84 1.56 1.80 calculated 
porosity [n], - 0.41 0.31 0.34 calculated 
void ratio [e], - 0.70 0.45 0.51 calculated 
clay fraction, % 25.63  6.98 14.31 laser method 
water content wn, % 31 15 16 dry method 

Tab. 1. Basic properties of the investigated materials. 

The samples of soil have also been analysed using the scanning microscopy in order to 
determine the surface structure. Fig. 1a, 1b and 1c present the SEM images of kaolinite, clay and 
loam, respectively.  

  
a) 

 

b) 

 

c) 

 
Fig. 1. SEM images of kaolinite (a), clay (b) and loam (c). 

2.2. Testing method 

The measurements of thermal conductivity have been conducted using a heat flow meter 
performing measurements according to the standard EN 12667 [6]. The device consists of two 
parallel plates located in chamber which is thermally insulated from the surroundings to limit any 
heat losses. One plate is a heated (maintained at the temperature of 20oC) and the other a cooler 
(kept at 0oC). The temperatures can be modified. The conductivity is calculated by the device 
basing on the measured temperature difference, thickness of the sample as well as heat flux 
transferred through the soil sample and measured during the test. The proper steady – state 
measurement is done when the temperatures of the plates reach the given values. The heat flux 
should also be constant. Fig. 2a and 2b present example graphs of changes in temperatures of the 
plates.  

 
a) 

 

b) 

 
Fig. 2. Example temperature changes of the heater (a) and the cooler (b) plates. 
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3. Results and discussion  

In the course of the research, the following results of thermal conductivity were obtained and 
presented in Tab.2 and Fig. 3. The results are lowered than the values in [7], which might be 
attributed to sample characteristics.  

 
 KAOLINITE CLAY LOAM 
Thermal conductivity, W/(mK) 0.659 0.691 0.570 

Tab. 2. Thermal conductivity of the soil samples. 
 

 

Fig. 3. Graph of thermal conductivity results. 

The highest thermal conductivity was recorded for clay, followed by kaolinite and then loam. 
The bulk density was similar in each case, however, the biggest value was for clay, which possesses 
the highest conductivity. It proves finding in literature e.g. in [1]. The lowest value of the 
considered parameter was recorded to loam. It might be related to the concentration of elementary 
elements in the sample, however, more detailed analysis are needed to explain this phenomenon 
thoroughly. Moreover, more tests could provide a basis for creating a regression model of thermal 
conductivity of soil.   

4. Conclusion 

Thermal conductivity is a crucial parameter of soil in terms of energy recovery from the 
ground. Knowledge of thermal resistance of the soil could help design ground heat exchangers more 
precisely and accurately. The presented preliminary study has shown that thermal conductivity is a 
complex parameter and might depend on a number of different factors. Consequently, more detailed 
studies are still needed to provide more understanding of thermal properties of different types of 
soil.  
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Abstract. Ground penetrating radar offers a possibility of nondestructive evaluation of pavements and soil 
structures. The principles of the ground penetrating radar are explained and basic relations are introduced. 
The paper presents data from tests performed over laboratory prepared hot-mix asphalt slabs and sub-base 
surveys of a road under construction. The acquired data is analyzed and commented in terms of 
distinguishing thin asphalt and aggregate layers. The dielectric constant of the bitumen slabs is calculated 
based on the two way travel times and slab thicknesses. The findings and subject literature lead to remarks 
regarding the high-frequency ground coupled antenna systems, which are given.  

Keywords: ground penetrating radar, road, evaluation, pavement, sub-base. 

1. Introduction 

Ground penetrating radar (GPR) is a nondestructive, noninvasive geophysical method 
with a wide range of engineering applications. Ground penetrating radar is based on transmitting 
electromagnetic signals through the examined medium and receiving the reflected, scattered or 
transmitted impulses of energy.  

The analysis of received signal, it's phase, frequency and amplitudes give information about the 
electromagnetic properties of those media and allow to draw conclusions about other, non-electric 
properties of those materials. 

1.1. Principles of GPR 

The propagating electromagnetic (EM) wave is subjected to such phenomena as transmission, 
reflection, scattering and attenuation. Those physical processes depend on many factors concerning 
properties of both: the medium in which the wave propagates and the of wave itself. The ground 
penetrating radar emits a pulse of EM energy every few millimeters as the antenna moves across the 
examined specimen. Every time the electric properties of the material change a portion of the 
energy is reflected and returns to the antenna. The time of arrival and amplitude of reflected pulses 
is precisely recorded. This data is then transformed into an A-scan corresponding to one particular 
point. A B-scan is a composition of consecutive A-scans with assigned color scales or gray scale to 
the specific amplitudes of the pulses. 

1.2. Range and attenuation 

Most modern GPRs used in the engineering fields are pulse systems, which means that they 
emit short sinusoidal pulses of energy, separated by relatively long time intervals. In the simplest 
manner the emitted signal can be described by a mean frequency which is antenna specific (from 
12.5 MHz up to 6 GHz) and an irradiated pulse energy (measured in Volts). Those parameters have 
great impact on the method's range:  

• high frequency signals (1 GHz and higher) offer very good resolution but shallow 
penetration depth due to attenuation (scattering attenuation),  

• increase in pulse energy increases the range.  
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Attenuation coefficient is related to the two most important properties of the medium in which 
the electromagnetic signals propagate. These material specific properties are: electric permeability 
ε (or relative dielectric constant εr) and electric conductivity σ: 
 

� � 188,5 ∙ �
√
�. (1) 

 

The ground penetrating radar performs best in low electrical loss materials (σ ≈ 0). Clay-rich 
environments or areas of saline groundwater limit the GPR signal penetration and make the method 
less useful. 

1.3. Transmission and reflection 

The most important phenomena to the GPR method are transmission and reflection. Reflection 
of the EM wave occurs whenever the propagating wave comes across a change of the medium’s 
dielectric constant. The amount of the transmitted (and reflected) energy depends on the difference 
in relative dielectric constants of the two adjacent bodies – bigger the difference, higher the 
amplitude  of reflected pulse.  

In some cases, it is possible for two adjacent materials to be characterized by nearly identical 
relative dielectric constants, while the structural, textural and physical properties of these materials 
could differ considerably. Such case makes distinguishing the two materials impossible by the 
means of GPR. 

2. Laboratory tests 

A series of tests were conducted to investigate the performance of the GPR system over thin 
asphalt layers. Two hot-mix asphalt slabs were prepared, each 30 cm wide and 40 cm long. The first 
specimen (“A”) was compacted as a one layer of asphalt concrete (AC) while the other (“B”) was 
comprised of two thinner layers:  stone mastic asphalt (SMA) on top and AC on the bottom.  

The scans were acquired by sliding the 2 GHz antenna along the longer axis of each slab 
through it’s full length.   

 
Fig. 1.  An image of specimen „A” with air below. 
B-scan (left) and A-scan at x = 0.12 m (right). 

 

 
Fig. 2.  An image of specimen „B” with metal plate 
below. B-scan (left) and A-scan at x = 0.12 m (right). 

 
The first pulse observed at the time of  ~1 ns is the “end reflection” triggered as the EM wave 

leaves the antenna. This “end reflection” is associated with the antenna – medium interface. At the 
time of ~1.6 ns a small positive pulse is noticeable in the Fig.2, which corresponds to the boundary 
between the SMA and AC layers.  

Another significant pulse at ~2.6 ns is associated with the slabs’ bottom planes. In the Fig. 1 the 
reflection is typical for an EM wave reflected by an interface with a medium of lower relative 
dielectric constant, which is in this case air (εr  of air εrAir = 1). This kind of a reflection starts with 
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a small positive pulse that changes into a major negative one (which marks the time of arrival at the 
interface) and eventually shifts to a minor positive pulse. The Fig. 2 represents an interface with 
a metal plate (high εr value) which results in an inversed characteristics of the reflection (negative, 
positive, negative). 

 The average dielectric constants of the layers can be calculated, based on the thicknesses of the 
slabs and EM wave two way travel times according to (2): 
 

� � ����2��
�
 (2) 

 

where: c0 = speed of light, t = two way travel time, d = layer thickness. The results of those 
estimations are presented below: 
 

Specimen Layer material Average thickness 
[cm] 

Two way travel time 
[ns] 

Relative dielectric 
constant [ - ] 

A AC 8.27 1.37 6.17 
B SMA 4.15 0.68 6.03 

AC 4.33 0.74 6.55 

Tab. 1. Calculated relative dielectric constant values of examined slabs. 

In general, the depth resolution provided by the system is sufficient for distinguishing 
bituminous layers as thin as 4 cm. The problem is a strong “end reflection” which tends to overlap 
the first thin layer reflection, making it sometimes difficult to distinguish. This issue is especially 
seen when the dielectric constants of adjacent layers are similar (as in Fig. 2 and Tab. 1). To 
overcome the “end reflection” overlapping and to define the actual time zero (time of the top 
reflection of the first layer) scans were re-done using styrofoam between the slabs and the antenna. 

3. Sub-base survey 

The author has conducted a survey at a building site of the Aleja Tysiąclecia Państwa Polskiego 
street running along the Kielce University of Technology. The aim of the survey was to gather 
experience and data, concerning the built-in layers of the sub-base. According to the design 
documentation the sub-base consists of two layers built on top of the subgrade (top to bottom): 
 

• stabilized mechanically, 0-63 crushed aggregate (20 cm thick), 
• sand cement (20 cm thick). 

 

At the day of survey the top layer of the sub-base was eventually compacted, there was no 
rainfall in the previous days. Three parallel scans (30 m, 40 m and 30 m long) on the left lane of the 
northern carriageway  were performed. Starting and ending points had been noted for future 
comparisons after the bitumen layers would have been built. The 2 GHz antenna was used for the 
surveys. A part of the gathered data is presented in Fig. 3. 

 
Fig. 3. A sample of data acquired during the first scan of the sub-base. 
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The analysis of the results shows that a lower frequency antenna would suit the conditions 
better. The choice resulted in too shallow penetration depth which made recognition of the sand 
cement layer’s bottom impossible. Too high resolution resulted in the presence of clutter, 
particularly at the bottom of the crushed rock layer. 

The bottom of the top sub-base layer is visible as a roughly horizontal, changing rapidly from 
white to black, line running across the image at the depth of 0.2 m (3 ns on timescale).  

The image was processed to make it more legible. Time cut, background removal, substract-
mean, and a gain function was applied. The velocity of propagation of the electromagnetic wave 
was estimated at 0.12 m/ns using the graphical method of fitting the slopes of asymptotes to the 
“hyperbolas”. This assessment correlates well with the known thickness of the top crushed rock 
layer. The observed variation in the top layer’s thickness may be a result of: 
 

• heterogeneities of the layer itself resulting in a varying wave propagation speed  
(different moisture content, local concentrations of silt fractions, etc.), 

• actual differences in the layer thickness. 

4. Conclusion 

The following conclusions may be drawn based on the performed tests and surveys over hot-
mix bituminous layers and the aggregate sub-base: 
 

• ground coupled, high-frequency GPR systems offer great resolution and perform well in 
distinguishing bituminous layers, 

• distinguishing layers of nearly equal dielectric constants is a problem,    
• the “end reflection” makes recognizing the thin top layer uncertain, 
• lower-frequency antennas are better suited for sub-base surveys, 
• the amplitude characteristics of recorded pulses allow the prediction material type 

encountered by the EM wave. 
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Abstract. In order to explain the effect of air entrainment and the type of cement on the properties of fresh 
mortar, there were carried some tests: bulk density, flow and air content of 10 air-entrained mortar and 10 
non-air-entrained mortars made of ordinary Portland cement CEM I 42.5 R and blended Portland cements: 
slag-limestone CEM II/AM (S-LL) 52.5 N, fly ash and limestone CEM II/BM (V-LL) 32.5 R, fly ash (FA) 
CEM II/BV 32.5 R and blast furnace slag (BFS) CEM III/A 32.5 N. Based on the study, there has been 
found that it is difficult to air entrain the mortars with various types of cement to the same content of air, and 
this requires to carry out a number of tests to determine the appropriate amounts of air-entraining admixture. 
The air entrainment of limestone cement mortar does not significantly change its flow. The air entrainment 
of blast furnace slag and fly ash cement mortars increases their workability. The lowest content of air was 
stated in non-air-entrained mortars with fly ash cement, the highest air content was observed with blast 
furnace slag cement. According to the results the bulk density of mortars is inversely proportional to the 
amount of air. This confirms the test results of air content entrainment by pressure.

Keywords: Air entrainment, mineral admixtures, air content, bulk density, flow. 

1. Introduction 

Climatic conditions occurring in Poland, forcing designers and contractors to use concrete 
and mortar resistant to cyclic freezing and thawing. It is well known that the most optimal 
(economical and efficient) way to improve frost resistance of concrete and mortar is air 
entrainment. The most effective air content in concrete mixes containing aggregate grains of 
diameter dmax = 16 mm is 5-6% (according to PN-EN 206-1, this value is 4%). Standard [6] does 
not specify the amount of air in the mortar. The air content in the frost resistant mortar should be 
equal to about 10% (twice as much as in concrete), as the content volume of mortar in concrete mix 
is about 50%. Modifying the properties of the mortar according to the requirements it is also 
possible by the use of cements with different admixtures mineral, it is very often used in building 
practice due to economic considerations. 

 Analyzing the literature [5] in the field of cement and concrete technology, it can be seen 
that the air entrainment increases diameter flow and reduces bulk density. Effect of mineral 
admixture on the properties of fresh mortars have been described in a number of positions [2], [3], 
[4] and is different depending on type of the admixture. In the paper, there are presented the results 
of comparative studies of fresh air-entrained mortar and non-air-entrained cement mortars made 
with five different cements. 

2. Experimental 

Completed study was to determine the effect of two factors: the air content and type of 
cement on the properties of fresh mortar. This paper presents the results of the study the following 
properties of cement mortars: flow, bulk density, air content. 
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2.1. Materials 

The study was carried out on air-entrained and non-air-entrained mortars of the ratio 
w/c=0.55. There were used the following types of cement: ordinary Portland cement CEM I 42.5 R 
and blended Portland cements: slag-limestone CEM II/AM (S-LL) 52.5 N, fly ash and limestone 
CEM II/BM (V-LL) 32.5 R, fly ash (FA) CEM II/BV 32,5 R and blast furnace slag (BFS) 
CEM III/A 32.5 N. The test was repeated using the same cements from another cement plants. The 
percentage of mineral admixtures in cements used in the studies is shown in Table 1. A total of 20 
air-entrained and non-air-entrained mortars were made with different cements, for the air content of 
10% ± 1%. As the fine aggregate natural quartz sand was used (0.0 - 2.0 mm). Mortar composition 
is shown in Table 2.  
 

Sign Cement type 
Composition of the cement [%] 
Clinker Slag Limestone Dry fly ash 

A CEM I 42.5 R a 89,3  4,5  
B CEM I 42.5 R b 89,5  4,5  
C CEM I 42.5 R c 90,0  5,0  
D CEM II/AM (S-LL) 52.5 N a  75,9 9,4 8,3  
E CEM II/BM (V-LL) 32.5 R a 61,8  11,8 20,4 
F CEM II/BM (V-LL) 32.5 R b 62,0  12,0 20,0 
G CEM II/BV 32.5 R a 61,9   4,5 27,7 
H CEM II/BV 32.5 R b 62,0  4,5 27,7 
I CEM III/A 32.5 N-LH/HSR/NA a 33,5 57,0 3,5  
J CEM III/A 32.5 N-LH/HSR/NA b 33,5 57,0 3,5  

Tab. 1. The composition of the cements used in the tests. 
 

Ingredients 
CEM I CEM II/AM (S-LL) CEM II/BM (V-LL) CEM II/BV C EM III/A 
nae ae nae ae nae ae nae ae nae ae 
Mass [g] 

Cement 500 500 500 500 500 500 500 500 500 500 
Sand 1650 1650 1650 1650 1650 1650 1650 1650 1650 1650 
w/c 0,55 0,55 0,55 0,55 0,55 0,55 0,55 0,55 0,55 0,55 
Water 275 271,5 275 274,5 275 274,5 275 274,3 275 274,6 
Entraining 
admixture 

 0,35  0,5  0,5  0,75  0,4 

nae - non-air-entrained mortar; ae - air-entrained mortar 

Tab. 2. The composition of mortar for testing the properties of fresh mortar (g/batch). 

2.2. Methods 

In order to minimize the impact of uncontrolled variables on the test results the mortars 
samples were prepared maintaining the same technology (same order of added ingredients, mixing 
time, its intensity, temperature, contact time with the water cement to start measuring).  

This paper presents the results of the following properties of fresh mortar: 
� consistency of mortar according to EN 1015-3:2000 (method of flow) 
� bulk density in accordance with BS EN 1015-6:2000 and 
� air content in accordance with BS EN 1015-7:2000. 

The author assumed that the air content in air-entrained mortars should be 10%. Because of the 
large problems to maintain the assumed air content (10%) for all mortars 1% error limit was 
accepted. The quantity of air entraining admixture for each mix (Table 2.) was determined 
experimentally by numerous tests. During the test mortar temperature was 20 ± 2°C. 

 
 
 
 

164



 

  

3. Test results and discussion 

Table 3. presents the results of the properties of fresh mortars. 
 

Lp. Symbol Cement type nae/ae 
Cement 
plant 

Spreading 
[mm] 

Density 
[kg/m3] 

Air 
content 
[%] 

1 A CEM I 
nae 

a 
180 2259 3,0 

ae 223 2119 9,0 

2 B CEM I 
nae 

b 
173 2232 4,6 

ae 225 2093 9,1 

3 C CEM I 
nae 

c 
185 2259 3,8 

ae 212 2121 9,6 

4 D CEM II/AM (S-LL) 
nae 

a 
202 2218 4,6 

ae 213 2095 11,0 

5 E CEM II/BM (V-LL) 
nae 

a 
205 2218 3,1 

ae 214 2093 10,0 

6 F CEM II/BM (V-LL) 
nae 

b 
204 2200 3,7 

ae 216 2071 10,5 

7 G CEM II/BV 
nae 

a 
168 2212 2,8 

ae 212 2095 9,0 

8 H CEM II/BV 
nae 

b 
166 2182 3,4 

ae 211 1976 11,0 

9 I CEM III/A 
nae 

a 
181 2192 4,9 

ae 217 2081 11,0 

10 J CEM III/A 
nae 

b 
179 2191 3,8 

ae 218 2088 9,0 

Tab. 3. The researches results of the fresh mortar. 

Based on the results of the study (Fig. 1.) it can be seen that with the increase in the amount of 
ash in non-air-entrained mortars the percentage of air decreases and using CEM II/BV 32.5 R 
(27.7% silica fly ash) reaches a level of 2.8 to 3, 4%. In the studied non-air-entrained mortars air 
volume ranges from 2.8 to 4.9% and takes the highest value for the 
mortar with the blast furnace slag and limestone powder blended 
cement.  

  
Fig. 1. Air content in non-air-entrained and air-entrained mortar cement. 

The air entrainment mortar of limestone cement caused insignificant increase in flow (average 
10 mm) (Fig. 2.). The smallest flow was observed for ash cement mortar (average 167 mm). 
However, the air entrainment of the mortar with the cement significantly improved their workability 
(Flow averaged 212 mm) (Fig. 2.). The air entrainment of mortars with Portland, slag and fly ash 
cement in a similar degree improves their workability. 

air-entrained mortars 

non-air-entrained 
mortars 
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Fig. 2. The diameter of flow of non air-entrained and air-entrained cement mortar. 

Density of non-air-entrained mortar  varies from 2182 to 2259 kg/m3, while air-entrained 
cement mortar from 1976 to 2121 kg/m3 (Fig. 3.). This confirms the relationship known in literature 
that the bulk density of the mortar is inversely proportional to the amount of air. The fly ash cement 
mortar had the lowest bulk density (2182 kg/m3) among non-air-entrained mortars. The highest bulk 
density have mortars with Portland cement both non-air-entrained and air-entrained. 

 
Fig. 3. Density non air-entrained and air-entrained cement mortar. 

4. Conclusion 

� It has to be done numerous tests to entrain the same amount of air into mortars with different 
cements. 

� The amount of the fly ash in the non-air-entrained mortar decreases the content of air in 
mortar. 

� Air entrainment of limestone cement mortar resulted in insignificant increase in flow. 
� Diameter of flow of fresh mortar is inversely proportional to the amount of air. 
� Air entrainment of mortar with Portland, blast furnace slag and fly ash cement in a similar 

degree improves their workability. 
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Abstract. Results of surface roughness tests of concrete and vitrified clay pipes were showed together with 
load capacity tests of these pipes. Concrete pipes DN 200 and 300 and vitrified clay pipes DN 200, 250 and 
300 were tested in universal testing machine. Every type of pipe were tested with and without liner. Preliners 
weren’t installed between liners and pipes to provide adhesion between pipe and liner. The liners were 
introduced to the pipes by using compressed air and cured with hot water. All pipes and liners used to 
produce samples were brand new. Main aim of the research was to find out if there is any connection 
between surface roughness of the host pipe (depending on the material of pipe) and load capacity growth 
after pipe repair due to the sticky properties of the resin used for tube soaking. Relationship between 
roughness and growth of load capacity will be proven.  

Keywords: Concrete pipe, vitrified clay pipe, epoxy liner, CIPP, cured-in-place pipe, load capacity, 
renovation, reconstruction, universal testing machine. 

1. Introduction 

Cured-in-place pipe (CIPP) is the most widely used technology to rehabilitate buried pipelines. 
In this technology, resin-saturated tube is introduced into a damaged pipe and after that it is cured.  

Originally it was used to renovate gravity sewer pipelines and these days it is the most common 
application of it. Except sewer pipelines CIPP is used to rehabilitate water, gas and oil pipelines, 
pipes used to transport chemicals et al. What’s more cured-in-place pipe can be introduced into 
under and over ground pipelines (e.g. in residential or industrial buildings). 

Popularity of this technology is caused by many factors. To mention only a few: 
� wide range of dimensions of renovated pipes (from 50 up to 3000 mm), 
� fast pace of work and excavations not required, 
� smooth interior, minimal dimension reduction and no joints (up to 600 m long sections). 

There are many varieties of this technology with such differences as kind of fabric, resin 
composition, usage of preliner or not, method of liner introduction, way of its curing and many 
other [1]. During the research polyester fabric saturated with epoxy resin were used. Liners were 
introduced using inversion drum and cured with hot water. On the inner side there was a coating 
made of polyurethane. Preliner was not used. 

 

 
Fig. 1. Introducing the liner into the host pipe using inversion tower [2]. 
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Three following design guidelines are used to designate minimal thickness of the liner: 
� American: ASTM F 1216, Standard practice for rehabilitation of existing pipelines and 

conduits by the inversion and curing of a resin-impregnated tube, ASTM International 
Standard, 

� Danish: Static calculations and dimensioning of the gravity sewer pipe renovation. Collective 
work developed by the Research Centre for Pipes Danish Technological Institute for 
Trenchless Team No-Dig, 

� German: ATV-DVWK – M127P Part 2, Static strength calculations for technical 
rehabilitation of sewer lines by introducing liners or using installation methods. 

To select the optimum liner thickness, damage degree of the pipe should be determined 
together with loads acting on it. None of these three methods takes into consideration a factor 
related to the surface roughness of the pipe wall and adhesion level between pipe and liner. This 
factor has a big influence on the load capacity growth of the concrete and vitrified clay pipes. 

2. Preparation of test samples 

In total, we examined load capacity of 48 samples made of concrete and vitrified clay with 
liners of different thickness and without liners. All tested samples had a circular shape without 
footer and they were 30 cm-long. Table 1 lists the types of samples with their parameters: pipe 
material, nominal diameter of pipe and thickness of resin liner. 
 

Sample material 
Nominal diameter / liner thickness [mm] 

200/0 200/3 200/4 200/6 250/0 250/4 300/0 300/4 
Concrete pipe 1 4 4 4 - - 2 4 

Vitrified clay pipe 1 4 4 4 2 6 2 6 
TOTAL 48 samples 

Tab. 1. Test matrix. 

Tubes made of polyester with outer diameters equal to the inner diameters of the pipes and with 
thicknesses as showed in Table 1 were saturated with thermosetting epoxy resin at samples 
production site.  

Then, the resin impregnated tubes were introduced in series, into the concrete and vitrified clay 
pipes. Liners were introduced to the pipes with inversion drum, by using compressed air. After that 
resin liners were cured by using hot water. Subsequently all devices were removed, pipes cooled 
and cut into 30 cm-long samples. Excessive amount of the cured liner has been removed. Figure 2 
shows the samples preparation procedure.  
 

     
Fig. 2. Preparation of test samples: impregnation of the felt with epoxy resin (on the left), introduction of the liner 
using inversion drum (in the middle), end of the pipe with excess amount of the liner (on the right) [3]. 

3. Surface roughness tests 

Surface roughness tests of the vitrified clay pipes were performed at Topo L120 profilometer. 
Because of big weight of concrete pipes, they were tested at Form Talysurf PGI 1200 profilometer. 
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Both devices are shown in figure 3.  
 

    
Fig. 3. Surface roughness testers: Form Talysurf PGI 1200 (left side) and Topo L120 (right side). 

To determine pipes roughness 0,8 mm Gauss filter was used. Roughness of both kinds of 
materials was tested at two samples in five places. Results of 5 roughness tests of clay sample is 
shown in Figure 4. Surface roughness tests summary is shown in Table 2. In this table is shown 
comparison of Ra values that is quantified by the vertical deviations of a real surface from its ideal 
form [4]. 
 

 
Fig. 4. Surface roughness test results of vitrified clay pipe sample (Topo L120 profilometer). 
 

Sample material 
Roughness Ra [µm] 

Mean Min. Max. 

Concrete pipe 
Sample 1 21,3166 17,7980 26,8600 
Sample 2 25,5204 20,4040 31,4500 

Mean 23,4185 - - 

Vitrified clay pipe 
Sample 1 0,7779 0,6830 0,9542 
Sample 2 0,4866 0,4698 0,5215 

Mean 0,6323 - - 

Tab. 2. Summary of surface roughness tests. 

4. Load capacity tests 

Load capacity tests were performed in accordance with the standards: PN EN 1916 “Concrete 
pipes and fittings, unreinforced, steel fiber and reinforced” (concrete pipes) and PN-EN 295-3 
“Vitrified clay pipes and fittings and pipe joints for drains and sewers – Part 3: Test methods” 
(vitrified clay pipes). Figure 5 shows both kinds of samples after the test. 
 

      
Fig. 5. Test samples made of concrete (on the left) and vitrified clay (on the right) after the test. 
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After the test of the concrete pipes, the liners were still well adhered to the pipes in spite of the 
complete destruction of the samples. This is shown on the left side of Figure 5. Liner were still well 
adhered even if the pipe burst along the surface parallel to the inner wall of the sample. After 
destruction of vitrified clay pipes, the liners were detached from the inner wall of the pipes for a 
substantial part of the circumference. This is shown on the right side of Figure 5.  

Summary of data collected during load capacity tests of pipes with DN 200 is shown in  
Figure 6. Results of test of other diameters are shown in Table 3. 
 

 
Fig. 6. Load capacities of concrete (on the left) and vitrified clay (on the right) DN 200 pipes without liners (blue 
bars), and with liners: 3-mm thick (green bars), 4-mm thick (purple bars), 6-mm thick (orange bars). 

 

Pipe DN / liner 
thickness 

Average load capacity growth of: 
Concrete pipes Vitrified clay pipes 

[mm] [%] [%] 
250 / 4 - 19,3 
300 / 4 103,6 9,4 

Tab. 3. Average load capacity growth for the samples with liners compared to the samples without liners. 

5. Conclusion 

After installing CIPP liners there was a greater destructive force increase of concrete pipes than 
clay pipes although there was similar destructive force (load capacity) in both kinds of pipes 
without liners (see Figure 6). These observations partially support conclusions that liners reduce the 
strain of concrete pipes, thus loading capacity increases. Vitrified clay pipe and liner work 
separately or common work of those two elements is limited due to the glazing of the pipe. Because 
of that the strain of vitrified clay pipes is not reduced or it is reduced less than in concrete pipes. 

The analysis and its results confirm the hypothesis presented in the introduction that the pipe 
material and wall roughness (see Table 2) should be considered during CIPP liner designing. In 
most popular CIPP liner design methods, the material of renewed pipe is not taken into 
consideration. This research can contribute to the correction of current design methods of CIPP 
liners. In the future adhesion level tests are planned to do using Dyna pull off tester.  
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Abstract. The paper presents the research results regarding the influence of Fisher-Tropsch (F-T) synthesis 
wax on bitumen properties and bitumen foaming characteristics. The F-T wax was added to 35/50 bitumen in 
the amounts of 1,0% to 2,5% in 0,5% steps. Subsequently the study was intended for asphalt concrete 
purposed to base course AC 22W. The asphalt concrete has been compacted at temperature 1000C. 

The research showed that mineral asphalt mixes made in Half Warm Mix Asphalt technology with 
foamed bitumen and optimum F-T wax content fulfill the requirements for mixes made in Hot Mix Asphalt 
technology. 

Keywords: Half Warm Mix Asphalt, foamed bitumen, paraffin wax, expansion ratio, half-life time. 

1. Introduction 

The road construction industry commonly uses bituminous mixes produced in Hot Mix Asphalt 
technology (HMA). However, it is very energy consuming because of the necessity of heating the 
aggregates and asphalt to high temperatures of about 165-1800C to provide adequate viscosity of the 
bitumen and the appropriate level of aggregate grains surroundings. During the production a large 
amount of greenhouse gases is vented to the atmosphere, giving negative impact on the 
environment. During the last several years, many technologies were developed to lower the 
temperature of the production of asphalt mixes, which includes Warm Mix Asphalt technology 
(WMA), Half Warm Mix Asphalt technology (HWMA) and Cold Mix Asphalt technology 
(CMA)[4, 6]. The production of asphalt mixes in Warm Mix Asphalt technology uses low-viscosity 
modifiers and foamed bitumen. This technology reduces the production and compaction 
temperature of asphalt mixes for about 20-300C. However, significant  energy savings can be 
achieved only by using Half Warm Mix Asphalt technology. HWMA with foamed bitumen must be 
produced in temperatures below 1000C. When this temperature is exceeded, rapid disintegration of 
foamed bitumen occurs and the required quality of asphalt is not achieved. It should be noted that it 
is not advisable to dry the aggregate at temperatures above 1000C, since the water remaining on the 
endothelial surface has a positive influence on the expansion process of additional bitumen foaming 
on the surface of the aggregate particles.  

2. Foamed bitumen research 

The tests were performed on 35/50 bitumen. This binder was modified by low-viscosity 
modifier in the range of 1,0% to 2,5% with steps 0,5% in relation to the amount of the bitumen.  
F-T wax is a fine crystalline, long-chain aliphatic polymethylene hydrocarbon produced from coal 
gasification using the Fischer-Tropsch (FT) process [2]. 

To determine the optimum amount of F-T wax, the expansion ratio and half-life time of foamed 
bitumen was assessed (table 1). 
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Kind of bitumen 
The optimum water content 
in the foaming process 
(%) 

Expansion  
ratio  
(ER) 

Half - life 
(τ½ ) 
 (s) 

35/50 3,0 10,17 8,75 

35/50 + 1,0% 
wax F-T 

3,0 11,65 10,84 

35/50 + 1,5% 
wax F-T 

2,5 12,46 14,68 

35/50  + 2,0% 
wax F-T 

2,5 14,38 15,41 

35/50 + 2,5% 
wax F-T 

2,5 15,87 16,43 

Tab. 1. Foamed bitumen parameters for the recommended water content for foaming. 
 

Foamed bitumen is characterized by Expansion ratio (ER) and Half - life (τ½).The optimum 
foaming water content was determined to obtain the maximum expansion ratio and the longest half-
life time of foamed bitumen[5, 7]. CSIR [3] suggests that minimum value of ER and τ½ should be 
10 and 12 seconds. The optimum foaming characteristic for the 35/50 bitumen was achieved with 
1,5% F-T wax and 2,5% water content. The foaming characteristics are presented in figure 1. 

 
Fig. 1. Foaming characteristics of bitumen 35/50 with addition 1,5% F-T wax. 

3. Design of Mineral Mix  

The experiment was carried out on asphalt concrete AC 22 W which was designed for a base 
course in accordance with PN-EN 12108-1. The mineral mix was meeting the grading criteria 
according to the requirements [1]. The designed mineral mix contained local limestone aggregate: 
25% of coarse aggregate 16/22, 22% of coarse aggregate 8/16, 21%  coarse aggregate 2/8, 26% of 
fine aggregate 0/2 and 6% of limestone filler (fig.2). The research was performed on the asphalt 
concrete with 4,5% amount of foamed bitumen (recommended values). The amounts of foamed 
bitumen used for the comparison were 4,2%, 4,8% and 5,1%. 

 
Fig. 2. Grading curve of mineral mix with foamed bitumen for base course. 
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4. Methodology and test results 

The aim of the research project was to determine the impact of foamed bitumen modified with 
optimal amount of the F-T wax on the physical and mechanical properties of the asphalt concrete 
such as: air void, indirect tensile strength, indirect tensile strength ratio and rutting resistance.  
Mineral asphalt mixes in Half Warm Mix Asphalt with foamed bitumen and optimum F-T wax 
content are compared with traditional Hot Mix Asphalt technology. The results are presented in 
figure 3, 4, 5 and 6. 

 

 
Fig. 3. Impact of the foamed bitumen contents on air void 

 
Based on the results of air voids in the asphalt concrete it can be concluded that regardless of 

the type of binder, increase of this parameter is a linear. At the same time it should be noted that the 
air void content meets the WT-2 2010 for the whole range of the modifications. 

 

  
Fig. 4. Impact of the foamed bitumen contents on indirect 
tensile strength 

Fig. 5. Impact of the foamed bitumen contents on indirect 
tensile strength ratio 

 
The Hot Mix Asphalt control samples achieved higher indirect tensile strengths than the Half 

Warm Mix Asphalt samples. Indirect tensile strength of asphalt concrete with foamed 35/50 
bitumen reaches the maximum value for the binder dosages between 4.5% and 4.8%. 

Water resistance of asphalt concrete increases with the increase of the foamed bitumen binder 
content. It should be noted that criteria of resistance to water ITRS ≥ 80% are not fulfilled only for 
the smallest (4.2%) content of foamed bitumen in the asphalt concrete. 
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Fig. 6. Impact of the foamed bitumen contents on rutting resistance 

 
A very important parameter of asphalt is its resistance to rutting. In accordance with the 

requirements for the KR3-4 traffic load, asphalt concrete binder should be characterized by 
WTSAIR0.3. Based on analysis of the rutting resistance it can be concluded only for the highest 
(5.1%) content of foamed bitumen in the asphalt concrete, the requirements of WT2 are not met. 

5. Conclusion 

Based on the analysis of the test results of asphalt concrete with F-T wax modified foamed 
bitumen, the following conclusions can be drawn: 

• application of F-T synthetic wax modified 35/50 bitumen in an amount of 1.5% 
significantly influences the improvement of foaming characteristics (expansion ratio ER 
and the half-life time τ½) compared with the control asphalt; 

• subjectively, the production of mixes with foamed bitumen causes lower levels of 
volatile asphalt emissions than the control technology of hot 35/50 bitumen; 

• the production of mixes with foamed bitumen is subjected to smaller loss of heat during 
the process of compaction compared to the HMA technology; 

• the use of foamed bitumen allowed to produce asphalt concrete and its compaction at a 
temperature of about 1000C, while meeting the requirements for mixes produced in the 
Hot Mix Asphalt technology. 
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Abstract. The paper deals with use of the meshless method for slope stability analysis. There are many 
formulations of the meshless methods. The article presents the Meshless Local Petrov Galerkin method 
(MLPG) – local weak formulation of the equilibrium equations. The main difference between meshless 
methods and the conventional finite element method (FEM) is that meshless shape functions are constructed 
using randomly scattered set of points without any relation between points. The shape function construction 
is the crucial part of the meshless numerical analysis in the construction of shape functions. The article 
presents the radial point interpolation method (RPIM) for the shape functions construction. The numerical 
example of the slope stability was calculated using meshless computer code and compared with FEM results. 

Keywords: meshless analysis, numerical modeling, slope stability. 

1. Introduction 

In geotechnical engineering the traditional numerical analysis is performed using finite element 
method (FEM). In the FEM, a continuum with complicated shape is divided into elements – finite 
elements. The individual elements are connected together by a topological map called mesh. The 
FEM is robust and thoroughly developed method, but has some inherent shortcomings of numerical 
methods that rely on meshes or elements that are connected together by nodes in properly 
predefined manner [1]. The following limitations of FEM are becoming increasingly evident:  

 
� high cost in creating FEM mesh  
� low accuracy of stress  
� difficulty in adaptive analysis.  

 
The root of this problems is the use of the mesh and the idea of getting rid of the meshes has 

evolved in the concept of meshless methods. Meshless methods use a set of nodes scattered within 
problem domain as well as sets of nodes on the boundaries of the domain represent the problem 
domain and its boundaries. These sets of scattered nodes are called a field nodes, and they do not 
form a mesh, meaning it does not require any a priori information on the relationship between the 
nodes for the interpolation of the unknown functions. Since there is no mesh of elements in 
meshless method, the field variable (e.g. displacement) at any point within the problem domain is 
interpolated using function values at field nodes within small local support domain. There are many 
ways how to construct the shape functions using small domain of nodes. That is one of the reasons 
why there are different methods that are using a meshless title. Another important aspect of so 
called meshless methods is the integration of the governing equation. Many methods are using 
global background mesh for integration of the governing differential equation, but ”true” meshless 
methods are using just small local integration domains (quadratures). In the presented article the 
meshless local Petrov-Galerkin method (MLPG) is used to perform the elasto-plastic analysis of 
slope stability. The displacement field in each part is constructed by RPIM. The final system of 
equations is derived by the substitution of the displacement field into the weak form of the 
governing equation. The elasto-plastic behavior of soil is described by Mohr-Coulomb material 
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model, widely used in geotechnical numerical analysis. In the present study the slope stability is 
investigated using strength reduction factor (SRF) technique applied to the soil strength parameters. 
The result of the meshless approach shows that it is good alternative to the traditional numerical 
methods (FEM). But these methods are still under development and the field for further 
development is large in sense of the integration algorithms, shape function creation and the model 
parameters influence on the final result. 

2. Meshfree shape function construction 

The crucial part of the meshfree methods, is the construction of the shape function used to 
approximate the unknown field function. These shape functions are locally supported, because only 
set of field nodes in a small local domain are used in the construction of shape function.  In contrast 
with FEM, where the shape function is based on nodes with defined relationship (elements), the 
meshfree shape function is based on the group of nodes arbitrarily scattered within the support 
domain. There are many techniques used to construct meshfree shape functions. The point 
interpolation method (PIM) and radial point interpolation method (RPIM) are presented.    
 

  
Fig. 1 A problem domain and boundaries modeled using LRPIM. Support domain for Gauss point Ωs and quadrature 
domain Ωq. 

2.1.  Point interpolation method – PIM. 

 
The polynomials have been used as basis functions for  interpolation in various numerical 

methods such as FEM. In FEM the interpolation process is based on connected elements without 
gaps or overlaps. In PIM, the interpolation is based on small portion of nodes around the desired 
point, forming the local support  (Fig.1) . Support domains of different points can overlap each 
other. The continuous function u(X) (displacement function) can be expressed around point X as 
 

( )∑
=

==
n

i
ii apu

1

)( aPXX T  (1) 

 
where pi(X) is polynomial function of X = [x,y]T, n is count of nodes in support domain of point X 
and ai is suitable coefficient of the basis function. Unknown coefficients ai in the (1), can be 
obtained by setting the u(X) to be nodal displacement at n nodes of the support domain. This can be 
written using matrix notation as: 
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aPUS m=  (2) 

 
where US is the vector of nodal displacement, 
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and a is the vector of unknown coefficients 
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and Pm is polynomial moment matrix 
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considering m=n one can assume that the inversion of moment matrix Pm

-1 exists and the unique 
solution for coefficients a can be obtained as 

s
1

m UPa −=  (6) 

 
It has to be noted that the coefficients a are constatnts even if the point of interest X changes, as 
long as the same set of nodes is used in the interpolation, because the Pm is matrix of constants for 
given set of nodes. 

 
Substituting (6) into (1) gives 

( ) ( ) s
T

s
1T (X)UΦUPXPX === ∑

=

−
n

i
iim uu

1

ϕ  (7) 

where Φ(X) is the vector of PIM shape functions defined by 
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The derivatives of the shape functions can be easily obtained because PIM function is of 
polynomial form. The I-th derivative of PIM shape functions can be written as 
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The shape functions constructed by PIM have the Kronecker delta function property, which 

allows the simple imposition of essential boundary conditions as in conventional FEM. 
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2.2. Radial point interpolation method - RPIM 

 
The PIM is accurate and easy to use. However, an inappropriate choice of polynomial basis or 

the improper position of nodes inside the support domain near X results in singular matrix Pm. 
Several strategies has been proposed to overcome this problem. Using radial basis functions (RBF) 
is one of the best solutions to guarantee the invertability of Pm. There are various classes of 
functions such as multi-quadratic, Gaussian or logarithmic that can be used as RBF. Multi-quadratic 
is one of the most popular radial function [1] and is defined as 

 

( ) ( )q

ii rR 22 ε+=X  (20) 

 
where ri is the distance between the desired point (X) and the field node i (X i) defined simply as 2D 
euclidean distance  
 

22 )()( iii yyxxr −+−=  (31) 

 
Constants ε and q in the (10) are constants, that depend on the type of problem. For the solid 
mechanics the suggested values are 1.42 and 0.98  for c and q, respectively [1].  
The RPIM interpolation augmented with polynomials can be written as 
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where Ri(X) is the radial basis function (RBF), n is the number of RBFs, pj(X) is polynomial basis 
function, m is number of polynomial basis function, ai and bj are interpolation coefficients. In order 
to determine ai and bj a support domain is formed for the point of interest at X, and n field nodes are 
included in the support domain. Interpolation coefficients can be determined by enforcing the (12) 
to be satisfied at these n nodes surrounding the point of interest X. This leads to n linear equations, 
one for each node. The equation system in matrix form can be expressed as 
 

bPRaU mS +=  (53) 

 
where US is the vector of displacement function values, the RBF moment matrix is 
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and the polynomial moment matrix is 
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the vector of RBF interpolation coefficients is defined as 
 

[ ]naaa L21=Ta  (86) 

 
and the vector of polynomial interpolation coefficients is defined as 
 

[ ]mbbb L21=Tb  (97) 

 
However, there are n+m variables in the (13). The additional m equations can be added using the 
following m constraint conditions. 
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Combining (13) and (18) yields the following set of equations in the matrix form expressed as 
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where  
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because the matrix R is symmetric, the composed matrix G will be also symmetric. Solving the 
equation system (19), we obtain  
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Equation (12) can be subsequently rewritten as 
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Using equation (22) we can obtain 
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and finally the RPIM shape functions corresponding to the nodal displacements vector Φ(X) 

are obtained as 
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Fig.2 Example of RPIM shape function φi(x) and shape function first order derivatives.  

 
Then the displacement function approximation can be written using the RPIM shape functions and 
nodal displacements 
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and the I-th derivatives of displacement function u(X) are easily obtained as 
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Note that R0

-1 usually exists for arbitrarily scattered nodes. In addition, the order of polynomial 
used in RPIM shape functions is relatively low. Therefore, there is no singularity problem in the 
RPIM as a small number of nodes  is used in the local support domain. 

3. General static equilibrium equations 

3.1. Equilibrium equations 

 
The static equilibrium equations for 2D elastic solids can be writen as: 
 

0=+ bLTσ  (28) 
 

The linear differential operator L is defined as 
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and b is the external and body force vector given by  
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3.2. Strain-displacement equation 

 
Since there is no relation between the shape functions and mesh construction in LRPIM, unlike 

FEM, so at each arbitrary point in the soil the strain–displacement relation is as follows: 
 

u∆ε
T=  (31) 

 
where the strain tensor is 
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and the vector of displacement is 

{ }vuT =u  (34) 

 
Using (1) and (31) the strain–displacement relation in each support domain can be written as 
 

SBUε =  (35) 

 
where US is the vector of nodal displacements, and B is as follows: 
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and φik = φk(xi) is the shape function of kth node at ith node in the support domain. 
 

3.3.  Constitutive equations 

 
Hooke’s law for 2D elastic solids has the following matrix form: 
 

εDσ e=  (38) 

 
where ε is strain pseudovector defined as (35), σ is stress pseudovector which can be written as 

 

[ ]Txyzyx τσσσ=σ  (39) 

 
and De is matrix of material constants, which have to be obtrained through experiments. For 
isotropic materials in the plain strain state we have De defined as: 
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where E and ν are the Young modulus and the Poisson ratio of materials respectively.  
In elasto-plastic analysis the incremental stress-strain relation is as follows 
 

εDσ epdd =  (41) 

 
Where Dep is elasto-plastic matrix defined as 
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where F and P are yield and potential functions respectively. In this article the Mohr-Coulomb yield 
function was used as the most popular yield criterion used in soil mechanics.  
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where c and φ means the cohesion and internal friction angle respectively. The quantities σm, σ, θ 
represents the stress invariants in the principal stress space. The plastic pontential equation is 
similar to the yield function (43), except that instead of internal friction angle the dilatation angle - 
ψ is used. 
 

3.4. Variational principles for solid mediums. 

 
Generally the total potential energy functional for a discontinuous media is expressed as 
 

fe Π+Π=Π  (44) 

 
where Πe is the elastic strain energy of a solid media and Πf is the potential energy related to 
external forces. These functionals can be defined as 
 

Ω=Π ∫∫Ω dT
e σε

2
1

 (45) 

 

∫∫∫ ΩΓ
Ω−Γ−=Π ddf bUTU TT  (46) 

 
where T is the prescribed surface traction and Γ is the boundary along which the surface traction is 
imposed. The variational (weak) form of (44) can be written as 
 

( ) ( ) ∫∫∫∫∫ ΩΓΩ
Ω−Γ−Ω=Π dddT bUTUDεε

TT )(δδδδ  (47) 

 
Using the stress–strain relation, the discrete form of equations can be written as 
 

FKU =  (48) 

Ω= ∫∫Ω dBDBK T  (49) 

 

∫∫∫ ΩΓ
Ω−Γ= dd bΦTΦF TT  (50) 
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The weight functions are used to smear numerical error over the quadrature domain. The 
weight functions used in our LRPIM implementation are spline type functions with shape shown on 
the figure .   

 
Fig.3 The shape of the weight functions over problem domain. 

 
Assembling the nodal stiffness matrices into a global stiffness matrix based on node 

numbering, the global equation system is obtained. The global stiffness matrix is asymmetric, which 
makes the computation more expensive than conventional FEM. For numerical example in this 
article the Gaussian elimination solver was used to solve global equation system. Because the 
analysis of the soil models using the elasto-plastic models needs the nonlinear solution scheme, the 
modified Newton-Raphson scheme was adopted for solving the models. The nodal loads are 
generated from the self-weight of the slope body and redistributed over the model nodes. Once the 
plastic flow occurs the stresses are computed using elasto-plastic matrix (42) and the unbalanced 
forces are redistributed over adjacent nodes. This process is repeated until all unbalanced forces are 
minimized to some norm.  

4. Numerical example  

The LRPIM model has been verified with the computation of the slope stability problem. 
Because there is no exact analytical solution of this kind of problem, the model of the embankmnet 
slope was calculated using conventional finite element code for geotechnical problems mySlope. 
The result of the slope stability analysis is FS – factor of safety and the shape of the failure in the 
slope body. The Mohr-Coulomb model was used in mySlope computation as well as in the analysis 
performed using LRPIM.  

 
Soil parameter Value 
γ – volumetric weight 18.2 [kNm-3] 
E – Young modulus 100000 [kPa] 
ν – Poisson ratio 0.3 [] 
φ – internal friction angle 30 [°] 
c –  cohesion 10 [kPa] 
ψ – dilatation angle  0 [°] 

Tab.1 Soil parameters used in the numerical study. 

 
 

LRPIM mySlope 
FS = 1.93 FS = 1.84 

Tab.2 Calculated factors of safety FS. 
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Fig. 4 Embankment slope geometry and dimensions (in meters) used for numerical study . 

 

 
Fig. 5 The slope failure at the SRF (strength reduction factor) = 1.93 computed using LRPIM. 

 

 
Fig. 6 Plastic flow vectors at the SRF = 1.93 computed using LRPIM. 

 

 
Fig. 7 Plastic flow vectors at the SRF = 1.93 computed using LRPIM. 

 
Fig. 8. Plastic flow vectors at the failure calculated using mySlope – FS = 1.84. 
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Fig. 9. Deformed mesh at the failure calculated using mySlope – FS = 1.84. 

5. Conclusion 

The described mesh-free numerical method LRPIM represents alternative to conventional 
numerical methods in geotechnical engineering, like FEM. The area of the mesh-free methods 
based on local weak form is still in the development. The influence of the nodal MF shape functions 
types (RPM, MLS), and shape function parameters should be also investigated with the 
corresponding types of engineering problems. This article represents the ability of MFM to solve 
the slope stability tasks with accuracy comparable with geotechnical FEM implementations.  
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Abstract. Most of previous researchers have experimented to change the structure of R-tree and Quadtree 
spatial data indexing method that could give better performance. However, it still leaves some issues and 
problems that need to solving. One of the most common issues and problems is the method only applicable 
to some of applications such as data arrangement, but it needs speed improvement in the transfer process and 
data retrieval. This chapter gives different methodology that concentrates on fine tuning of a spatial database 
system using R-tree and hashtree spatial data indexing method, without changing the structure of those 
spatial data indexing method. 

Keywords: laser scan, 3D data, GIS, spatial indexing 

1. Introduction 

Laserscanning gains more and more importance in the last few years. It allows the simple and 
inexpensive measurement of spatial objects like facades or the interior of buildings. Laserscanning 
produces large sets of multidimensional point data, which demand for an effective and efficient 
organization and storage. The measurements provide immediately Cartesian coordinate values 
(x,y,z) and - for some laserscanners - the intensity of the received signal. Therefore, the result of a 
measurement is a set of three- or four- dimensional points. 

Because of the large data volume - several millions of points with increasing tendency - it is not 
advisable to store the points as conventional points in a CAD program. In general, the approach to 
maintain the cloud of points in main memory has several disadvantages: 

 
�  Such an approach requires a long time for loading the data from secondary storage (like hard 

disks). 
�  Main memory storage shows a bad scalability because it swaps (after exceeding a threshold) 

parts of the memory onto the slow secondary storage. 
 
An alternative is the usage of persistent data structures. Such data structures store the data on 

secondary storage and allow reading only (the required) parts of the data. Such data structures have 
been developed to be used in (relational, object-relational and object-oriented) database systems as 
an index. Therefore, they are also called index structures. However, conventional index structures 
are optimized for one-dimensional data types like numbers and character strings. They cannot be 
used (without modification) for spatial data. For this purpose, spatial index structures (also called 
spatial access methods) have been developed for spatial database systems and Geographical 
Information Systems. One category of spatial index structures are point access methods, which 
allow the dynamic organization of multidimensional points on secondary storage. Rectangle access 
methods are another class of spatial access methods supporting extended objects, especially 
multidimensional rectangles, but also non-extended objects, i.e. multidimensional points. All types 
of spatial index structures support the efficient processing of spatial queries. 
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Fig. 1. Example of the point cloud from laserscanning survey. 

In this paper, the question is investigated whether spatial access methods are suitable for 
storing point clouds produced by laserscanners. Section 2 presents different spatial access methods. 
The main focus is on so-called hash trees and R-trees. In section 3, we consider the use of such 
index structures for data produced by laserscanners.  

2. Spatial access methods  

2.1.  Indexing in Database Systems 

 
The main task of a database system (DBS) is to store large sets of data persistently. The 

database management system (DBMS) must support the insertion, modification and deletion of 
arbitrary data in arbitrary sequences. For this reason, the DBMS organizes the data in database 
blocks. The access to secondary storage (i.e. typically to hard disks) is performed blockwise, i.e., 
the access to a data record requires the transmission of (at least) one complete block that may store 
also non-required records. 

An index dynamically organizes the database blocks in order to accelerate the access to blocks 
containing records that fulfill some query condition. The data structures that are used for building 
and maintaining an index are called index structures. In current database systems, two types of 
index structures are most often used: B-trees and hashing. 

A B-tree is a dynamic balanced tree. Each of its nodes corresponds to a database block. B-trees 
store the data sorted according to a selected attribute. For processing a query, the tree is traversed 
starting at the most upper node (= the root); only subtrees are accessed that potentially refer to 
queried data. Figure 2 illustrates a B-tree. 
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Fig. 2. Example for a B-tree. 

 
Hashing computes the location of a block on secondary storage (i.e. the block address) using 

one or more selected attribute(s) of a record. This computation is done by a hash function. Figure 3 
depicts the hashing approach. Hashing supports efficiently exact match queries, i.e. the search for 
records with attribute value(s) that exactly match to the query condition. However, hashing has 
efficiency problems either with handling uneven data distributions or with range queries (like 
finding all persons born in a city whose name starts with I). 

 
Fig. 3. Example for hashing. 

 

2.2. Indexing Spatial Data and Point Data 

B-trees require a linear ordering of the data and hashing has - as mentioned before - problems 
with uneven data distributions or with range queries. Because of this reasons, conventional cannot 
be used - without extensions - for organizing spatial data. Therefore, special spatial access methods 
have been developed for spatial database systems and Geographical Information Systems. Point 
access methods allow organizing multidimensional points and rectangle access methods - in 
addition - the storage of extended multidimensional objects like rectangles, cuboids, and (in 
approximation) of polygons, arcs and solids. 

 
The grid file is an example for a multidimensional point access method. It is based on hashing. 

However, the hash function is replaced by a grid directory. This directory stores block addresses in 
its cells (see Figure 4). Grid files have performance deficits storing uneven or correlated distributed 
points. 
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Fig. 4. Example for a grid file. 

 
The partitioning of the data space by grid files has following properties: 

� The region described by a database block (the so-called block region) is rectangular. 
� The data space is completely covered by the block regions. 
� The block regions do not overlap. 

However, for achieving efficient spatial access methods, at least one of these three properties must 
not hold [1]. 
 

2.3.  Hash Trees 

Hash trees are multidimensional point trees that combine hashing with data structures derived 
from trees. A typical example of a hash tree is the BANG file (Balanced and Nested Grid File) [1]. 
The BANG file is a hierarchical tree. The upper part of the tree is the directory and the leaf nodes 
store the real data (“data nodes”). The block regions of the directory nodes are based on a grid 
structure and represented by a (multidimensional) rectangle. In contrast to conventional grid files, a 
block region does not represent the complete area of this rectangle. Instead, the included rectangles 
of the smaller block regions in the same node are removed from the rectangle. In consequence, the 
shape of block regions is irregular and may consist of several, unconnected areas. Figure 5 shows a 
set of points organized by a BANG file. The figure depicts the partitioning of the BANG file of all 
nodes having the same height in the tree. 

 

 
Fig. 5. Example for the partitioning of a BANG file. 
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Fig. 6. Example for the partitioning of a buddy tree. 

 
Another example of a hash tree is the buddy tree [1]. The buddy tree is also a hierarchical tree 

with directory nodes containing rectangular block regions. In contrast to the grid file and the BANG 
file, however, the regions do not need to cover the complete data space. Figure 6 illustrates the 
partitioning of the buddy tree. 
 

2.4.  R-Trees 

The R-tree [2] is a spatial access method organizing multidimensional points as well as 
rectangles. The R-tree has similar properties as the B-tree but it does not require a linear ordering. 
The block regions are minimum-bounding rectangles of all regions or data in the corresponding 
subtree. These block regions may overlap and do not need to cover the whole data space. 

There exist several variants of R-trees. They differ in the insertion strategy (i.e., which subtree 
is chosen for storing a new object) and the criteria used for splitting a node if an overflow occurs. 
Figure 7 illustrates an R-tree: it shows the block region of the root node and (a part) of the 
partitioning of a node pointing to a data node, which illustrates the overlap between the block 
regions. 

 

 
Fig. 7. Example for the partitioning of an R-tree. 
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2.5.  Preliminary results 

The presented spatial access methods are dynamic index structures supporting the insertion, the 
modification and the deletion of points. They support the persistent storage of data on secondary 
storage like hard disks. All presented spatial access methods are suitable of two-, three- or more 
dimensional points. They support the efficient processing of basic spatial queries. Such spatial 
queries are: 
 

� spatial selection queries like the point query and the window query, 
� the computation of k nearest neighbors (nearest neighbor query), and 
� the spatial join. 

 
Index structures typically preserve the ordering of data locally. In the case of spatial access 

methods, spatially close objects are stored with high probability in the same database block. This is 
essential for processing spatial queries because one query accesses typically many spatially 
neighbored objects and because reading a database block from secondary storage is a very costly 
(i.e. slow) operation in comparison to other computer operations. Storing near objects in the same 
block reduces the number of block accesses and increases the probability to find the block in the 
cache of the database system or of the operating system. 

Other techniques try to store blocks, which are described by spatially close block regions, 
physically close on the secondary storage (“global order”). The objective is to reduce the cost of 
sets of blocks required by one spatial query. The presented spatial access methods do not preserve 
the global order.  
 

3. Usage for data from laserscanning 

3.1.  Preparation for data acquiring and processing  

 
For investigating the spatial access methods presented in the sections 2.3 and 2.4 for data 

produced by laser scanning, some preparations had been necessary: 
 

� Implementations of the BANG file and the buddy tree using ArcObjects unified API. 
� The well-known R*-tree - a very efficient variant of the R-tree [1] was implemented in C++. 

 
 

192



 

  

 

 
Fig. 8. Illustration of the test data – Hurbanova street Zilina 
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The data structures were tested by a cloud of points that originates from the measurement of the 
facade of a building in the Hurbanova street of Zilina town. The data set consists of about 10.7 
million points. It is illustrated in Figure 8. The laserscanner equipment consists of the Trimble CX 
with Trimble Field Tablet. The CX scanner is high-precision device with using the WAVEPULSE 
technology with scanning range up to 80m. Scanning speed is 54000 points per second with single 
point accuracy of 1.2 mm to the distance of 30 m. 
 

3.2.  Point cloud processing 

The following experiments were performed on a HP X5365 workstation with two 3 GHz Xeon 
processors and 8GB main memory. 

The aspect investigated first was the construction of the spatial access methods. The points 
were inserted into the index structures in the order they have been measured. The observed storage 
overhead is - independently of the data structure - about 68%. The reasons are the storage 
requirements for the directory and - more significant - empty space in the data nodes. The empty 
space is due to fact that all investigated spatial access methods are dynamic index structures 
allowing insertions and deletions without worsening their performance. The empty space can be 
reduced by using special bulk-loading algorithms. 

The insert throughput is depicted in Figure 9. The performance of most the spatial access 
methods is rather high. One exception can be observed: the R*-tree achieved only a third of the 
throughput compared to the other trees. 
 

 
Fig. 9. Throughput of the insertion of points (in points per second). 

 
All spatial access methods showed an excellent performance for extracting data points queried 

by small query cuboids. The access to the data does not require a long loading phase. The queried 
points were accessed by few block accesses. 
 

4. Conclusions 

In this paper, we discussed the usage of spatial access methods, which have been originally 
developed for organizing spatial data in spatial database systems and GIS, for the persistent storage 
of point clouds produced by laserscanning. As potential data structures, the BANG file and the 
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buddy tree as representatives of hash trees and the R*-tree as R-trees group have been selected, 
implemented and experimentally investigated using real laserscanner data. The first results show 
that both types of index structures have the potential for organizing point clouds originating from 
laserscanning. 
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Abstract. Time domain reflectometry (TDR) has been used for a first time in 1950’s to examine electrical 
properties of cables and transmission lines, and measuring the electrical properties of organic liquids. 
Universality and further enhancement of the technology during the 1980’s led to monitoring of slope and 
landslide movements. Thus, TDR has been utilized in monitoring slope movement to locate shear planes in 
localized shear failures. The main advantage of TDR monitoring is localization depth and type of rising 
deformations bellow surface. However, advance in electrical technology last 20 years led to emerging air 
dielectric cables that became object of interest for further development in geotechnical engineering. Thanks 
to its material, mechanical and electrical properties were chosen for application in water level measurement 
as the most acting negative factor on slope stability. The TDR results are measured continuously and can be 
accessed online using the wireless communication with geographic information system (GIS) server. 
 

Keywords: Time domain reflectometry, remote sensing, TDR sensors, Geographic Information Systems,  
                    TDR piezometer, inclinometer, landslide monitoring. 

1. Introduction 

TDR emerged in 1950’s to trace faults and damages in cables and transmission lines by 
observing reflected waveforms. Universality and further enhancement of technology over past 40 
years led to its employing into multidisciplinary fields of science, Dowding, O’Connor (1999). One 
of these was geotechnical engineering, where it found its place in slope movement and groundwater 
level observation. Thus, TDR has been utilized in monitoring of slope movement to locate shear 
planes and failures. The main advantage of TDR monitoring is ability to identify localized slip 
plane, its depth, type of shear and progress in time. Development of TDR for geo applications 
started in U.S., where it successfully works since 1990's. In 2008 started research and development 
of TDR in Slovakia to employ this completely new and innovative approach into field application 
not only for research purposes. Different geological environment of Slovakia, availability of basic 
components for start-up led to testing new construction and execution of TDR probe. 

2. TDR principles 

Pulse generator launches an ultra-fast rise time voltage step into a coaxial cable, which consists 
of two conductors separated by dielectric material, i.e. centre and outer, and as an electromagnetic 
pulse is transmitted along a coaxial cable, it is constantly being transformed according to 
electromagnetic principle, from electric field to a magnetic field and vice versa. Propagation of the 
electromagnetic wave along the coaxial cable behaves as a two-wire transmission line and is 
determined by cable characteristics - inductance (L), resistance (R), capacitance (C), conductance 

(G). 
Characteristic impedance Zo is basic cable parameter and is defined as a function of cable 

inductance L and capacitance C by formulae (1). 
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Undamaged cable has constant value of Zo over its length. When the signal encounters a break 

or deformation in the cable, it is reflected. The relative magnitude and rate of displacement over 
time, and location of the zone of deformation can be determined immediately and accurately. The 
magnitude of the reflection is referred to as the reflection coefficient or p. The coefficient ranges 
from 1 (open circuit) to -1 (short circuit). The value of zero means that there is no reflection. The 
cable tester presents the solution graphically as a plot of reflection coefficient pr, versus distance 
along the cable x. Reflection coefficient is defined as the ratio of reflected voltage to incident 
voltage and expressed in units of milli rhos (2). 

 

i

r
r V

V=ρ  (2) 

 

3.  Slope deformation monitoring 

Advantage of TDR monitoring technology is in measuring progress of horizontal deformations 
of slopes (Fig. 1), rock slopes, embankments slopes, and monitoring of foundation movement 
(horizontal) or deformation of reinforced wall, abutment wall and soil structures. 

 

 
Fig. 1. The principle of TDR installation for geotechnical monitoring of landslides. 

The main task is localization of shear planes and their progress in time. The shear surface can 
be identified from received curve at depth interval where local peaks on curve occur, Fig. 2. Cable 
at zone of shearing is deformed and repeated scanning at certain time interval shows progress of 
slope deformation. By the amplitude height and shape, it can be identified type of deformation: 
shearing, pulling or their combinations. For example, when coaxial cable is deformed by shear 
straining, the peak of amplitude has negative coefficient, it means amplitude falling down, and this 
is a typical for normal rigid planes and rigid cables installed in environment. Sometimes received 
data are influenced by random noise; appropriate method of noise reduction can be utilized. This 
could be done by differentiations of scanned curve by the time and length of coaxial cable, and then 
better precision will increase readability of identifying shear plane and shear progress. 
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Fig. 2. Localization of shear plane zone from measured TDR curves 4. Laboratory testing. 

Reliability of the method is in soil-grout-cable response, i.e. grout has to be stiff enough to kink 
the cable, but weak enough to fail when soil movement occurs. 

 

 
Fig. 3. Preparation of large shear scale test of soil with installed cable. 

Laboratory tests were performed in 2010-2011 to meet demands for TDR spike response at 
shearing. Laboratory direct shear tests in large sheer scale apparatus area of 35 x 35 cm had been 
provided with grouted cable in compacted sandy clay Fig. 3 had to find answer on correlation 
between rising amplitude of waveform and displacement. In addition, also grout composition used 
in large-scale test has been tested alone in standard shear box equipment diameter of 10 cm. 

 
Fig. 4. Results of direct shear testing . 
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However, it did not produce consistent, repeatable results sufficient to establish a meaningful 
correlation between TDR signature spikes and shear displacement of the soil. While individual tests 
did show a reasonable and linear relationship between TDR signal and displacement, results were 
different for every specimen tested, Fig. 4. Slope and intercept varied significantly between each 
test, leading to the conclusion that laboratory test results cannot be extrapolated to field conditions. 

At present time TDR method is improving for moisture content measurement and pore-water 
pressure monitoring. Today new way of installation of coaxial or piezometric cable by dynamic 
penetration (DP) and static penetration (CPT) machines is in progress of research. 

 

4. GIS remote sensing system 

The application for communication with the TDR reflectomer was developed using the Visual 
C++ 2010 environment. The main communication is made through the RS-232 serial port. 
Sometimes it is very time consuming and uneconomical to visit each measuring point or borehole. 
At this time, the remote sensing concept becomes actual. The main communication is made through 
wireless modem, which sends data continuously from each measuring point to GIS remote server. 
Then the data can be processed or just downloaded using GIS application developed using the ESRI 
ArcObjects GIS library and the opensource Google Earth plugin. The data can also be accessed 
using the smart cell phone with the Android operation system  

 
Fig. 5. The active TDR sensors visualized using Google Earth plugin. 

5. Monitoring of slope movement in Slovakia  

Currently, there are several sites where TDR probes are installed for both slope deformations 
and water level measurement. They are scattered throughout north-west Slovakia on slopes where 
complicated geological formation predominantly represented by high plasticity clays and silts 
together with groundwater is major trigger of movement. There are 7 localities - Velka Causa, 
Povazska Bystrica, Chrenovec - Brusno, Horne Srnie, Ochodnica, Dolna Tizina, Kralovany, where 
14 TDR probes were installed between 2008 and 2011. In following two localities will be 
presented.  

Village Chrenovec part Brusno located in central Slovakia near town Prievidza is directly 
endangered with nearby slope where recently construction of new housing took place, Fig. 6.  
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Fig. 6. Ortho view of Chrenovec Landslide. 

The geological structure of territory is formed with paleogene bedrocks represented by 
claystones, alternatively calcareous, rarely appearing in thin fine-grained sandstone benches or 
breccia. The most typical soils that appear are of flysch origin, i.e. alternating clay and silt layers 
from medium to high plasticity. Geomorphologic relief is typical area of old landslide with deluvial 
deposits accumulated in lower part of territory where flows small stream name of Jalovsky potok. 

There were installed three TDR probes J-1; J-2; and Ps-1 were installed on the locality; J-1 and 
J-2 were placed into borehole diameter of 156 mm, whereas Ps-1 was built in whole made by 
dynamic penetration test equipment. Benefit of using penetration is comprised in small diameter 
hole 32-35 mm grouted with cement mixture, that should be prone to fail and crack at little 
displacements, thus, detect even primary creep movements. Other important advantages of this 
installation are in very accessible, not disturb territory technology, provided cheaper installation 
without drilling. The example of received response curves through cable in borehole J-2 
demonstrate graph on Fig. 7. 

 
Fig. 7. Example of received reflection coefficient through the installed cable in borehole. 

Measured differences were observed only in cable extension part, not in depth of borehole. 
There is high probability that landslide monitoring had been started after initial movement, and at 
this period was not registered movement. Geotechnical monitoring was built and is ready to record 
the movements at the time of deterioration factors causing movement. 
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Fig. 8.  TDR waveform of INK 9, INK 13 boreholes in Kralovany. 

6. Conclusion 

The ability to interpret TDR reflections anywhere along the installed cable allows activity to be 
monitored over large areas and volumes and thus TDR monitoring may replace many single-point 
measurement instruments. Especially advantages are in rapid installation in hardly accessible places 
which to be monitored. If the cable is attached to the outside of the inclinometer casing, the 
sensitivity for underground deformation is strongly influenced by the stiffness of pipe material and 
is not suitable for TDR measurements. 

However, future of this method is confirmed in more accuracy in depth location of shear zone, 
ability of remote sensing and less expensive technology of installation. 
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Abstract. The paper presents linear and non-linear analyses of steel constructions in accordance with the 
PN-EN 1993-1-1standard. Sway steel frames: one-bay, two-bay, and three-bay k-storey; are analysed. Two 
column support methods are considered: simply supported and fixed columns. The effects of the support 
methods and the number of bays and storeys on the critical load multiplier (αcr) which indicates the 
application of the relevant computational method, are determined. In addition, the effects of the second order 
on the bending moment values in the external columns of the bottom storey are determined. The calculations 
obtained by the simplified method which concerns global sway imperfections, were verified using the non-
linear analysis by means of the Robot Structural Analysis programme. 
 
Key words: non-linear analysis, global imperfections, sway frames, critical load multiplier 

1. Introduction 

The most important job in construction design is to determine a relevant real-world construction 
computational model and to deploy an adequate static analysis method. 

Real-world constructions experience random initial imperfections. Deviations from the ideal 
condition can be associated with the variability of material properties (and they are present in all 
safety factors). There are also geometric deviations associated with the initial swaying of the system 
(global imperfections) or member bending (local imperfections). In addition, construction defects 
may occur (eg. uniaxial, eccentric connections), technological defects (roll and welding residual 
stresses), erection defects (bent bar axis), installation defects (eg. no column verticality), 
maintainance defects etc. The deviations negatively affect the construction’s bearing capacity as 
they reduce the structure durability [1] . The principles used to consider the imperfections and to 
determine the computational method with respect to the framed structure type are shown in 
[1,2,3,4,5]. 

The paper evaluates the multi-storey sway frame structures vulnerability to the second-order 
effects which are connected with sliding of the structural nodes (P-∆ effect). The evaluation is made 
by determining the non-dimensional critical load multiplier (αcr) which depends on the ratio of the 
critical load, relevant to the global elastic instability form and initial elastic stiffness, to the 
calculating load. If 10cr ≥α , the construction is not vulnerable to the P-∆ effect and the analysis is 

conducted in accordance with the first-order. In the case when 103 cr <α≤ , the second-order 

analysis which introduces the equivalent horizontal load regarding the structure sway effect is 
applied. The static calculations are performed, in accordance with the first-order analysis, with the 
increased horizontal load, in order to determine the internal forces which are then multiplied by the 
amplification coefficient dependant on the critical load multiplier. If 3cr <α , it is necessary to 

conduct the second-order analysis which additionally examines the local imperfections (P -δ  effect) 
[1] .  
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2. Analysis 

The considerations aimed at examining the unbraced steel sway frame (Fig.1): one-bay (n=1),  
two-bay (n=2) and three-bay (n=3) with a variable number of storeys (k). Two column support 
methods were analysed: for simply supported (s=0) and fixed columns (s=∞ ). It was assumed that 
the columns are made of wide flanges HEB 180 and the beams are made of parallel flanges IPE 
360. The following data were analysed: steel S235, column spacing L=6m, one storey height 
H=4m, evenly distributed load: on the top storey beam q1= 32 kN/m, on the intermediate beam q2= 
60 kN/m; and concentrated forces: P=120 kN,  S1= 9 kN i S2= 18 kN. 

 
Fig.1. Computational model for steel frames  
 

The effects of the support methods (s), the numbers of bays (n) and storeys (k) on the critical 
load multiplier (αcr) which indicates the relevant computational method, were determined. The 
analysis was conducted in accordance with [2], and the results were presented in Fig.2. In 
accordance with the national annex NA.9-ad 5.2.2(8) [2], in the case of one-storey sway frames, it 
is possible to apply the first-order analysis without taking the imperfections into consideration [2], 
which is confirmed by the analysis (Fig. 2a). 

 
a)                                                                           b) 
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c)                                                                                d) 

 

 
Fig.2 Relationship αcr : a) one-storey frames, b) one-bay frames, c) two-bay frames, d) three-bay frames 

In addition, for the value changes in the critical load multiplier in the range 103 cr <α≤ , the 

bending moment values are calculated using the simplified method and the Robot Structural 
Analysis programme. The results for the most strained frame members are shown in the paper - for 
the upper node in the external columns of the bottom storey (Tab. 1-3) and for the n-bay and k-
storey (eg. 1n3k one bay, three storeys). Tab.1 also presents the moment values calculated by using 
linear analysis with respect to the construction which is regular in shape. Thus, the effects of the 
global sway imperfection on the internal forces values are determined.  

 

No. bay/storey
No. 

Column

Moments [kNm] Moments 
increments I order analysis  II order analysis (EC3)

1n3k                                      
αcr = 7,430

1 -5,68 4,95 10,63
2 -87,73 -98,34 10,61

2n3k                                     
αcr = 7,198

1 -10,06 -1,90 8,16
2 -60,31 -68,42 8,11

3n3k                                       
αcr = 7,267

1 -18,21 -11,06 7,15
2 -55,69 -62,73 7,04                   

Table 1. Bendig moment values for fixed frame αcr(7÷10) 

No. bay/storey
No. 

Column

Moments [kNm]
MII (Robot)/MII(EC)

 II order analysis (EC3)  II order analysis (Robot )

1n5k                                
αcr = 5,107

1 60,56 60,30 1,00
2 -154,34 -149,12 0,97

2n6k                                
αcr = 3,029

1 55,75 56,81 1,02
2 -127,86 -123,78 0,97

3n6k                               
αcr = 3,158

1 32,33 32,74 1,01
2 -107,4 -103,01 0,96                   

Table 2. Bendig moment values for fixed frame αcr(3÷4) 
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No. bay/storey
No. 

Column

Moments [kNm]
MII (Robot)/MII(EC)

 II order analysis (EC3)  II order analysis (Robot )

1n2k                                
αcr = 3,461

1 43,48 42,90 0,99
2 -122,04 -117,8 0,97

2n2k                                 
αcr = 3,274

1 27,64 27,45 0,99
2 -84,57 -81,98 0,97

3n2k                                   
αcr = 3,304

1 13,27 12,80 0,96
2 -73,74 -70,94 0,96                   

Table  3. Bendig moment values for hinged support frame αcr(3÷3,5)  

3. Conclusions 

 Engineered structures design is based on static analysis, and it is crucial to choose relevant 
computational methods - linear and non-linear. The aim of the paper was to determine the 
computational method for steel frame constructions in relation to the support methods, the number 
of bays and storeys. In accordance with the requirements in PN-EN 1993-1-1 [2] regarding the 
imperfections in the frame global analysis, the determination of the method depends on the critical 
load multiplier (αcr). On the basis of the conducted analyses (Fig.2), it can be stated that the αcr 
value change is affected more by the increasing number of storeys than by the increasing number of 
bays. The value is substantially affected by the type of the frame column support. The hinged 
supported frames are much more vulnerable to the second-order effects rather than to the frames 
with the fixed columns. In the case of the fixed columns, the simplified second-order method can be 
applied for up to five storeys for one bay, and up to six storeys for two and three bays. However, in 
the case of the hinged support, it can be only used for two storeys. 

The results of the inadequate determination of the computational method is illustrated by the 
example of a fixed frame αcr = (7,198÷7,43) (Tab. 1). The moment values calculated according to 
the first and second order theories for the columns of the lower storey are specified. Comparative 
analysis has shown that the impact of the global sway imperfection caused an moments increase in a 
row 10,63, so in this case the use of a calculation method according to the theory of the first order 
would be incorrect. 

In engineering practice for frames vulnerable to the second-order effects used calculation 
programs. This paper shows that the results obtained by means of the Robot Structural Analysis 
programme are correlated to the results obtained using the simplified method according to PN-EN 
1993-1-1 (Tab. 2,3). 

The standard regulations regarding the application of the simplified second-order method are 
easy to deal with and to deploy in practice. It must be emphasized that the presented calculations do 
not fully apply to all the possible conditions which should be examined in the case of the 
construction design using nonlinear analysis. 
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Abstract. The main subject of the research introduced in article was the influence of reduction in 
compaction temperature by means of  additive on the water susceptibility of the stone mastic asphalt (SMA). 
At first it was defined the influence of the tetrahydropirymiylopropyl(THPP) additive on selected properties 
polymer modified bitumens such as: PmB 45/80-55 and PmB25/55-60. THPP content have fallen between 
0,2 and 0,6% value in relation to the bitumen mass with a steps of 0,2%. After that it was evaluated the 
influence of the additive on mechanical properties of SMA layer for the wearing course weighted down KR4 
heavy traffic. The samples of SMA mixture with maximum aggregate size of 8 mm were compacted  at the 
temperature range from 110°C to140°C with 10°C  steps. On the basis of the test results it was determined a 
decrease in compaction temperature of SMA. 
 

Keywords: stone mastic asphalt, binder, compaction temperature lowering, modified bitumen, wearing 
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1. Introduction 

The one of most important parameters, which has great influence on the durability of asphalt 
pavements is a compaction ratio (especially for surfaced layer). SMA layer is particularly exposed 
to the action of traffic and climatic factors [2]. Proper compaction of SMA depends on 
manufacturing and compaction temperature. The temperature leads to decreasing in the viscosity of 
the bitumen which enables its better coating aggregate with bitumen. Traditional bituminous 
mixtures are manufactured at temperature range from 160°C to 180°C depending on the type of 
bitumen used, and they are placed at temperature of 140°C. At present there is a tendency to reduce 
of manufacturing and compaction temperatures according to “warm mix asphalt” technology 
(WMA), where the optimal compaction temperature range is between 110°C and 140°C. 

The great possibilities with plasticization road bitumens come out from application of cationic 
compounds. The amidic compounds can be count among additives which they are capable to reduce 
the temperature of coating aggregate with bitumen up to 30°C [4]. 

In order to reach such conditions it is necessary to apply the additive, which allows to drop  in 
the temperature of compaction by lowering surface tension force of bitumen. 

2. The test results of influence of THPP addition on selected parameters of 
bitumen 

In research of influence of liquid THPP on the reduce in temperature compaction of  SMA, as a 
binder,  it was used a polymer modified bitumen such as: PmB 45/80-55 and PmB 25/55-60. The 
content of liquid additive, incorporated into bitumen, was in range from 0,2 % to 0,6 % in relation 
to bitumen mass with 0,2% steps. 

In order to set out the information on accuracy of results the measurement uncertainly (denote 
by U) was done. The measurement uncertainly on the graph were marked as error bars. It was 
calculated in compliance with a following formula: 
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where: 
k – widen factor, 
uc(y) –assumed measurement uncertain. 
 

The evaluation of basic parameters of bitumen was to determine changes of selected properties 
modified bitumen (by THPP additive) such as: softening temperature, penetration grade at 25°C, 
breaking point temperature (according to Fraass) and bitumen adhesion to aggregate. Changes in 
selected properties of bitumen, caused by additive content, were described on figures from 1 to 4. 

 

 
Fig. 1. The influence of THPP additive content on 

softening temperature (TR&B) (according  to PN-
EN 1427) 

 
Fig. 3. The influence of THPP additive content on 

adhesion bitumen to aggregate (according  to 
PN-B 06714/22:1984 “Boiling water method “) 

 

Fig. 2. The influence of THPP additive content on 
penetration grade at 25°C. (according  to PN-EN 
1426) 

 
Fig. 4. The influence of THPP additive on elastic recovery at 

15 °C. (according  to PN-EN 13398) 

The analysis of results of the influence THPP on the softening point temperature (fig. 1) 
allows to conclude that the increase in additive content causes the decrease in the softening point 
temperature in relation to the reference bitumen results (without additive). When content of the 
addition reached 0,2%, the drop in the softening point temperature value, in both cases, of tested 
bitumens is relatively small. As the concentration of additive increased up to 0,6% the decrease in 
the softening point temperature for bitumens PmB 45/80-55 and PmB 25/55-60 were registered 
approximately 3°C. The minimum value of softening point temperature was obtained when the 
concentration of additive reached 0,6%. However, the maximum level of softening point 
temperature received when the content of THPP dosage was minimal. 

The next analyzed parameter was the penetration grade of bitumen at 25°C (fig.2), this 
parameter defines consistency of used bitumens. The research demonstrated an increase in 
penetration grade both bitumens as the content of the additive increased. It was found a lack of 
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significant influence on penetration grade when the concentration of the additive in bitumens was 
close to 0,2%. The significant increase in value of tested parameter was registered at the additive 
concentration of 0,4%, and it grew intensively with the increase of the additive concentration. The 
penetration grade value amounted to 10 units for PmB45/80-60 and it was higher than result 
registered with using PmB 25/55-60 bitumen. For the second bitumen the result was equal to 3 units 
[0,1mm]. 

The second tested parameter was an adhesion of modified bitumens to quartzite sandstone 
(fig. 3). On the basis of obtained results it was found, that the application of  THPP compound 
caused a significant growth in adhesion level of the binder to aggregate. The highest adhesion of 
bitumen value was obtained when concentration of the additive amounted to 0,6% in relation to 
bitumen mass. An increase in value of bitumen adhesion to bitumen for PmB 45/80-55 was 
approximately 25,6% in relation to the referenced bitumen. However the adhesion level was greater 
than 50% in case of using PmB 25/55-60. 

The last tested parameter was the elastic recovery and its results were presented in figure 4. 
The test results showed that the increase in the concentration of additive equal to 0,4% caused an 
improvement of the elastic recovery. This also caused an increase in ductility value up to 20% for 
PmB 45/80-55 and close to 10% for asphalt PmB25/55-60. When the additive concentration was 
0,6% the elastic recovery values (the ductility in Poland is not required for modified bitumens), in 
both cases, were reduced. 

3. Design of the stone mastic asphalt for wearing course layer 

To assess the influence of concentration of liquid THPP compound on SMA parameters the 
mineral mix design of 0/8 SMA for KR4 traffic (2500000 to 7000000 ESAL ) was made according 
to PN-EN 13108-5 standard. It was designed the mineral mix which comprised of the quartzite 
sandstone and syenite stone. The optimal grain size distribution was presented in figure 5. The 
required amount of bitumen was determined according to Marshall methodology. 

 
Fig. 5. Particle grain distribution of SMA 0/8. 

4. The influence of THPP addition on selected parameters of stone mastic 
asphalt SMA 8 

The relevant part of this paper was to define the influence of concentration of THPP additive 
on SMA physical and mechanical properties in aspect of the compaction temperature. Samples 
were manufactured according to polish technical guidelines WT-2/2010 and PN-EN 12697-12 
standard in temperature range from 110°C to 140°C, increasing 10°C. The next stage was 
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assessment of the compaction ratio and indirect tensile strength ratio ITSR (water resistance 
parameter). Obtained results were describe on figures 6 and 7. 

 Fig. 6. The influence of compaction temperature and 
additive content on ITSR parameter. (according  to PN-
EN 12697-12) 

Fig. 7. The influence of compaction temperature and 
additive content on compaction ratio parameter. 
(according to PN-EN 12) 

 Analyzing test results it can be assumed that with increasing of THPP concentration additive in 
the bitumen the compaction temperature of SMA mixture was decreased (figure 6). The minimal 
value of companion ratio (97%) was obtained at temperature of 120°C and with 0,4 % additive 
content. Using THPP additive it is possible to reduce the compaction temperature of mixtures 
approximately of 20°C. 

The last analyzed parameter, responsible for the water resistance of the bituminous mixtures, 
was ITSR (figure 7). Application of THPP compound in amount to 0,4% allowed to obtain required 
ITSR level with compaction temperature of 120°C. When the compaction temperature of SMA 
mixture increased the ITSR parameter also increased. The maximum value (98%) of this parameter 
was obtained when additive concentration was 0,4 % at compaction temperature of 140°C. 

5. Conclusion 

Based on obtained results the following conclusion can be drawn: 
• addition of THPP did not have considerable influence on the softening temperature and 

penetration grade of tested modified bitumens, 
• as the additive content of THPP increased there was an increase in adhesion level to quartzite 

aggregate, 
• excessive content of additive can disturb the solid state of the bitumen. 
• stone mastic asphalt (SMA) compressed at 120°C temperature with content 0,4% THPP 

additive met all requirements according to polish standards, 
• the amount of additive equal to 0,4 % in relation to bitumen mass and with compaction 

temperature of 120°C ensured the high level of water susceptibility (ITSR) of SMA according 
to polish standard. 
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1. Introduction 

The main function of a ventilated façade is to reduce heat gain in a building in the summer 
months [1]. The rate of heat flux entering the room through the building envelope with a ventilated 
air gap (a ventilated façade) depends on many structural and climatic factors. Structural factors may 
include the size of the air gap and emissivity of its surfaces as well as the physical characteristics of 
the material used to make structural parts of the ventilated façade. Among the climatic factors the 
intensity of solar radiation, ambient temperature, outdoor air temperature and the speed of the wind 
have a significant effect on the heat flux entering the room.  

To evaluate the impact of different factors on the heat transfer process in the air gap of a 
ventilated façade, statistical and deterministic approaches can be used. A statistical approach is 
based on the preparation and performance of an experiment with the subsequent data processing. It 
can be used to determine the degree of influence of one or another factor. However, in this case, 
there is a need to carry out experiments for different designs of ventilated façades in different 
conditions. When using the statistical approach it is more difficult to analyze physical processes that 
occur in the air gap of the ventilated façade. 

Deterministic methods are those that assume carrying out theoretical research based on the 
analysis of physical processes and the development of physical and mathematical models. The 
advantage of the deterministic method is that the mathematical model and the algorithm of its 
calculation can be used for different designs of the ventilated façade (various sizes, configurations, 
and types of material used for the construction of the façade elements). Besides, there are no costs 
associated with repeating the experiment. Mathematical models can also be subsequently modified 
and improved if need arises. 

Thus, in order to develop a mathematical model it is more appropriate to apply a deterministic 
approach and to quantify the degree of influence of one or another factor – a statistical one. 

With the aim of solving the problem and determining the degree of different factors’ influence 
on the heat flux, deterministic methods were used together with statistical methods (to complement 
each other). 

2. Mathematical model as a result of the deterministic approach 

The mathematical models that allow us to analyze the process of heat entry (loss) through the 
ventilated façade in summer and winter seasons are given in [2, 3]. The mathematical models were 
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obtained with the help of a deterministic method and made up to take into account as many factors 
that affect heat transfer processes as possible.   

The mathematical model [2], developed for the summer period in a differential form is the 
following: 
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(1) 

where: α – absorptivity coefficient of the external facing (wall coverings) surface;  Isol – solar 
radiation flux density (energy flow from the sun)(W/m2); hce – convection coefficient near the 
external facing surface (W/m2·K); Tsurr – surrounding radiative temperature (0C); Te1  – temperature 
at the external facing surface (0C); T1, 2 – temperature at the inner and outer surface of the air gap 
(0C); Ti, e  – temperature of the indoor and outdoor air (0C); εe1 – equivalent emissivity of the 
external facing surface and the outside ambient; R1 – thermal resistance of the external 
facing(m2

·K/W); ε1-2 – equivalent emissivity of the inner and outer surface of the air gap; Ta1,2  – air 
temperature near the inner and outer surface of the air gap (0C); hc1, 2 – convection coefficient near 
the inner and outer surface of the air gap (W/m2

·K); m& 1, 2 – mass air flow near the inner and outer 
surface of the air gap (kg/s); U2-i  – heat exchange coefficient from the outer surface of the air gap to 
the indoor air gap (W/m2·K); c – air specific heat (J/kg·K); σ – Stefan–Boltzmann constant gap 
(W/m2

·K4); Σξo, Σξ – sum of the local resistance factors of the air opening and air gap; wo – air 
velocity in the ventilation opening; wm – main air velocity in the air gap (m/s); ck1, k2 – drag 
coefficient of the inlet and outlet ventilation opening; λ – friction factor; L, b – air gap length and 
width (m); H – difference in altitude of inlet and outlet vents centers (m); Dh – hydraulic diameter 
(m); ρm, e – mean air density in the air gap and outdoor air density (kg/m3); g – acceleration of 
gravity (m/s2). 

The mathematical model (1) consists of six equations. The first five equations 
characterize the thermal balance of surfaces and air in the air gap. The sixth equation describes the 
air movement process. 

The mathematical model (1) has six unknowns: the function of exterior cladding temperature 
Te1(х), two functions of temperature of the air gap surfaces (T1(х) and T2(х)), two functions of air 
temperature near these surfaces (Ta1(х) and Ta2(х)), and the mean air velocity in the air gap wm. 

The mathematical model (1) comprises the following two groups of factors that affect the 
process of heat exchange:  

• Structural factors: length L, width b, thickness of the air gap a (involved in determination of 
the hydraulic diameter Dh=2a·b/(a+b)), emissivity ε, absorptivity coefficient of the external facing 
аρ and thermal resistance R1. 

• Climatic factors: solar radiation intensity Isol, temperature of the outdoor air Te and ambient 
temperature Tsurr, wind velocity ww.  
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To assess the degree to which different factors influence the heat transfer process, the 
computational experiment was conducted using the mathematical model (1) and experimental 
design techniques. 

3. Computing experiment 

Let us consider one of the most common designs of a ventilated façade for the given initial data 
(see Figure 1). 

 
Fig. 1. The design of the ventilated façade. 

When designing the experiment the heat flux entering the room qi was chosen as an 
optimization parameter.  

The following factors were selected as the main influencing factors: 
Structural factors:  

- length of the air gap L; 
- thickness of the air gap a; 

Climatic factors:  
- solar radiation intensity Isol;  
- outdoor air temperature Te. 

Since it was assumed that the influence of selected factors on the dependent variable 
(optimization parameter) is linear, we used a two-level full factorial design of the experiment [4].  

Low and high levels for the selected factors were as follows: 
 

ID Factors (variables) 
Factor Setting (level) 
Low High 

1 

Solar radiation intensity, 
(W/m2) 

100 500 

2 Outdoor air temperature, (0C) 20 32 
3 Air gap thickness, (m) 0.03 0.1 
4 Air gap length, (m) 1 10 

Tab. 1. Low and high settings for factors. 
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Design of the full factorial experiment and results of its processing (Pareto chart) are shown in 
Fig. 2. Analysis of the results of the experiment was performed in a STATISTICA.  

 
Fig. 2. Design of the full factorial experiment with the results of its processing.  

4. Analysis of results and conclusions 

An analysis of the data obtained in the computing experiment indicates that the climatic factors 
have more significant influence on the process of heat entry into the room, than the structural 
factors. Intensity of solar radiation and the outdoor air temperature have the greatest influence on 
the heat flux. The length of the air gap has much less influence, but nevertheless it is a statistically 
significant factor. For the considered case the thickness of the air gap has no significant effect on 
the response function in the study area. 
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Abstract.  This article presents the results and the analysis of the study of the impact of rubber modified 
with synthetic wax on the properties of bitumen 50/70 with an addition of 5÷20% granular rubber. Two 
different ways of bitumen mixing process were used: low shear and high shear mixing. The tests conducted 
within the study measured penetration, softening point, Fraass breaking point, elastic recovery and tensile 
force. Based on the study, the penetration index and the plasticity temperature range were calculated.  The 
results show that the rubber modified with synthetic wax significantly improves the properties of bitumen 
50/70. The mixing process is determinant to the quality of the binder. 

Keywords: bitumen, rubber modification, synthetic wax. 

1.  Introduction 

      Research centres worldwide are looking for the ways to improve the quality and extend the 
durability of road pavements. One of the possible methods to enhance the pavement performance is 
the use of polymer modified bitumen or bitumen with other modifiers to produce asphalt mixtures. 
As the environmental factor is very important, many countries including Poland are conducting 
diverse research and development projects involving recycled rubber from tyre waste. This paper 
presents the results of the study of bitumen 50/70 with synthetic wax-coated crumb rubber modifier.  

2.  Characteristics of the Material 

       Regular bitumen 50/70 in compliance with BS EN 12591 was used in the study. The samples 
were collected in accordance with the requirements of BS EN 58 and prepared for testing in 
accordance with BS EN 12594.  Synthetic wax-modified crumb rubber, particle size of 0÷1.0 mm, 
was used to modify the bitumen. Whenever rubber or crumb rubber is mentioned in this paper, 
synthetic wax-modified crumb rubber is meant.  

3.  Procedure 

      In order to determine the effect of the mixing process and the effect of rubber modified with 
synthetic wax on the properties of the bitumen, two series of testswere performed, H160 and L160. 
The tests varied in terms of methods used for mixing the bitumen with the crumb rubber. The H160 
samples were mixed with a high-shear mixer (10,000 rpm), whereas the L160 series samples were 
mixed with a low-shear mixer (1,050 rpm). All other parameters such as blending time, temperature 
and heating time were the same for both test series.  

The asphalt samples prepared to BS EN 12594 were mixed in different proportions with 
rubber modified with synthetic wax. The rubber in the form of fine crumbswas added to the 
bitumen in quantities of 5%, 10%, 15% and 20%. The samples were heated in a laboratory oven up 
to the temperature of 160° C and then mixed for 4 minutes using a high-shear mixer (Series H160) 
and the low-shear mixer (L160 series). During mixing the containers with the samples were placed 
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in a special thermos flask in order to reduce heat loss. The blended mixture was then heated in an 
oven at 160° C for 60 minutes. Each sample, before filling the moulds, was mixed for 30 seconds in 
order to avoid the segregation of the components. Twelve samples were made for each test series 
and three samples were made for bitumen 50/70. 
After the heating process the following tests were performed: 
- penetration at 25° C according to BS EN 1426, 
- softening point using the “ball and ring” method in compliance with BS EN1427, 
- Fraass breaking pointin accordance with BS EN 12593, 
- elastic recovery at 25° C according to BS EN 13398, 
- tensile strengthfor modified bitumen according to BS EN 13589. 

4.  Test Results 

      The tests showed that the use of crumb rubberhas a significant effect on the properties of 
bitumen. The addition of rubber results in a considerable decrease in asphalt penetration,Fig.1. 

The mixing technique also affects the penetration of the asphalt. The difference between the 
low-shear mixing (L160 series) and high-shear mixing (H160 series)results decreases with the 
increase in the rubber content in the mixture.Theresearchseries: L160, H160and asphalt50/70 (Fig. 
1÷7)show theverticalerror barsin black with5% value. 

 
 

 
Fig.1. Penetration value at 25°C in relation to rubber content 

Adding rubber to asphalt causes a proportional increase in the bitumen softening point, Fig. 
2. The difference between the high-shear and low-shear mixing is rather small – the biggest 
difference, 2.6° C, was obtained for 10% rubber content.  

The Fraass breaking pointfor H160 and L160 series with a rubber content of 5% and 10% 
increases and is higher than that of bitumen 50/70. A very clear difference between H160 and L160 
series is observed at 15% rubber content, Fig. 3. During high-shear mixing (H160 series),the 
breaking point rapidly decreases when the rubber content exceeds 15%. Temperature range of 
plasticity (TPZ) increases with rubber content in the bitumen, Fig. 4, and correlates with penetration 
index value, Fig. 7:    

 

TZP = tPIK - tłam     (1) 

where:  tPIK – softening point, °C 
tłam – Fraass breaking point, °C 
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Fig.2. Softening point “ball and ring” value in relation to rubber content 

 
Fig. 3.Fraass breaking point versus rubber content Fig. 4.Temperature range of plasticity TZP 

versus rubber content 

 
The addition of rubber to the bitumen has a significant effect on the value of elastic recovery, Fig. 
5, and breaking force value, Fig. 6. With the increase in bitumen content the value of the elastic 
recovery increases. At the 20% rubber content (H160 series), elastic recovery exceeds 60%. A very 
important role is played by the way the bitumen is mixed. The H160 series samples, mixed with a 
high-shear mixer, had the values of elastic recovery higher by 16-20% than the L160 series 
samples, mixed with a low-shear mixer. All the samples cracked before reaching 200mm.  The 
addition of fine crumb rubberimproves the elastic properties of the binder;therefore, the rubberised 
bitumen is better than the original bitumen [1].  
 

 
Fig.5.Effect of rubber on elastic recovery  Fig.6. Effect of rubber on breaking force 
of bitumen 50/70     of bitumen 50/70 
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The penetration index was calculated based on the penetration at 25 ° C and the softening 
point according to EN 12 591 using the formula: 

PI = 
��������	���
����	�

����	��
������
 (2) 

where: tPiK -  softening point, °C 
 lgP  -  log of penetration grade at 25°C (0.1 mm) 
 

 
Fig.7. Penetration index PI versus rubber content 

The binder modified with rubber has an improved penetration index, which indicates a 
decrease in temperature sensitivity. The bitumen with a 5% and a 10% rubber content issol-gel type 
bitumen. The bitumen that has a 15% and 20% rubber content is gel-type bitumen since the PI 
variable is above 2 [2]. 

5.  Conclusions 

The laboratory tests and analyses described above allow drawing the following conclusions: 

a.) Addition of synthetic wax-modified rubber at 160 ° C improves the properties of bitumen 
50/70. 

b.) Bitumen 50/70 with the addition of synthetic wax-modified rubber produced at 160 ° C has 
a smaller penetration index and a higher softening point. 

c.) Higher content of synthetic wax-modified rubber has a significant impact on the increase in 
the values of elastic recovery and tensile force, and reduces the Fraass breaking point value. 

d.) Addition of synthetic wax-modified rubber contributes to lower thermal sensitivity of 
bitumen, causes an increase in the penetration index and in the temperature range of 
plasticity. 

e.) The studies have shown and confirmed the observations [3] that the high-shear mixing 
technique brings better results.  

f.) The results of the study and the analysis will be used for developing a research plan for 
further investigations of the impact of synthetic wax-modified rubber on bitumen properties 
in a wider temperature range. 
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Abstract. The paper presents the analyses of the heat pump operation in the intermediate seasons. The 
system is combined with a solar set up equipped with an energy storage tank. The calculations were 
performed for a paraffin temperature inside the tank as well as for the heat pump coefficient of performance. 
The results were presented in the diagrams. 
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1. Introduction 

The global energy crisis, connected with natural source depletion, and the increasing 
environmental problems, especially due to the atmosphere pollution, cause a gradual rise in 
renewable energy sources interest. Among many others, solar energy systems seem to be one of the 
most promising technologies in case of energy supply in buildings. The energy is used to deliver 
heat for space heating as well as domestic hot water (DHW) production. In order to provide these 
services, solar energy may be applied as a separate heat source [1] or simultaneously with other 
renewable energy resources. That installation can involve both solar collector and a heat pump that 
extracts heat from a low temperature heat source and transfers it to the building or consumer.  

Separate use of ground heat pumps may involve a large ground heat exchanger that requires the 
availability of construction sites, which demonstrates a strong disadvantage. Moreover, heat pump 
coefficient of performance (COP) strongly depends on the low heat source temperature. One of the 
possibilities to improve the heat pump system would be combining it with the solar collector set-up 
[2]. 

Still, for efficient and stable operation of the heat pump supported with the solar system, it is 
necessary to store the solar energy, as solar radiation varies daily and annually. Moreover the 
mismatch between the availability of energy and the demand for heat, engages heat storage 
methods, such as latent, chemical or sensible heat accumulation. In case of latent heat storage, we 
apply a suitable Phase Change Material (PCM) that allows constant temperature of the discharge 
process as well as high energy density. Whereas the chemical processes are generally sorption 
methods and sensible technologies include water or soil storage. 

The experimental set-up with soil solar storage and water-to-water heat exchanger proved that 
this heating system can meet the space heating requirements in a small detached house in severe 
cold areas [3]. The heat accumulated in the soil raises the temperature absorbed in the ground heat 
exchanger. Similar investigations, with a PCM storage tank, demonstrated that solar heat pump 
heating system with seasonal latent heat thermal storage increases the efficiency of solar collectors 
and reduces the energy losses to the ambient [4].  

The aim of this paper is to analyze the heat pump operation in the intermediate seasons when it 
can be supported with the solar energy.  
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2. System description 

An analyzed system consists of (Fig. 1): 
• a solar installation with a collector and a thermal energy storage tank filled with a PCM,  
• a heat pump unit transferring the warm water to buffer tank, 
• DHW system with a water tank inside the building, 
• additional equipment such as: circulating pump, valves, and others.   
 

Fig. 1. An analyzed installation that involves:   1 – solar system with a PCM tank,   2 – heat pump system 
3 – domestic hot water system with a water buffer 

 
In the season between autumn and winter time as well as spring and summer time we observe 

insufficient solar energy gains to heat water to the required temperature for both heating and living 
purpose. In this case it is worth considering the relevance of accumulating solar energy in order to 
apply it in a main heat source system that can be a heat pump. Its COP increases with the low heat 
source temperature rise. Thus the energy stored in an additional storage where having higher 
temperature than the low heat source, which transfers the energy to the evaporator, is highly 
energetic favorable solution.  

It was supposed that the system operates in February, March and April. During the day the solar 
collector collects the energy and the solar fluid transports heat to the PCM in the storage tank. The 
tank is situated inside the building, thus the assumption that the initial temperature of the heat 
storing material is of the inner temperature and the paraffin temperature is increased due to the solar 
operation. At night, when the electricity is chip, the domestic hot water (DHW) tank may be 
charged. Before flowing to the evaporator in the heat pump, the glycol is heated by means of energy 
stored in PCM. If the ground heat exchanger absorbs the heat accumulated in the ground, the glycol 
is heated approximately to 3oC at the considered months. The glycol transfers the energy to the heat 
pump’s evaporator and after passing through the compressor and the condenser, the heat is 
transported to the DHW buffer. Let suppose that the solar energy absorbed by the paraffin, is 
collected by the glycol until the paraffin reaches the temperature of about 8oC.  

It benefits in lower efficiency of evaporator and condenser as well as lower required electric 
power. Therefore, the heat pump COP is increased and both the investments and operational costs 
decline [5].  

Such an installation is a good choice if a seaside resort is analyzed, where high heat demand is 
observed in summer while low domestic hot water is required in winter.  
 
 

T

T

M

1

2

3

220



 

  

3. Results and discussion 

It was assumed that solar system was equipped with solar collectors of 5,5m2 area and a PCM 
tank of 200L volume. The calculations have been conducted for the temperature distribution of 
PCM in a storage tank. Temperatures have been computed concerning the energy balance for PCM 
and the circulating fluid. With 1-D unsteady assumptions the expressions are given below: 
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where:  
1 - circulating fluid, 2 – PCM,  M - total mass remaining inside the tank, kg, m –mass flow rate, 
kg/s,  T – temperature, oC,  U – heat transmission coefficient,  W/(mK),   Cp – specific heat, 
J/(kgK),  Ft – total area of the heat exchange, m2 
 

The net solar collector heat rate was calculating with the Hottel-Whillier-Bliss equation (6) [6].  
 

( ) ( )[ ]aw1LRpu TTUτβGFAQ −⋅−⋅⋅=  (6) 
 

where: 
Tw1 - inlet temperature of the circulating fluid in the solar collector, oC ,  Qu – net solar collector 
power, W,  Ap – absorber area, m2,  FR – coefficient of heat removal from solar collector, -,   
G (τβ) - solar power absorbed, W/m2,  UL – coefficient of overall collector heat losses, W/(m2K),  
Ta – ambient temperature, oC 
 

The temperature distribution inside the paraffin tank after storing the solar energy at the daytime 
is presented in Fig. 2. The calculation results are illustrated for a tank area in relation to the total 
area. Moreover, the diagrams show the mean temperature that is reached inside the PCM tank after 
a few hour offset between the storing process and the beginning of the discharging.  

Moreover the installation includes heat pump of about 7kW output performance and a water 
tank for DHW of 100L volume.  

The vertical copper pipes of 6mm diameter each are situated inside the PCM tank. The velocity 
in the single pipe is 0,2m/s. These parameters result from the dependence between the diameter of 
solar fluid pipe inlet to the energy storage tank and the characteristic velocity inside the solar 
system (i.e. ca 0,7m/s) as well as the characteristic diameter of a pipe in the solar collector (i.e ca 
1’’).For the assumptions given the dependence for Nusselt number in case of laminar flow can be 
calculated applying Dittus correlation (7): 
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4,08,0 PrRe023,0 ⋅⋅=Nu  (7) 
  

where: 
Re – Reynolds number, -   Pr – Prandtl number, - 

 

  
Fig. 2. Temperature distribution inside the paraffin tank      a.) February  b.) April 

 
For a paraffin tank energy balance we can calculate the paraffin temperature during the 

discharge process as well as the temperature of a heated glycol. It was assumed that the storage tank 
is isolated and its temperature is uniform in all PCM volume.  
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where:  
3 - glycol, in – flowing to the paraffin tank, out – leaving the paraffin tank 
  

The calculations were conducted assuming the glycol mass flow control in order to allow nearly 
constant heat pump condenser performance. The analysis was performed for February and April and 
the results are given below. The glycol mass flow can be controlled by applying the dependence of 
mass flow in time (Fig. 3).  

 

  
Fig. 3. Glycol mass flow through the paraffin tank      a.) February  b.) April 
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Due to installing the paraffin tank and combining the solar system with a heat pump set up, the 

heat pump COP increases comparing to the heat pump system equipped with a ground heat 
exchanger only (Fig. 4). The COP was calculated for a sample existing heat pump with a net power 
input of about 7kW. 
 

 
Fig. 4. Heat pump coefficient of performance     

4. Conclusion 

The calculations proved that combining the heat pump system with a paraffin tank, where solar 
energy is stored during the day, increases the COP of the heat pump. It is possible to control the 
heat pump operation by means of changing the glycol mass flow through the exchanger inside the 
paraffin tank.  

Suggested system allows increasing the heat pump COP up to the level where it is competitive 
due to the equivalent of the fuel amount used to produce electrical energy necessary to drive the 
heat pump. 
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Abstract. The paper compares the results of numerical analyses of roof rigidities of large-volume rod 
structures with square meshes and of truss–purlin halls. These coverings can be converted into the energy-
efficient structures, in which, in the plane of top flanges a transparent glass barrier is located. High rigidity of 
the energy-efficient roof covering prevents glass fracture. The highest roof rigidity was found for regular 
structures with rigid nodes, and slightly lower roof rigidity was demonstrated by regular structures with 
hinge nodes. The lowest roof rigidity was shown by long, reduced structures with hinge nodes. 
As regards truss–purlin halls, the highest and high roof rigidity was obtained for 2X-shaped tie rods (2 braces 
in height), X-shaped rods and K-shaped rods, respectively. The lowest roof rigidity was provided by X-
shaped tie rods. 

Keywords: energy-efficient structures, rod structures, truss–purlin halls, roof rigidity, bracing systems 

1. Introduction 

Structural and truss–purlin roof coverings of halls are suitable to be converted into the so-called 
energy-efficient structures, which are capable of actively obtaining energy from solar radiation 
[1, 2]. The characteristic feature of such structures is the presence of a transparent barrier, 
preferably made of glass, located in the plane of top chords. That makes it possible to employ the 
“greenhouse effect”, which allows high temperature radiation to penetrate into the internal space of 
the energy-efficient structure, while simultaneously preventing heat radiation from heated absorbers 
[3]. 

Study [4] provides an estimation of the conventional rigidity of the structural roof covering 
with square meshes, for regular and reduced structures. In study [5], the rigidity of truss–purlin roof 
covering with different longitudinal and transversal bracing systems was estimated. 

The present paper is concerned with comparing roof rigidity, horizontal displacements and 
forces in the basic structural members (chords, purlins) of energy-efficient structural and truss–
purlin coverings. 

2. Computational models of hall performance  

Comparative analysis was applied to steel halls with structural coverings fabricated in 
accordance with the ZACHÓD system [6, 7], regular and reduced (i.e. with every other blank eye), 
with rigid and hinge nodes [4], and also to double-sloped truss–purlin steel halls with a system of 
lateral bearing frames spaced 6 m apart [5]. When estimating roof rigidity, the impact of column 
flexural rigidity was excluded. For both structure types, the hinge (rocker) computational 
performance model of columns in side walls and hall horizontal (lateral) support on bracings in 
gable walls were assumed.  

Fig. 1 presents computational models of performance of the quoted structures (Fig. 1a), 1b)) 
and length development for the structural covering Bi= 21, 45, 69, 93, 117 m (Fig. 1c)). The length 
of the structure determined by the spacing of lateral bracings was Li = 18, 42, 66, 90, and 114 m, 
respectively [4]. 
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a) 

 
 

 

c) 

  
 

b)  

 

Fig. 1. a) Computational model of the structural covering performance, b) computational model of the truss-purlin 
covering performance, c) structure length extension with 21x21m segments (jointed with 3x3m pyramids)  

 
Comparative horizontal load was applied to the nodes of the structure top chords, namely PI=10 

kN to the middle nodes and 0.5 PI=5 kN to the edge nodes. For the truss–purlin covering, the load 
was PII=20kN and 0.5 PII=10kN, respectively, which meant the same horizontal load per a hall 
length unit was obtained. The assumed comparative load approximately corresponds to zone I of the 
wind pressure and uplift load for the hall H≈10m in height (in accordance with 
PN-EN 1991-1-4:2008). 

Computations (FEM) were performed using the Autodesk Robot Structural Analysis 
Professional 2009 package. Structures with hinge nodes were modelled as a spatial truss. In the 
models of structures with rigid nodes, rigid flange joints and diagonal-flange hinge joints were 
assumed. In the computational model (FEM) of the truss–purlin covering, continuous chords and 
hinge joints between the lattice work and chords were assumed. Top chords were jointed to purlins 
with hinges. 

 
Fig. 2. Computational model of truss-purlin coverings 
 

Fig. 2 shows the spacing of roof bracings in truss-purlin coverings, and those models of roof 
bracings investigated in study [5], for which the highest values of  roof rigidity were obtained (see 
[5]). The sites were also denoted, for which horizontal displacements (Di,II.) and forces in 
longitudinal members of truss-purlin coverings (purlins), Fi,II were estimated. 
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3. Comparative Analysis  

The comparative analysis was applied to horizontal displacements of nodes, tensile forces in 
longitudinal structural members and the roof rigidities of energy-efficient structural and truss-purlin 
coverings examined in studies [4, 5]. 

Fig. 3a) shows the comparison of horizontal displacements Di [cm] of regular rod structures 
with hinge and rigid nodes (dot-dash line), reduced rod structures with hinge and rigid nodes 
(dashed line) [4], and of truss-purlin coverings for the three optimal bracing systems  (see [5]) as a 
function of the hall length, Li. Horizontal displacements of both rod structures and truss-purlin 
coverings increase, in a non-linear manner, with the covering length, Li. The lowest values of 
displacements were found for regular structures with hinge or rigid nodes. They are two times lower 
than those for truss-purlin coverings with 2X-shaped tie rods for the hall length up L2=72m, and 
three or four times higher for long halls, L3=96m and L4=114m, respectively. 

a) 

 

b)  

 
 

 

Fig. 3. Comparison of nodal displacements and tensile forces in the longitudinal chords of the structure  
 

Fig. 3b) presents the comparison of tensile forces Fi [kN] in edge rods of longitudinal top 
chords of regular structures with hinge and rigid nodes (dash-dot line), reduced rod structures with 
hinge and rigid nodes (dashed line) [4] and tensile forces in cornice purlins of truss-purlin coverings 
(see [5]) as a function of the hall length, Li. The lowest values of tensile forces in the edge 
longitudinal structural members were found for regular structures with hinge nodes. More than six 
times higher values were obtained for reduced structures with hinge nodes and for truss-purlin 
coverings with 2X-shaped tie rods for the length L4=114m. 

Fig. 4 compares graphs of conventional roof rigidity of regular structures with hinge and rigid 
nodes (dot-dash line), reduced structures with hinge and rigid nodes (dashed line) [4], and of truss-
purlin coverings (see [5]) as a function of the hall length, Li. Regular structures, independent of 
node rigidity, are characterised by the highest roof rigidity. Reduced structures have considerably 
lower roof rigidity when compared with regular structures, [4]. As regards truss-purlin coverings, 
the highest rigidity was demonstrated by the coverings with 2X-shaped tie rods. The roof rigidity 
value is almost three times lower than the one characterising regular structural coverings with hinge 
and rigid nodes, but approx. five times higher than the roof rigidity of reduced structures with hinge 
and rigid nodes. 

It should be noted that with 2% difference, the roof rigidity of K-shaped rods (Fig. 4, bottom 
values) almost coincides with the rigidity of coverings with X-shaped rods (Fig. 4, upper values). 
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Fig. 4. Comparison of roof rigidities Ri [kN/cm], Li= 42, 66, 90, 114 m 
 

4. Conclusions 

The comparative analysis shows that the highest conventional roof rigidity is found for regular 
structures with square meshes, with rigid or hinge nodes. 

Reduced structures with square meshes, with rigid or hinge nodes show considerably lower 
roof rigidity when compared with regular structures. 

Regular structural coverings can be applied to energy-efficient structures without installing 
additional lateral roof bracings. 

For conventional hall coverings, the highest roof rigidity is shown by 2X-shaped tie rods. 
Sufficient roof rigidity was also demonstrated by X-shaped rods and K-shaped rods, for the hall 
length up to approx. 90 m. 

Truss-purloin structures with high roof rigidity resulting from the optimisation of the bracing 
system can be applied to energy-efficient structure coverings. High roof rigidity enhances the 
possibility of transferring diversified horizontal forces to the heads of columns, thus equalizing 
horizontal displacements of lateral frames. 

The structures enumerated in conclusions can also be loaded with solar farms if the axial 
transfer of forces, which originate in the installation, to the nodes of the structural system is 
maintained.  
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Abstract. The paper presents results of investigations into the possibility of clinoptylolite modification to 
obtain mineral additive that would effectively prevent alkaline internal corrosion in concrete. In 
clinoptylolite which was examined, NH4+ ions were substituted for Na+ ions. Experimental results confirm it 
is legitimate to carry out such a modification as sodium ions can pass from clinoptylolite to the pore liquid, 
which results in reduced expansion of mortars. Increment of expansion was examined using the accelerated 
method in accordance with ASTM C 1567 standard, but test duration was prolonged from 16 to 49 days. 
Increment of effectiveness obtained through zeolite modification was compared with increment of 
effectiveness achieved due to an increase in the amount of zeolite additive.   

Keywords: alkali-aggregate reaction, Modified zeolite.  

1. Introduction 

Zeolites are one of mineral additives used to enhance concrete resistance to prevent alkaline 
internal corrosion in concrete [1]. Like other additives commonly used to this end, such as silica fly 
ashes or fumed silica, they have pozzolanic properties. Unlike other pozzolanic materials, zeolites 
have another property, resulting from their specific structure, which is responsible for their 
effectiveness in preventing alkali aggregate reaction. They belong to the class of minerals known as 
tectosilicates, in the structure of which specific chambers and channels can be differentiated, where 
ion exchange can take place [2]. Ion exchange with the participation of alkali ions is the other 
property of zeolites that contributes to their effectiveness in preventing alkali-silica reaction. The 
structure of zeolites makes it possible to modify their composition [3,4]. 

Clinoptylolite, which belongs to the heulandite group, is zeolite that is the most commonly 
found in nature. In its large nanochannels, it readily adsorbs ions of alkalis, such as sodium and 
potassium. Adsorbed ions can be regarded as immobilised, unless ions capable of substituting the 
original ones appear in the zeolite environment. Therefore, it is important to know an ion exchange 
series for a given zeolite. That is a difficult task because the same mineral, but originating in 
different sites can be characterised by a different ion exchange series [3]. As regards clinoptylolite, 
as a rule, alkali ions are those most readily adsorbed and few other ions are capable of being 
substituting for them. Exemplary ion exchange series is presented by Nour El-Dien et al. [4]: 

Cs+>Rb+>K+>NH4+>Ba2+>Sr2+>Na+>Ca2+>Fe3+>Al3+>Mg2+ (1) 

When analysing ion exchange series (1), it can be seen that potassium ions are more strongly bound 
in the clinoptylolite structure than sodium ions. Also, NH4+ ions are easily adsorbed by zeolite. 
Those properties are employed in the present study which investigates potassium zeolite modified 
with NH4+ ions. Such a modification was made to reduce the content of sodium ions in 
clinoptylolite. In the cement paste environment, as a result of ion exchange with potassium 
originating in cement, they could penetrate into the pore liquid and enter into reactions with the 
aggregate. In the modified zeolite, ammonium ions are substituted for potassium ions, owing to 
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which they become immobilised and not available for alkali-aggregate reaction, and NH4 ions that 
are inert with respect to the reaction with the aggregate are released into the pore liquid.   

Similar investigations were conducted by Niu and Fenf [5], yet the authors examined 
clinoptylolite from China. Clinoptylolites can have different properties of ion exchange because of 
different origin [2]. In the present study, Transcarphatian zeolite was investigated.    

The investigations concerned the effectiveness of modified zeolite in restraining the alkali-
aggregate reaction. The results were compared with the effect of using an increased amount of 
mineral additive.    

2.  Materials and investigation methods 

The investigations concerned 0-0.3 mm grain size zeolite containing 83% of Transcarphatian 
potassium clinoptylolite, 3% of feldspar and 16% of quartz. Zeolite chemical composition is 
presented in Table 1. The effect it has on the alkali-aggregate reaction was determined by 
performing investigations on the expansion of mortar with reactive aggregate in accordance with 
the ASTM C 1567 standard [6]. The mortars were made using CEM I 42.5 R Portland cement, the 
composition of which is shown in Table 1, and reactive glacial gravels crushed to the 0-4 mm 
fraction.  
 

 
Materials 

SiO2 Al 2O3 Fe2O3 CaO MgO SO3 K2O Na2O TiO2 MnO P2O5 LOI 

Cement 20.20 4.80 3.00 61.70 1.80 2.70 0.78 0.15 0.45 - - 3.00 
Zeolite 67.07 12.40 0.90 2.09 0.72 - 2.80 2.05 0.19 0.04 0.014 - 

Table 1.  Chemical composition of cement and zeolite [%]. 

To preliminary find out if it justifiable to substitute Na+ ions for NH4+ ions in clinoptylolite, 
investigations into alkali elution from zeolite were carried out. Zeolite samples, 1g in weight, were 
stored in 250ml of water or saturated Ca(OH)2 solution, which was meant to simulate pore liquid,  
for 24 hours. After that period, the solutions were filtered, and sodium and potassium contents were 
determined. 

Four mortars having the w/c ratio = 0.49 were made. The first mortar (C) did not contain any 
zeolite additive, in two others (2Z and 3Z) 20 and 30% of cement, respectively, was replaced with 
unmodified zeolite, in the last mortar (M), 20% of cement was replaced with modified zeolite. 
Zeolite modification was attained by 24–hour bath in 2M NH4Cl solution, after which the material 
was washed with water to remove chloride ions, and dried. Five 25×25×250 mm bar specimens 
were made of each mortar. After one day maturing under regular conditions, the specimens were 
placed in water at 80 ºC for another 24 hours. Afterwards the specimens were transferred to 1 M 
NaOH solution at 80 ºC. From then on, the measurements of expansion increment in specimens 
started, and continued for further 47 days.   

3. Research results  

Table 2 shows the alkali content washed out of zeolite in the water bath and in the saturated 
calcium hydroxide solution.  
 

Material  
The content of dissolved: [%] 

K2O Na2O 
Zeolite in water bath 0.01 0.03 
Zeolite in Ca(OH)2 solution 0.03 0.31 

Table 2.  The content of soluble alkalis in the zeolite. 

When data in tables 1 and 2 are compared, the theory that potassium ions are more strongly 
bonded in the clinoptylolite structure than sodium ions is confirmed. The difference between the 
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ions is significantly heightened when distilled water is replaced with supersaturated Ca(OH)2 

solution Ca(OH)2, which better represents the conditions that exist in the cement paste. Under such 
conditions, a considerable amount of sodium that can react with reactive aggregate can migrate to 
the solution. At the same time, however, it can be assumed that the potassium delivered with the 
zeolite is non-reactive. This result confirms it is legitimate to limit the amount of sodium in 
clinoptylolite. 

The expansion of mortar specimens provides basic and measurable information on the progress 
of the alkali-aggregate reaction. The expansion investigations, performed with the use of the 
accelerated method, provided results in the form of changes in specimen lengths. The results, 
obtained under accelerated conditions while following the methodology laid down in ASTM C 
1567 standard [6] are shown in Fig. 1. It can be seen that substituting zeolite for cement limits the 
level of expansion. A continuous horizontal line denotes the 0.2% expansion limit, its exceeding 
means the alkali-aggregate reaction occurring in the mix will be hazardous for concrete. Exceeding 
a broken line showing 0.1% expansion limit indicates the alkali-aggregate reaction can have a 
potentially hazardous effect. 
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Fig. 1. Expansion of cement-zeolitee mortars in accordance with ASTM C 1567 standard: C – mortar without zeolite, 
2Z – mortar with 20% unmodified zeolite additive content, 3Z – mortar with 30% unmodified zeolite additive content, 
M – mortar with 20% modified zeolite additive content . 

 
49-day investigations into modified zeolite, conducted with the accelerated method, confirmed  

that substituting ammonium ions for sodium ions in nanochannels is advantageous for  restraining 
expansion caused by the alkali-aggregate reaction. Mortar expansion was reduced, after 49-day 
hydration, from 0.308% (0.215% after 16 days) level to 0.245% (0.168%) due to the use of 20% 
zeolite additive. Zeolite modification allowed further limiting the expansion to the level of 0.158% 
(0.115%). The effect was, however, lower than for the case in which the zeolite content percentage 
increased from 20 to 30%. Then, specimen expansion after 49 days did not exceed 0.100% 
(0.040%). On the basis of the results presented above, obtained in accordance with ASTM C 1567 
standard, it is possible to state that in mortars containing modified zeolite, a harmful alkali-
aggregate reaction can occur. The threshold of potential hazard, which is 0.1 % of expansion, was 
exceeded on the ninth day of the experiment. Expansion in mortars with modified zeolite 
progressed very quickly for the first four days of the experiment. The rate of the process was equal 
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to the rate of expansion increment in mortars with the same amount of unmodified zeolite. After 
that period, the rate of expansion increment in mortars with modified zeolite began to decrease. 

During 14 days of measurement taking, which duration is specified in the ASM C 1567 [6] 
standard, no stabilisation in expansion increment was observed for any mortar. Such a stabilisation 
was found for mortars with zeolite additive only after 28 days of measurements.  

4. Conclusions 

On the basis of experiments it is possible to draw the following conclusions: 
• sodium ions are weaker adsorbed by clinoptylolite than potassium ions, and in the cement 

paste they can migrate to the solution and react with the aggregate. Therefore, it is 
justifiable to attempt to reduce the content of sodium ions in clinoptylolite,  

• zeolite additive restricts the expansion resulting from the occurrence of the alkali-
aggregate reaction, 

• due to zeolite additive, the expansion in mortars containing reactive aggregate is stabilised 
after 30 days of hydration,  

• the most effective method of preventing the occurrence of the alkali-aggregate reaction 
with zeolites, is their use in high amounts, i.e. at least 30% additive of unmodified zeolite. 
Replacing cement with mineral additives to so large an extent is not always desirable, 
because that also affects other properties of the binder. The enhancement of zeolite 
effectiveness through its modification for preventing internal alkaline corrosion in 
concrete offers a promising alternative.  
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Abstract. The paper presents the  effect of lithium nitrate on the course of  the reaction between alkalis and  
reactive aggregate, opal. To what extent lithium nitrate effectively inhibits or limits the destructive reaction 
between alkalis and aggregate depends largely on the kind of the reactive aggregate. The observation of the 
expansion of the samples containing the opal additive leads to the conclusion that when the molar ratio of 
lithium ions to sodium ions equals 1.0, the reaction is inhibited. The microscopic analysis and the X-ray 
microanalysis reveal the lack of  sodium-potassium-calcium silicate gel with swelling properties. 
 
Keywords: alkali-silica reaction, lithium nitrate, opal 
 

1. Introduction 
 

The interest in lithium compounds as the inhibitor of the destructive reaction between alkalis 
and aggregate in concrete goes back to the 1950s. In approximately 1950, having examined about 
100 different chemical substances, McCoy and Caldwell proposed lithium compounds as most 
effective in the process of inhibiting the expansion evoked by the alkali-aggregate reaction [1]. 
However, the effectiveness of lithium compounds in inhibiting the alkali-reactive aggregate reaction  
is strictly dependent on the degree of aggregate reactivity, on the amount of alkalis in concrete pore 
solution, on the kind of the lithium compound and the amount of the introduced salt or lithium 
hydroxide [2,3]. The great interest in the issue of  aggregate reactivity and the methods of its 
inhibition by lithium compounds resulted in a considerable number of investigations, which pointed 
to lithium nitrate as the most effective inhibitor of the alkali-silica reaction [4,5,6].  
The mechanism of lithium compounds affecting the alkali-silica reaction course has not been fully 
explained. Several hypotheses have been proposed with regard to reaction  mechanisms of lithium 
compounds. 
Certain  hypotheses refer to the fact that silica increases its stability due to the formation of a dense 
layer of lithium silicate on the surface of grains. Other hypotheses draw attention to the 
repolimerization of the ASR gel, still others  to the modification of the sodium-potassium-calcium 
silicate gel with lithium ions leading to the emergence of non-expansive gel [7,8]. 
The objective of the paper is to define the effect of lithium nitrate on the course of the reaction 
between alkalis and the model opal aggregate for the increased alkali content cement, with the 
molar ratios of lithium ions to alkali ions being respectively 0.74 and 1.0. 
 

2. Materials and investigation methodology 
Portland cement  CEM I 42.5R  with the alkali content of 0.66% of the sodium equivalent was 

used in the tests.  The chemical composition of cement is presented in Table 1.  
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Material SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O TiO2 LOI N.s.p. Na2Oeq 

Cement 20.20 4.80 3.00 61.70 1.80 2.70 0.78 0.15 0.45 3.00 1.00 0.66 

 Tab. 1. Chemical composition of cement 
 
LOI – loss of ignition ; N.s.p. --  parts non-soluble in HCl and Na2CO3 
 

Potassium sulphate was applied in order to increase the alkali content in cement to the value of 
0.9%  of Na2Oe. Opal of the 0.5-1mm fraction was applied as the model aggregate in the amount of 
6% of the aggregate mass, together with standard quartz sand with the grain size of 0-4mm.  
Lithium applied to the modification of samples was introduced in the form of lithium nitrate. 
In order to define the effect of lithium nitrate on the change of the opal aggregate reactivity, mortar 
samples expansion  was examined, in accordance with the methodology included in the standard 
ASTM C1260 [9]. Lithium ions were introduced with the molar ratios of Li/Na = 0.74 and Li/Na = 
1.0. The reference samples, unmodified with lithium nitrate, were also prepared. Then, the 
microstructure of the samples modified and non-modified with lithium nitrate was examined using 
the scanning electron microscopy with the X-ray microanalysis (SEM/EDS). 
 

3. Tests results 
 

3.1 . Mortar samples expansion 
 

Figures 3 and 4 present the expansion values for the reference samples and the samples 
modified with lithium nitrate, prepared in accordance with ASTM C1260 standard, for the alkali 
content of 0.9% with different molar ratios of Li/Na. 
 

 
Fig.3. Expansion of non-modified and lithium-additive-modified mortar samples for the alkali content of 0.9% of 
         Na2Oe, the molar ratio of Li/Na = 0.74. 
 

 
Fig.4. Expansion of unmodified and lithium-additive-modified mortar samples for the alkali content of 0.9% of Na2Oe,  
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          the molar ratio of Li/Na = 1.0 
The observed expansion values for the mortar samples prepared with the reactive opal additive, for 
the samples unmodified with the lithium compound, show that the reactivity limit of 0.2% was 
exceeded after three days. In the case of samples modified with lithium nitrate, with the molar ratio 
of  Li/Na at the level of 0.74, the reactivity limit was exceeded after six days. The conducted 
research show that the application of lithium in the amount of  Li/Na equalling 0.74 does not 
prevent mortar samples from expanding, however, the degree of expansion is lower in the initial 
days.  It was also discovered that the expansion of samples modified and unmodified with lithium 
nitrate is comparable after 28 days. In the case of the series modified with lithium nitrate, the 
expansion was inhibited when the applied molar ratio of Li/Na  equalled 1.0. Numerous cracks were 
observed in the case of the reference samples and the samples modified with lithium nitrate with the 
lower molar ratio, whereas the samples modified with lithium nitrate with higher molar ratio did not 
show any effects of the alkaline reaction.  
 
3.2 The microstructural SEM/EDS analysis 

 
Mortar samples unmodified with lithium nitrate and samples modified with lithium with two 
different Li/Na molar ratios were analysed microscopically. In the case of unmodified samples 
series, numerous cracks were observed and these areas were covered with dense gel (Fig.5). 
 

 
a)       b) 

Fig. 5. The aggregate cracks in the mortar unmodifed with lithium nitrate  a) SEM x 1500; b) gel  
           composition 
The EDS analysis revealed that the gel contains considerable amounts of Si, Ca and Na ions, and a 
small amount of potassium ions. The analysis of mortar samples modified with lithium nitrate with 
the Li/Na molar ratio of 0.74 revealed the presence of characteristic forms of lithium silicate (Fig. 
6).   

 
a)                                                           b) 

Fig. 6. The reaction products of crystalline structure in the mortar with the lithium additive (Li/Na 0.74) a)  
            SEM x 10000, b) the crystalline form composition 
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In the mortar samples unaffected by the expansion the characteristic forms of lithium silicate were 
not observed, and neither was the sodium-potassium-calcium silicate gel. 
 

4. Conclusion 

  On the basis of the conducted mortar expansion investigation  it is concluded that the inhibition 
of the alkali reaction with opal occurs only when an appropriate amount of lithium ions (Li/Na= 
1.0) is introduced into the mix. When the amount of lithium ions, introduced in the form of lithium 
nitrate, is not sufficient – the reaction is not inhibited and the reaction extend is not larger than in 
the case of samples unmodified with lithium nitrate. The microscopic analysis showed that 
considerable amounts of alkaline gel, with a high content of sodium and calcium ions and a low 
content of potassium ions, are found in the samples containing only the opal additive. The samples 
modified with lithium nitrate with Li/Na of 0.74 show the presence of lithium silicate crystallites, 
with the amount of lithium ions being insufficient, as evidenced by the expansion limitation in the 
initial stages and its growth in the later ones. The introduction of lithium ions at the level of Li/Na 
gives satisfactory results. In these samples alkaline gel is not formed and characteristic forms of 
lithium silicate are not fund. Thus it may be supposed that the inhibition of the alkali-aggregate 
reaction is connected here primarily with limited formation of the sodium-potassium-calcium 
silicate gel, and not with the emergence of the crystallite layer protecting the silica grains from 
reacting with alkalis. 
 

References 
 

[1] McCoy W.J., Caldwell A.G.: New approach in inhibiting alkali– aggregate expansion. ACI Materials Journal. Vol. 
22 (9), 1951, s. 693– 706. 

[2] Feng X., Thomas M.D.A, Bremmer T.W., Balcom B.J., Folliard K.J. Studies on lithium salts to mitigate ASR-
induced expansion in new concrete: a critical review. Cement Concrete Research 35 (2005) 1789-1796 

[3] Lindgĺrd J., Andiç-Çakır Ö., Fernandes I., Rřnning T.F., Thomas M. D.A. Alkali–silica reactions (ASR): Literature 
review on parameters influencing laboratory performance testing. Cement and Concrete Research 42 (2012) 223–
243 

[4] Diamond S.: Unique response of LiNO3 as an alkali silica reaction-preventive admixture. Cement and Concrete 
Research. Vol. 29, 1999, s. 1271-1275. 

[5] Feng X., Thomas M.D.A., Bremner T.W., Folliard K.J., Fournier B. Summary of research on the effect of LiNO3 
on alkali–silica reaction in new concrete. Cement Concrete Research 40 (2010) 636–642 

[6] Taehwan K., Olek  J.  Influence of Lithium Ions on the Chemistry of Pore Solutions in Pastes and Mortars with 
Inert Aggregates. 14th International Conference on Alkali Aggregate Reaction. USA 2012 

[7] Tremblay C., Bérubé M.A., Fournier B., Thomas M.D., Folliard K.J. Experimental investigation of the mechanisms 
by which LiNO3 is effective against ASR. Cement and Concrete Research 40 (2010) 583–597 

[8] Diamond S., Ong, S. The Mechanisms of Lithium Effects on ASR, Proceedings of the 9th International Conference 
on AAR, London, UK, 1992, pp. 269–278. 

[9] ASTM C 1260-07 Standard Test Method for Potential Alkali Reactivity of Aggregates (Mortar-Bar Method). 

 

 

236



 
 TRANSCOM 2013,  24-26 June 2013 
 University of Žilina, Žilina, Slovak Republic 
 
 

  

Novel inclinometer device based on MEMS technology: 
comparison with traditional inclinometers in landslide 

applications. 
 

*Benedetta Pastarini, *Andrea Segalini, *Luca Chiapponi 
*University of Parma, Dept. of Civil and Environmental Engineering and Architecture. {benedetta.pastarini, 

andrea.segalini, luca.chiapponi}@unipr.it 

Abstract. The paper illustrates the efficiency of a novel inclinometer device by comparing results obtained 
from an installed prototype and those derived from classic inclinometers.  The new device, called Modular 
Underground Monitoring System is to be applied for natural and artificial slope deformation monitoring and 
landslides dynamics control, assessment and forecasting. The paper briefly describes the new 
instrumentation, which should allow for a better understanding of the type, location and origin of unstable 
slope movement. The MUMS instrumentation was born from the idea of replacing the standard measurement 
procedure by locating nodes at known distances along a connecting cable placed within a vertical borehole. 
Each node measures its local orientation from the vertical by means of a micromechanical 3D digital linear 
acceleration sensor (MEMS). This will allow us to determine the direction cosines of the borehole axis in 
each node and calculate its 3D shape and deformation along the whole borehole. 

Keywords: landslide monitoring and control, early warning, MEMS technology. 

1. The novel instrumentation description 

The MUMS instrumentation [1] is developed with the idea of replacing standard measurement 
procedures by locating appropriate nodes (Fig. 1a), having known distance from each other, inside a 
borehole. Each node is able to measure is local orientation form the vertical (gravitational 
acceleration), by means of a micromechanical 3D digital linear acceleration sensor (MEMS). In 
addition, each node is equipped with a 3D digital magnetic sensor which enables to determine the 
heading (azimuth) of each node related to the magnetic North (Fig. 2). This added element 
eliminates the uncertainties and the errors due to spiraling and to system assembly imprecisions. 
The accuracy of the measurements is related to the appropriate calibration of each node (carried out 
at the production laboratory) and to the site specific constants tied to the local orientation of the 
Earth’s magnetic field [2]. The calibration procedure reduces all the instrumental errors due to the 
sensors and their assembly in each node but it is not able of correcting (although it does recognizes 
their presence) errors due to local magnetic anomalies that may be present. However this correction 
can be done once the vertical axis direction is known from accelerometer measurement, since the 
node is supposed to be still at the time of each reading and the only acceleration measured is that of 
gravity. The total number of data collected, when all the sensor described are installed, sums up to a 
minimum of 7 for each node, considering also a temperature sensor that is deemed useful especially 
on sites where severe variation are expected. The MUMS apparatus requires a simplified 
installation procedure that is analogous to that of a standard inclinometer casing, except for the fact 
that the MUMS chain has a diameter of only 3 cm, it is pre-assembled at the production laboratory 
for the requested length and can easily be introduced and installed in smaller boreholes and/or 
inside old inclinometer casing that are partially broken (and unusable) due to previous landslide 
movements.  
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                                                    a)     b) 

Fig. 1. a) Modular Underground Monitoring System schematic representation. Xb, Yb and Zb are the global reference 
system axis (as further defined) while Xbt, Ybt and Zbt are the same axis translated in the node center; b) Schematic 
representation of the single MUMS orientation node.. 

2. Measurements and error handling 

The experimental installation hereby described regards one location in the Italian Appennines 
(Tiedoli, Parma Province), where a well-known and documented landslide involves an urban waste 
landfill [3] and, therefore, needs to be accurately controlled. The MUMS apparatus has been 
installed inside an old inclinometer casing that was no longer operational due to the excessive 
amount of displacement suffered. The MUMS chain is 35 m long and contains sixty nodes; starting 
from the bottom of the borehole the relative distance between two following nodes is 50 cm for the 
first 25 m, then the nodes are spaced at 1 m distance up to the slope surface.  

2.1. Raw data reading and hardware filtering 

Each node returns the three components of the gravitational acceleration, measured along the 
sensor axis (Fig. 1b) and linearized and normalized to g; this implies that an hypothetical axis 
aligned (direction and sign) with the gravitational acceleration returns a value equal to 1 and, vice 
versa, an axis perpendicular to the gravitational acceleration returns a value equal to 0. Likewise, 
the magnetometer returns the magnetic field components values within the same coordinate system, 
although these values are not normalized and expressed in Gauss. Each node returns its temperature 
as well.  The readings recovered from each node are poorly dispersed due to the precision limits of 
the instrumentation; in addition, a drift is present in the output dataset, a portion of which is specific 
to the sensor (not related to any external input) and the remaining part is related to the temperature 
variations. In order to accurately describe these errors, the output signal related to the sub-vertical 
axis of the first node has been studied; the choice of the first node is made due to the fact that it 
should be installed and cemented within the lower (an stable) portion of the slope and should not 
move at all. Therefore, the variation of the output signal for this node can only be related to the 
intrinsic noise and drift of the sensor itself. Fig. 2a shows the raw data series while Fig. 2b reports 
the data trend derived. By subtracting the derived data trend from the data series one obtains the 
signal dispersion around the average value. Fig. 2c reports the distribution of such signal dispersion 
around the average value; it is apparent that the distribution is of Gaussian type, proving the 
randomness of the error which represents the instrumental noise. Any eventual “step” in the data 
acquisition series produced by a single node, would univocally identify a slope movement occurred 
in the close proximity of the examined node; furthermore, such circumstance would indicate a 
kinematics which took place at a well-defined time. 
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It should be noticed that a variation of few thousandths in the acceleration components readings 
could induce the reconstruction of significant displacements. Such phenomena is related to the 
initial inclination of the sensor, and founds its explanation with the non-linearity of the 
trigonometric functions used to calculate the Si displacement of the i-th node. 

a) 

 

b) 

c) 

 

 d) 
 

Fig. 2. a) Raw data series of the az axis of one node; b) Derived data trend; c)  Distribution of the signal dispersion 
around the average value; d) Variation of the displacement S as function of the original value (zero reading). 

In general, neglecting the information related to the direction of the displacements, the module 
of S can be calculated from the sub-vertical component of the gravitational acceleration, az, as: 

( )( ) ( )( )( )zzz aaaraarLS ∆+−•= cossincossin  (1) 

Where  is the length of the inclinometric chain referring to a particular node and  is the 
variation of the  value from the first reading (zero reading). Depending upon the original 
inclination of the MUMS node, the same variation  could generate large differences in the 
calculated values of S, as depicted in Fig. 2d. This figure evidences how the uncertainty and the 
instrument resolution error could seriously propagate while calculating the displacements, 
depending from the initial position of the nodes. Consequently, an original inclination of the MEMS 
sensors around 45 degrees could be suggested in order to balance the sensitivity needs with the 
resolution of the described problem. When it is not possible to distinguish the instrumentation drift 
from a slow and continuous deformation of the slope, it will be necessary to introduce the concept 
of instrumental resolution, intended as the threshold below which the variation of the output data 
must be ascribed to the interferences and to the described spurious effects, other than to a real 
displacement of the installed MUMS node.   

3. The Tiedoli data management 

The data obtained from the MUMS chain installed at the Tiedoli landslide, once treated in order 
to obtain the orientation of each node using the quaternion theory proposed by Yun et al. [4], have 
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been elaborated in two subsequent phases. At first, the signal noises have been removed using the 
techniques described above, obtaining the cumulative total displacement of each node; these values 
are plotted against the node depth from the ground surface in Fig. 3a. Form the observation of these 
results a quantitative estimate of the characteristic drift of the sensors has been obtained. In order to 
do so, the attention has been focused on the lower portion of the MUMS chain which, as 
fundamental hypothesis, is cemented in the stable portion of the slope, below the potential sliding 
surface of the landslide mass. Therefore, the line interpolating these points (red line in Fig. 3a) 
uniquely identifies a well estimate of the characteristic drift of the sensors constituting the whole 
chain.  The second step of data treatment consisted in a new filtering of the data (each node at a 
time), validating those data that were differing from the average for a value higher than four times 
the standard deviation of the data population. The obtained values were then reduced by the 
estimated drift and the final result indicates the final cumulated displacement of the chain during the 
whole observation interval (Fig. 3b).  Fig. 3b indicates a total displacement, at the ground surface 
level, that reaches 5.5 cm in 140 days; at a first glance this displacement averaged in the whole year 
would determine a landslide velocity of 14.5 cm/year which is higher than the average velocity (5.5 
cm/year) measured using traditional inclinometers between the years 2004 and 2006 [3]. 
Furthermore, considering the type and position of the shear displacements with depth, it appears 
that two sliding surfaces are present, the lower one located between 22 and 19 m from the ground 
surface and the other located between 14 and 10 m below the ground surface. This result is in 
agreement with those obtained from the old monitoring campaigns (Fig. 3c). In order to justify the 
differences in the landslide velocity, one consideration should be made observing Fig. 3d. The 
frequency of the measurements taken by the MUMS chain allowed us to determine the amount of 
cumulated total displacement for different time interval within the observation period. It is apparent 
that the larger amount of displacement took place between the 27th of July and the 28th of August, 
while during the period August-October no displacement were recorded and minor displacements 
took place during the rest of the observation period. This could very well imply that between 
November 2012 and June 2013 (one year from the monitoring start) the total amount of 
displacement could be very small, determining a total cumulated displacement of approximately 6 
cm within one year’s observation period, very close to that reported in Fig. 3c. The monitoring is 
still active and this hypothesis will be checked in the close future.  

4. Conclusions 

The paper reports the results obtained from an installation of a novel inclinometer chain, which 
uses the MEMS technology in order to overcome several problems concerning the measurement of 
displacement inside a landslide body. The instrumentation was developed with the idea to ensure an 
easy and practical installation, an automated recording of data, a longer lifespan and an all new set 
of information regarding the displacement occurring inside a landslide body. The results obtained 
from the experimental installation were compared with other results coming from past monitoring 
and studies carried out, using traditional techniques, on the same landslide. The comparison, which 
yield to promising results, allowed for the validation of the data processing and proved as the novel 
instrumentation is suitable to be applied extensively and reliably for the monitoring and control of 
several types of landslides. 
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Fig. 3. a) Cumulative total displacement of the chain nodes after the first phase of the data treatment (noise reduction 
technique). It should be noticed that in this phase the sensor drift is still embedded in the results and it can be 
highlighted  by the red line interpolating the lower portion of the chain (last 2 m); b) Total cumulated displacement of 
the MUMS chain between June 22nd and November 7th, 2012 after the application of the proposed data manipulation; c) 
Total cumulated displacement from standard inclinometer measurements during the years 2004-2006 (velocity around 
5.5 cm/year), obtained in an inclinometer that is located at the same altitude of the MUMS chain and at a distance of 
around 20 m (Segalini et al., 2009); Total cumulated displacement obtained from the MUMS data in short time interval 
(approximately one month each) arbitrarily chosen during the monitored period. 
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Abstract. The paper shows possibilities in testing composite two-layer beams with flexible connectors (like 
bolts in steel-concrete beams and nails in wooden-concrete ones) offered by an analysis of their natural 
frequencies. It enables an estimation of shear compliance for the interlayer connection if Young’s moduli of 
layers are known thanks to finding the global minimum of function of error for model and measured natural 
frequencies of beam. The considerations are illustrated by the results of own laboratory-tests. 

Keywords: composite beam, shear stiffness, natural frequency, laboratory tests. 

1. Introduction 

Composite structures (steel-concrete, wooden-concrete etc.) with compliant shear connection of 
their layers become more and more popular systems in the civil engineering. The first of all a 
considerable increase of their load capacity and stiffness resulting from combining their 
components should be appreciated for this type of structures. Moreover the problem of torsional-
flexural buckling of more flexible steel (or wooden) profiles is eliminated thanks to connecting 
them with the rigid upper slab [3]. It should be stressed that these kinds of beam structures work 
correctly if the shear connection between the ferroconcrete slab and steel (wooden) bar elements 
shows enough low compliance. This characteristic is investigated the first of all by means of push-
out tests (e.g. [2]) or measurements of beam deflection under static load (e.g. [4]). The paper shows 
another method of estimating the shear compliance for the beam interlayer joints based on an 
analysis of their natural frequencies which may be a complementary measuring method for the  
enumerated ones. The problem is illustrated by the experimental results obtained thanks to own  
tests carried out in the laboratory-scale.     

2. Mathematical description of the problem 

Assuming the simplest linear elastic model for a two-layer composite beam with a compliant 
interlayer connection (e.g. [4]) the system of differential equations for functions: w, u(1) and u(2) 
(vertical displacement of centre line of the beam and horizontal displacements of centre line of the 
lower and upper layer) may be written as follows (with neglected damping) (e.g. [5]):  
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where: k – stiffness of the shear connection (in [N⋅m-2]); E(i) – Young’s modulus of layer (i);  
I(i) – moments of inertia of layer (i); e=½(h(1)+h(2)) where h(i) is a cross-sectional height of layer (i); 
µ(i)  – density over the length of layer (i);  i=1,2 – index of beam layer. ( )II, ( )IV – the second and 
fourth derivatives of function over x-axis; (¨) – the second time-derivative. Of course in order to 
solve the system for a specific problem it has to be completed by the proper boundary and initial 
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conditions. Using Finite Element Method (FEM) or Finite Difference Method (FDM) we can 
express the system (1) generally in the matrix form: 

uBPKu &&−= ,      (2) 
where: K – stiffness matrix, u – vector of node displacements,  P – vector of forces (three terms in 
the node equations), B – inertia matrix. In order to formulate an eigenvalue problem for this case we 
assume in the equation (2) P=0 and u=u0 sin(ωt+θ) (e.g. [1]). Then we can obtain the following 
equation for eigenvalues λi of matrix  KB-1 (and the same for natural frequencies ωi of the beam): 

( ) ( ) 0uBK =+− θωω tsin0
2  ( ) 0det 1 =−→ − IKB λ 2

ii ωλ =→ , (3) 

where: I – unit matrix, 0 – zero vector, u0 – vector of free vibration amplitudes,  
t – time. If natural frequencies of real combined beam are known from measurements (thanks to the 
Fourier analysis of accelerations at chosen points in the real structure excited to test vibrations) then 
it is possible to estimate its stiffness k finding the minimum of the following exemplary error 
functions: 
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where: ωi(measurement)– measured  i-natural angular frequency for the real structure, ωi(model)– i-natural 
angular frequency calculated basing on the assumed model, n – number of the first natural 
frequencies taken into considerations.  

3. Experimental results in the laboratory-scale  

To illustrate the measuring possibilities offered by the free vibration analysis in the discussed 
scope the experimental tests were carried out on cantilever beams in the laboratory-scale (at the 
temperature 20±2oC). The model of two-layer bar with complaint sheared joint was made from two 
plexiglass layers 1.5m long of rectangular cross-sections (bxh=~4cm x 2cm) connected by the 
adhesive double-sided tape on the sides 4cm wide. The used plexiglass was characterised by the 
following parameters: dynamic Young’s modulus E=3.99GPa, bulk density ρ=1174kg/m3. The  
tape connection was used in the model to simulate the way of work of a real sheared joint.  

 
Fig. 1. The static scheme of plexiglass composite laboratory cantilever beam. 

The prepared two-layer bar was restrained on the solid steel element using the cramps so as to 
create the cantilever beam 1m long and three accelerometers (PCB 333B52 of external dimensions 
11mm x 11mm x 11mm and weight ~11g with the connecting cables) were attached to the upper 
side of element as shown in the Fig 1. Next the cantilever was excited to vibrations by impacts put 
to the down side of element just under the accelerometers three times at each point. The 
accelerations were recorded on the PC computer using the software DASYLAB 10.0. An exemplary 
record of acceleration, which was obtained for the unbounded end of cantilever, is presented in the 
Fig. 2. Using the Fourier transform for all the records it was found that the mean values of the first 
two natural frequencies were equal to:  

=1f 10.43Hz, =2f  68.69Hz.     (5) 
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Next basing on the above values of frequencies the minimum of function (42) (for n=2) was found 
by a direct search of domain for the physically possible solutions. The values for ωi(model) needed in 
the calculations were obtained by means of own computer program written in the Matlab 
environment in which the eigenvalue problem as defined by the equation (3) was solved using 
FDM. The diagram of function F vs. stiffness k is presented in the Fig. 3. It can be noticed that one 
minimum was obtained in the analysed interval and it is situated at the value of stiffness equal to 
~2·108 Pa. 

 
Fig. 2. The exemplary acceleration record at the unbounded end of cantilever beam.   

 
 

 
 
 
 
 
 
 
 
 

Fig. 3. The error function (42) vs. shear stiffness for n=2 in the case of tested cantilever.     

 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Three first natural frequencies vs. shear stiffness k for the data corresponding to the combined cantilever of 
scheme as shown in the Fig. 1. The values of frequencies are normalised to their values at k→∞.   

Basing on these measurements it was also found that the mean value of fraction of critical damping 
ξ was equal to ~0.1 for the first mode of free vibrations. It is worth to mention that the fraction ξ for 
the not combined plexiglass cantilever 1m long of cross-sectional dimensions bxh=~4cm x 2cm was 
equal to ~0.04 what had been measured by the authors in the same way as described above. The  
considerable increase of damping in the case of combined model was caused by viscous properties 
of tape joint and introducing the mechanism of structural damping into the model this way. 
However the damping for the two-layer cantilever characterised by the fraction ξ=~0.1 could not 
cause considerable errors in estimating the values of natural frequencies (e.g. [1]).  
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In order to show how a possible choice of number of the first natural frequencies taken into 
consideration (according to the pattern (4)) may influence on an accuracy of results the changes of 
three first ones vs. shear stiffness k are shown in the Fig. 4. The diagram was made for the data 
corresponding to the combined cantilever beam used in the tests described above and the values of 
frequencies were normalised to their values at k→∞. It can be noticed that the stiffness k can be 
determined more precisely if more natural frequencies are taken into account especially for its 
higher and low values. E.g. taking only one frequency f1 in the expressions (4) their global 
minimum may be found with a considerable error if input data are noised because an increase of 
frequency related to a big increase of stiffness k is very small starting from a certain value for k (in 
the analysed diagram approximately at k=108Pa). The same goes for the next frequencies but 
suitably at higher values of  stiffness (in the analysed diagram approximately at k=3⋅108 Pa for f2 
and k=5⋅108 Pa for f3). This fact may limits considerably the possibilities of application for the 
method if the number of first measured frequencies is also limited due to an used equipment and 
measuring conditions. Basing on the Fig. 4 one can state also that it should amount to 2 minimally.   

4. Conclusions 

The combined structures (especially two-layer beams) are more and more popular and willingly  
used in the civil engineering applications because of their optimal use of materials with keeping 
advisable stiffness and load capacity. That is why laboratory- and non-destructive test methods 
should be intensively developed in this range too. The method discussed in the work is based on the 
analysis of natural frequencies. It is investigated by the authors on the presented stage the first of all 
from the point of view of its application in measurements of interlayer shear stiffness for combined 
beams in the laboratory conditions as a comparative method for the adequate push-out tests (e.g. 
[2]). The method, as formulated it in the work, may be used in the practice for diagnostic purposes 
on condition that a tested structural element can be described by the simple elastic beam model. 
Otherwise it needs more advanced geometrical and physical models and software. The presented 
considerations illustrate also the fact that dynamic characteristics of layer structures may be 
determined with considerable errors if the problem of slip in their sheared connections is neglected.  
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Abstract. The aim of the study was to determine and compare the calorific value of pellets from pine 
sawdust and material resulting from car tire pyrolysis. The study was performed using calorimeter KL-12 
Mn in accordance with applicable standards PN/G-04513 solid fuels. Determination of  heat of combustion 
and calculation of net calorific value and ISO 1928 Solid fuels. Calculate the heat of combustion in a bomb 
calorimeter and calculation of net calorific value. Measured average values for the heat of combustion of 
pine sawdust pellets and material resulting from tire pyrolysis are respectively 19 MJ*kg-1  and 38 MJ*kg-1   
and pyrolysis oil 40 MJ*kg-1. Comparing the calorific value of pellets from pine sawdust and material 
resulting from car tire pyrolysis significant differences in this respect. As a result of car tire pyrolysis oil 
produced that could be used to increase calorie pellets tested. 
 
Keywords: pellet, tire pyrolysis, combustion heat, calorimetric method 

1. Introduction 

Biomass which is the raw material of plant origin as a renewable source of energy is a growing 
interest among potential buyers the world, including in Poland. So it becomes necessary to assess 
the properties of extracted biomass energy in terms of the chemical properties and the possibility of 
its use. For the needs of small heating systems and consumer biomass is converted into a pellet. 
Result from compression of sawdust and wood chips under high pressure. Are subjected to 
compression  prior  to drying to about 15% moisture content. In terms of energy equivalent to 2 tons 
of biomass are 1-1.5 tons of coal. The use of biomass for energy purposes can meet stringent 
environmental standards for emissions of CO2, SOx, NOx, particulates, chlorine and heavy metals.  
The dynamic development of the world's automotive industry has created a huge amount of used 
tires. It is estimated that the worldwide inventory of used tires are 29 million Mg. The annual 
increase tire is in the range 7-8 million Mg. Because the quantities of only 23% of car tires is 
another use. The remaining   77% is in no way suitable for recycling.  The aim of this study is to 
determine and compare the calorific value of pellets from pine sawdust and material resulting from 
car tire pyrolysis. An important aspect is also to increase the calorific value of the test pellets with 
pyrolysis oil formed as a by-product of pyrolysis.  Determination of heat of combustion is a 
fundamental assessment of the quality of fuel as an energy source. 

247



 

 

2. Materials and methods 

The study was taken pellets from pine sawdust from sawmill statement. Material with a 
moisture content of 9.6% (+ / - 0.2%). Solid material and pyrolysis oil is the result of tire pyrolysis 
provided by a private operator, in order to investigate its calories. Investigated  the possibility of 
using pyrolysis oil for energy purposes. 

The pyrolysis of scrap tires is car tire shredded thermal decomposition at 300-500 ° C without 
oxygen. Following a series of complex chemical reactions occur, the gaseous products, liquid and 
solid, which can be further processed in order to obtain a more energy efficient product. Solids are 
the charred residue, ash and steel. The steel elements are extracted by means of an electromagnet 
for further processing. The gaseous products are mainly aliphatic hydrocarbons, hydrogen sulfide, 
hydrogen. They are discharged into the gas tank. Liquid products include pyrolysis oils with an 
unpleasant characteristic odor. Pyrolysis of shredded tires are subjected to metal and non-structural 
components.  

The heat of combustion of samples were determined using the KL-12 calorimeter according to 
Mn PN/G-04513 solid fuels. Determination of heat of combustion and calculation of net calorific 
value and  ISO 1928 Solid fuels. Calculate the heat of combustion in a bomb calorimeter and 
calculation of net calorific value. The measurement consisted of a total sample weight of burning 1 
g (+ / - 0.0002) in an oxygen atmosphere at a pressure of 3.92 MPa (40atm.) in a bomb calorimeter, 
immersed in distilled water with a capacity of  2.7 dm3 calorimeter vessel. Set temperature increase 
calorimeter vessel. Sample was used to ignite the cutting wire length 10-12 cm for each sample. 
 

Calorimeter works by measuring the characteristic temperature for the heat balance: 
� Calorimetric bomb and burnt material  
� Calorimeter vessel and water The measurement process follows the chart: 

 
Fig. 1- An Exemplary course of the calorimeter measurement process 

Controls the operation of a computer program calorimeter. The process is constantly monitored, 
and any errors are indicated on the monitor. Operation of the calorimeter is divided into five cycles 
of: 
Cycle 0 - Enable calorimeter and stabilize the temperature inside the calorimeter 
Cycle 1 - Registration and measurement of  T1 time interval equal to 5 minutes 
Cycle 2 - Register T2 and the ignition temperature of the fuel sample in a bomb calorimeter. This 
cycle takes n-minutes (up to the maximum temperature) 
Cycle 3 - Registration temperatures T3 (maximum) and measuring the time interval equal to 5 
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minutes 
Cycle 4 - T4 temperature registration and complete the process 
The test stand shown in the figure below: 
 
 

 
Fig. 2 - A calorimeter research stand 

Heat of combustion of the fuel sample was calculated automatically by the device's internal 
program using the following formula 

)(* 23 kTTKQ −−=        (1) 

where: 
K – calorimeter constant [kJ * k-1] 
T3 , T2 - balance characteristic temperature [°C] 
k - correction for heat exchange with the environment calorimeter 

)(*)1(*2,0)](*2,0)(*2,0[*5,0 343412 TTnTTTTk −−+−+−=   (2) 

where: 
n - number of minutes the cycle number 2 (main period) 
T1 , T4 - balance characteristic temperature [°C] 

3. The results and analysis  

Calorific value of pine sawdust pellets are in the range 18.68 MJ*kg-1 to 19.79 MJ*kg-1 and the 
solid material resulting from tire pyrolysis are in the range 34.78 MJ*kg-1 to  40.65 MJ*kg-1. 
Pyrolysiss oil  of 38.83 MJ*kg-1 to 40.15 MJ*kg-1. 
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Fig. 3 – The heat of combustion values for the samples analyzed 

4. Summary and Conclusions  

Methodology of research made it possible to determine the heat of combustion of pellets from 
pine sawdust and material resulting from tire pyrolysis. Studies have confirmed the usefulness of 
these fuels for energy, which can complement the demand for fuel in power plants as well as small 
district heating systems. 

The use of biomass as an energy fuel in Poland will grow due to the adopted by the European 
Union directive on renewable energy share of total energy production in all Member States. To do 
so, increase the caloric content of the pellets. Based on our review of the literature and our own 
experience, you can draw the following conclusions: 
1. Biomass energy through their properties is an alternative source of energy that can successfully 
replace the existing heating technologies based on traditional fossil fuels (such as coal). 
2 The material formed by pyrolysis of car tires is a material with good energy 
3 Pyrolysis oil could increase the calorific value of pellets, due to its good properties of energy. 
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Abstract. The problem of inverse analysis occurs in many issues of materials and structural mechanics. 
Modifications of the existing and creation of new methods of inverse analysis are significant for scientific 
and engineering interest. The issues, using the inverse analysis, include among others problems of 
identification of the model of material. The paper presents a solution for the inverse problem using neural 
calculation which, due to their mode of action, is very effective in analyzing the identification problems.  
In the paper one of the categories of networks was used: feedforward network, commonly known as a 
backpropagation neural network (BPNN). Practical application of neural identification of the material  
was shown on the example of the analysis of aluminum truss. The assumed model of material is Ramberg - 
Osgood (RO) which shows the dependence between the stress and strain: ε(σ). The BPNN network was used 
to build the reverse dependence: σ(ε) of aluminum material. 

Keywords: Artificial neural network, inverse problem, neural material model, model Ramberg - Osgood.  

1. Introduction 

1.1. Artificial neuron 

The Artificial Neural Networks are complex calculation algorithms built from artificial neurons 
(perceptrons), which mathematically reflect the selected functions of biological neurons. The 
principle of operation and the artificial neuron model is shown in Fig.1. 

x n  
F  

x 1  

x0=1

x 2  
w 2   

w n   

w0=b  

u  y   
∑  … 

w1   

 

Fig. 1. Model of artificial (computational) neuron. 

The Artificial neuron model consists of two blocks: 
� summing .∑., in which the input signals are multiplied by the appropriate value of weight 

parameters and summed, 
� activating .F., in which the signal received from the summation block is processed.  

Scalar y value at the output of a neuron is defined by the formula: 

y=F(v),        ∑
=

=
n

i
ii xwu

1

,        buv +=  (1) 

where: 
x = {x1, x2, …,xn} – input vector, 
w = {w1, w2, …,wn} – vector of synaptic weights, 
b = w0  – threshold parameter (bias), 
F(v) – function of activation, 
n   – number of inputs of artificial neuron. 
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 A neuron’s parameters (weights and biases) are matched in an iterative process of learning, 
which consists of the introducing of the exemplary learning patterns into the network. The selection 
of an appropriate activation function has a large impact on the effectiveness and usefulness of the 
neural network. The most commonly used functions are: linear, unipolar sigmoid function, and 
bipolar sigmoid function. 
 Perceptrons can be trained by a simple learning algorithm that is usually called the delta rule.  
It calculates the errors between calculated output and sample output data, and uses this to create an 
adjustment to the weights, thus implementing a form of gradient descent. 

1.2.  The types of neural networks 

 Classification of neural networks is made according to main criteria: training methods, 
directions of propagation of the signals in the network, the activation function types: 

� Backpropagation neural networks (BPNN) – are most commonly used in the issues of the 
civil engineering. An important feature of these networks is the method of calculation of the 
weights, which consists of the error backpropagation. These networks can be classified as 
multi-layer networks, built of neurons stacked in following layers. The signal processing 
takes place in the hidden layer and output layer. The input layer is used only for inputting 
signal, which is transmitted to the first hidden layer of neurons. The input signal to the next 
layer is the output from the previous layer. 

� Radial basis function networks (RBFN) resemble the structure of a one-way network with a 
single hidden layer. A summation block is replaced by a block, which calculates distance to 
the specified centre, whereas activation function is a radial function (Gaussian or 
exponential). 

� Recurrent networks can be described as networks containing a two-way connection with 
neurons and layers or a feedback connection. Networks of this type are much more 
complicated in comparison to the one-way networks, and the rules for their design are more 
difficult in practical implementation. 

� Cellular neural networks. Reciprocal coupling between processing elements concern only the 
nearest neighbourhood. These connections are nonlinear and described by a system of 
differential equation. The main difficulty in the application in this type of network is the 
development of an efficient, effective and universal  method of design.[1] 

1.3. Ramberg-Osgood elastoplastic model 

Referring to the Eurocode [2], in the case of materials without explicit yield stress, such as 
aluminium alloys, the exponential law of Ramberg - Osgood (RO) may be applied.  
This dependence assumes that plastic deformation can occur even at low stress values. In the 
exemplary truss a modified model RO was adopted [3,4]: 

n

o

o








+=

σ
σσσε

E3

2

E
 (2) 

 where: 
 σ, ε  – stress and strain 

E = 69,5 GPa (aluminium alloy: EN AW-6005A). 
σo   – yield stress, 
n  – ratio of amplifying of material, 

The parameters involved in (2) been adopted in accordance with the [3]: σo =71,6 MPa; n =5. 
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2. Identification of neural model of the material  

Neural networks, due to their mode of action, are very effective in the analysis of the problem 
of recognition. In the paper a multilayer perceptron was applied. This type of network is often 
presented as a universal approximator capable of modelling of the function with any complexity 
law. Modelling using SWPB, is an iterative search of a non-linear relation in considered model, 
using the given data set, without the necessity to give assumptions of concerning the structure of 
model.  

In the analysed task, to identity dependencies σ(ε) BPNN network was used, formulated with 
the patterns generated on the basis of exponential law of RO (2) representing the dependence ε(σ). 
100 learning patterns and 60 patterns for the testing of PBNN network were generated.  
After the preliminary calculations, the network architecture was accepted (1-6-1), for a further 
analysis (Fig. 2a). The bipolar sigmoid activation function was assumed for hidden layer neurons 
and linear function in the output layer. Defining the network was carried out off line using Neural 
Network Toolbox, working in the MATLAB computing environment [5]. For the learning the 
pseudo-gaussian Levenberg-Marquardt method was applied. During the identification, the input to 
the network was the strain ε, whereas the network response was the stress σ. In this approach,  
the tangent modulus Et was determined on the basis of pre-formulated material model (BPNN 
network), describing the relationship between strain and stress [4]. 
a) b) 

 

y= σ x= ε 
X 

A 

Y 

N=1 

H=6 

M=1 

b

b

wAY  
 wXA 

  
Fig. 1. a) Architecture of BPNN b) Material model Et computed by FEM/RO and FEM/ANN. 

The output signals of neurons following layers of network A and Y take the following values: 

( )A
i

XA
ii bxwA += 1tanh ,       ( )∑

=
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H

i

Y
i

AY
i bAwy

1
1 ,          dla i=1,2, . . . H (3) 

where: 
H   – the number of neurons in the hidden layer, 

XA
iw1 , AY

iw1   – network connection weights 
A
ib , Yb  – biases of subsequent layers of neurons.  

The above formulas (3) indicate, that the neuronal tangential operator Et, derived from the neural 
model of the material takes the form: 
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 (4) 

where: 
Sσ , Sε  – scaling factors. 

It is worth emphasizing that the components of the equations (3,4) are in transparent manner 
determined, by the known values of the network parameters. In this sense, the neural network  
is no longer a "black box." 
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The process of the formulating of the network BPNN: 1-6-1 has been completed after the  
S = 28 epochs of learning. Mean Square Errors values for learning and testing were: MSEl= MSEt= 
3.69e-6, whereas relative percentage errors were APl= 0.49%, APt= 0.48%. Fig. 2b shows the 
model and the predicted values of stresses – σ(ε), and the tangent operator – Et(ε,σ), determined by 
the formulated network PBNN. On the basis of the obtained results it can be concluded that the 
network correctly reproduces the physical right of RO, and tangent modulus. 

The prepared off line network PBNN 1-6-1 was integrated with FEM program. Thus arose 
hybrid program FEM/ANN integrating numerical and neural computation. This program was used 
to analyse the aluminium truss. 

3. Example of calculation - the analysis of truss 

In this example, calculations were carried out on the aluminium truss (fig. 3a)[3,4], using an 
incremental method Newton - Raphson. Assumed configuration load P*=1,95kN, and 35 equal 
increments of load parameter ∆Λ=0,5. Maximum value of the load P=ΛP* reached 34,125kN during 
the total loading of structure. In Fig. 3b equilibrium path Λ (u) determined by the neural model of 
the material, and the elastic material were compared. 
a)  b) 
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Fig. 3. a) Geometry and material of a truss, b) Equilibrium paths Λ(u) computed by FEM/ANN hybrid program. 

4. Conclusion 

The paper presents the definition and practical application of PBNN network, which functions 
as neural model materials (NMM). The performed analysis indicates that the PBNN network is 
numerically effective and it can successfully replace the physical law of RO in the FEM program. 
Identified NMM model can be applied to the analysis of other structures, including the three-
dimensional ones when the uniaxial state of stress and the same model in material is assumed. 
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Abstract. This paper presents the results of research concerning the EBA (ethylene-butyl acrylate  
copolymer) and the ECB (ethylene copolymer bitumen) modifications on 50/70 bitumen in contents of 2%, 
4% and 6%. The research area included: penetration at 25°C, softening temperature according to the "Ring 
and Ball" method and Fraass breaking point. The research has shown a positive impact of both modifiers on 
the properties of the base 50/70 bitumen by reducing the penetration and increasing softening point. It was 
also found that the modification slightly increased the breaking point temperature. Analysis of penetration 
index PI and the temperature range of plasticity (TZP) have showed that the ECB modification has a more 
positive effect on properties of the bitumen.  

Keywords: modification, polymer, plastomer, ECB, EBA, bitumen 50/70. 

1. Introduction 

The rapid increase in traffic together with simultaneous increase in axle loads demands the 
designed pavements to be more resistant to the damaging effects caused by the moving vehicles. 
The improvement of the road surface quality is achieved by the use of new technologies, new 
materials and modifications of existing technologies and materials. 

Many years of research shown that the quality of the binder has a large impact on the durability 
and quality of the whole pavement. The requirements for asphalt have been increasing regularly 
along with the increase in road requirements. Currently, the asphalt modifications are used to fulfill 
stringent requirements for asphalt mixes in a wide range of temperatures [2,6]. The first attempts to 
use polymers as asphalt modification agents were held in the fifties of the 20th century [1]. The 
purpose of this modification is to extend the lifespan and improve the performance of asphalt mixes. 
This requires an increase in resistance of asphalt mixtures to permanent deformation, fracture, 
fatigue, aging and the influence of external factors [2].  

Asphalt modification can be performed by the use of different agents, for example: elastomers, 
plastomers, synthetic resins, rubber granules from waste tires or natural asphalt [5]. One of the most 
popular modifiers are plastomers, which are characterized by a higher proportion of the permanent 
deformations compared to elastomers and increased stiffness at high temperatures, compared to 
base asphalt. Plastomers do not improve the low temperature properties of the binder. [2] 

The research concerned the modification of the 50/70 binder using two plastomers: low 
crystality ethylene copolymer with acrylate butyl (EBA) and ethylene copolymer with a special type 
of bitumen (EBA). 

The low crystality ethylene copolymer with acrylate butyl (ECB) is usually used for production 
of construction and horticultural films, hotmelt adhesives and coloring agents for plastics. Thanks to 
it’s properties related with the low glass transition temperature and good properties at low 
temperatures it is also used in the modification of plastics and binders. Ethylene copolymer with a 
special type of bitumen (ECB) is usually used in production of modified bitumen membranes, 
waterproof membranes and in the production of roofing. Due to the use of the special bitumen type 
reaching up to 50% it is easily mixed with the asphalt. 

This paper presents the results of asphalt modification using ECB and EBA polymers an the 
assessment of the asphalt quality in terms of it’s basic parameters. 
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2. Methodology and test results 

The 50/70 bitumen was the base material for this research. The used modifiers were ECB and 
EBA polymers in amounts of 2%, 4% and 6%. This gave six types of modified bitumen: 

� Base asphalt 50/70, marked "A". 
� modified asphalt 50/70 + 2% EBA, marked "B". 
� modified asphalt 50/70 + 4% EBA, marked "C". 
� modified asphalt 50/70 + 6% EBA, marked "D". 
� modified asphalt 50/70 + 2% ECB, marked "E". 
� modified asphalt 50/70 + 4% ECB, marked "F". 
� modified asphalt 50/70 + 6% ECB, marked "G". 
 
To determine the effect of the amount of used modifier on the 50/70 bitumen properties, the 

following tests were performed: 
� Penetration at 25°C, in accordance with PN-EN 1426.  
� Softening point "Ring and Ball", in accordance with PN-EN 1427. 
� Fraass breaking point, in accordance with BS EN 12593. 

 
To complement the analysis, the Author determined the penetration index (PI) and temperature 

range of plasticity (TZP [°C]) based on the test results of penetration at 25°C, the softening point 
and breaking point using the formulas [3,5]: 

120lg50

1952lg50020

+⋅−
−⋅+⋅=

PT

PT
PI

PIK

PIK , (1) 

where: 
TPIK – softening point, °C, 
P – penetration grade at 25°C, 10-1mm. 

łamPIK TTTZP −= , (2) 

where: 
TPIK – softening point „Ring and Ball”, °C, 
Tłam – Fraass breaking point , °C. 
 
The modifiers were added to the base asphalt in order to achieve an expected content, the 

mixing temperature was 170 with stirring speed 400 rpm and stirring time 15 min. 
The first tests were the designation of penetration and softening point according to the amount 

and type of used modifier. The results are shown in Figures 1 and 2. 
 

Fig. 1. Penetration value at 25°C. Fig. 2. Softening point “Ring and Ball” value. 
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The results lead to a conclusion that the EBA reduces the penetration from 55·10-1mm (as for 
the binder "A" ) to 28 ·10-1mm for the sample "D". Adding ECB also reduces the penetration values 
of sample "G" to 33·10-1mm. The influence of both modifiers is also visible in the results of the 
softening point. With the increase in the quantity of modifier, the softening point changes from 
49°C for the "A" sample, to of 75°C (sample "D") and to 65°C (sample "G"). 

The course of changes of both parameters proves that the use of EBA and ECB increases the 
hardness of the bitumen in relation to the base binder and decreases susceptibility to softening, 
deformation and surface damage caused by high temperatures. 

 
Another conducted test was to determine the breaking point by Fraass. The results are shown in 

Figure 3. 
 

 
Fig. 3.  Frass breaking point value. 
 

Based on the research it can be concluded that the use of both additives has a small impact on 
the raise of the breaking point. The change of this parameter is not significant enough to be 
considered as if the EBA and the ECB had a negative impact on the cracking surface at low 
temperatures. 

To complement the analysis, the value of the penetration index and temperature range of 
plasticity of the 50/70 bitumen modified with EBA and ECB was calculated according to the 
formulas (1) and (2). The results are shown in Figures 4 and 5. 

 

Fig. 4. Penetration index PI. Fig. 5. Temperature range of plasticity. 
 
Comparing the results obtained from the calculation of the penetration index (PI), it can be 

concluded that the addition of EBA and the ECB affects the vulnerability to temperature changes. 
For samples "C" and "D" penetration index value exceeds 2, which is a poor result. The penetration 
index for other samples reaches values in the range from -1 to +1 (from 0.5 to 1 is recommended) 
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which is acceptable [4]. The penetration index of ECB modified bitumen has acceptable values in 
all concentrations of the modifier. 

Analyzing the temperature range of plasticity (TZP) it can be concluded that the increase in 
content of the modifier results in an increase of the temperature range in which the bitumen retains 
it’s viscoelastic properties. For the base sample "A", TZP is equal to 65 ° C, for the maximum 
content of the modifier TZP equal 86°C for the sample "D" and 77°C  for the sample "G". 

3. Conclusion 

Based on the tests performed on the EBA and ECB modified 50/70 bitumen, the following 
conclusions can be drawn: 

� In each of the of quantitative variants of the used EBA and ECB modifiers, the penetration of 
bitumen is reduced in relation to the base 50/70 bitumen, with an increase in the softening 
point at the same time. 

� Application of  EBA and the ECB does not have a significant influence on the breaking point 
temperature of bitumen, which is consistent with the adopted plastomer definition. 

� Performed modifications affect the temperature vulnerability of asphalt. In accordance with 
the designated penetration index, better results were obtained for the ECB modified bitumen. 

 
 

References 

[1] BŁAŻEJOWSKI K., OLSZACKI J., PECIAKOWSKI H., Poradnik asfaltowy 2011. ORLEN Asfalt 2011. 

[2] GAWEŁ J., KALABIŃSKA M., PIŁAT J., Asfalty drogowe, WKiŁ, Warszawa 2001. 

[3] KALABI ŃSKA M., PIŁAT J., RADZISZEWSKI P., Technologie materiałów i nawierzchni drogowych, Oficyna 
Wydawnicza Politechniki Warszawskiej, Warszawa 2003 

[4] PIŁAT J., KRÓL J., SARNOWSKI M., Ocena właściwości reologicznych asfaltów i asfaltów modyfikowanych 
stosowanych w budownictwie drogowym. Konferencja „Reologia – teoria, praktyka i zastosowanie”, Jachranka 24-
26.10.2007, s 108-117. 

[5] PIŁAT J., RADZISZEWSKI P.,  Nawierzchnie asfaltowe, WKiŁ, Warszawa 2004. 

[6] PIŁAT J., SARNOWSKI M., ADAMCZEWSKI G., Badania lepiszczy i mieszanek mineralno-asfaltowych 
modyfikowanych polimerami i kwasem polifosforowym. Drogownictwo 7/2009, s. 224-231. 

258



 
 
 
 
 TRANSCOM 2013,  24-26 June 2013 
 University of Žilina, Žilina, Slovak Republic 
 

Analysis of the impact of impulse size and duration on the frequency 
composition of the load impulse 

*Nina Rapanová 
*University of Žilina, Faculty of Civil Engineering, Department of Highway Engineering,  

Univerzitná 8215/1, 01026 Žilina, Slovak Republic, nina.rapanova@fstav.uniza.sk 

Abstract. The article deals with methods for determination of deformation characteristics of asphalt 
pavements considering the dynamic impact of the load. For determination of these characteristics it is 
possible to apply methods based on the elastic behaviour of the material or wave theory of body impact. 
Methods include time changes of load and response during measurement. The signals of load and  response 
of the system are divided into the spectrum of harmonic variables by using the fast Fourier transformation( 
FFT).The FFT is used for  solving problems of dynamic response to impact of loads of pavement on a 
flexible half-space ([1] Benčat, Papan, 2011; [2] Melcer, 2011; [3] Moravčík, 2011; [4] Kortiš and others). In 
this area there is still a lot of unanswered questions related to the impact of measurement conditions to the 
values of asphalt pavement characteristics. The measurement conditions include size of the loading force, 
duration of load impulse and the temperature of asphalt pavement. 
 
Keywords: Power Spectral Density, Frequency, Wavelength, Dynamic method, FWD deflectometer.  

1. Introduction 

The layers of the pavement are exposed to traffic loading as well as to the weather conditions. 
These force effects cause complicated state of stress and strain in the pavement layers and subgrade.  
The values expressing the stress and strain depend on the deformation characteristics of pavements.  
It is necessary to determine the boundary conditions and load function over the analysed period of 
time. The output of the impact can be interpreted by methods, which consider the static or dynamic 
behaviour of the load. 

 Presently, static load interpretation methods are already known and dealt with in detail. I deal 
with methods, which consider the dynamic behaviour of the load. Within these methods it is 
possible to determine the wavelength as informative data for determination of depth impact of the 
surface wave. Theoretical analysis shows the impact of load impulse course on load impulse 
characteristics in frequency domain (PSD Power Spectral Density and f dominant frequency). 

2. Theoretical assumptions 

The equipment, which is possible to apply for load tests of non-solid, semi-solid as well as 
solid constructions for diagnosis of deformation characteristics values, is dynamic load (shock 
impulse) equipment. According to present studies, this equipment is the most suitable for testing 
asphalt pavements. It enables to adjust the pavement load parameters (degree of load force and 
duration of load) in order to approximate real surface load of pavement by moving wheels of 
vehicles as close as possible. It’s important to realize that diagnosis of pavement is performed under 
different climatic conditions, pavement surface moisture, mechanical characteristics and behaviour 
of construction layers. 

Nowadays, application of dynamic methods for impulse load test interpretation is not so wide-
spread because of difficulty of this issue. The dynamic load induces dynamic phenomena within 
pavement construction. This load can be interpreted by load impulse (see fig.1) 
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Fig.1 Example of load impulse [5] 

The impulse force effect usually means the short-time (immediate) effect of force. General 
equation for force impulse is interpreted by the integral 

 

    (1) 

 ∆t – length of time interval during which the force F
(t)

 is applied. 

The main aim of interpretation of recorded response is to determine characteristics, which are 
used for evaluation of the pavement construction state. For their determination it  is possible to use 
impact wave theory of body impact. The application of static or wave impact theory is suitable for 
practical purposes. This theory enables to determine the duration of impact and to investigate the 
time trend of stresses and strains in the point of impact and in its closest surroundings. 

From the point of view of asphalt pavement diagnosis, where the impulse spreads from 
pavement surface to half space, Rayleigh surface waves are important. The effect of Rayleigh 
waves disappears with depth under surface. 

The Rayleigh wave velocity is possible to determine by either direct method or by methods 
based on theories of correlation and spectral analysis. From the known values of the Rayleigh wave 
velocity it is possible to calculate the shear modulus of elasticity G [Pa] and modulus of elasticity E 
[Pa] by using the ratio of Rayleigh and shear waves velocity. Important input to calculation 
becomes ρ – density of the material medium [kg.m-3], which represents the average value for 
investigated pavement construction. It is important to know the depth impact of wave because of the 
layered construction of pavement with varying density in particular layers. The wavelength is 
calculated from the relation 

      
    (2) 

Λ - Wavelength [m], f - frequency[s-1],  cR - Rayleigh wave velocity [m.s-1]. 
This can be used for approximate determination of depth impact of the surface wave. The energy 

of the wave decreases with depth. 

3. Modelling 

During the creating of model, combinations of these parameters were taken into account: 
duration of load,  magnitude of maximal force and shape of impulse. 

The theoretical shapes of load impluse were analysed at the same time: 
 

∫
∆
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Fig.2 Characteristics of half-sinusoid shaped impulse in the frequency domain 

 

 
Fig.3 Characteristics of a rectangular shaped impulse in the frequency domain 

From figures 2 and 3 results: 
At different duration (61ms, 31ms) and at the same maximal force (50kN) PSD is two times 

lower, while the dominant frequencies are different.  
For theoretical shapes of load impulse it is  obvious that at the same duration of load (61ms) 

and at different size of load impulse (50kN, 25kN) are values of PSD four times higher and the 
dominant frequency is the same. 

In the first case duration of impulse is changed and the size of load impulse is not changed. It 
means that also the dominant frequency and PSD are changed. 

In the second case duration of impulse isn’t changed and the size of load impulse is changed. It 
means that dominant frequency is the same, but PSD is changed. 

 
In practice the load impulse equipment is used, which generates the load impulse, which differs 

by its course from theoretical course. The most commonly used types of devices are deflectometers 
FWD (Falling Weight Deflectometer) generating a load impulse by dropping the weight on the set 
of buffers. Buffers are associated with the plate through which impulse is transferred to the 
pavement (see fig.4). Load impulse of FWD CarlBro is very similar to load impulse of FWD 
Dynatest. 
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Fig.4 The shapes of load impulse of different types of deflectometer 

Figure 5  shows characteristics of impulses of  FWD deflectometers at the frequency domain. 

 
Fig.5 Differences of values of characteristics is f a PSD 

Differences in values of characteristics f and PSD at the comparison of load impulse theoretical 
course with the shape of half-sinusoid and real shape of load impulse aren’t the same. It means that 
it is important to know the load impulse shape. In the figure 6 it is visible for both cases (size of 
load  force25kN a 50kN): PSD of half-sinusoid is smaller then PSD of rectangular shape of load 
impulse. The reason is obvious: once the impulse of half-sinusoid obtains the maximum, the 
impulse of rectangular has obtained the amplitude long  before. It means that surface under the 
integrale is different. It confirms the importance of knowledge of the signal shape. 
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Fig.6 Differences of values of load impulses 

Then, figure 7 shows comparison of real values of f and λ for particular types of FWD 
deflectometers. 

 

 
Fig.7 Comparison of real values of frequency and wavelength for particular types of FWD deflectometers 

Calculations of impact depth for different velocities of spreading Rayleigh waves show that the 
pavement construction layers with  regard to their depth form only a small part of influenced depth. 
The major part takes the subgrade of pavement construction. Different load impulse impact depth 
also means that for the material density selection for calculation of the shear modulus of elasticity G 
[Pa] and modulus of elasticity E [Pa] it is necessary to take into account densities and thicknesses of  
all layers in the range of impulse. The subgrade was assumed to have equal material density across 
the thickness of the affected layer. Therefore there is not visible a significant difference in the depth 
range of impulse between deflectometer FWD KUAB and the other two deflectometers FWD 
Dynatest and FWD CarlBro. 

4. Conclusion 

For the purpose of analysis of the impulse size and impulse duration impact it is necessary to 
know the shape of load impulse. Within the modeling there were analysed two shapes of load 
impulse: the shape of  rectangle and  half-sinusoid. The fast Fourier transformation in a 
mathematical simulation program Matlab was used for modeling of load impulse parameters 
relations. The results of the comparison showed that for the same impulse duration the dominant 
frequency is the same, but for different sizes of the maximum force PSD is changed. For varying 
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load impulse duration, where the size of the maximum force were the same, dominant frequency 
and PSD were changed. 

The impact depth of the impulse depends on the wave frequency, i.e. the impulses of different 
frequencies spread in different depths. The spectrum in frequency domain provides data about the 
sources of signals that can not be obtain from the signal analysis in the time domain. Differences in 
dominant frequencies between deflectometers cause that the load impulse at each deflectometers 
spreads to different depths. The calculated depth shows that pavement construction due to the 
thickness of the layers is a relatively small part of the affected depth. 

Load impulse shapes of individual deflectometers FWD are different. When using 
measurement results of deflectometers FWD will be necessary to use the real load impulse shapes 
and to model course of impulse individually with regard to the type of FWD. 
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Abstract:The primary objective of this study was to investigate the impact of the interactions between the 
synthetic zeolite and the asphalt binder. A synthetic zeolite is a relatively new additive that generates a 
foaming effect in the bitumen and allows to increase the workability of the asphalt mixture at lower mixing 
and laying temperatures. The laboratory tests, which were carried out on asphalt binder 35/50 with 5 contents 
of synthetic zeolite, proved that it does not influent the thermal sensitivity and does not lower the viscosity of 
the bitumen, that is why complicated chemical processes stands for the improvement in workability and 
durability of the asphalt mixes. 

Keywords: road, asphalt 35/50, synthetic zeolite. 

1. Introduction 

In modern civil engineering, environment friendly technologies are one of the main targets for 
engineers. A great progress is noticed in this area. European countries are using technologies that 
appear to allow a reduction in the temperatures at which asphalt mixes are produced and placed. 
These technologies have been labeled Warm Mix Asphalt (WMA). The immediate benefit to 
producing WMA is the reduction in energy consumption required by burning fuels to heat 
traditional hot mix asphalt (HMA) to temperatures in excess of 160oC at the production plant. These 
high production temperatures are needed to allow the asphalt binder to become viscous enough to 
completely coat the aggregate in the HMA, have good workability during laying and compaction, 
and durability during traffic exposure. With the decreased production temperature comes the 
additional benefit of reduced emissions from burning fuels, fumes and odors generated at the plant 
and the paving site. 

There are technologies that have been developed and used in European countries to produce 
WMA: a two-component binder system, the use of organic additives, a paraffin wax, asphalt 
emulsion and the addition of a synthetic zeolite. 

Synthetic zeolite is principally composed of a siliceous structure with large and interconnected 
spaces, which can accommodate molecules of water. Synthetic zeolite can hold water in its structure 
at low temperatures and drive it out after heating. From a technical point of view, at mixing 
temperature, synthetic zeolite gradually releases a small amount of water and, as a consequence of 
water vapor emission, generates a foaming effect in the bitumen. This process allows to increase the 
workability of the asphalt mixture at lower mixing and laying temperatures.  

2. Materials and Methods 

The use of zeolite as a warm mix agent is relatively new in the asphalt industry, but in some 
countries like USA or Germany, advanced researches are being carried out. But the scientists who 
are undertaking investigation, restrict themselves to assessing the effect of the addition of zeolite on 
mix asphalt. Not enough attention is paid on research that evaluates the effect of zeolite on the 
performance of asphalt binder, while it has a great influence on behaviour of the mixes during the 
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production and exploatation time. That is why the primary objective of this study was to investigate 
the impact of the interactions between the synthetic zeolite and the asphalt binder. The following 
laboratory tests were carried out on asphalt binder 35/50 with 5 contents of synthetic zeolite: 
- penetrationat 25oC, according to PN-EN 1426:2009, 
- softening point, according to PN-EN 1427:2009, 
- Fraass breaking point, according to PN-EN 12593:2009, 
- dynamic viscosity at temperatures: 60oC, 90oC, 135oC, 160oC, according toPN-EN 12596:2009. 

The samples fof these tests were prepared by mixing the proper amount of the zeolite with the 
asphalt heated up at 150oC time enough to liquidize. To create conditions similar to ones on the 
paving site, all the tests were carried out the same day the samples were prepared, but keeping the 
conditioning time demanded for the particular test.  

The output content of the zeolite from the quantity of asphalt binder was evaluated by 
converting the recommended 0,25% content of all mixture and as a result the optimum content 
averaged 5,5%. To achieve authoritative results, the test were carried out with pure asphalt binder, 
with the output content (5,5%) and with two contents higher (6,5%; 7,5%) and two lower that the 
optimum one (2,5%; 4,5%). 

3. Results and Discussion 

To determine the thermal sensitivity of the asphalt binder, with and without the addition of the 
zeolite, softening point test and Fraass breaking point test were conducted. The results are shown in 
Figure 1. 

 

 
Fig. 1. Fraass breaking pointand softening point results depending on the contents of synthetic zeolite in asphalt35/50. 

 
It is impossible to derive unequivocally data dependence between the content of the zeolite and 

the breaking point test results, as they oscillate between -10 and -12oC. In accordance with PN-EN 
12593:2009, the acceptable difference between the results is 3oC for the particular type of asphalt 
binder. Taking that into consideration, the received results are compatible with the norm condition 
and the addition of zeolite can be acknowledged as insubstantial on the breaking point.  

A similar situation was performed for the softening point test. The received temperatures, for 
each content of the zeolite, were higher in comparison to the pure asphalt, but still the differences 
were not significant. In accordancewith PN-EN 1427:2009, that estimates 2oC as the acceptable 
difference between the results, it can be assumed that the softening point was not changed by the 
addition of the zeolite.  

Another test that was carried out was the penetration test. Once the softening point and 
penetration were determined, these test results were used to evaluate the penetration index. The 
results are shown in Figure 2. 
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Fig. 2. Penetration test and penetration index results depending on the contents of synthetic zeolite in asphalt 35/50. 

Figure 2 shows that the addition of the zeolite dropped the penetration, except for the content of 
6,5%. The lowest penetration was received for the content of 4,5% of the zeolite.  

The penetration index, evaluated on the penetration and softening point test data, established in 
a range from -1,5 to -1,2, but they does not allow to create any correlation with the content of the 
zeolite in the asphalt binder. At the same time these results correlate well with the previous tests, 
validating the earlier claim that the addition of the zeolite does not affect the thermal sensitivity of 
the asphalt binder. 

To determine the rheological feature of the asphalt binder, dynamic viscosity test was evaluated 
at 4 temperatures equivalent to production and traffic exposure conditions. The Figure 3 presents 
dynamic viscosity resultsat 60oC and 90oC, while Figure 4 at 135oC and 160oC, respectively. 
 

 
Fig. 3. Dynamic viscosity test results at 60 and 90oC depending on the contents of synthetic zeolite in asphalt 35/50. 
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Fig. 4. Dynamic viscosity test results at 135 and 160oC over range of contents of synthetic zeolite in asphalt 35/50. 
In general, it is observed that every content of the zeolite by weight of binder, results in rise of 

the dynamic viscosity as compared to the pure asphalt. Such observation is far different from what 
can usually be found in reports and articles, describing the impressive experiences while producing 
and paving at temperatures 20 – 30 ºC lower than traditional ones. The improvement in workability 
and durabilityof the asphalt mixes with the addition of the zeolite is therefore more complicated and 
it does not depend only on the viscosity of the binder. The described changes are difficult to be 
explained and the interpretation demands special chemical analysis and knowledge of exact 
chemical structure of the zeolite.  

The viscosity test results indicate that for the temperatures higher than 100oC, which are 135 
and 160oC, the lowest viscosity was received for the 4,5% content of the zeolite. However, such 
dependence can not be derived for temperatures below 100oC, which are 60 and 90oC. The lowest 
viscosity were noticed for 7,5% and 5,5% content. 

4. Conclusion 

Based on the results from the lab testing using the synthetic zeolite, the following conclusions 
were made: 
- the addition of synthetic zeolite does not influent the thermal sensitivity of the asphalt binder, 
which was confirmed by the following tests: softening point, Fraass breaking point and penetration 
index, 
- the addition of synthetic zeolite slightly lowers the penetration of the asphalt binder, except for the 
use of 6,5%, 
- the addition of synthetic zeolite cause the expansion of the dynamic viscosity which is an effect of 
complicated chemical processes between the zeolite and asphalt binder.  
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Abstract. Thermal properties of adsorbed water under temperature of -30°C are still unclear. In DSC 
experiments, low-temperature exothermic peaks were observed on cooling of homoionic clays [4]. 
According to current hypothesis, these thermal effects may be attributed to the crystallization of the part of 
adsorbed water. In MDSC experiments, total heat capacity was decomposed into reversible and non-
reversible components [5]. To achieve greater precision in examination of the behavior of “unfreezable” 
water in low temperatures, Quasi-Isothermal Modulated Differential Scanning Calorimetry method was used. 
To show the example of first results, Ca monoionic bentonite from Texas was used. 

Keywords: clay minerals, adsorbed water, QI-MDSC, specific heat of clay minerals, apparent specific heat 
of soil water, latent heat. 

1. Introduction 

The thermal properties of water adsorbed on clay minerals are still insufficiently known. Fig. 1 
shows a typical plot of the unfrozen water content. As it can be seen, above temperature of 
equilibrium freezing (Tf) there is no ice in the system. A supercooling of water is possible down to 
the temperature of spontaneous nucleation (Tsn). At this temperature, the first ice crystal grows and 
the freezing of water begins.  

 

 
Fig. 1. The typical plot of the unfrozen water content [3]. 
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Because of the release of the latent heat, the temperature of the system rises up to the freezing 
point - Tf. Further decreasing of the system temperature causes continuation of freezing of the 
remained water. In the temperature range between Tf and Tm the unfrozen water can be related to 
the water in mezopores and the water adsorbed on planar surfaces of clay minerals. At Tm, the pore 
water freezes and the only water in liquid state is the so called “unfreezable” water, which does not 
undergo phase transitions in a wide range of temperature. It is still unclear, what happens with 
“unfreezable” water in low temperatures. There are three hypotheses in this matter [3]: the first, that 
the water never undergoes freezing (H1), the second, that remain water freezes in a temperature 
range (H2) and the third (H3), that the water freezes rapidly at Ta.  

In 1971, two American researchers - Anderson and Tice - reported some exothermic peaks 
under -30°C [1]. Later, in Differential Scanning Calorimetry (DSC) experiments, low-temperature 
exothermic peaks (LTEP) were also observed on cooling of homoionic clays [4]. These peaks 
follow a big exothermic peak corresponding to the breaking of supercooling (Fig. 2). In contrast to 
the big peak, there were no endothermic peaks corresponding to the LTEP. The shape and 
distribution of the peaks are strictly related to type of clay mineral and kind of exchangeable cation. 
These thermal effects may be attributed to the crystallization of a part of the adsorbed water.  

 

 
Fig. 2. Low-temperature exothermic peaks on DSC plot recorded on cooling and warming runs in Ca-bentonite [4]. 

 
To get more information about LTEP, Modulated Differential Scanning Calorimetry method 

was used [5]. This method made it possible to measure simultaneously total heat flow with changes 
of heat capacity. Using mathematical transformations, the total heat flow was separated into two 
components: reversible and non-reversible heat flow. After comparing the plots, it became clear, 
that LTEP were present only on non-reversible heat flow curve. These results might have proven 
the idea that under -30°C the molecules of adsorbed water were torn off the flat surfaces of clay 
minerals and got integrated with crystals of ice. 

In this study, the Quasi-Isothermal Modulated Differential Scanning Calorimetry (QI-MDSC) 
method was applied in order to examine the problem more thoroughly. 

2. Experiment   

2.1. Method 

In the classical DSC method, temperature of the specimen changes linearly in time, while in 
MDSC method, on the linear plot of temperature the sinusoidal one is overlapped. This technique 
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provides measurement of the sample’s heat capacity simultaneously with total heat capacity. Yet, 
there is a measuring error related with continuous change of temperature, which makes the system 
permanently thermally unstable. To measure heat capacity avoiding presented problem, the QI-
MDSC method was used. In this method, temperature does not change linearly, but oscillates 
between two values. It enables measuring of the thermodynamically reversible component which is 
the reversible heat capacity. 

2.2. Materials 

Homoionic forms of bentonites were used in the experiment. The forms were obtained from 
three types of bentonites: from Texas (Stx-1b) – Na+,Ca2+,K+,Fe2+, Wyoming (SWy-2) – 
Na+,Ca2+,K+  and Chmielnik – Na+,Ca2+,K+,Mg2+. The water content in the samples was obtained in 
the exsiccators in relative humidities: 0,5 and 0,95. The relative humidity p/po = 0,50 was obtained 
after 10 days under the saturated solution of Mg(NO3)2, while p/po = 0,95 – after 14 days under 10% 
solution of H2SO4, both at room temperature. 

2.3. Calorimeter and Procedures 

The TA DSC Q2000 differential scanning calorimeter with a liquid nitrogen cooling system 
(LNCS) was used in the experiment. The LNCS reaches a temperature range of -180 to 550°C. 

In the first experiment, after weighting an aluminum pan, a wet bentonite sample was put 
inside, weighted again and cooled with the rate of 10°C from 20°C down to -150°C. Then, it was 
heated up back to 20°C. Every 10°C, after 5-minute temperature stabilization, temperature 
modulation +/-0,26°C/min was activated for 5 minutes. After the experiment, the pinhole was 
punched in lid of the sample pan and the specimen was drying for 8 hours at 110°C. Next, the 
second experiment was conducted. After equilibration at 100°C, the sample was cooled down to 
-150°C with the temperature modulation +/-0,26°C/min for 5 minutes every 10°C. Then, the 
specimen was weighted again and the mass of the dry bentonite was determined. 

3. Results 

The mean values of the specific heat for wet and dry soil samples were calculated from 
reversible heat capacity values obtained from the experiment. Next, the deviation from sapphire 
research was taken into account and the apparent specific heat of soil water was calculated by 
subtraction of the dry soil specific heat from the wet sample’s specific heat including wet and dry 
specimens’ masses (1).  

 

 
(1) 

where ca and cs is specific heat of wet and dry samples, respectively, and mw, ms are masses of 
water and dry soil material in grams (formula of Kozlowski) [5]. 
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Fig. 3. Apparent specific heat of soil water for Ca-bentonite from Texas compared with specific heats of free water 

(from author’s test) and ice (formula of Dickinson and Osborne) [2]. 

As it can be seen at Fig. 3, at the temperature of about -105°C the plot of soil water apparent 
specific heat almost overlaps the plot of specific heat of ice. It is possible, that the whole amount of 
water got frozen at this temperature.  

4. Conclusions 

1. The method of Quasi-Isothermal Modulated Differential Scanning Calorimetry (QI-MDSC) can 
be successfully used to study thermal properties of the water adsorbed on clay minerals. 
2. The preliminary results indicate that the water adsorbed on Ca-montmorillonite completely 
freezes at about -100°C. 
3. Further studies on soils of various mineral and cation compositions are needed. 
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Abstract. Anthropogenic activities result in the increase of number pollutants and their concentrations in 
sediments. The purpose of this study was to characterize the polycyclic aromatic hydrocarbon (PAH) 
contamination in the sediments of stormwater industrial watershed according to particle size distribution and 
organic matter content. Results indicated to advantage of dust fraction at level 82% and organic matter  at 
4.22%. Concentrations of the sum of PAH analytes in the sediments were significantly higher compared to 
that of reference values for threshold and propable effect levels. Isomer ratio analysis suggested that the 
predominant source of PAHs were pyrogenic. PAH levels in these contaminated ponds exceeded ten times 
those ecological screening values for individual PAH analytes suggesting that they may pose a toxicological 
risk to wildlife. 
 
Keywords: stormwater sediments, polycyclic aromatic hydrocarbons, organic matter, particle size 
distribution. 

1. Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are a group of persistent organic priority pollutants 
(POPs), ubiquitous in soils, sediments and waters, and have gained much concern due to their 
toxicity, carcinogenecity and mutagenecity. They may be generated from organic matter diagenesis 
and anthropogenic processes. PAHs are formed and emitted primarily during incomplete 
combustion (pyrogenic source) of organic matter from different sources, such as combustion 
engines, home heating, power generation from fossil fuels, industrial activities, and biomass 
burning. The productions of coke, black carbon, coal tar pitch, and asphalt have been identified as 
their important anthropogenic sources. Non-combustion derived petrogenic PAHs are also sources 
for contamination [3]. However, the anthropogenic contribution usually outweighs the inputs from 
other sources and is responsible for their general increase over the last years. Depending on their 
physicochemical properties, atmospheric PAHs are distributed between the gas and particulate 
phases, mainly in association with small particles (<1 µm). They are transported through the 
atmosphere to remote sites giving rise to a general background level in sediments where they 
accumulate due to their high stability and small mobility as a consequence of their low water 
solubility.  

The aquatic ecosystem is one of the major sinks of PAH contamination which has received 
most attention because of their lipophilic characteristic and bioconcentration effect. PAHs enter the 
aquatic environment through atmospheric deposition, industrial and residential wastewater 
discharge, oil pollution by ships, or urban and surface runoff  [1,2, 3]. These group of contaminants 
strongly sorb to sediments which become a geosorbents for them due to presence of  organic matter 
(OM) [10].  

The retention and migration of organic pollutants as potential sorbates in systems water – 
geosorbent (= soil, rock, sediment) are substantially influenced by the composition and nature of the 
solid phase [4]. Geosorbents are complex system include natural organic matter, water in pores, 
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anthropogenic coal, mineral fraction, non-aqueous liquid phase (NAPL). The impact of organic 
pollutants depend on their properties, structure and  primarily nature of organic matter.  

2. Materials and methodology 

2.1. Study site 

Stormwater treatment plant, which were chosen to collect and analyze samples of sediments, is 
located in the valley of the river Silnica which belongs to the north-west section of Kielce city. The 
total catchment area is 383.89 acres and include residential (84.10 acres), industrial (241.85 acres) 
and other (forests, green cover commercial) land uses.  

2.2. Sediment sampling 

Sediment samples were collected from settling chamber using Eijkelkamp equipment from 
different sites: inlet/outlet.  Settler is located in the underground part of the basin with the separator 
of oil products. Materials were taken from the entire cross-section of settling chamber and 
investigated the range PAHs concentration and its origin source based on the content of organic 
matter and particle size distribution.  

2.3. Particle size distribution 

Particle size distribution of sediment was carried out using a combination of sieving (Conbest 
equipment) and hydrometer (Eijkelkamp equipment) analysis according to PN-R-04032:1998 
method.   

2.4. Organic matter 

The content of mineral and organic matter (OM) determined by burning a weighed sample of 
sediment previously dried to constant weight at 823 K. The residue after burning were weighed and 
identified as minerals, while the amount of organic matter determined by the difference of the 
masses and a predetermined amount of mineral substances. 

2.5. PAH analysis 

A total of 16 PAH, i.e. the low molecular weight (LMW) were naphthalene (NAPT), 
acenaphthylene (ACNY), acenaphthene (ACEN), fluorene (FLUR), phenanthrene (PHEN) and  
anthracene (ANTH). The high molecular weight (HMW) PAHs studied were fluoranthene (FLTH), 
pyrene (PYR), benzo[a]anthracene (B(a)A), chrysene (CHRY), benzo[b]fluoranthene (B(b)F), 
benzo[k]fluoranthene (B(k)F), benzo[a]pyrene (B(a)P), dibenzo[a,h]anthracene (D(ah)A), 
benzo[g,h,i]perylene (B(ghi)P), and indeno[1,2,3,c,d] pyrene (INPY) were quantified in stormwater 
sediments using PN-EN 15527:2008 method for extraction and for analysis. Total PAH 
concentrations were reported as the sum of the 16 analytes (∑PAH16).  Additionally, the mean 
concentration of carcinogenic PAH expressed by sum of 6 PAH (∑PAH by IARC = B(a)A, B(b)F, 
B(k)F, B(a)P, D(ah)A, INPY), predefined by the International Agency for Research on Cancer 
(IARC) and the World Health Organization (WHO).  All PAH concentrations were given on a dry 
weight basis. Briefly, 1g wet samples were extracted with 4mL of dichloromethane solvent and 
internal deuterated PAHs standards. The extract was cleaned on silica columns, concentrated to a 
final volume of 1 mL and analyzed using Gas Chromatogaphy with Mass Spectrometer (GC-MS, 
FOCUS DSQ Single Quadrupole).  
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3. Results 

The distribution of sediment particle sizes varied widely among the stormwater settler surveyed 
which is presented in Fig. 1. Dust fraction with diameter less than 63µm was set at level 82% and is 
responsible for sorptive properties of these sediments. The fraction of particles with diameters less 
than 2 µm fraction defined as clay was undefined. Remaining part of sediment was defined as sands 
and plant debris (leaves, sticks, ).  
The organic matter content 4.22% of stormwater sediment has been shown to be an important factor 
determining the extent of sorption and is also responsible for the amount and the behaviour of the 
sorbed substances [7].   

 
Figure 1. Particle size distribution of stormwater sediments. 
 
Levels of ∑PAH16 ranged widely in stormwater tank sediments from 19.54 mg/kg dry weight at the 
outlet of chamber to 67.92 mg/kg dry weight at the inlet with the mean 57.951 mg/kg dry weigh 
which are presented in Tab.1.  
 

Analyte C mg/kg d.w. TEL* PEL** 
NAPT 0.428 0.346 0.391 
ACNY 2.568 0.006 0.128 
ACEN 0.707 0.007 0.089 
FLUR 1.278 0.021 0.144 
PHEN 12.123 0.087 0.544 
ANTH 2.037 0.047 0.245 
FLTH 20.080 0.113 1.494 
PYR 15.479 0.053 0.875 
B(a)A 0.417 0.032 0.385 
CHRY 0.576 0.057 0.862 
B(b)F 0.702 - - 
B(k)F 0.237 - - 
B(a)P 0.416 0.032 0.782 
INPY 0.440 - - 
D(ah)A 0.127 0.006 0.132 
B(ghi)P 0.334 - - 
∑PAH16 57.951 0.461 5.683 
∑LMW 19.142 
∑HMW 38.809 
∑PAH7 by IARC 2.340 - - 
*TEL Threshold Effect Level 
** PEL Propable Effect Level 

 
Table 1. Sediment levels of ∑PAH16 from settler according to TEL and PEL values. 
 
Concentrations for each compound exceeded the ecological standards TEL and PEL, where TEL 
estimate concentration of chemical below which adverse effects only rarely occurred (i.e. a minimal 
effects range). Similarly, the PEL was intended to provide an estimate of the  concentration above 
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which adverse effects frequently occurred (i.e. probable effects  range). The ratios of PAH 
concentrations for isomers with equal molecular mass but different thermodynamic stability can be 
used to identify probable PAH sources. A single ratio can often be misleading so multiple ratios are 
often used. These ratios are useful indicators of PAH sources because PAHs of equal mass tend to 
behave similarly during transport and deposition and the ratios are preserved [8,9].  
 

Indicator Pyrogenic source Petrogenic source Results 
LMW/HMW <1.0 >1.0 0.49 
PHEN/ANTH <10 >10 5.95 
FLTH/PYR >1.0 <1.0 1.29 
FLTH/ΣFLTH:PYR >0.5 <0.5 0.56 
ANTH/∑ANTH:PHEN >0.1 <0.1 0.14 

 
Table 2. PAH source indication. 
 
Results presented in Tab. 2 suggested that the predominant source of PAHs were pyrogenic. PAH 
signatures in these sediments sampling site represent background profiles, and their most likely 
source is atmospheric deposition. Differences in their respective PAH signatures, and overall levels, 
are probably related to its location, particularly its proximity to anthropogenic development.  

4. Conclusion 

The results of the current study suggest that industrial stormwater sediments are highly 
contaminated with PAHs. PAH levels in stormwater sediments were dependent upon land use, 
drainage area and content of mineral/organic matter. Sediments contaminated with PAHs exceeded 
almost ten times of the Ecological Screening Values for individual PAH analytes suggesting that 
they may pose a risk to wildlife. There is a recommendation that sediment removed from settling 
chambers should be tested for PAH levels prior to removal to determine the appropriate method for 
sediment disposal to minimize any further sediment exposure to wildlife.  
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Abstract. The solution of axisymmetric task of the theory of elasticity for the case of embedment of 
reinforcement bars into concrete of crescent type by acrylic glues, allowing to determine tensions and 
deformations both on contacts glue-anchor, glue-concrete and in the concrete body has been proposed. It has 
been taken into account that at long-term loading the behaviour of acrylic glues co-ordinates the linear theory 
of creep. The results of calculation experiment are presented. 
 
Keywords: reinforcement bar, crescent profile, concrete, acrylic glue, tension.  

1. Introduction 
In conditions of reconstruction of industrial buildings and structures the necessity of reliable 

fastening of structures in the shortest terms without stopping the production processes appears. 
Such structural fastenings can be carried out using polymeric glues including acrylic glues. 

As reinforced steel of crescent profile is used in construction in Ukraine according to the state 
standards experimental investigation of the strength and deformation of reinforcement bars of this 
profile embedded into concrete using acrylic glues of different compositions has been carried out at 
Kharkiv national academy of municipal economy. The urgency of this investigation was caused by 
the results of comparative analytical studies of geometric characteristics of reinforcement bars of 
class A-III and crescent profile of A500C class. Module values of ribs pitch of reinforcement bars 
have been obtained.  

The comparison of geometric parameters of ring and crescent reinforcement rolled stock shows 
that the area of fastening to reinforcement concrete of A-III class is much larger than of 
reinforcement of class A500C. Besides, they have different values of temporal resistance and flow 
limit.  

In connection with that experimental investigations on determining the strength of 
reinforcement bars of class A500C anchorage into concrete using acrylic glues of different 
compositions have been carried out at Kharkiv national academy of municipal economy. The 
experiments [1-2] showed that the strength of the embedment of reinforcement bars of class A500C 
into concrete using acrylic glues of ordinary compositions is provided at lanch.=22,5ds. 

The use of special adds increased the strength characteristics of acrylic glue [3] and allowed to 
reduce the depth of embedment of mentioned above bars to 17,5ds (ds – diameter of reinforcement 
bars) [1]. 

2. The Solution of the Task of Stress and Deformation State of Glued Anchorage 
The investigation of long-term and short-term strength of mentioned anchorage showed their 

sufficient reliability. The use of such anchor fastenings required studying their stress state at short-
term and long-term influence of out-pulling efforts on the reinforcement bar (Fig.1). 

The results of the investigations testify that at long-term load the behavior of acrylic glues 
conforms to the linear theory of creeping [3]. When considering the stress state of rotation bodies 
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under the influence of axisymmetric stress load and the shift in conditions of linear creeping [4] can 
be expressed through bi-harmonic function of A. Ljav [5]: 
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where ν – the coefficient of Poisson; r, z – cylindrical coordinates; τ – the age of acrylic glue; t – the 
moment of time, for which stress state is determined; τ1 – the age of acrylic glue, for which stress 
state is determined; E(t) – momentary modulus of acrylic glue elasticity; G – the measure of 
creeping. 
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Fig.1. Calculation scheme of anchor fastening on acrylic glue: 1 – reinforcement bar; 2 – the layer of acrylic 

glue; 3 – concrete cylinder. 

Substitute the stress function in the following way:  ),()(),,( zrtzrt χϕ=Φ .                      (9) 

According to [5] obtain the following expression:                                
[ ] )(cos)(sin)(),,( 0 mrKmzztDmztAzrt +=Φ .          (10) 

From boundary conditions at the ends of anchor fastening: [ ] [ ] 0== == lzrzlzz τσ .        (11) 

According to expressions (1) and (4) find the functions A(t) and D(t) connected with the 
relationship:      [ ]λλν tgtDtmA −−−= )12()()( ,                        (12) 

where: lm λ= ; λ – the root of transcendental equation.      

    0cossin =+ λλλ ,                 (13) 
      l – the depth of reinforcement bar embedment into concrete. 

Transcendental equation (13) has infinite number of roots   lsmssi sss ληξλ ==+= ...;3,2,1; . 

That is why the stress function, corresponding to the boundary conditions (11), may be written 
in the following way: 

   [ ] 
















−−−∑
l

r
Ktg

l

l

z
ztD s

o
s

ss
s

s
s

λλλν
λ

λ
)12(cos)( .          (14) 

Taking into account the solutions obtained before [4, 5], substituting the equation (14) into (1-6) 
obtain the equation for the stresses and shifts in acrylic glue: 
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where: z – the coordinate of the point, from which the stress or shifts are determined; 
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Consider the boundary conditions on the surface of the contact of anchor with acrylic glue in 
case of its pulling out, from which the relation for determining the function Ds(t) can be obtained. 
Boundary conditions include the continuity of tangent and radial stresses, relative axis extensions 
and radial shifts on the contact glue – anchor as well as the equality σz  = 0 at z = 0. 

Starting with some age τ1 >τ (τ = 10…25 days), the increment of glue elasticity modulus stops, 
so the bellowing equality can be used: 
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In accordance with [4, 5] accept the following expressions for creeping measure: 
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In these expressions С0, А1, γ – the constants, depending on the composition and strength of 
acrylic glue and determined by experiments. The structure of the core in the expression (23) can be 
simplified, if to consider the process of acrylic glue creeping at a mature age. 

Analytical dependence of creeping measure [1] fits to the experimental data for acrylic glue at 
the age of more than 25 days: 

  ∑
=

−−=−
m

k

t
k

klAtG
1

)()( τγτ ;  (24)  0;0;0 ≥=≥ kokA γγ ; 

  ∑
=

−−−=−
m

k

t
kk EeAtR k

0

)()( τγγτ ;  (25) 

at k = 1: EeAtR t )(
11

1)( τγγτ −−−=− .  (26) 

 

3. Calculation Experiment 
Taking into account boundary conditions of expressions (21 – 24) as well as the start of loading 

time reading t = 0 determine the stress function Ds(t). Substitute the values obtained Ds(t) into 
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formulas (15-17) and obtain the stress values )()()( ,, k

r
k

z
k

rz σστ  in case of maximum stress state of 

anchor fastening when pulling out the bar embedded into concrete using acrylic glue. 
The graphs of distribution of tangent, normal axis and radial stresses in the layer of acrylic glue 

on the contacts glue-anchor and glue-concrete are given in fig.2. 
The curves of stress distribution calculated for the case of elastic-momentary use of pulling out 

effort are marked by solid lines and the curves of stress distribution as a result of acrylic glue 
creeping during 100 days are marked by dotted lines. 
Calculation is made for anchor fastening with materials having the following characteristics: anchor 
elasticity modules ЕS = 2⋅105 MPa, glue Ek = 8,78⋅103 MPa, concrete Еb = 2,3⋅104 MPa, the 
coefficients of Poisson µs = 0,25, νк = 0,35 and νb = 0,16. Geometric characteristics of anchor 
fastening: embedment depth l = 17,5ds; anchor diameter ds = 2,0cm; hole diameter dh  =4,0cm; l0  = 
20; l1  = 10. 
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Fig.2. Distribution of tangent (a), normal axis (b) and radial (c) stresses in the layer of acrylic glue on the 
contacts glue-anchor (1) and glue-concrete (2) 

4. Conclusion 
Thus, the solution presented allows determining the stress and deformations both on contacts 

glue-anchor, glue-concrete and in the concrete body. 
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Abstract. The article presents developmental trends and paradigms of production. It describes a history of 
development related to flexible manufacturing systems. It depicts issues linked with production types: mass, 
serial, low-volume and jobbing production. It also describes the areas which may be a field for prospective 
authors of scientific dissertations connected with manufacturing techniques, management systems and 
computer techniques. The article presents basic dates, periods and eras which show main developmental 
trends as of 1900 up to now. Major differences in management systems, ways of production and 
development directions are shown. The article also illustrates a classification into three eras (pre-CNC, CNC 
and knowledge era) which present main trends in flexible systems. Finally, manufacturing systems are 
shown as a source of research and a direction of development for strong European economies.  

Keywords: manufacturing techniques, production, management systems, production paradigms, 
reconfigurable manufacturing systems 

1. Introduction 

Historical beginnings of industrial production date back to the 18th century. In this period many 
production paradigms were proposed with the aim of defining several market requirements which 
were continually changing. A rapid progress in manufacturing systems took place at that time. 
Scientific research related to the progress history of manufacturing systems determined three main 
periods which illustrate the most important changes in a development process of production 
systems: “pre-CNC era,” Computerized Numerical Control and a period of a quick knowledge 
development “knowledge era”. 

2. History of a development of manufacturing system 

Looking at it in historical terms, the first paradigms, related to mass production, were 
introduced as early as in the “pre-CNC” era which is estimated for 1900±1960 [1]. In mass 
production dedicated lines were designed in such a way so as to produce particular goods without 
a possibility of change. These paradigms related only to mass production, that is, to a large number 
of a single special kind of goods in an allocated production system, having a right quality and speed 
of production. The basic elements of dedicated production systems are transport systems and fixed 
instrumentation meant for automation of manufacturing processes. In 1903 Ford factory was 
established. The factory managed to sell its first car model called “Ford Model A” as quickly as in 
the first month after its opening. In the next years it sold about 15.5 million cars called „Ford T”. In 
1908 General Motors company was established in Detroit, the USA and started selling its models 
such as Buick (1903), Cadillac (1902), and Chevrolet (1911). Such a quick development of factories 
was caused by a progress in internal combustion engines.  This scientific fact is estimated to be 
taking place in the years 1819-1918. The next date which is important for production systems is 
1921. At this time GM as the first company in the world carries out an analysis of the amount of 
materials needed for car production.  
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Moreover, there is no doubt that both world wars – 1914-1918 and 1939-1945 contributed to 
a quick development of production systems. After these happenings a period of relative peace takes 
place. It favors a slow development of computerization in the world. In 1946 the first pre-computer 
– ENIAC was created by J.P. Eckert and J.W. Mauchly at the University of Pennsylvania. 

2.1 CNC Era 

At the beginning of CNC era that is in the 1970s and 1980s a range of tasks for production 
systems were extended. Moreover, an emphasis was put on the improvement of the product quality. 
This trend was supported with an introduction of CNC machines. The machines could enable 
a more precised control of a production process and a better quality of products. At that time the 
main production paradigms were those which had been created in Japanese industry. These 
paradigms became the most popular. They include “Kaizen” – the aim of which is a continual 
improvement of products and processes, just-in-time approach – supporting elimination or 
minimization of stocks – all the materials and half-products are delivered only when there is 
a demand for them, and Total Quality Management – which concentrates on integrating aims of 
a company with its customers’ aims. The USA was not the only country in which there was 
a progress related to manufacturing systems. Japan introduced its paradigms, too. One of the best 
known of them is “Kanban”. This system allows for almost total elimination of warehouses from 
production systems. Pre-production, post-production and mid-production storage is minimal 
because most materials are delivered “just in time” and the same procedure takes place in a case of 
sending a ready-made product. Later it will be transformed in the just-in-time paradigmatic. A quick 
progress in computerization which took place later made a creation of the first Computer Aided 
Design programmes possible. It happened at the end of 1970’s.   

2.2 Knowledge Era 
 
The last era which is supposed to be discussed is knowledge era – from 1990 up to now. In mid-

1990s paradigms related to reconfigurable manufacturing systems (RMS) were determined as a 
cost-effective reply to market demands for quick reacting and adaptation of settings [1]. The 
reconfigurable manufacturing system is created for dynamic changes in the structure, equipment 
and programmer components so as to quickly adapt the production capacity and architecture 
functionality. The purpose is to obtain a quick response to continual, dynamic changes in the 
market. 

3. Potential research directions which make a further development of 
manufacturing systems possible 

3.1 Presenting Flexible Manufacturing Systems as a Research Area 

Specialist literature presents two main attitudes to complexity of flexible manufacturing 
systems according to the functions they fulfil. In accordance with the most popular approach in the 
flexible manufacturing system, we can enumerate four basic functional structures (subsystems) [2]: 

� machine subsystem encompassing a collection of CNC and NC machine tools, 

� tool subsystem including all the treatment utilities: storehouse, transport and 

handling utilities, 

� transport and handling subsystems responsible for the relocation and the change as 

well as the position of an object meant for production in FMS, 
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� subsystem of information flow which is the core of the whole system. 

When selecting devices in flexible manufacturing systems it is necessary to pay attention to 
numerous parameters related to a construction of a robot and a production station itself. A properly 
prepared database enables us to fully register the whole technological process of a selected family 
of parts and a specification of a robot itself. It will permit us to choose such parameters of transport 
and handling means which will fully satisfy technological needs. Appropriate algorithms operating 
in tandem with a database will enable us to prepare a production station at an initial stage. 

3.2 Possible Research Directions 

A conception of reconfiguration is definitely the basic aim for modern production systems. 
RMS paradigm encourages us to do scientific research in the areas which are very useful in 
production during a design of reconfiguration systems, such as a process of production planning, 
modular interfaces, etc. There is a growing number of technologies which are available even today 
in order to meet physical and logical demands included in reconfigurable paradigms of production 
systems. However, implementing RMS still requires an additional development of basic 
technologies. Many questions related to production systems remain without an answer. It creates 
attractive research areas and provides new challenges for solving resulting problems [3] [4]. Some 
of them were presented below [1]:   

� a right frequency of changes in the system or its reconfiguration, 

� a way of implementing changes, flexibility, adaptation skills, reacting, reconfiguration and 

their interrelations, 

� creating models in order to define a level of flexibility and reconfiguration needed in 

different uses,  

� a suitable scalability (expansion and reduction), 

� an optimal transition between systems and configurations. 

� changeability and reconfiguration dependent on quality and quantity factors including issues 

connected with a human factor,  

� applying group technologies in order to make use of similarity and standardization of parts, 

product structure, suitable platforms, engineering and purchasing, 

� rudiments for reconfiguration and changeability 

� methods of grouping products 

� smooth and optimal systems transition and changeover 

This shows how many fields of science can be developed 

4. Conclusion 

The article includes the story of the development of flexible manufacturing systems. Their 
development was described over the years. It was shown how such a rapid development of 
manufacturing techniques had happened. With further research in this field, we can achieve the 
same level of product differentiation as if it was manufactured (i.e. before 1900), but the production 

287



 

 

will already take place on modern production machines. This makes it possible to provide an 
increased quality of the manufactured product as well as its properties to better adapt to customer 
requirements. As it is known, the best level of flexibility can be achieved by reconfigurable 
hardware and software, as shown in Tab. 1. 

 Fixed Hardware 

Reconfigurable 

Hardware 

No software 
Manual machines dedicated 

lines 
Convertible lines 

Fixed Software FMS Modular machines 

Reconfigurable software 
Modular Open-Architecture 

Controller 
RMS 

 

Tab. 1.  Differences between systems[5] 

While building a production system we can choose what level of flexibility we need by 
choosing the appropriate hardware and software. We can direct the production in different way. 
This allows you to keep the high quality combined with different specific customer requirements. 
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Abstract. Pavement surface characteristics such as skid resistance and rutting are the basic factor influencing 
pavement serviceability in term of traffic safety especially during wet conditions. For the prediction reasons 
by incoming reconstructions, repairs and services is very important to know the development particular 
parameters of surface properties in dependence on the traffic load and time. An important factor of the road 
quality is a rutting expressed by ruts depth and skid resistance expressed by friction coefficient. In order to 
determine the development these factors were analysed the measurements of test sections on the highway 
and selected roads I. and II. class every year. Constantly exchanging values of data, deficiencies in data 
collection, but also in the process of evaluation suggest to the need for further research. 
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1. Introduction  
 

A qualitative, safety and maintenance road infrastructure is going to be more important and 
currently plays very responsible function for economic, commercial, social but also for touristic 
development of a given area. In conjunction with currently requests of EU member countries but 
also of knowing public in ambition for decreasing an accident frequency is the safety road 
infrastructure one of the most important factors and aspiration by main public. With constant 
increase of traffic intensity and traffic load is services and optimizations of road duty basic column 
in ambition for increasing safety on these roads.  

All qualitative characteristics of roads are reflected by operative capacity of roadways. This 
performance is a complex of roadway features which provide fast, fluent, economic but mainly safe 
drive of motor vehicles. 
It is really important to monitor the development of particular parameters of operative capacity and 
consequently by evaluation of these parameters, in our case the rutting and skid resistance. The 
monitoring appertains qualitative decreasing values of these parameters in consequence of several 
factors.  
 

2. Rutting  
 

The evaluation of evenness road in transversal direction consists in measurement of rutting as 
aberrance from theoretical condition. From this reason is in terminology important to differentiate 
these two basic terms. Transverse road evenness is unevenness of road surface in vertical direction 
on the traffic direction. It expresses as the difference between existing and theoretical transversal 
profile of road. 

The measurement and evaluation of rutting is realised because of determination quality of road 
pavement from the aspect of permanent deformations, which are well-known as road rut.  
 By measurement of rutting are valuating these parameters: 

- rut depth /RD/  – vertical distance between connection of apex wave and the lowest point of 
wave, 
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- permanent deformations /PD/  – vertical distance between first and last point of measured 
profile and the lowest point of wave(fig.1), 

- water depth /WD/   – vertical distance between horizontal flat ground in the position the 
lowest point of wave and the lowest point of wave (fig.1). 

 

Fig.
1 Elementary characteristics of rutting [8] 

 
From the aspect of pavement serviceability parameters and their influence on road operation 

ability is the conclusive evaluating factor rut depth, which is also the elementary factor of water 
depth [1]. 

The creation of well-known road ruts is as a result of mostly two dominant aspects; in first case 
overlimited traffic load and excessive traffic density and in second case parking and staying heavy 
trucks on unassimilated surface of pavement – especially inappropriately elected surface (fig.2) 

 

 
Fig.2 Pavement rut in traffic lane [1] 

 

The similar problem accrues on bus way point in the cities, but in this time are the pavement 
surfaces on this bus way points exchange for cement-concrete or cobble stone 

 

 
 
 
 
 
 
 
 
 
 
 
 

Fig.3 The cement-concrete surface on the bus way points in Žilina (Veľká Okružna St.) 
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Very important assignments by assessment optimal current maintenance, reconstruction but 
also recovery have the prediction of several pavement serviceability parameters. The prediction of 
rutting analyse we on the base the creation and analysing predictions functions these parameter.  

By reason of constantly increasing tendency of count the heavy trucks and load on our 
pavements along with the important location of Slovakia, is very considerable to create the breach 
model and consequently the forecasting pavement conditions. For that reason is the determination 
of degradation models and functions actually and important issue in the pavement diagnostic not 
only in Slovakia but also in foreign countries.  

 

3.  Degradation models  
 

By the degradation of the road surface we mean progressive deterioration of the surface 
properties under external influences. A material ageing and his fatigue characteristics are 
significantly taking a share in this degradation. Especially, for a surface dressing materials it is the 
transition from elastic to plastic state to reach the limits of infringement. Various parameters lose in 
the process of degradation their competence to insure pavement serviceability and roadway 
performance in a full range, which markedly reduces his quality [2] [6] [7]. 

The process of the creation of degradation models is very time-consuming not only to analyze 
but also to reproduction of the results. It is based on measurements of the particular parameter on 
the experimental section repeated for several years. Observed parameters are statistically evaluated 
by changing the medium, eventually other statistics values depending on the time or traffic load. 
Consequently, development function is expressed; this implies that the mathematical expression of 
degradation uses relationships between the relative values of the parameters. 

The most important element in determination of degradation is the measurement of the 
parameter by the same process and device, while the edge measurement conditions must be equal 
too (temperature, weather), that should be fulfilled conditions of reproducibility and repeatability. 
The figure 4 shows the degradation function of five sections long-term monitored in the I. class 
road. Horizontal axis represents the increase in number of design axles from the first measuring 
period (in this case since 1999), the vertical axis represents the increase in the depth track in mm. 
The blue line presents the mathematical dependence. The next step in the creation of the 
degradation function is an interpretation of the mathematical prescription of the assigned relation, 
what is currently dealt with. 
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Fig.4 Degradation function five section of I. class analysed roads   
 

The most relevant factor of the changes of rut depth is the value of traffic load, more accurately 
the increasing of traffic load on the analysed section of monitored roadways. By the results 
generalization is necessary to make provision for the type of pavement construction and climatic 
conditions, especially appearance of high temperature. These temperatures with concurrence of 
traffic load are influential in negative sense the values of rut depth. 
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As already mentioned, the prediction of pavement serviceability parameters is very topical 
issues and dedication to its full extent can only positively reflect on the importance of traffic safety 
on monitored roads. Topicality of the issue shows by the condition of the pavement I. classes from 
1.1.2012 in terms of rutting and skid resistance (fig. 5). 

 

    
Fig.5 The condition of I. class roads   in terms of ruts and skid resistance  [3] 

 

The horizontal axis is the several roads of I. class and bar graphs represent the condition of the 
roads in their full length in terms of rutting and skid resistance. Almost all sections have 
inconvenient condition in one third of total length of these roads, in several cases (I/51, I/64, I/72, 
I/75) have the inconvenient conditions even in one half of their full length. Although this chart is 
further proof, that measurement, development and analyse pavement serviceability parameters have 
reasonable relevance. 

 

4. Skid resistance 

A skid resistance of the road surface is a characteristic, which provides interaction between 
vehicle wheel and road surface. It can be defined as a power emerging from the contact area of tyre 
with roadway.  Actually, it is the power which inhibits slipperiness and reduces the braking distance 
in critical driving moments. The skid resistance as such has two basic components - adhesion and 
hysteresis. Adhesive component originates from an ability of molecular adhesion i.e. the particles of 
the tyre´s rubber get into close contact with roadway. Hysteresis component originates from the 
consequence of energy loss inside the tyre´s rubber passing through projections of the road´s 
surface. The aforementioned characteristics are directly related to the basic characteristics of 
roadways which are microtexture and macrotexture. Microtexture is directly related to the surface 
of individual grains. It says how smooth or rough the grains are. Microtexture affects mainly 
adhesive properties. Macrotexture represents inequalities on the road´s surface and describes how 
the gravel aggregate individual grains are arranged on the surface. Macrotexture directly influences 
hysteresis qualities. Therefore, it is important for quick draining of water from wet road surface. 
The consequence of this is a limiting formation of aquaplaning while the tyre contacts with the road 
surface. Skid resistance of roadway can be evaluated subjectively e.g. by touching the surface with 
hands. To determine this quality many experiences are necessary. However, it is still considered to 
be quite inaccurate. Objectively, we can clearly specify the antiskid properties only by a proper 
measurement. Skid resistance, as such, is mostly defined by using the coefficient of friction. Over 
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the world, there exist a lot of methods to stipulate the magnitude of sliding friction, as well as for 
the detection of the macrotecture. Results of these measurements are coefficients and parameters 
that represent the skid resistance of the road´s surface. Nowadays, there exist more than twenty 
devices for measuring sliding friction. Although, some of these devices are of the same type. 
However, they may vary from each other by marginal conditions when measured.  The best device 
to detect the macrotexture of the road´s surface is a profilometer [4]. To conclude it, evaluating skid 
resistance of the road´s surface depends on the type of devices used and on the method used. These 
methods are divided to direct and indirect. The difference is that indirect methods use for evaluating 
the skid resistance auxiliary variables of the surface´s macrotexture. On the other hand, direct 
methods are directly expressing to the coefficient of longitudinal friction or coefficient of the lateral 
friction. 

In Slovak Republic we use Profilograph GE for this measurement. The result is called a 
Mean Profile Depth (MPD). Another method used for measuring rests in spreading out a specified 
volume of glass microspheres on the surface of the road. This provides us with Mean Texture Depth 
(MTD).To measure the resistance of the road´s surface against sliding we use a pendulum test 
(TRRL). This test is based on a kinetic energy loss of the rubber heel of pendulum, after passing a 
wet road surface. Its output is PTV (Pendulum Test Value). A high-capacity measuring device called 
Skiddometer BV11 is used, too.  The output is a coefficient value of longitudinal friction Mu. 

Knowing the skid resistance of the road, is in terms of maintaining safety on roadways very 
important. Slovak Road Administration, Department of Road Databank performs these 
measurements every year. They measure the skid resistance on selected sections of roads owned by 
the Slovak Republic. Collecting and evaluating these data underway pursuant with criteria for the 
relevant SSC legislation [5]. 

 

 

Fig.6 Road communications condition evaluated at 1.1.2012 in terms of longitudinal friction furnished Skiddometer [3] 
 

These measurements capture changes in skid resistance at the time given on monitored road 
sections. They serve as a base for determination of the degradation of the road´s surface. Sections 
with poor skid resistance value should be included in the reconstruction process to prevent surface´s 
anti-skid properties. 

5. Conclusion  

One of the most important and the most significant factors which directly influences economic 
factors as well as safety traffic on the roads is a parameter of serviceability. It is important not only 
from the perspective of properly elected maintenance, reconstruction, or planned road restoration. 
Constant road´s monitoring and analysing helps overall diagnostics of the road network.  

This article introduces basic characteristics and two important parameters of serviceability and 
skid resistance. It also points out on the necessity of the further monitoring and analysing the above 
mentioned parameters. They will create features and models that will later play an important role in 
the future predictions and thereby directly help to develop and attempt to improve our road network. 
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Abstract. The paper presents the analysis of possible application of a RIS-K2 georadar to the evaluation of 
the length of bond between a steel bar and concrete. The analysis was based on the test results of 24 concrete 
specimens with a centrally anchored bar with a varied length of bond. The same heat/humidity conditions 
were provided for all the tests. Wavegram analyses were performed for all the specimens to evaluate the 
bonded length, accompanied by instructions for the interpretation of the results. Based on the analysis it was 
concluded that a georadar can be used to evaluate the bond strength of steel bars to concrete.  

Keywords: georadar, bar bonded length, reinforced concrete structures 

1. Introduction 

To be able to perform a structural evaluation of reinforced concrete members it is necessary to 
know how the existing reinforcement is arranged, what is its diameter and anchored length. If the 
structure has a complex design, it is almost impossible to uncover all the necessary sites [2]. Non-
destructive methods, including electromagnetic tests seem to be the best solution. A georadar is one 
of the devices that use this method. The device transmits electromagnetic waves in the HF-VHF 
range, i.e. from 100 MHz to 2 GHz and records the reflected waves [1]. 

The aim of this study was the evaluation of possible application of a georadar to the 
determination of the bond strength of a bar to concrete.  

2. Georadar RIS-K2 

The RIS-K2 georadar used in the study consists of the control unit, a bipolar antenna TR200BP 
with a 90 cm measurement range, and software suitable for the result analysis. The transmitting 
antenna sends a probe pulse generated by the transmitter; the receiving antenna receives the 
reflected echo and sends it to the receiver [1]. As the antennas are next to each other, they are 
screened. The measurements are recorded in the form of graphical representation of all the reflected 
signals, as wavegrams. The wavegrams contain a lot of overlapping information, distortions and 
noise that have to be properly analysed. GRED-3D processing software is incorporated into the 
georadar. 

3. Experiments 

The tests involved 24 concrete specimens 150x150x600mm, with the centrally embedded bar 
14mm in diameter, prepared to have various lengths of bond and cast in a mould for its stabilisation. 
The specimens were manufactured and labelled in a precast reinforcement plant under the research 
project for the development of an acoustic emission method for structural evaluation of reinforced 
structures. The markings included the information about concrete class, date of manufacture and the 
bonded length adjusted at each end with plastic bushes.  
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The specimens were additionally used to analyse possible applications of a georadar to the 
evaluation of the steel bar bond strength to concrete. For that purpose, each concrete cuboid (with a 
bar inside) was placed on a wooden pallet along the side wall. The antenna was passed along each 
element under the same testing conditions. Fig. 1 shows the procedure used for wavegram analysis.     
 

Fig. 1. Wavegram analysis (P10). 
 

The top part of the figure shows a schematic of the bar in concrete, with plastic bushes for 
adjusting the bond length of the bar. Below the schematic, the corresponding wavegram is 
presented, in which the area of the existing bond (central part) and the area of the bushes are clearly 
visible. The observation was possible owing to the contrast of the image, resulting from the relative 
difference between dielectric constants of the adjacent materials (concrete, steel, plastic of the 
bush). This may indicate that the generated electromagnetic pulse travelling in the concrete material 
was reflected partly or completely at the interface of steel and bush [4].  

The attenuation coefficient was not determined in this analysis, as it had no effect on the length 
along which the bond strength was evaluated. This made the analysis much easier. Because concrete   
is a non-homogeneous material, it is very difficult to determine in the mathematical notation how 
the electromagnetic wave propagates in it.  

The results were processed using the GRED-3D software with a filter eliminating 
electromagnetic interference and raised contrast in the colour palette to enable wavegram analysis.  
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Tab. 1 presents concrete strength classes of the specimens. Below, tab. 2 collates the results. 
 

Specimen P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 

Strength 
class 

C40/50 C40/50 C40/50 C40/50 C40/50 C40/50 C20/25 C20/25 C20/25 C40/50 C40/50 C40/50 

Specimen  P13 P14 P15 P16 P17 P18 P19 P20 P21 P22 P23 P24 

Strength 
class 

C40/50 C40/50 C40/50 C40/50 C40/50 C40/50 C40/50 C40/50 C40/50 C40/50 C40/50 C40/50 

 
Tab. 1. Concrete strength class of each concrete specimen. 

 
 

Fig. 2. Results. 
 
Fig.2 compares the bond length determined using a georadar and that established at the precast 

reinforcement plant. The data indicate that a georadar can be applied to determining the length 
along which the bar is bonded to concrete, and also that the concrete strength class does not affect 
the results. The measurement discrepancies may result from the fact that in some cases it is difficult 
to accurately identify the start and end point of the bush based on a contrast in greyness. The 
measurements may also reveal the cases where the bushes have moved apart during specimen 
casting, increasing the length of the investigated bond.    

4. Conclusions 

The tests confirmed that a georadar can be employed to evaluate the length of bond of a steel 
bar to concrete. The evaluation of the bond length is especially useful in the following cases:  
 

• anchoraged length control, 
• cable route evaluation in prestressed concrete through the elimination of bond over the 

segments of the span [3], 
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• evaluation of cable ducts grouting in post-tensioned concrete [3], 
• evaluation of anchoraged length of installed rebar connections. 
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Abstract. The paper presents the results of research on the methodology of setting the release of ATP from 
the supernatant obtained from activated sludge. It has been shown that the best method is the extraction of 
ATP with 0.5% trichloroacetic acid (TCA). Studies on the use of TCA luminescence must be performed 
immediately after extraction, since prolonged contact with TCA destroys molecules released ATP. The 
results were read using a tube luminometer and recorded in relative light units (RLU). 
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1. Introduction 

Ecological considerations require that waste water resulting from living people, services and 
activities of industry were treated before discharge into the environment. One way of wastewater 
treatment are biological processes, including sludge, which despite over a century of experience 
creates exploitation problems. This is often caused by excessive load activated sludge excessive 
pollution loads, inadequate oxygenation or the presence of toxic substances in the treated 
wastewater. Access to a large amount of dead organic matter, or the presence of toxic substances 
causes that the bacteria concentrated in flocs detach from them. The appearance of an excessive 
amount of free floating bacteria contribute to the turbidity of sewage flowing out.  

Analysis of the biochemical activity of free floating bacteria can be an indicator of the 
condition of the activated sludge. Indirectly, the number of free floating bacteria in the treated 
wastewater can be estimated using the ATP determination using the method of luminescence. The 
aim of the study was to determine the effectiveness of the release of ATP from bacterial cells and 
activated sludge flocs using trichloroacetic acid (TCA), ultrasound and microwave.  

2.   Research Methodology 

 Used in studies of activated sludge taken from the domestic wastewater treatment plant in 
Sitkówka-Nowiny. The sludge was centrifuged using a fractionating centrifuge at a speed of 40 000 
rotations per minute. One of the tested methods of ATP extracted from the obtained supernatant. 

0.5% TCA acid used in the first method, the extraction of ATP. The four sterile tubes injected 
with 1 ml of the supernatant. The first tube was a control sample, and three other research samples. 
0.002% solution of Xylenol blue (pH indicator) and 0.5% TCA was added to the acid test. After the 
addition of acid color changed the color of raspberry. For pH adjustment used tris-acetate buffer. 
Changing the color of the sample to the yellow color testified to a slightly alkaline pH [3]. To the 
thus prepared samples, when inserted into the luminometer, was injected by means of an automatic 
dispenser of 0.1 ml luciferin-luciferase reagent (ENLITEN® ATP Assay System Bioluminescence 
Detection Kit for ATP Measurement).  
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ATP content measurements were made using a tube luminometer AutoLumat Plus LB 953 
BERTHOLD company (Fig.1). ATP luminescence method [1,2] relies on the detection of light 
photons released in the enzymatic reaction:  

LIGHTPPiAMPinoxyluciferATPLuciferin COO Mgluciferase ++++ →++
+

2

,

2

2

          (1). 

 
 The results of luminescence were read in relative light units (RLU). 
 

 
 

Fig.1. View AutoLumat Plus luminometer tube of LB 953 BERTHOLD coupled with a PC used for testing. 
 
In the second method for the extraction of ATP from bacterial cells was used ultrasonic cleaner. 

Into the ultrasonic cleaner was poured distilled water and added ice cubes to a obtain temperature of 
0 °C. Into water with ice cubes was inserted a sterile beaker with 151 ml of supernatant and 
sonicated for a time 1, 2, 3 and 4 minutes, after which ATP was determined.  

In the last method, ATP was extracted from the bacterial cells by using microwaves. The study 
was used a microwave with a power of 800 W. To the three sterile beaker was poured 151 ml of the 
supernatant. From each taken 1 ml of the control sample. The first attempt was irradiated for 60 s, 
second for 90 s and the third in 120 s. After removing the sample from the microwave oven 
measured the temperature and immediately cooled with ice water. In the cooled samples were 
determined ATP.  

3.   Results 
 

For each method of releasing ATP tests were repeated four times. The mean RLU value 
obtained for each method are shown in Tables 1, 2 and 3. Extending the contact time trial of 0.5% 
TCA caused a decline in the value of RLU. This indicates about destruction of ATP for a longer 
period of contact with the chemical reagent. When using this method, luminescence should be 
determined immediately after the addition of TCA.  

The minimum capacity to release ATP were obtained after sonication. It should be noted that as 
the time lengthens ultrasonication increased RLU value. It can be expected that in the course of 
longer sonication time will be observed asymptotic variability determined values of ATP. 

By using microwaves to release ATP there is a temperature rise in the irradiated sample. This 
can affect the stability of ATP and thus on designates RLU result.  

 
 

300



 

  

Type of test 

Luminescence caused by the presence of ATP in the sample in relative light 
units (RLU) 

Directly after the 
addition of TCA 

After 1h contact 
with TCA 

After 2h contact 
with TCA 

After 3h contact 
with TCA 

Control samples without 
extraction of ATP 

6208 3208 3170 3602 

Sample with extraction 
with 0.5% TCA 

170427 107918 11309 5684 

Tab.1 Results of studies on the release of ATP from the supernatant of activated sludge with 0.5% TCA acid. 
 

Luminescence caused by the presence of ATP in the samplein relative light units (RLU) in an attempt to 

control 
after 1 minute of 

sonication 
after 2 minutes of 

sonication 
after 3 minutes of 

sonication 
after 4 minutes of 

sonication 
3432 71232 102819 107122 123655 

Tab.2. Results of studies on the release of ATP from the supernatant of activated sludge using ultrasonic. 
 

Parameter Control test 
Time effects of microwaves in seconds 

60 90 120 
Test temperature 18°C 60°C 76°C 96°C 
Luminescence in relative light units (RLU) 3335 30986 106035 132226 
Tab.3. Results of studies on the release of ATP from the supernatant of activated sludge using microwave.  
 

 
4.   Conclusion 
 

Based on the obtained results it can be concluded that the best method of isolation of ATP from 
the supernatant of activated sludge is the method with 0.5% TCA. The advantage of this method is 
the short time needed for the extraction of ATP and ease of implementation. 
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Abstract. This paper presents the method and results of changes in the strength of concrete once frozen, 
depending on the point at which the concrete has been frozen. It was also shown discrepancies between the 
existing instructions, as well as between the instructions and the test results, thus highlighting the need for a 
methodology to evaluate the strength of the concrete subjected to single freeze, based on time-varying 
properties of concrete. 
 
Keywords: Young concrete, single freezing, strength, maturation  

1. Introduction 

It can be easily noted that in the autumn and spring daily temperature often fluctuates between 
positive and negative  values. These fluctuations are the cause of many problems on construction 
sites, particularly on concrete works. Low initial and average temperature inhibit the resistance 
development, while negative temperature leads to its irreversible damage. There is no actually 
national or European code or guideline, in which the impact of time-varying material properties and 
environmental factors on the frost resistance of concrete (defined as the resistance of concrete to 
freeze once) are taken into account. However there are some articles and manuals containing certain 
information on estimating the degree of hydration of the maturing concrete, its strength [4], [3], [5] 
and the cold weather concreting as well [1], [2] and [3]. The later part of this study show the effect 
of single-freeze on the strength development of young concrete, and can be the basis of polemics 
with the information contained in the papers [1], [2] and [3]. 

2. Experimental studies 

2.1. Scopes and objectives of research 

The scopes of the study included: 
       - Preparation of concrete recipes in three differ versions according to degree of aeration or the 
type of cement; the compositions are shown in Tab.1 

 

                        Value 
                     No. of recipe version  

Component 
1 2 3 

Type of cement CEM I 42,5 R CEM III/A 42,5 N CEM III/A 42,5 N 
w/c 0,5 0,5 0,5 
Cement, kg/m3 355 355 355 
Sand, kg/m3 595 595 595 
Dolomite 4-16 mm, kg/m3 1271 1271 1271 
Microspheres, % - - 4 

Tab. 1. Versions of various concrete recipes. 
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      - Control of concretes strength increase, maturing at 5°C and 20°C, as well as subjected to 
single-freeze at selected intervals 
      The aim of this study was to investigate the nature of young concrete strength changes subjected 
to short-term freezing, according to type of cement and the degree of aeration. 

2.2. Test procedure 

For the purpose of the research 62 cubic samples with sides of 10 cm were prepared for each of 
the recipes. 

 

No.  
Maturing 
time at 
5°C, [h] 

Freeze 
range at -
8°C, [h] 

Maturation 
range at 
20°C, [h] 

Number of 
samples 

[pc] 

Maturing 
time at 5°C, 

[h] 

Number of 
samples 

[pc] 

Maturing 
time at 

20°C, [h] 

Number of 
samples  

[pc] 

  Freezing - BLOCK 1+2 Maturation I - BLOCK 3 Maturation II - BLOCK 3 

1 3 3-13 13-168 3+3 (6) 3 2 3 2 

2 6 6-16 16-168 3+3 (6) 6 2 6 2 

3 12 12-22 22-168 3+3 (6) 12 2 12 2 

4 18 18-28 28-168 3+3 (6) 18 2 18 2 

5 24 24-34 34-168 3+3 (6) 24 2 24 2 

6 36 36-46 46-168 3+3 (6) 36 2 36 2 

7 48 48-58 58-168 3+3 (6) 48 2 48 2 

8 

 

168 (7 days) 2 168 2 

9 336 (14 days) 2 336 2 

10 672 (28 days) 2 672 2 

Tab. 2. The study plan for each of the analyzed concretes. 

All components of the samples pre-maturing at 5°C, cooled to 5°C for 24 hours prior to 
preparation of the concrete mix. 
              The test program included: 

- Strength tests of samples frozen at -10°C were carried out immediately after thawing (3 
samples) and after 7 days from the term of the concrete mix preparation, wherein the maturation 
proceeded after thawing at 20°C - 3 of the sample  

- Strength tests of samples maturing at fixed temperature of 5°C were made after the time 
indicated in Tab. 2 - 2 samples  

- Strength tests of samples maturing at fixed temperature of 20°C will be made after the time 
indicated in Tab. 2 - 2 samples  

3. Discussion of the results 

3.1. Control of the impact strength of the concrete from freezing in his strength after an 
additional period of maturation 

The results obtained during the study are shown in Fig. 1, wherein: 
- The characteristics identified as A, C, E refer to concretes pre-maturing at 5°C, then once 

frozen for 10 hours at -10°C and after thawing subjected to additional period of maturation at 20°C, 
to the 7 days from the term of the concrete mix preparation. 

- The characteristics marked as B, D, F refers to concrete maturing at 5°C, 
- The characteristics marked as A and B refer to the concrete prepared according to recipe no. 

2, C and D refer to the concrete prepared according to recipe no. 3, and E and F refer to the concrete 
prepared according to recipe no. 1. 
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Fig. 1a. b. c.    The characteristics of concretes strength development - a description in the text. 
 

Based on the results presented in Fig. 1 it can be seen that the strength decrease not greater than 
20% of the standard 7-day strength of concrete prepared on the Portland cement CEM I 42.5 R was 
achieved by freezing the concrete sample with a minimum strength of 5 MPa.  For the concretes 
prepared on the blast furnace cement CEM III/A 42,5 N strength loss not greater than 20% of the 
standard 7-day strength of concrete was obtained for concrete samples with a minimum strength of 
2.4 MPa, respectively for the concrete made according to the recipe no. 2 and 2.5 MPa for the 
concrete made according to the recipe no. 1. This results may be the basis for polemics with 
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recommendations contained in [2], whereby a minimum strength of 10 MPa for concretes based on 
blast furnace cement and recommendations contained in [3], whereby a minimum strength of 3.5 
MPa for all concretes . 

4. Conclusions 

Summing up the results of the study it can be concluded that: 
- Strengths of concrete samples prepared on the blast furnace cement CEM III/A 42.5 N, 

subjected to freezing, and then maturing in code terms up to 7 days after preparation of the concrete 
mix fits in the range specified by 7 days strength of concretes maturing at 5°C and 20°C, except for 
the one sample 

- A strength decrease not greater than 20% of the standard 7-day strength for concrete prepared 
on the blast furnace cement CEM III/A 42.5 N was achieved by freezing concrete with a minimum 
strength two times lower, than for concrete prepared on the Portland cement CEM I 42,5 R. 
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Abstract: The aim of this work was to characterize the dewatered sediments after the process of 
hygienisation regarding the occurrence of the speciation forms of phosphorus. A preliminary analysis of 
speciation using the sequential extraction by Golterman was made. It consists in the use of chelating reagents 
(Ca-EDTA and Na-EDTA) as well as NaOH and H2SO4 solutions. The obtained results make it possible to 
state that, depending on the physical-chemical conditions which affect the wastewater in the process of 
hygienisation the parts of the speciation forms of the mobile phosphorus, which can influence the quality of 
wastewater sediments in their nature appliance. 
 
Key words: phosphorus, speciation, wastewater sediments, hygienisation 

1. Introduction 

The enactment of the Water Framework Directive by the European Union, which main aim is 
to achieve a good ecological state of all types of water until 2015 [1] caused the necessity to 
modernize the sewerage system and wastewater treatment plant in Poland. The development of the 
sewerage system and the enhancement of requirements which have to be met by the wastewater 
treatment plants are the main cause for the use of high performance methods for cleaning of the 
wastewater based on biological, physical and chemical processes [2]. The Intensification of the 
process of cleaning of wastewater is connected with generating considerable amounts of wastewater 
sediments. Wastewater sediments are a refuse which should be properly managed. At the moment 
storing of the wastewater sediments for their reappliance e.g., in agriculture, forestry and gardening 
is less and less popular. Wastewater sediments may be successfully used in agriculture if they meet 
the requirements appointed by the Ministry of the Environment [3]. According to the data presented 
in the literature there is about 4,0% d.w. of nitrogen, 2% d.w. of phosphorus as well as about 0,3% 
d.w. of potassium and 4,0% d.w. of calcium in wastewater sediments [4]. Then the wastewater 
sediments used as fertilizer are a potential source of macro- and microelements significant  for the 
growth and development of plants. However, in order to be able to practically estimate the role of 
the sediments as a derivative source of biogenic substances, one should assess the content of 
biologically available phosphorus, definitive as a sum of the phosphorus available immediately and 
phosphorus that can be transformed to available forms as a result of natural processes which occur 
in the sediments [5].The share of the compounds of the bioavailable phosphorus can be determined 
by means of analysis of speciation, that is an analytical procedure which allow to quantitatively 
determine the chemical forms  in which the given analyte appears. One of the procedures of the 
speciation analysis is the method by Golterman. This method consists in the analysis of the 
chelating reagents (Na-EDTA and Ca-EDTA) as well as the solutions of the sulphuric acid and 
sodium hydroxide. The creator of the described method specified  that the speciation form of 
greatest biological availability is phosphors absorbed on the surface of the particles of sediments 
that is fraction Ca-EDTA and fraction Na-EDTA.  
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The deciding factors of the application  of wastewater sediments for the nature aim is the 
content of heavy metals in the sediments as well as their hygienic-sanitary state. Therefore the 
stabilisation connected with hygienisation of the wastewater sediments is often used. It consists in 
effective destruction of the microorganisms of pathogenic parasites and endospores by means of 
strongly alkalizing or acidifying substances [6]. The alkaline hygienisation also causes the 
immobilizing of heavy metals until alkaline pH is maintained. This happens mostly by means of 
burnt lime (CaO) or in the form of hydrated lime (Ca(OH)2). The natural use of the sediments 
allows to immobilize the mobile forms of heavy metals and reduce the potential sanitary 
harmfulness of the sediment [7]. Yet it should be mentioned that the addition of lime to the 
wastewater sediments may also influence the shares of the forms of the mobile biogenic substances, 
e.g. phosphorus. According to Wysokiński and Kalembasa [8] the hygienisation of the wastewater 
sediments by means of adding CaO may lead to the reduction of the share of phosphorus is the 
soluble forms (extracted by water and CH3COONa), which may result in decreasing the availability 
of this element for plants in the soil. The absorption of the plant nutrition put into the soil together 
with the sediments depend on both the forms which show in the sediments and the soil conditions 
[9]. 

2. Material and research methods  

The research was carried out on the sediments from a little wastewater treatment plant (3000 
PE), where the biological mechanical treatment is used. The biological treatment in this wastewater 
treatment plant consists in  the method of the three-phase active sediment (with separated zones: 
anaerobic, anoxic and aerobic). The samples were collected from fresh dewatered sediment and 
after a 24-hour-long process of hygienisation. The process of hygienisation was carried out by 
adding calcium oxide to the dewatered sediment which resulted in pH amounting to 12 and after 
another 22 hours the pH-value amounted to about 11. In the sediment collected in three series of 
samples, particular fractions of phosphorus were marked using the pattern suggested by Golterman 
[10]. The first stage was the extraction with the solution Ca-EDTA which took 4 hours. In the 
second stage the samples had been extracted for 18 hours by means of solution Na-EDTA. The next 
step was the extraction of the sample for 2 hours with the the solution H2SO4. The last stage also 
took 2 hours. In this stage the samples were extracted with the solution NaOH. After each stage of 
extraction the samples were filtered and after filtration the sediment was treated with the next 
extraction reagent. In the obtained filtrate the concentration of the total phosphorus was marked. 
The marking of phosphorus was carried out using the spectrophotometer UV-VIS MARCEL 
MEDIA. The measurement was led according to the procedure  of marking of orthophosphates 
using phosphoric molybdenum blue and the marking of total phosphorus after the previous 
oxidising of the  sample with potassium persulfate [11].  

Stage The extraction conditions Fraction 

1  0.05 M Ca-EDTA (twice 
extraction), 2h  

phosphorus associated with oxides and hydroxy oxides of iron, 
aluminium and manganese 

2  0.1 M Na-EDTA, 18 h  phosphorus associated with carbons 

3  0.5 M H2SO4, 2 h  phosphorus is presented in the soluble organic matter 
connections 

4  2 M NaOH, 2 h  phosphorus remaining, bonded with aluminosilicates and 
organic matter contained in the form of connections, which is 
not undergoing the action of sulfuric acid in stage 3 

Tab.1. Phosphorus sequential extraction scheme according to Golterman [10,12] 
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3. Results and discussion 

The obtained results of the carried out speciation on the samples of dewatered sediments and 
after the process of hygienisation (pic. 1.) show the share reduction of fraction containing mobile 
and bioavailable phosphorus, that is the fraction obtained after extraction with chelating reagents in 
proportion to the fractions containing organic phosphorus after exposing the dewatered sediments to 
the process of hygienisation. The total share of these fractions (Ca-EDTA and Na-EDTA) in the 
case of total phosphorus after dewatering amounted to about 67%, whereas after the process of 
hygienisation to 45%. The causes of the reduction of share of the bioavailable forms of phosphorus 
in the hygienised sediment should be analysed against the background of a sudden increase of pH-
value up to 12. The strong alkaline reaction of the sediment caused the precipitation of sparingly 
soluble calcium phosphates. The reduction of the share of phosphorus in the process of 
hygienisation happened also in case of fraction NaOH in which phosphorus is contained in the 
organic matter. The cause of reduction of shares of this fraction may be the decomposition of the 
organic matter under the influence of high temperature which was noticed during the process of 
hygienisation. The sequential analysis also showed a significant increase of the share of the fraction 
H2SO4 which can be explained by thermal decomposition of organic structures and dissolving freely 
soluble links of phosphorus with organic matter. 
 

 
Fig. 1. The Influence of the process of hygienisation on speciation of total phosphorus in wastewater sediment obtained 
by means of the method by Golterman. 

Having added CaO to the dewatered sediment, a mixture of a lower total content of 
phosphorus in comparison to the total amount of phosphorus in the sediment without the addition of 
carbon monoxide was obtained. This caused the so called dilution effect (increased content of dry 
matter of sediment) 
  

0

5

10

15

20

25

30

35

40

45

50

Ca-EDTA Na-EDTA H2SO4 NaOH

The share of total 

phosphorus [%]

dewatered sludge

sludge after hygienization

309



 

 

 
Fractions The amount of total phosphorus [mg P/g.d.w.] 

Dewatered sludge Sludge after hygienization 
Ca-EDTA 1,94 1,07 

Na-EDTA 3,9 2,19 

H2SO4 0,93 2,34 

NaOH 2,53 1,56 

Total content 9,3 7,16 

Tab.2. Changes in the contents of the forms of phosphorus in wastewater sediments. 

4.  Summary  

To sum up it should be stated that depending on the changing physical chemical conditions 
which affect the samples during the treatment, the shares of fractions of phosphorus change. So do 
the shares of the bioavailable forms which can affect the absorption of this element by plants. The 
addition of CaO to the dewatered sediment caused the reduction of the share of the forms 
assimilable by plants. 
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Abstract . The paper contains description of the importance of flue gas turbulators on the effectiveness and 
efficiency of the heating surface in biomass boilers . It presents operation of flue gas turbulators and their 
impact on the performance and efficiency of boiler. Turbulators flue gas act as the moderator of flue gas and 
prolong their residence time in the boiler, which affects their temperature at the inlet and at the outlet. Very 
important in the whole process is the time of the exhaust flow .Turbulators  increase the gas flow rate , which 
is very beneficial for the process of heat exchange between the exhaust and the boiler. 
 

Keywords: biomass boilers, pellet, turbulators, flue gas, heat exchanger 

1. Introduction 

         For heat exchangers and their operation very important is the intensity of heat exchange 
especially In boilers using . Increase intensity as it allows to reduce the size and weight of heat 
exchangers designed and work quite effectively to improve existing ones. To increase the heat 
transfer coefficient used various turbulators, which increase the turbulence of the flow - flow 
turbulence as a result, better heat transfer. It should be noted that the various structures such 
turbulators formed the basis of research in many boiler manufacturers [4]. It should be noted that 
the turbulators fulfill a different role, namely, in addition to enhancing the exhaust flow turbulence 
causes the reduction or total elimination of soot deposition in heat exchangers.It is therefore 
necessary to pay attention to these two aspects, comparing different turbulators. It should be noted 
that the contributions of the turbulators are specially designed to be inserted in the pipes drainage 
flue gas in biomass boilers as well as fuel in conventional biomass boilers [1]. 

2. Construction types and importance of turbulators in biomass boilers 

 
        Generally, all biomass boilers have low fuel consumption, which may be pellets, straw, wood, 
etc. [4]. Parameters of of low combustion boilers is due to its construction. Such boilers are usually 
equipped  with two systems to obtain  the air  needed for  combustion.  Such a system allows a high 
degree of combustion , and  the full use  of the energy compact in the fuel which is biomass  [4]. To 
increase the heating parameters, some biomass boilers are equipped with flue gas turbulators in heat 
exchanger [6,7]. 

The construction of such a contribution turbulators and placing it in the heat exchanger tube 
causes swirling flue gas [7]. So often, instead of the concept of nominal power boiler, the term "heat 
exchange surface" - exchanger [7]. The importance of the size of the heat exchanger or heating 
surface is of paramount importance. Because a significant impact on the effectiveness heat transfer 
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have also flue gas flow rate in the heat exchanger [4,5]. Therefore, use of turbulators flue gas causes 
reduction of gas flow - first sketch 16 - flue gas turbulator . 
 

 

 

Fig. 1. Construction of the boiler GE-P pellet. 
  
       In the flue pipe we have to deal with the turbulent flue gas flow in the middle of the stream and 
laminar, also known as layered in the boundary zone [7]. Laminar layer has a high thermal 
resistance. The thicker laminar layer - the less the efficiency of heat transfer from flue gas to water.     
 
       The higher flue gas flow rate - the thinner laminar layer - the greater the efficiency of heat 
transfer from flue gas to water. 
       The flow of flue gas is returned or spinning with additional elements such as flue gas 
turbulators, fireclay and ceramic elements that affect the flue gas flow path extending inside the 
boiler in order to increase its effectiveness. Due to the much lower the corrosion of iron exchangers 
relative to steel, it is said that the heat exchangers are much more stable. [8] They are usually steel 
boilers with a small amount of the cast - these are a grate furnace, the turbulators elements or same 
external boiler door [8]. 
       Typical flue gas turbulator is constructed in the form of a rectangular steel plate along which 
both sides are cut down rectangular blades which are reflexed alternately up and down. Depending 
on the number of vanes located in flue gas turbulator and angle of bend will depend on the degree 
of use of heat, which, together with the flue gas will escape from the boiler to the chimney. [6] Very 
effective spiral turbulators are made in the form of three spirals. Turbulator causes turbulence in 
combustion sequences, and thus make better use of energy, especially in winter. 
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3. The impact and importance of turbulators on the efficiency biomass boiler 

       Efficiency of heat exchange in heat exchangers with vertical channels can be increased 
significantly through the use of turbulators stream, which also facilitate the precipitation of 
particulate matter from the exhaust stream. Verticality channels promotes the precipitation of dust 
in the chambers of reversing, bleed holes do not have to go through the water space, which is an 
important advantage of the system. Gas turbulators increase "turbulence" of the exhaust flow. 
Results obtained in this way can be significant. With turbulators can be achieved reduction 
temperature of exhaust gas by about 40 ° C, an increase boiler efficiency by about 4%. [9] 
       Generally turbulators are used primarily to extend the path gas in the heat exchanger, and thus 
to increase their speed. The entire quantity of exhaust gas produced at the time of the burner must at 
the same time leave the boiler, because otherwise it would increase the pressure. Extension of the 
path exhaust through the swirl is increase their speed and increase the exhaust gas velocity is 
increase the intensity of heat exchange in the heat exchanger [9]. Thanks to this exchangers for the 
same capacity can be reduced - less wear of the material and thus cheaper. 
       It should also be noted that caused by turbulators sudden changes in the direction of flue gas 
conducive to deposition of dust on the surface of the turbulators which are not elements conductive 
heat to the water - heat to water carry only exchanger wall , so that the residual on them layer dust 
does not deteriorate the heat transfer from the flue gas into the water, and the greater thickness of 
the layer - the dust alone drops and falls to the reversing chamber. Large exhaust gas velocity 
caused by turbulators difficult settling of dust on the walls of the heat exchanger, which is what 
causes the vertical exchangers with turbulators can be cleaned less frequently than horizontal 
exchangers [8,9]. 
       Exhaust accelerated by the turbulators, entering the reversing chamber at the button of the 
boiler, where they are lower cleanout, dramatically reduce the speed - expands what causes 
precipitation in the chamber, a large amount of dust from the exhaust – Fig. 2. 

 
Fig. 2. Cross-section of the heat exchanger in the boiler 

Vs  -  velocity gas stream 

Rw - thermal resistance of the 

boundary layer 

Wl  -  laminar layer (boundary) 

Wb  - turbulent layer 

Ts  -  the highest temperature of the 

exhaust gas stream 

Tw -  temperature boundary layer 

Sc  -  heat flux 

If Vs is growing then Rw is decreasing 

If Vs is growing then Wl  is decreasing 

If Wl is decreasing then Tw  is growing 

If Wl is decreasing then  Sc  is growing 
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       By reduction in cross-sectional area of the flue gas channel through the use of gas turbulators is 
obtained more efficient heat exchange. Thus, the same active surface heat exchanger boilers in 
different structures may correspond to different nominal power [5]. 
       In a standard PN-EN 303-5 "Heating boilers for solid fuels, hand and automatically fired, 
nominal heat output of up to 300 kW. Terminology, requirements, testing and marking. ", By which 
is usually done research, determines the correctness of the test during the test to maintain power 
boiler with a tolerance of + / -8% of nominal power. 

4.  Summary and conclusions      

Using gas turbulators can be saved in the heat exchange surface to the smooth tube without 
turbulators. The exhaust gases flowing into the pipes if they are swirled to the edges quickly cool 
down giving the heat to exchanger those in the middle of the stream on fly away with a lot of 
energy in the chimney. The use of turbulators extend the flue gas path in the heat exchanger tube, 
which have the ability to better reflect its energy to the heat exchanger and especially are swirled by 
at the temperature of the gas in the section of stream will be the same. Although turbulators extend 
the gas flow path, but this is not essential. On the occasion of increase a local gas flow rate, which 
is very beneficial for the process of heat exchange between the exhaust and the boiler. Indeed, in the 
central part of the channel flow velocity is highest and close to the wall - the smallest. You can 
create an insulating layer type exhaust gases from the walls. Task of turbulator is interrupted  this 
layer by vigorous swirling gases. 
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Abstract. In the paper strut-and-tie method is introduced, which is one of designing methods presented in 
Eurocode for concrete structures. This method is applied to analysis of frame corners under opening bending 
moment. Using strut-and-tie method two different reinforcement details of frame corner were compared.
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1. Frame corners under opening bending moment 

The case of opening bending moment often appears in civil engineering. Retaining walls, 
bridge abutments and tank walls are typical examples.  

In recent years the theme of opening moment was in a few papers described. In the figure 1. 
some different reinforcement details were shown. The details were taken from papers [1] to [6]. 

 

a) b)  

c) d)  

e)  f)  

Fig. 1. Reinforcement details from papers: a) [1], b) [2], c) [3], d) [4], e) [5] and f) [6]. 

315



 

 

The main goal of researches of these corners was determination of the joint efficiency factor. 
This factor is a ratio of the failure moment of the joint to the moment capacity of the members 
entering the joint. In a handbook [7] hitherto research results of the factor were compiled as a graph 
of relationship between joint efficiency and reinforcement ratio ρ (figure 2). According to the 
researches the joint efficiency reaches 100% if diagonal bars and hooked bars enclosing the corner 
were applied. 

 
Fig. 2. The graph of relationship between joint efficiency and reinforcement ratio. 

2. Strut-and-tie method 

Strut-and-tie method (abbr. S&T) is a modification of a truss analogy, which is well known in 
the theory of reinforced concrete. According to [8] this modification relies on application of 
methods of the theory of plasticity and redistribution of forces from reinforcement bars to concrete. 
Compressive stress is transferred by the concrete struts while tensile stress is transferred by the 
reinforcement bars. The struts and ties meet one another in nodes. S&T method requires the 
verification of struts, ties and nodes. The required reinforcement is calculated upon tensile axial 
forces. In the struts one should check if compressive stress doesn't exceed the design compressive 
strength multiplied by a reduction factor. Also in the nodes one should check if the compressive 
stress is less or equal to the limiting compressive strength. There are three types of S&T nodes. In 
the CCC node only the struts enter this node. In the CCT node there is also one reinforcement bar. 
In the CTT node besides struts there are also two reinforcement bars. 

The Eurocode [9] shows how to choose a S&T model for a corner under opening bending 
moment. The model is only for comparable dimensions of the joint  members required. The ratio of 
the heights of both members should be between 2/3 and 3/2. The Eurocode [9] shows  also the 
reinforcement details for these corners. The details contain diagonal bars and hooked bars, therefore 
they are compatible with the results of researches. 

3. Calculation examples 

In the figure 3. two different S&T models are shown. The model on the left hand side 
corresponds to the reinforcement detail in the picture 2. marked with solid hatched circle. 
According to [7] this corner has a low efficiency factor. The model on the right hand side represents 
the corner shown on picture 1a). In this corner diagonal bars and hooked bars were applied. In 
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accordance with [1] the efficiency factor of this reinforcement detail should reach 80% and it's 
much higher than in the detail on the left hand side in picture 3. There is only one difference 
between these both models. The model on the right hand side contains an extra tie No 6, therefore 
this model is statically indeterminate. The dimensions and materials of both corners were chosen so 
as one could compare the results with those one in the paper [1]: 

- characteristic compressive strength: fck = 40 MPa, design compressive strength:  
fcd = 40 MPa / 1,4 = 28,57 MPa, 

-  characteristic yield strength fyk = 500 MPa, design yield strength:  
fyd = 500 MPa / 1,15 = 434,8 MPa, 

-  dimensions of joint members bxh = 150x200mm, 
-  distance between reinforcement bars and an edge of concrete member a=40mm, 
-  bending moment MEd = 30 kNm  replaced with a pair of equal forces:  

30 kNm / 0,12 m = 250 kN. 
The axial forces in both models were calculated. In the model on the right hand side axial 

forces were with FEM software computed. For this model the axial stiffness of each rod was taken 
into consideration. The results are in the tables 1. to 4. collected.  

 
Fig. 3. S&T models for analyzed reinforcement details. 

No of rod Axial force 
[kN] 

Required 
reinforcement 

[cm2] 

Compressive 
stress [MPa] 

Limiting compressive 
strength σRdmax [MPa] 

1, 3 0 - 0 28,57 
2, 4 250,00 5,75 - - 
5 -353,55 - 24,55 28,57 

Tab. 1. Axial forces and computation results in struts and ties of the model on the left hand side in figure 3. 

No of rod Axial force 
[kN] 

Required 
reinforcement 

[cm2] 

Compressive 
stress [MPa] 

Limiting compressive 
strength σRdmax [MPa] 

1, 3 -124,96 - 8,68 28,57 
2, 4 125,04 2,88 - - 
5 -176,84 - 12,28 14,40 
6 176,72 4,06 - - 

Tab. 2. Axial forces and computation results in struts and ties of the model on the right hand side in figure 3. 
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No of 
node 

Type of node Maximum stress on edge 
of node [MPa] 

σRdmax 

[MPa] 
N1, N4 CCT 17,36 20,40 

Tab. 3. Stress in the nodes of the model on the left hand side in the picture 3. 

No of 
node 

Type of node Maximum stress on edge 
of node [MPa] 

σRdmax 

[MPa] 
N2 CCT 8,68 20,40 

N1, N4 CCT 12,28 20,40 
Tab. 4. Stress in the nodes of the model on the right hand side in the picture 3. 

These examples show that the extra tie No 6 in the model on the right hand side allows better 
distribution of compressive strength. It also accounts for less required reinforcement. Therefore in 
the corners under opening moment the use of diagonal bars if fully reasonable. Moreover, the S&T 
model shows very clearly the difference between reinforcement details with and without the 
diagonal bars. If the diagonal bars are not applied (figure 3 model on the left hand side), the force in 
the rods No 1 and 3 equal to zero and the whole compressive force is with the rod No 5 distributed. 
The use of diagonal tie causes that the axial forces in the rods No 1 and 3 are different from zero. 
Therefore the model on the right hand side is more advantageous. 

4. Conclusion 

Described in this paper S&T method could be successfully use for an analysis of concrete 
frame corners under opening moment. Models shown in Eurocode [9] correspond to research 
results. The use of diagonal bars and hooked bars adjusts the distribution of forces indeed. The main 
issues to be solved while using S&T models are: 

-   the proper choice of S&T model; if the model is statically indeterminate the axial stiffness of 
each rod must be taken into consideration, 

-   the proper choice of the width of strut, including the range of compression zone, 
-  the proper verification of stress in each node of S&T model. The results in the tables 3. and 

4. show that the stress in nodes is decisive for the whole model.  
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Abstract. This article describes the temperatures on the monitored sample walls built in air-conditioned 
room at Laboratory pavilion type for one week in cool, intermediate and warm periods. It is described as the 
wall develops in stationary conditions of the internal environment and the actual conditions outside change 
during the selected time period. Further follow differences in surface temperatures affected tone color design 
plaster used on the exterior facades.   
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1. Introduction 

Course of temperatures in the lightweight-construction of external wall, which is made in three 
different material solutions and three different colored exterior side surfaces, is elaborated on the 
basis temperature measurements made on a sample of the wall built in a climate chamber in the 
laboratory pavilion type center KPSU FCE ŽUŽ for one week of the cold period between January 
27th and February 2nd 2012 (θae, min = -18.9 ° C θae, max = 4.6 ° C), a transition period between April 
9th and April 16th 2012 (θ ae, min = -4.5 ° C θae, max = 20.6 ° C) and warm season between June 30rd 
and July 6th 2012 (θae, min = 15.6 ° C, θae, max = 33.3 ° C). 

Temperatures are recorded at intervals of 30 minutes in a fragment of external wall on the outer 
surface of the structure, under the plaster under an additional thermal insulation and under the 
filling thermal insulation. Indoor air temperature was kept 20 ° C and relative humidity was kept at 
50% of the chamber, the sample was exposed toactual conditions of external climate from outside. 
Indoor climate parameters, relative humidity and indoor air temperature was kept by air handling 
unit. The minimum and maximum temperatures on the outer surface and under the plaster plus the 
corresponding internal and external temperature change are evaluated. Surface temperatures in the 
fields of the same and of the different surface color are compared with each other in response 
monitored effects of external climate and characteristics of the structure. 

2. The course of temperatures in construction 

2.1. Sample description 

Dimensions of monitored experimental walls are 3670x2670 mm and wall and wall comprises 
five fields. They differ in material composition and colorful surface. First, second, fourth and fifth 
fields are diffusion sealed construction third field is a diffusion open construction. The composition 
of wall from the interior to the exterior is as follows: OSB, PE film (except the third field), filling 
insulation, exterior insulation Hofatex, thin coating plaster.1 Color is used in yellow (first field) 
reflectance of solar radiation is 61%, white (second, third and fourth field) reflectance of sunlight is 

                                                           
1 See Fig.1  
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100% and gray (fifth field) reflectance of sunlight is 34%. The sensors are always placed in the 
middle of the field. 

 
Fig. 1. 1 - external plaster / 4mm;  2 woodfiber board / 100mm; 3 - Stone wool insulation / 220mm; 4 - Hemp 
insulation / 220mm; 5 - Mineral wool insulation / 220mm; 6 - vapor layer / 0,2mm; 7 - OSB / 12mm; 8 - closed air 
cavity / 30mm; 9 - gypsum boards / 12,5mm; 10 - wood column / 50x30mm; 11 - wood column / 60x220mm2  

2.2. Course of temperatures 

The following temperatures were monitored and compared: the temperature at the outer surface 
of all the fields (Figure 2-4) and their corresponding temperatures under the plaster in each field 
(Figure 5-7). The maximum and minimum temperatures on surfaces are evaluated for three weeks. 

2.3. Evaluation 

All field samples of lightweight external wall exposed to the same conditions of the interior and 
the exterior side. Different course of temperatures in the construction is not only influenced by the 
different material composition, but also the natural effects of the environment and the different light 
absorption and reflectance due to surface treatment. 

The highest temperatures were measured, as expected, on the surface finish of a gray color with 
the lowest reflectance of solar radiation that absorbs most light radiation, while watching over the 
temperature on the surface the structure. The third field diffusion open structure has the lowest 
surface temperature at the time of exposure to the sun from the fields with white finish 

The surface temperature of the wall fell below the ambient temperature in all the fields at night 
during all study weeks. At this time, minimum temperatures were recorded mostly in the fourth 
field with a white finish, and the first field with a yellow finish.3 

Almost regular cyclical changes can be observed in the evaluation of the average temperature 
difference and the outer surfaces of the outside air. This decline occurs between about 4:30 pm and 
8:00 am in winter week, between about 5:00 pm and 8:00 am in a transition between 8:00 pm and 

                                                           
2 Protruding drywall was not made at the time of measurement yet. 
3 See Tab.1 
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10:30 am in summer week.4 The regularity of these changes is most pronounced in winter and 
summer week is less pronounced in the week transition period.  

inserted. 

 

Tab. 1. Minimal and maximal surface temperatures  

2.4. Course of temperatures  

The following temperatures were monitored and compared: the temperature at the outer surface 
of all the fields (Figure 2-4) and their corresponding temperatures under the plaster in each field 
(Figure 5-7). The maximum and minimum temperatures on surfaces are evaluated for three weeks.   

3. Conclusion 

Different courses temperatures are recorded in the fields of lightweight-construction of external 
wall with different material composition and surface tone color when they are exposed to the same 
conditions external and internal environment. It is affected by differences in the material 
characteristics of the wall layers, namely: heat transfer coefficient, thermal inertia, diffusion 
resistance factor and reflectance of sunlight.5  

The maximum temperature of the outer surface is most affected by the ability to absorb 
sunlight during the day, the moisture transport through the structure and heat transfer coefficient of 
the wall less the outside air temperature.6  

Decrease in surface temperature structure below the ambient temperature is caused by the so-
called "Negative radiation" of the night sky. This effect has a systematicness and is more 
pronounced in winter and summer week with low to zero clouds. Effect is less systematic in the 
transition week with more cloud occurrence.7  

                                                           
4 See Fig.2-4 
5 See Tab.2 
6 Other factors effect, such as air flow, solar radiation, it was not possible to monitor 
7 See Fig. 8 - 10 
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The course of cooling and heating the surface of the structure influences the thermal inertia and 
accumulation ability and construction of solar radiation absorption surface of the structure.  

 
Fig. 2. External surface temperatures from January 27th to February 2nd 2012. Surface tone color yellow - 1st field, 
white - 2nd, 3rd, 4th field, gray - 5th field 

 
Fig. 3. External surface temperatures from April 9th to April 16th  2012. Surface tone color yellow - 1st field, white - 
2nd, 3rd, 4th field, gray - 5th field 

 
Fig. 4. External surface temperatures from June 30th  to July 6th  2012. Surface tone color yellow - 1st field, white - 2nd, 
3rd, 4th field, gray - 5th field 

 
Fig. 5. Temperatures under plaster from January 27th to February 2nd 2012. Surface tone color yellow - 1st field, white 
- 2nd, 3rd, 4th field, gray - 5th field 
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Fig. 6. Temperatures under plaster from April 9th to April 16th  2012. Surface tone color yellow - 1st field, white - 2nd, 
3rd, 4th field, gray - 5th field 

 
Fig. 7. Temperatures under plaster from June 30th  to July 6th  2012. Surface tone color yellow - 1st field, white - 2nd, 
3rd, 4th field, gray - 5th field 

 
Fig. 8. The average temperature difference of external surface temperature and outside air temperature - January / 
February 

 
Fig. 9. The average temperature difference of external surface temperature and outside air temperature - April 
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Fig. 10. The average temperature difference of external surface temperature and outside air temperature - June / July 

Tab. 2. Material characteristic  

 
Fig. 11. Experimental wall 
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Abstract. The paper presents the method for the elastic wave processing and propagation analysis applied to 
damage detection in an element. A wavelet analysis based on a wavelet coefficient variation was chosen for 
the study. The tests were carried out on two reinforced concrete beams. Elastic wave excitation in the form 
of an acoustic emission signal was performed by breaking pencil graphite on the surface of the element.  
Two piezoelectric sensors recorded the resultant reference signal. The acoustic emission signal was analysed 
using computer software. Cracking and loading experienced by the beam resulted in the wavelet coefficient 
variation and lower values owing to changes in the structure of material. This creates a possibility of 
developing a non-destructive method for structural evaluation of concrete structures.   

Keywords: Wavelet analysis, wavelet coefficient, elastic wave, diagnostics, reinforced concrete beam. 

1. Introduction 

Ageing and deteriorating civil structures have awakened a growing interest in the area of 
damage detection, location and monitoring. The scope of research [1] conducted in the European 
Union and the United States has included first and foremost the road infrastructure, emphasising its 
importance to further development of those countries. For that purpose, modern non-destructive 
testing methods (NDT) [2] are employed, including those based on the analysis of elastic waves 
propagation, e.g. an acoustic emission method or an impact-echo method [3, 4]. The methods are 
used for damage identification and location as well as for estimation of durable service life of 
structures. 

An elastic wave is a phenomenon of vibration propagation in an elastic medium as a result of a 
disturbance in the state of equilibrium accompanied by the transfer of energy from one point to 
another. A propagating elastic wave carries information about structural changes in the elastic 
medium. Therefore over the last several years, following the development of suitable calculation 
algorithms, an interest in signal processing methods for elastic wave analysis has been observed.  
One of the signal processing methods is a wavelet analysis. In the wavelet transform the signal is 
processed using wavelet functions. An elastic wave is decomposed into time-scale areas, which 
allows testing the signal changes in the domain of time and frequency. That is why the information 
indicating the area of disturbed signal has such significance in non-destructive testing [4].  

In [5], the wavelet analysis was applied to reinforced concrete beams owing to the simplicity of 
the their geometry. In order to detect damage in those elements, the wavelength analysis was 
divided into three types depending on variation in wavelet coefficient before and after the damage, 
on local perturbation of the wavelet coefficient and on the reflective wave induced by that local 
defect. The three wavelet analysis types can thus describe the damage in terms of its identification, 
location and the degree of development.   

In this paper the wavelet analysis based on the wavelet coefficient variation was used to 
identify the damage resulting from the material structure change.   
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2. Experiments 

The tests were carried out on two reinforced concrete beams to determine the effect of cracking 
(first beam) and loading (the other beam) on the variation of the wavelet coefficient. The standard 
signal of the acoustic emission was obtained by breaking a brittle graphite lead 0.5 mm in diameter, 
3 mm long and 2H grade [6] on the surface of the investigated beams. The induced elastic wave was 
received from the object by two piezoelectric 55 kHz resonant frequency acoustic emission sensors 
placed with 500 mm and 1000 mm distance. The sensors turned the acoustic signal into the 
electrical signal. The shape of the propagating wave was digitally recorded using an acoustic 
emission apparatus. The wavelet analysis of the acoustic emission signal was performed using 
commercial software [7]. 

2.1. Wavelet analysis of the cracked beam 

The test was carried out on a reinforced concrete beam 120 × 300 × 6300 mm, manufactured at 
the precast reinforcement plant of a C40/50 concrete. The reinforcement consisted of three 12 mm 
in diameter bars placed in the upper part and three 12 mm in diameter bars placed in the lower part 
of the beam. A 24-channel set of Samos processors for acoustic emission measurement was used. 
The signal was recorded by two sensors SE55-R with an external preamplifier 40 dB. The beam 
was loaded in cycles. Fig. 1 presents the beam area subjected to the test. The sensors were placed in 
the center of the beam’s height with a distance of 1000 mm. The excitation of the wave was 
performed at the distance of 150 mm from sensor no. 1 (fig. 2). The test consisted in determining 
the change in the value of the wavelet coefficient before and after the crack occurred. The wavelet 
analysis was carried out on the basis of the wave shape recorded by sensor no. 2 (figs. 3, 4). 

 
Fig. 1.  Cycles of loading of a reinforced concrete beam with the tested area marked. 

 
Fig. 2.  Cracked reinforced concrete beam with the tested area marked; summary width of the cracks in-between 
sensors was 0.6 mm. Sensor 1 - Ch:1, sensor 2 – Ch:2.

 
Fig. 3.  Wavelet analysis of the acoustic emission signal 
before the crack occurred [7]. 

 

 
Fig. 4.  Wavelet analysis of the acoustic emission signal 
after the crack occurred [7].
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The wavelet analysis showed the standard acoustic emission signal in the uncracked (fig. 3) and 
cracked (fig. 4) reinforced concrete beam. The wavelet coefficient value changed noticeably. The 
maximum coefficient value for the beam without a crack was 0.69 (fig. 3). After failure and 
cracking of the reinforced concrete element, the coefficient decreased to 0.11 (fig. 4). The summary 
width of the cracks in-between sensors was 0.6 mm. 

2.2. Wavelet analysis of the loaded beam 

The test was carried out on a reinforced concrete beam 120 × 300 × 3300 mm, manufactured at 
the precast reinforcement plant of a C20/25 concrete. The reinforcement consisted of two 8 mm in 
diameter bars located in the upper part and three 12 mm in diameter bars and two 14 mm in 
diameter bars located in the lower part of the beam. A 2-channel portable device for acoustic 
emission measurement was used. The signal was recorded by two sensors PK6I with an in-built 
preamplifier 26 dB. The beam was loaded monotonically. Fig. 5 presents the beam area subjected to 
the test. The sensors were placed with spacing at 500 mm distance, 200 mm from the tension zone. 
The excitation of the wave was performed at the distance of 150 mm from sensor no. 1 (fig. 6). The 
test consisted in determining the change in the value of the wavelet coefficient before and during  
30 kN loading (on each expander). The wavelet analysis was carried out on the basis of the wave 
shape recorded by sensor no. 2 (figs. 7, 8). 

 
Fig. 5.  Monotonic loading of the reinforced concrete beam with the tested site marked. 

 
Fig. 6.  Reinforced concrete beam with the tested site marked; no cracking was observed in-between the sensors at the 
load level of 30 kN. Sensor 1 - Ch:1, sensor 2 - Ch:2.

 
Fig. 7.  Wavelet analysis of the acoustic emission signal 
before loading [7]. 

 
Fig. 8.  Wavelet analysis of the acoustic emission signal 
for 30 kN loading [7].

The wavelet analysis showed the standard acoustic emission signal in the unloaded reinforced 
concrete beam (fig. 7) and the beam under load (fig. 8). The wavelet coefficient value changed.  
The maximum coefficient value for the unloaded beam was 12.13 (fig. 7). During loading at the 
level of 30 kN, the coefficient decreased to 5.56 (fig. 8). No cracks were observed in-between 
sensors. 
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3. Conclusions 

Testing the propagation of a longitudinal wave using the wavelet analysis provides many 
possibilities for the interpretation of the results. Wavelet coefficient undergoes a change as a result 
of cracking and loading, and decreases (figs. 3, 4, 7, 8). Suitable software helps accurately identify 
the site where the disturbance of acoustic emission signal occurs.  

The wavelet analysis of signals opens up new possibilities for evaluating damage to reinforced 
concrete elements during loading and cracking. The analysis of an elastic wave may contribute to 
the development of a non-destructive method for the assessment of structural health of concrete 
structures taking into account the impact of loading and cracking on the change in the wavelet 
coefficient value. 

The reinforced concrete beams were manufactured under the research project no. N R04 0007 
10 and the research grant 6.3 under PO IG for the development of an acoustic emission method for 
the evaluation of structural condition of reinforced concrete structures. 
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Abstract. Biota composition and ability of activated sludge to sedimentation determine the decontamination 
efficiency on biological level for wastewater treatment plant. In carrying out the operation of activated 
sludge wastewater treatment is necessary to research the properties of the activated sludge sedimentation. 
The paper presents an original way anticipate the volume of sludge sedimentation after 30 minutes in a 1 liter 
measuring cylinders. During the tests were measured the changes in the height of the zone of the interface 
between the supernatant and the precipitate at a known initial concentration of the dry weight of activated 
sludge. Results allow to develop a new method for determining the properties of sedimentary sludge. 

Keywords: Activated sludge, sedimentation tests. 

1. Introduction 

Technological efficiency of the activated sludge treatment plant depends on the sludge 
sedimentation properties. The ability of activated sludge to sedimentation is determined by 
biological composition, structure and morphology and the presence of gases in flocs - mainly 
nitrogen released in the process of denitrification. The assessment of this ability is based on 
Möhlmann index, expressed also as Sludge Volume Index (SVI). Term SVI is a volume of activated 
sludge (in cm3) after its compaction and after 30-minutes sedimentation process (which is measured 
in 1L cylinders) [1]. Is assumed that the SVI is greater than 150cm3 per gram the sedimentation 
properties are adverse. Other scientific studies indicate to disadvantages of SVI index [2] so 
developed Stirred Specific Volume Index (SSVI) and Diluted Sludge Volume Index (DSVI) [3,4].  
Determination of SVI, SSVI and  DSVI values for activated sludge require sedimentation test – to 
measure volume and dry matter concentration after 30 minutes. Dry matter content is determined by 
weight analysis. The aim of this study was to create a new method to assess the sludge 
sedimentation. 

2. Research Methodology 

Samples of activated sludge were collected from five different sewage treatment plants located 
nearby Kielce city. In parallel with the classic sedimentation tests [1] carried out investigation the 
kinetics of drying sludge using MAC 50 RADWAG analyzer (Poland) with an automatic 
registration of change of sample mass. Samples of activated sludge volume of 10cm3 were placed in 
disposable aluminum dishes and dried at  constant temperature 105°C. Completion of drying 
process was automatically recorded when there was no change of the sample mass in the time 
interval equal 120 seconds. Changes in the mass of dried sediment were recorded every two 
seconds. Results were basis for define the absolute rate of drying. 
 
Absolute rate of drying formula: 
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Moisture content formula: 
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b
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b  moisture content, - , 
M  mass of water, g, 

1S  total mass, g. 

3. Results 

Results of moisture according to absolute rate of drying are illustrated in Fig. 1. with a maximum 
Wmax. 

 

 
Fig.1. An example graph of binding moisture precipitate the absolute rate of drying. 

Fig. 2 shows  a scatter plot and the exponential relationship between the  Wmax values and the 
volume of sediment in the cylinders after 30 minutes of sedimentation V30.  
The value of the coefficient of determination R squared  suggest that the estimated exponential 
model, statistically significant at the confidence level of 95%, explained over 62% of cases.  
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Fig. 2. Scatter plot and the exponential relationship between the fixed values of Wmax and the volume of sludge after 

30 minutes of sedimentation liter measuring cylinders fixed at the time of the tests sedimentary deposits V30. 

4. Conclusion 

The study showed that it is possible to predict the properties of the activated sludge sedimentation 
based on the value Wmax determined on the basis of the results of measurements of the mass of dried 
sediment sample at a constant temperature of 105oC. The method is simpler in comparison to 
previously used methods for determining the properties of sedimentary sludge. 
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Abstract. This paper presents an analysis of an asymmetric distribution of longitudinal reinforcement in 
reinforced concrete beams using a 3D optical scanner.  The influence on the cracking process, the image of 
destruction and the capacity of these structural elements were taken into account. The analysis of crack 
formation and corresponding displacements was based on the comparison of the deflection and crack 
morphology tests results performed on three reinforced beams monotonically loaded until failure. One of the 
three beams was asymmetrically reinforced. The mid-span deflection and capacity were calculated in 
accordance with PN-EN 1992-1-1 adopting characteristic strengths of steel and concrete. The tests were 
performed under the Development Project No. 04 00 007 10/2011. 

Keywords: beam, displacement, concrete, reinforcement, photogrammetry 

1. Introduction 

A 3D optical scanner allows measuring deformations and displacements in three directions, 
which offers new possibilities for investigating limit states of reinforced concrete members.  The 
scanner provides the consistency and objective recording of the output data, even at the moment of 
the bearing capacity loss. This type of recording allowed the analysis of a non-typical damage to a 
beam with improperly placed rebar. Construction defects may change the behaviour of the structure 
under load, including the designed failure mode of the element.  

2. The Impact of Improper Placement of Reinforcement in Reinforced 
Concrete Beams 

During the tests and measurements conducted within the framework of the current Research 
Project, one of the reinforced beams failed unexpectedly and in an explosive manner. The failure 
was accompanied by a deplanation of the beam. The case was analysed using a 3D optical scanner 
to find the cause of the damage. It was established that the recorded process resulted from the 
asymmetrically manufactured reinforcement placed in the beam at the precast reinforcement plant. 
In order to evaluate the effect of the poor construction practice on the assessment of the element 
failure mode, the result of the tests carried out on three beams were compared and analysed. The 
reinforcement in two of the three beams was properly placed.  

3. Description of the tests 

3.1. Description of the beams 

 The tests involved 3 m long simply supported single span reinforced concrete beams with 
cross sections of 0.12×0.30 m. Manufactured at a precast reinforcement plant, the beams were made 
of a C40/50 concrete and a S500B steel. The results presented in this paper are based on the tests 
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carried out on three reinforced concrete beams marked as A2M-2, D2M-1 and D2M-2. The 
reinforcement in the beam marked A2M-2 was manufactured improperly, as shown in fig. 1. 

 

 
A2M-2 

 
D2M-1 

 
D2M-2 

Fig. 1. Reinforcement scheme after stocktaking 

3.2. Procedure 

The beams were tested under the load of two compressive forces (fig. 2) increased 
monotonically until failure at the pre-programmed speed of 0.4 kN/min. 
 

 
Fig. 2. Static scheme 

During the tests, the beams side surface deformations were measured with a 3D optical scanner 
and deflections were measured by 5 inductive sensors. In addition, the tests included measurements 
of acoustic emission signals, which are the main aim of the research conducted towards the 
development of an IADP acoustic emission method for structural evaluation of reinforced concrete 
structures [1].  

The impact of the asymmetrical arrangement of the reinforcement in the cross-sectional area of 
the beam was analysed based on the data recorded by the 3D optical scanner. The working principle 
of the scanner follows the methods used in stereophotogrammetry. Two cameras with the same 
photographic objectives provide three-dimensional photogrammetric evaluations that make it 
possible to record deformations of the selected (prepared) surface under load and to analyse the 
change in the deformations in three directions [2]. 

4. Results 

The results obtained from the tests on the reinforced concrete beams using a 3D optical scanner 
are presented in the figures to follow. The figures illustrate the possibilities that this device offers of 
studying strains and displacements as well as processes that generate and expand cracks in 
reinforced concrete structural members.   

Fig.3 compares displacements of the beams in the Z direction – perpendicular to the surface 
analysed. The maximum value of deplanation in beam A2M-2 under the load of 78kN was 111mm, 
with 2.5mm for D2M-1 and 3.87mm for D2M-2. 
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Fig.4 compares the deflection as a function of force in the central point of the beam, calculated 
to Eurocode 2, with the experimental data.  

 

 
Fig. 3. Graphical comparison of displacements in the Z direction for load 78kN 

 

 
Fig. 4. Graphical comparison of the deflection in the middle of the beam span 

Possible applications of a 3D optical scanner to the analysis of strains in the X direction are 
presented in fig. 5, which compares strain values in the cross section at the height of the tension 
reinforcement’s center of mass, along the length of the investigated surface. Deformations of beam 
A2M-2 are definitely smaller, which indicates that the widths of resultant cracks are smaller than in 
beams D2M-1 and D2M-2. 
 

 
Fig. 5. Graphical comparison of strain values for each beam 

Fig. 6 shows a graphical representation of deformations on the surface of the beams. The local 
areas of the strain accumulation (deeper hue) can be considered to correspond to the cracks that 
occur in the reinforced members and therefore an optical scanner can be used to analyse the 
cracking process. The images obtained from the scanner indicate that distances between the cracks 
in beam A2M-2 are smaller and that the number of cracks is bigger.   
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In order to verify the results, fig.7 compares deflection values obtained from the 3D optical 
scanner and from the inductive sensors. The curves of displacement agree well, and the final 
discrepancies result from the non-typical failure of the reinforced concrete beam and the necessity 
to switch off the sensors ahead of time.  

 

 
A2M-2 

 
D2M-1 

 
D2M-2 

Fig. 6. The image of the surface deformation for each beam for load 70kNm 

 

 
Fig. 7. Graphical comparison of the deflection obtained from a 3D optical scanner and inductive sensors 

5. Conclusion 

Based on the tests it has been concluded that an optical scanner can be used for the evaluation 
of reinforced concrete members limit states, including: 

• deflections, deformations and the process of cracking, 
• displacements in the X direction, that is, perpendicular to the observed surface.  
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Abstract. A debris flow is usually represented by a mixture of solid particles of various sizes and water, 
flowing along a laterally confined inclined channel-shaped region; debris flow protection barriers are the 
focus of this research. In particular the paper presents a simplified structural model of cable-like retention 
barriers based upon the equation of equilibrium of wires under large displacements condition. Inputting the 
debris flow features, the model returns restraining forces and cable stresses that can then be used for an 
appropriate barrier design. Some parametrical tests were performed to analyze how the impact velocity and 
the mass density of the debris influence the maximum tensile force and the acting load in the cables: results 
are here presented and discussed. 

Keywords: Debris-flow, Retention Barriers, Cable structure, Parametrical Analysis. 

1. Introduction 

Rapid mass movements of materials composed by a mixture of grains, water and air developing 
under the effect of gravitational forces are known as debris flows. Their destructive capability is 
particularly severe due the high amount of energy associated with such movement usually taking 
place for several hundreds of meter along slopes, without losing their kinetic energy [1]. This 
phenomenon usually takes place due to collapses of natural accumulated material (landslides, 
erosions, etc.) produced by strong autumnal precipitations or rapid spring snowmelt.  

2. Actions induced by the debris flow on a flexible surface  

The effect of the debris flow impacting an obstacle is to transmit a pressure on the contact area. In 
the case of retention barriers, such an obstacle is deformable and its flexibility mitigates the 
pressures developed during the impact, allowing the flow to slow down up to its complete arrest if 
the barrier strength is adequate. Moreover, by considering the case of a permeable barrier – such as 
in the case of net-like barriers – the draining effect can take place, as well,  increasing the internal 
friction of the particles and facilitating the arrest of the flowing material. Neglecting the barrier 
deformation (to be in the safety side), the pressure produced by the debris flow impact can be 
estimated considering both the dynamic impact pressure and the static pressure of deposited debris 
[2]. The first one can be determined assuming the kinetic energy of the flowing material to be 
totally converted in a pressure load when the velocity vanish (Bernoulli theorem). The dynamic 
pressure on the barrier can thus be estimated as (Fig. 1a): 

2
0)( vxq dd ⋅⋅= ρα     (1)   

where α is an empirical coefficient (α =1.5÷5, [3]) that can be assumed equal to 2.0 when the 
barrier is flexible and drained and the flow regime is granular, while 0,vdρ  are the mass density and 

the impact velocity of the debris, respectively. It must be also considered that after the impact, when 
the debris starts to accumulate behind the barrier, a static pressure develops (Fig. 1). The height of 
the accumulated material at the generic time t can be estimated as (Fig. 1):  
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   θtghtvth ⋅⋅⋅⋅= 002)(     (2) 

where the quantities θ,0h (height of the debris flow and inclination of the slope behind the barrier) 

are assumed to be the constant during the phenomenon. Note that (2) requires a positive slope, i.e. 
0>θ , while for  0=θ , i.e. for a horizontal slope, the problem is indeterminate. 
The static pressure acting at the depth )(td , measured with respect to the current top free 

surface of the material, can be assessed through the trivial relation: 
  gzthhkgtdkdq dds ⋅⋅−+⋅=⋅⋅⋅= ρρ ))(()()( 0    (3) 

where gk, are the earth pressure coefficient and the acceleration of gravity, respectively, while z is 
the vertical position of the point under consideration (Fig. 1b). 

 

θ

(b)

θ

(a)

θ

 
Fig. 1. Debris accumulation behind the barrier (a) and corresponding load distribution at a generic time instant (b) 

3. Structural model of a cable structure 

The present model [4] simply assumes that the main resisting cables loaded only in the 
horizontal direction, while the vertical forces transmitted by the connecting net to the cables are 
negligible for not too small deformation (Fig. 2).  

 

 
Fig. 2. Geometric and loading parameters of the single cable of a retention barrier 

The final relation between the distributed load iq  and the maximum displacement iu  of the i-th 

cable occurring at its midpoint is:   

    
3
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Making use of the load-displacement relationship and considering also the effects of the brakes 
and of the superposed net, the equilibrium relations lead to a system of equations [4]. Since the 
solution of such a system does not allow an easy analytical treatment, an iterative evolutionary 
algorithm belonging to the so-called Genetic Algorithm (GA) is applied ([5]; [6]). 

 

338



 

  

4. Parametrical analysis 

A trapezoidal barrier composed by six cables was simulated; inter-axis between each cable was 
equal to 1m. Some tests were performed to analyze how parameters influence maximum tensile 
force H, maximum displacement u of the cables (occurring in the mid-point) and acting load q in 
the cables: in particular impact velocity 0v  (3÷10 m/s), mass density dρ  of the debris (1850-2000-

2200 kg/m3), height of the debris flow 0h  (0.2÷0.4-0.6-0.8 m) and inclination of the slope behind 

the barrier θ  (20°-30°-40°) have been varied and a total of 288 combinations of their values have 
been used as input of the barrier model. 

Hmax, umax and qmax are the maximum values of H, u and q, respectively, among those obtained 
for each considered instant. Maximum and mean values of Hmax, umax and qmax are obtained 
considering five cables, from the second one starting from the ground to the upper one. The first 
cable from the bottom was not considered in the analysis because its transversal section area is 
bigger than the others, in order to simulate the effect of the anchoring to the ground. 

Correlation index was calculated between input and output data: values are reported in Tab. 1. 
 

 
maximum Hmax  maximum umax  maximum qmax  maximum qmean  mean qmax mean qmean  

v0 0.987 0.988 0.980 0.276 0.980 0.363 

ρd 0.108 0.105 0.111 0.467 0.111 0.320 

h0 0.002 0.005 0.002 0.789 0.002 0.845 

θ 0.002 0.002 0.002 0.123 0.002 -0.008 
 

Tab. 1. Values of the correlation index between input and output parameters  
 

   
 

Fig. 3. Correlation between impact velocity and maximum value of a) Hmax, b) umax 
 

   
 

Fig. 4. Correlation between impact velocity and a) maximum value of qmax, b) mean value of qmax 
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Maximum value of Hmax, umax and qmax and mean value of qmax are strongly correlated to impact 
velocity (correlation index close to 1). In particular Fig. 3a and Fig. 4a and 4b show trends with 
exponents equal or close to 2, while Fig. 3b shows a linear trend. 

Maximum value of qmean and mean value of qmean have an intermediate correlation index with 
impact velocity: Fig. 5 shows that trends in this case are influenced also by h0 and θ. This fact must 
be highlighted because it proves that considering the mean value of the acting load in the cables 
may not always be the best choice for the design of the barriers. 
 

  
 

Fig. 5. Correlation between impact velocity and a) maximum value of qmean, b) mean value of qmean; ρd = 1850kg/m3. 
 

5. Conclusions 

A simplified analytical structural model of cable-like retention barriers has been presented to assess 
the safety of such protection elements. A parametric study has been finally presented to show the 
influence of some input parameters on output data. This work represents a starting point that will 
need further development and additional validations; however due to its simplicity and easy 
estimation of the involved parameters, represents a promising tool to enhance the design and the 
verification of flexible barriers. 
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Abstract. The paper presents the results of the research conducted on self-compacting concrete (SCC) with 
steel fibre reinforcement. The objective of the research was to identify the effect of steel fibre and air content 
on the mixture properties and on the durability, absorption and frost resistance of SFR SCC. The concrete 
samples were prepared with CEM II/A-LL with an addition of blast furnace slag and 0-16 mm dolomite 
aggregate. The testing method in which the beams were partially submerged in water caused great damage 
after 100 freeze-thaw cycles, which confirms significant influence of water uptake on the accelerated damage 
effect. 

Keywords: freeze-thaw durability, steel fibers,  self-compacting concrete, air-entrainment, microspheres.  

1. Introduction 

The addition of steel fibres increases the flow limit and plastic viscosity with increasing fibre 
dosage [2]. Other factors of significant importance include the fibre shape (straight, hooked, 
undulated) and geometric parameters (length, diameter and slenderness). High content of steel fiber 
(1-1.5%) may have a bearing on even distribution of the mixture components or may cause fibre 
clumps or blockage of aggregates. The mixtures with reduced flow limit and plastic viscosity, i.e., 
with lower stability, have a tendency to segregate or create sedimentation.  

One of the basic requirements for pavement and bridge concrete is to ensure its frost durability. 
In theory, good frost resistance can be achieved through the use of very structure - tight concrete 
(W/C<0.38) or through air entrainment.  Using several mineral additives and admixtures at the 
same time may lead to difficulty in maintaining the air pore system stability. Instability of air pores 
may be due to: floating of large air bubbles, disappearance caused by dissolution of air bubbles 
smaller than 0.10 mm, or coalescence of air bubbles [5]. Viscosity of self-compacting concrete may 
enhance those negative phenomena [6].  

An innovative approach [8] that helps avoid the majority of the problems mentioned above is 
the use of microspheres – preformed spherical particles that do not disappear or coalesce, and the 
pore system is specified accurately. The results of private research conducted by Prof. 
Wawrzeńczyk [7] on the use of polymer microspheres as the air-entraining admixture confirm high 
efficiency of this method in the case of traditional bridge concrete. 

In practice, the design of fibre reinforced self-compacting concrete mixture becomes a 
compromise between rheological properties of a fresh concrete mixture, its proper air-entrainment, 
and the improvement of the composite mechanical properties.  

Interesting data concerning the feasibility of SFR SCC in the full-scale use, based on the tests 
conducted for in-situ slabs (The Brite EuRam project) have been reported by [3], [4]. The self-
compacting concrete was made with CEM I 42.5, limestone filler, and the air-entraining agent at 
W/C=0.40 and an addition of 30-44 kg/m3 steel fibre. The tests showed that the type of selected 
fibre might have a significant effect on the air entrainment level. 
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2. Test describtion 

The objective of the tests was to determine how the steel fibre addition and concrete mixture 
air-entrainment with polymer microspheres may affect the fresh concrete properties and frost 
durability of hardened SCC. The experiment programme included manufacturing six self-
compacting concrete specimens divided into two groups: series A – non-air-entrained concrete and 
series B – air-entrained concrete with an addition of microspheres, to which 0 - 60 kg/m3 of steel 
fibre was added. 

The following materials were used in the tests: 
- cement: CEM II/A-LL 42.5R (with about 10% limestone dust content). 
- ground granulated blast furnace slag 30% by weight of cement. 
- natural sand 0/2 mm. 
- crushed dolomite sand 0/4 mm 
- coarse dolomite aggregate 4/8 and 8/16 mm. 
- superplasticizer Viscocrete 5-600. 
- polymer microspheres 0.7% by weight of binder. 
- Steel fibres- 40 mm in length and 0.62 mm in diameter. 
 

 
Prior to testing the reference concrete mixture was designed (A0-SCC mixture without fibre, 

non-air-entrained) following the self-compaction requirements. The adopted water-to-binder ratio 
W/B=0.33 corresponded to the water-to-cement ratio W/C=0.44. The designs of the other mixtures 
were modified by adding appropriate amounts of steel fibre and by air entraining B series mixtures 
using polymer microspheres.  

The ingredients were mixed in a 55 dm3 capacity concrete mixer. The concrete slab 10 cm in 
thickness was cast in a wooden formwork (photo1) made in two compartments to make the slabs 
light enough to be manhandled.  

 
Fig 1. Concrete slab in the formwork. 

 

A diamond saw was used to cut the slabs into the following specimens. 
- 6 beams 90x100x500 mm to test F-T resistance,  
- 8 cubes 100x100x100 mm to measure compressive strength and absorption, 
- 2 slates 30x100x150 mm to determine the factors that characterize the structure of air pores. 
A standard slump flow test were used to determine the diameter of the spread D, spreading time 

T50 and the density of the concrete mixture (PN-EN 12350-6:2001). 
Compressive strength was measured on 100 mm cubes (PN-EN 12350-3:2001); the three-point 

bending test was conducted on the prismatic samples (PN-EN 12390-5:2009); water absorption by 
weight was measured on 100 mm cubes (Polish standard PN-88/B-06250). 

The F/T resistance in terms of ICR was determined on beams 90x100x500 mm exposed to 100 
cycles of freezing according to the procedure defined in CEN/TR 15177:2006: two cycles a day 
were performed; the specimens were frozen in air at -20°C for 8 hours and then thawed in water of 
+20°C for 4 hours. For each series of concrete 2 beams were stored in water at the temperature of  
+20°C at all times, 2 beams were frozen in air and 2 beams were frozen while partially immersed in 
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water (placed in metal containers allowing the specimens to be surrounded by water up to 35 mm of 
their height) (Fig. 2).  

 
Fig.2. Freeze-thaw test procedure for a) companion beams stored in water, b) beams frozen in air, c) beams 

frozen when partially immersed in water. 
 

After the completion of the freezing cycles, three-point bend tests to EN 12390-5:2009 
standards were performed to measure the flexural strength fcf  of the beams.  The halves of the 
beams with 80x100x30 mm pads (Fig.3) were exposed to compression to determine the concrete 
compressive strength.  

 
Fig. 3. Strength tests of the beams: flexural fcf and compressive fcm. 

3. The results 

3.1.  Hardened concrete properties tests 

 The compressive strength of series A non-air entrained concrete was in the range of 87.2-93.0 MPa 
and the compressive strength values of series B air entrained concrete were from 75.1 to 86.2 MPa. 
All the concrete used conformed to the requirements set for high strength concrete (min. class 
C50/60). B series concrete showed lower strength due to high porosity related to the presence of 
polymer microspheres. Absorption values were medium, in the range of 4.34÷5.34%. 

3.2. Internal cracking resistance tests 

The damage level is estimated on the basis of visual evaluation of the beams, changes in mass ∆m, 
drop in the flexural strength ∆fcf and compressive strength ∆fcm .Figure 4 shows a drop in the 
flexural strength and the compressive strength of non-air entrained and air entrained concrete 
specimens after 100 freeze-thaw cycles performed in air and water (expressed in percentage). 
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Fig 4. Loss in a) flexural strength b) compressive strength of specimens frozen in air and water after 100 
freeze-thaw cycles. 

 

Specimens – non-air-entrained beams frozen in air 
Freezing concrete in air is a relatively mild method. The air in the chamber must be continuously 
stirred which may cause drying of the specimens.  
The decrease in mass after 100 freeze-thaw cycles performed on series A concrete samples did not 
exceed 15 g. The fall in flexural strength after 100 freeze-thaw cycles was from 27 to 41%, which 
means that if the adopted criterion is 20%, the concrete must be regarded as non-frost-resistant. The 
values of compressive test results after 100 freeze-thaw cycles were in the range of 84.8-98.6 MPa. 
The fall in the compressive strength was not significant reaching 4-8%. The assessment of frost 
resistance based on the compressive strength tests cannot be considered reliable. The results 
indicate explicitly that flexural strength tests help discern between damaged and non-damaged 
concrete.  
No significant effect was observed of the steel fibre application on the improvement of the flexural 
tensile strength.  
 
Specimens – air entrained beams frozen in air 
The air entrained series B specimens showed a mass gain of 10-11.5 g after 100 freeze-thaw cycles. 
The flexural strength loss was 7-19% and the compressive strength loss was 1-5%. This means that 
in both cases the limit value of 20% was not exceeded.  
The concrete from series B, air entrained with polymer microspheres, satisfied the requirements 
specified for frost-resistant concrete after 100 freeze-thaw cycles. The test results confirm that the 
application of polymer microspheres is an effective method of concrete air entrainment.  
Moreover, a slight increase in the air content due to the presence of polymer microspheres did not 
decrease the flexural tensile strength.  
 
Specimens – non-air entrained beams frozen in water 
As illustrated in Fig. 5, series A non-air-entrained concrete specimens frozen in water showed 
considerable mass gains of 118-127 g, which resulted from internal damage in the concrete due to 
lack of air entrainment. The onset of the beam deterioration was observed after about 30 freeze-
thaw cycles. Vastly faster destruction of water - frozen  concrete beams in relation to specimens 
frozen in air can be explained by "pumping" mechanism in accordance with the Erlin / Mather 
concept [9]. Changing the volume of ice during water freezing process and thermal shrinkage of ice 
caused by further cooling leads to the progressive absorption of supplementary water amounts 
inside the pores (pumping effect) and increases the saturation degree  of  material containing water. 
Conducting further freeze – thaw cycles may lead to total destruction of the concrete structure. 
The decrease in the flexural strength of the specimens – beams frozen in water – was significant and 
ranged from 71 to 84%. The values of flexural strength for series A concrete were within the range 
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of 2.0-3.9 MPa. The decrease in compressive strength of series A beams was considerable, in the 
range of 24-37%. 
The non-air-entrained specimens after 100 freeze-that cycles must be defined as totally non-frost-
resistant.  
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Fig. 5. Mass change – specimens frozen in water. 
 
Specimens – air entrained beams frozen in water 
An explicit difference was observed in mass change of the air-entrained samples from series B in 
relation to the non-air-entrained samples when the specimens were frozen in water. After 100 
freeze-thaw cycles an average mass change of air entrained concrete was 10-11 g. Figure 5 
compares mass changes of the air entrained samples with the non-entrained samples depending on 
the number of cycles.  
The flexural strength of samples from series B after 100 freeze-thaw cycles ranged from 11.5 to 
13.7 MPa.  The drop in the flexural tensile strength of the air-entrained beams did not exceed 9%. 
The drop in the compressive strength was very slight and ranged from 0 to 4%. Such a low mass 
gain and the strength drop of much less than 20% confirms very good frost resistance, provided by 
the presence of polymer microspheres in the concrete.  

4.  Conclusions 

1. There was no explicit difference in the influence of fibres added to the concrete on its strength. It 
was observed, however, that an addition of steel fibres had an adverse effect on the workability of 
the concrete mixture.  
2. The non-air-entrained concrete proved to be non-frost-resistant despite their high strength class 
(C55/67-C60/75). 
3.  The tests conducted on the beams frozen in air did not reveal any surface damage and the mass 
change of the non-air-entrained and air entrained specimens was insignificant. Measurements of 
flexural tensile strength of the non-air-entrained beams revealed the strength loss of more than 27%, 
which rendered them non-frost-resistant. The loss in the air-entrained concrete was less than 20%, 
which means it could be regarded as frost-resistant. The decrease in the compressive strength in 
both series, regardless of whether they were or were not air entrained, was lower than 20%. 
4. The tests of the beams partially submerged in water showed a much larger gain in mass in the 
non-air-entrained concrete, which considering the slight surface damage confirmed the progressing 
process of internal cracking. The decrease in the flexural tensile strength was 80% and the decrease 
in the compressive strength was about 30%, which means those concrete specimens are totally non-
frost-resistant. The beams air entrained using microspheres showed a slight mass gain, a slight loss 
in flexural tensile strength and a slight compressive strength in relation to the companion beams, 
which supports the opinion that they were highly frost resistant.   

series A 

series B 
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5. The steel fibre reinforced concrete strength test gave much less reliable results than the flexural 
strength test.  
6. The air entrainment with polymer microspheres was confirmed to be a very efficient method for 
determining the concrete air pore structure and frost resistance.     
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Abstract. Trusses are building constructions enclosing a building structure. The function of timber roofs is 
to protect the building from the effect of external weather conditions and biotic forms of damage, as well as 
to create such a climate in the roof space which would meet specified performance requirements. Roofs of 
the building are characterized by building and constructional factors affecting the thermo-technical and 
moisture behaviour of the structure itself and its indoor climate. The control and analysis of climate situation 
can greatly contribute to damage prevention of wooden structures. 
The aim of this paper is to provide the view on the issue hereinbefore which deals with the impact of 
moisture and the environment on wooden structures, and also with the analysis of hygrothermal parameters 
in the roof space on the basis of resultant measurements relating to the case study. 

Keywords: Moisture behaviour, indoor climate, timber roofs, relative humidity, ambient humidity, air 
temperature. 

1. Introduction 

Wood as a basic building element of truss structures is an organic material with a limited 
lifetime which is exposed to biological factors as well as weather conditions. For prolonging its 
lifetime and preventing the occurrence of its damage it is necessary to create such conditions that 
would be unfavourable to the development and progression of various degrading factors, which is 
related to its protection.  

These conditions can be achieved by respecting the principles of structural timber preservation. 
At first, an increase of the moisture content in wood have to be prevented, and in this way to 
eliminate fungal and rot infection. Wood is permanently, or cyclically in contact with water in the 
external environment. Temperature that is low in winter and high in summer is the determinant 
factor for the activity of  biotic pests. As for the indoor environment in buildings, it is just moisture 
that is the limiting factor for applying the degradation activity. Ventilation of the roofing is also 
very important to avoid becoming wet and soaking battens or rafters, partly under the influence of 
leaking certain amount of rain water through porous roofing types and partly due to water vapours 
diffusing from the building interior and subsequently condensating on the roofing. 

One of important tasks  concerning  timber  protection  is  controlling  climatic conditions, and 
at the same time optimizing some physical processes in structural materials as well as in the whole 
object [2]: 
� heat influence on wooden elements and other materials that were built into the building with the 

attention to prevent the production of water vapor, 
� air circulation in the building, 
� stabilization of the equilibrium moisture content in wood and other materials. 

2. Climatic conditions 

The equilibrium moisture content in wood depends on climatic conditions in the object. The 
water condensate formation depends on differences of climatic conditions between the object and 
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its surroundings, as well as on the constructional solution of walls,  ceilings, or roofs and their heat 
insulation. 

The long-term unsuitable climate and the formation of condensates create conditions for the 
activation of biotic pests of wood. From practical experience it is known that the risk of rot is 
significantly greater in the objects that don´t breathe and are less ventilated than occupied buildings.  

The risk reduction of wood deterioration can be achieved by adjusting proper climatic 
conditions in the object.  

Comprehensive changes of the internal climate, possibly intensities of airflow passing the 
timber elements in the external environment, can be made through constructional and design 
solutions of the building. 

2.1. The state of timber moisture balance 

Wood has the ability to change its moisture according to the ambient air humidity. The 
moisture of timber that is stable under the given environmental conditions is the equilibrium 
moisture content of timber. This state is called the state of moisture balance. If the timber moisture 
content is less than it should be to correspond to the state of the equilibrium moisture content, wood 
will absorb water in the form of water vapour from the environment until it reaches the state of 
moisture balance; if the wood moisture content is lower, the reverse process, called desorption, will 
occur.  

 The dependence of the equilibrium moisture content of timber on relative humidity at  constant 
temperature is called sorption isotherm. 

The state of moisture balance in dependence on relative humidity and air temperature can be 
determined using the nomogram, or some sorption isotherm equation. The usual nomogram shows 
dependences of wood moisture on temperature and relative humidity by Perelygina [1], the more 
accurate value of the equilibrium moisture content of wood can be determined by DeBoer and 
Zwicker´s equation [1]: 

ϕ
1

ln
ln

B

1
 

A
w ⋅=  

(1) 

where: w  - wood moisture [%], 
   φ  - relative humidity of the air [%], 
   A a B - temperature function given by the equation [°C]: 

T0,014348-7,7317 ⋅=A  (2) 

T0,0005670,0087 ⋅+=B  (3) 

   T  - absolute temperature (T=273,15+°C)  

2.2. Relative humidity of the air 

The air can absorb variable amounts of water in the form of water vapour depending on  
temperature. The lower air temperature, the less water can the air absorb maximally, and vice versa. 
Depending on how much vapour is actually present in the air, air relative humidity is determined 
according to the saturation.  

Air relative humidity gives the ratio between immediate pressure of water vapour in the air and 
fractional pressure of saturated water vapour, which can be achieved at given temperature [4]: 

[ ]% 100%
p

p
 

sat

⋅







=ϕ . (4) 

where: p - partial water vapour pressure [Pa], 
  psat - partial saturated water vapour pressure [Pa]. 
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Relative humidity of the air in the room depends on many factors and is under constant 
fluctuations. It is basically affected by external climatic conditions, transferring of moisture in 
rooms, room sizes, or ventilation frequency. 

The increase of relative humidity can occur due to: 
� release residual moisture of materials incorporated in the building, 
� creating water vapour in rooms with high moisture production,  
� surrender moisture from living organisms. 

3. Protection against humidity effect 

More considerable and sudden changes in the climate may also be the cause of mechanical 
defects in wooden elements (cracks, shape deformations), mainly in elements that are made of 
hardwood. For example, the wooden elements that were incorporated into the building in the state 
of their high humidity, in terms of moisture equilibrium corresponding to environmental conditions, 
will begin loosening after a short time - resulting in gaps, due to inadequate drying. 

The risk of deterioration of wood caused by biotic pests is directly related to the moisture of 
wood or specifically with the hazard class timber 1 to 5. The risks of deterioration of wood 
products, including wood composite, it is possible to express a reasonably accurate means of 
computing wood moisture wcalc [2] . 

( ) [ ]% awaw-ww.w additionalmequilibriuoriginalmequilibriucalc ⋅+⋅+= . (5) 

where: wequilibrium - equilibrium moisture content of timber due to the temperature and 
     the relative humidity, 

   woriginap  - original moisture content of wood before exposure to integration, 
   wadditional - additional increased timber moisture against of equilibrium  

     humidity, such as rainfall, condensation, and other, 
   a  - coefficient of timber drying [0,1 – 0,9]. 
 

Terms of timber drying 
a – coefficient of drying timber elements 

Board h  < 50 mm Board h  < 100 mm Beams and columns 

Easy desiccation 0,1 0,2 0,3 

Difficult desiccation 0,3 0,4 0,5 

More difficult desiccation 0,8 0,8 0,9 

Tab. 1. Coefficient of timber drying (a) depending on the shape of timber and environmental conditions [2] 

Protection against exposure to moisture conditioned by climatic conditions include building 
physical reasonable measures to contribute to the prevention of critical moisture condition or the 
accumulation of moisture in the cross-sectional design. There are interior humidity of the air, the 
natural humidity of outside air, rain and temperature conditions in the internal and external 
environment included among the climatic effects on structural elements of the building. 

Critical moisture conditions occur for example.: 
� crossing certain limits of relative humidity of the air at the surface element, 
� reaching dew point and condensation of the building structure in the area of materials 

without sorption capacity, 
� materials with sorption capacity, if there is a high moisture content in excess of the 

values clearly so. equilibrium moisture content. 
These conditions usually cause damage to materials or have a negative impact on the effect of 

thermal insulation products. It is obvious that functional protection against moisture is related to the 
thermal protection. To protect against moisture conditioned climatic conditions are also external 
manifestations of capillary water absorption by rain, followed by reducing moisture evaporation. 
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For pitched roofs concerned absorption roofing, for example. of ceramic material or concrete. At 
the close covering, for example. in sloping roofs with metal roofing, often manifest after-effects 
moisture behavior due to climate conditions, condensation of water on the lower surface of metal 
roofing. 

4. The case study 

The survey of current condition in the truss construction was carried out in the church of St. 
Stephen the King which is, according to contemporary knowledge, dated back to 1230.The building 
consists of the main nave and the sanctuary covering with two hipped roofs, where each of them has 
different height. The truss over the main nave is roofed using rafter construction with collar beams, 
and lateral queen posts. The ridge is ended with the sanctus bell tower having a square basis. The 
exact age dating of timber elements will be possible to do after dendrochronological examination. 

    
Fig. 1. View of the church of St. Stephen the King 

Fig. 2. The wall plate joint on the southern side of the building 

Because this is the valuable cultural monument, we chose visual and instrumental methods for 
non-destructive detection of the truss status. They were aimed to determine the damage of  timber 
elements by degrading agents, cracks, higher humidity, or to identify missing wooden elements and 
broken joints. 

The places of damaged timber components were identified and documented by visual 
inspection in the investigated truss. In the view of obtained data, we chose  representative joints 
wherein contained moisture of each wooden element was measured. Experimental measurements 
indicated physical characteristics of the roof space, and randomized timber elements by analysis of 
which, on the basis of professional literature, it is possible to assess their condition and potential 
failure causes. 

Equilibrium wood humidity in the roof space is affected by climate conditions such as relative 
air humidity and air temperature, and their dependence is characterized by the graph of hygroscopic 
wood equilibrium [3]. 

Equilibrium humidity of timber truss elements was measured using a portable hygrometer  
(the resistance method): 

 w - equilibrium wood humidity [%], with the equipment Greisinger GHM 3810, 
We measured these values of the internal environment in the roof space: 
 θai - indoor air temperature [°C], with the equipment Testo 635,and  
            long-time temperature measuring with the equipment Pmicro TX. 
 φai - indoor air relative humidity [%], with the equipment Testo 635, 
 vai  - air circulation velocity [m/s], with the equipment Testo 435. 
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The measured results were analyzed and evaluated. 

4.1. Results of measurement of physical features in the roof space 

When inspecting particular structural truss elements over the main nave of the building with 
focusing on the most common defect points, it can be claimed, in accordance with the visual 
inspection, that there aren´t any visible marked spots of damage by wood-devaluated factors. Truss 
timber was damaged locally by ligniperdous insect and root. The most significant signs of damage 
were seen in shingle roofing which is eroded in many places, and this is reflected by leaks and 
subsequent penetration of rainwater. 

Long-time experimental air temperature measurements in the roof space were made from 
02.08.2012 to 04.04.2013. Max. daily temperature in the roof space rose at 30.0°C on 22.08.2012,  
and min. daily temperature ranged about -10.0 °C on 09.12.2012. 

To analyze moisture in timber components and environmental parameters in the roof structure, 
the period from 01.03.2013 to 04.04.2013 was chosen.  Measured ambient humidity fluctuated from 
57-76% and temperature, with respect to the season, ranged from -2.0 to +12.0°C. 

 
Fig. 3. The course of φai relative humidity [%] and θai air temperature [°C] in the roof space 

To determine the temperature and equilibrium  mass moisture of timber elements, we selected 
those ones that were in so called risk locations, where leaking rainwater could have an impact on 
increasing humidity of structural timber. The paper presents values of temperature and equilibrium 
mass moisture during the period Feb - Apr 2013, see Fig.4, for the 6th tie beam (according to 
numbering from the northern gable) in the site of wall plate joint on the northern and southern side 
of the building.  

 
Fig. 4. The course of w equilibrium mass moisture [% ] for the 6th tie beam 
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4.2. The evaluation of the technical condition 

Results of measured values of mass moisture in timber truss components, which were obtained 
in the period from 01.03.2013 to 04.04.2013 in risk locations, fluctuated between 12-18%. 
Measured ambient humidity ranged from 57 to 76%, and indoor air temperature had values from -
2.0 to 12 °C. The truss space has natural air circulation through the roof window in the southern 
roof slope and the sanctus bell tower located on the border of the nave and sanctuary. The air 
circulation value was 1.0 m/s, which forms appropriate conditions for reducing accumulated 
moisture in timber structural elements. 

Measured values of equilibrium mass moisture of timber elements varied from 10.9 to 18.7% 
during the monitored period. The values hereinbefore show, as can be seen in the graph regarding 
hygroscopic equilibrium of wood [1], at average relative air humidity 67.3%, and measured 
environmental temperature in that time of the year, that values of equilibrium mass moisture of 
wood were slightly above the limit of equilibrium moisture of timber components, which can be 
imputed on the affection of rainwater moisture penetrating into the roof space through roofing 
leaks. 

5. Conclusion 

The evaluation of actual condition of the roof structure which is presented in the case study  
can be made using non-destructive instrumental methods. The measured values will provide 
sufficient data for determination of failure causes. To assess the current constitution of the truss 
construction, it is needful using additional instrumental methods respecting outlined diagnostic 
methods under the detailed building and technical investigation. 

The risk of the attack of timber elements by biotic pests increases with higher wood moisture 
which depends on temperature and relative ambient air humidity.  Controlling of climate conditions 
in the roof space can influence, under the certain circumstances, the moisture content in timber 
elements. Therefore, monitoring physical parameters of wood and involved environment can 
provide important information on the condition and possibilities of damage relating to these 
components, and at the same time give an effective tool for preventing their failures [5]. 
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