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Abstract 

On average, we spend 90% of our time indoor particularly at work and a healthy work space is essential to that 

feeling of wellbeing. In a typical building, lighting accounts for up to 40% of energy consumption. Allowing 

more natural light to penetrate the building and controlling both the light and heat components of power 

consumption, will result in significant reductions. However, using natural light doesn´t come without some 

issues. Glare, overheating, variability and privacy issues can all cause problems. Daylight is a basic human need, 

which is highlighted by the provision of transparent and translucent surfaces to all occupied spaces that we see 

around us. In many cases, the drive to create healthier, more occupant-conscious buildings works hand in hand 

with the requirement for greater energy efficiency. This article presents illumination of indoor workspace using 

daylight lighting. Measured values were compared with values calculated by simulation program Velux Daylight 

Visualizer 3. 
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1 Introduction 

Daylighting means simply to introduce natural light into a building. To maximize the positive 

benefits natural light can provide, it is vital that we expand the interpretation of what 

daylighting is. Rather than being a question of weather to include daylighting measure or not, 

it should always be considered as part of a buildings holistic energy strategy to produce 

interiors that truly work for owners and occupiers. If unmanaged direct sunlight can cause 

disruptive or disabling glare or may lead to an overreliance on air cooling systems. Increasing 

energy use and running costs as well as causing low humidity and uncomfortable air quality. 

Quality of daylighting and the correct selection of daylighting materials to provide controlled 

natural daylighting is therefore essential [1]. 

Daylighting is the practice of allowing a controlled amount of natural light into a building to 

reduce electric lighting costs. A daylighting system includes skylights and windows along 

with a daylight-responsive lighting control system. Such a system can reduce energy costs by 
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as a much as 33%. Through the passage of light through the atmosphere, some wavelengths 

are absorbed by oxygen, ozone, water vapor and carbon dioxide [9]. 

 

 

Figure 1: Spectrum of solar radiation [9].   

2 Daylight requirements in internal spaces 

The quantitative aspect of daylight illumination is enough daylight for securing the visual 

activity. The quantitative level of daylight is expressed by the daylight factor. Daylight factor 

is the ratio of the internal light level to the external light level 

 

                                  DF = (Ei / E0) x 100                                  (%)                                         (1)                                                                                          

 

where 

Ei -  illuminance due to daylight at a point on the indoors working plane 

E0 - simultaneous outdoor illuminance on a horizontal plane from an unobstructed   

        hemisphere of overcast sky 

 

 

 
Figure 2: Room – Daylight factor [4]. 
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Lighting technical requirements for daylight are specified by the standard STN 73 0580-1 

Daylighting of buildings. Part 1: Essential requirements. The daylight-light requirements 

required for different occupational activity are determined using daylight-light values based 

on the inclusion of work activity in the room in the visual activity class [6, 7].   

3 Experimental Setting 

Measurements were realized in a typical office room in Košice. The selected room was facing 

south and located on the third floor. Interior dimensions of room are 3.5m x 5 m x 2.7 m. In 

the room there is sidelighting. Sidelighting is created by the window with dimensions 

1200 mm x 2100 mm. The height of parapet is 900 mm. The fenestration systems are created 

by double plastic glass. In the calculation the following coefficients were considered 

(transmittance coefficient 0.8, maintenance factor of glazing on exterior surface 0.9, 

maintenance factor of glazing on interior surface 0.85, reflectance factor of ground 0.15 - dark 

ground). The surface of walls is white color with reflectance factor 0.7, white ceiling by 

reflectance factor 0.7. The floor has reflectance factor 0.2. Light loss coefficient due to 

window construction was τ = 0,63. The height of the assessed point, where the daylight was 

measured was 0.75 m. The room is used for medium-precision production with work of various 

kinds and therefore the room is classified in III. - IV. light – technical class. With the given 

lighting system in the critical point of functional place on horizontal plane these values are 

required: minimum standard value of daylight factor Dmin = 1.5 – 2 %, average daylight factor 

Daverage  = 5 – 6 % [5]. We recommend levels of minimum 300 lx for most of the room area by 

meeting of target climte-based daylight factor and 500 lx for areas where productive work is 

performed. In the calculation exterior horizontal illumination of 5000 lx was considered. On 

the selected days, the value of the outside light ranged from 6.500-7.000 lx in the first day, 

6.500-8.000 lx on the second day and 6.500-8.500 lx on the third day. 

 

                
 

Figure 3: Plan of the test office room 

Control point  
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4 Results 

The article presents the results of measurements for control point for three days in January 

(shown in Figure 4-6). Illuminance levels of work-surface ranged between 100 and 600 lux 

averaging 350 lux. The results of the measurement values can be seen in Table 1. 

Temperature of room varied about 24°C and humidity varied about 40%.  The results of DF 

lighting and illumination and luminance calculated can be seen in Figure 7-11. 

 
 

Table 1. The calculated DF values from the measured values. 

1st day 

Dmin Dmax Daverage 

0.37 3,35 1.08 

2nd day 

Dmin Dmax Daverage 

0.36 4.65 1.38 

3nd day 

Dmin Dmax Daverage 

0.81 6.02 1.42 

 

 

 
 

Figure 4: Measured values-1st day 
 

http://www.mdpi.com/2075-5309/7/2/47/htm#fig_body_display_buildings-07-00047-f008
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Figure 5: Measured values-2nd day 

 

 

 
 

 

 
 

Figure 6: Measured values-3st day 
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Figure 7: Results of illumination (lx) - overcast sky 

 

 

 

 

Figure 8: Results of illumination (lx) - overcast sky 
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Figure 9: Results of daylight factor DF (%) - overcast sky 

 

 

 

 

Figure 10: Results of daylight factor DF (%) - overcast sky 
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Figure 11: Results of luminance (cd.m-2) – overcast sky 
 

5 Conclusion 

The provision of natural daylight within the built environment can deliver genuine, positive 

benefits to the finished construction; benefits that can enhance the financial and environmental 

performance of the building in service, benefits that can improve the internal environment and 

make it a better, more pleasant place to be. When our mind needs to be stimulated and 

concentrated, it’s important to have the area or office brightly lit. Unfortunately offices tend to 

turn to fluorescent light, but even the slightest bit of natural light can make a big difference in 

productivity [11].  

The zone with sufficient daylight is only about 1/3 of the room depth where work is located. In 

the test room window is about 15% floor area. The pictures (Figure 4-6) show that the most light 

is around lunch. Then there is also glare. Morning is not enough light levels, so you need to use 

artificial lighting. Then, after about 15.00 p.m., the level of illumination decreases again. From 

the calculated values by simulation program it shows that in the middle of the room is a daylight 

factor 1% (Figure 9-10). Daylight factor at a point on the indoors working plane is 2% (Figure 9-

10). Minimum standard value of daylight factor Dmin = 1.5 – 2 % is met. However, protection 

against glare is required, especially in the afternoon (Figure 11). 

From the calculated value from measured values is shows that minimum standard value of 

daylight factor (requested value Dmin = 1.5 – 2 %) is not fulfilled in several hours. The 

requirement is met between 12 am and 13 pm on each day and also on the third day when the sky 

was less cloudy. 
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The difference between the measured values and the calculated values by simulation program is 

that the external horizontal illumination has changed and in simulation is constant (5.000 lx- 

requirement by standard). 
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Abstract 

Results of daylight illuminance measurements of the field testing of two light guides with different roof 

installations is presented in the article. The first one is a common tubular system with a glass roof dome and the 

second one is a new light guide prototype with a concentrator head. The daylight illuminance was measured in a 

test chamber with the light guides installation. The measurements were carried out at the end of a summer season 

from August to September 2017. The measured data show differences in the daylight illuminance of the two 

tested light guides. The measured data were compared with simulation outputs in software Holigilm. In 

summary, it was found that the common light guide is about 37 percentage more efficient in light transmittance 

compared to the new light guide prototype. In temperate climate with dominant cloudy and partly cloudy 

daylight conditions the common light guide transmitted more light that the device with the concentrator head 

which reduced light transmission much more.  

Key words: light guide, light measurements, daylight evaluations 

1 Introduction 

Light guide are tubular devices that transmit daylight into internal parts of buildings. They are 

usually installed in roofs constructions [1]. Common light guides consist of roof domes, tubes 

with mirrored surface and diffusers. Daylight is transmitted through the roof dome into the 

tube and it is scattered in the interior due to the diffuser [2,3]. Optical properties of light guide 

components and their installation are key factors influencing the light guide efficiency [3,4]. 

Most research projects have been focused on the solution of light guiding systems recently. 

Evaluations and studies of light guides were mostly focused on the influence of tubes and 

their dimensions as well as reflectance on the daylighting inside of building interiors [6-11]. 

Theoretical studies were pointed on the light transmittance of tubes with high reflective 

surfaces [12,13]. Analytic descriptions, physical models as well as algorithms and computer 

simulations of various types of light pipes were published [14,15].  A physical model for 

interior illuminance calculation applied to cylindrical guiding systems was developed [16]. 

Ray-tracing models [17-19] were used for developing of the light guide models and 

progressive photon mapping and stochastic progressive photon mapping were tested [20]. The 
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simulations were used for the modelling of the real building and light guide design [21-24]. 

Achieved and predicted installation performances were studies [25] and good design practices 

of the light guides installations were published [26,27]. 

Light reflectance of the light guides influences light transmittance through the light guiding 

systems. Installations of roof transparent covers play also important role in the light guiding 

design and their applications. Transparent covers at the top of light guides in roof installations 

are usually completed by domes or collector heads. Domes are made of glass or transparent 

plastics like PMMA. Collector heads have glass cover over a system consisting of mirrors 

and/or parabolic concentrators focusing light rays into the light tube [28,29]. The light 

focusing elements and reflecting parabolic head are used for enhancement of the light guiding 

systems efficiency. Efficiency of the light guiding systems is important for both the indoor 

visual comfort and energy savings [30-32].  

Applications of the light focusing and redirecting reflective elements for light guides should 

be considered in the context of the light guide geometry and its installation in the building 

constructions. Otherwise the very efficient light guide system but installed in less favourable 

position in the roof could decrease its efficiency as it is presented in the article. The article 

demonstrates main results of field testing of two light guides with different roof installations. 

Presented study is focused on the light guide transmittance has been involved into the 

university research project orientated on research of advanced materials, structures and 

technologies. 

A comparative study was carried out for two light guides with different roof dome 

installations. The study was carried out for the testing of the new light guide prototype and 

potentials its applications compared to the common light guide systems in temperate climatic 

conditions. The light guide prototype has a special light concentrator head. The head consists 

of two parabolic mirrors which concentrate and redirect sunlight into the tube. The prototype 

is compared with the commercially available light guide with transparent roof dome without 

any concentrator mirrors. The comparative study was completed in the field test chamber 

under real sky conditions. The purpose of the testing is to find advantages and possible 

drawbacks of the prototype light guiding system and suggest some improvements for its 

applications in buildings.  

 
 

 

 

 

 

  

 

 

 

 

Figure 1: Concentrator head of the light guide prototype 
a) schematic section of the light guide with the concentrator head (PM-primary mirror, SM-secondary mirror), 
b) side view, c) view into the parabolic concentrator. 

 

Light guide 

 

PM 

SM 
a) 

b) c) 
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2 Method 

Two light guides with identical tubes of length 0.6 m and diameter 0.52 m were installed into 

a roof of a test chamber, Figure 2. Light guides have different roof domes – the first one has a 

mirror parabolic head with a flat glass cover (light guide LP1) and the second one is with a 

glass cupola (light guide LP2), Figure 1 and Figure 2. Both of the light guides were equipped 

by internal transparent plastic cover – diffuser. The diffusers scattered light into the chamber. 

The chamber internal room is separated by curtain into two identical parts. Each light guide is 

installed over its own part. Daylight illuminance chambers was monitored simultaneously. 

Internal surfaces of the chamber were faced with black cloth. It means that only sky 

component of daylight transmitted through the light guide influences indoor illuminance 

levels. External horizontal illuminance on roof of the test chamber was also monitored. A set 

of calibrated illuminance meters Lutron LX-1128SD were used for the experiment. Achieved 

measured illuminance were completed in one-minute monitoring intervals for one month 

period between 22nd August and 23rd September 2017. The monitoring time period is 

characteristic with number of days with clear sky conditions and higher external illuminance 

levels of the end of the summer period. These conditions are more convenient for the intended 

comparative study. Illuminance meters were positioned in the axes of the light guide and in 

the distance 2.8 m from the light guide diffuser. The testing was completed in the temperate 

climatic region of city Brno in the Czech Republic, latitude 49°12', longitude 16°37', altitude 

237 m. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Photographs of light guides LP1 and LP2 installation 
a) the test chamber 

b) light concentrator heat of LP1 and roof dome of LP2 
c) view from the test chamber to the diffusors of LP1 and LP2 

Figure 2: Scheme of installation of 

light guides LP1 and LP2  
1 (resp. 2) – illuminance meters for LP1 (resp. LP2) 

light measurements,  

3 – illuminance meter for external horizontal 
illuminance measurement 

 

a) 

b) 

c) 
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Figure 4: Examples of the internal and external horizontal illuminance profiles 

 

The light measurements were completed between August and September 2017. The 

illuminance measurement results give overview about the light transmittance of the tested 

light guides. Examples of the illuminance under LP1 and LP2 compared to the simultaneously 

measured external horizontal illuminance are shown in Figure 4. It is obvious that the 

illuminance under LP2 is higher compared to the daylight level under the LP1. This can be 

noticed in daily illuminance profiles of characteristic days shown in Figures 5 a 6. 

Measurements for partly cloudy sky gives more correlated data (Fig. 5) compared to the 

illuminance under sky with dynamic illuminance variations (Fig. 6). Values of mean, median, 

maximum and minimum values over the monitored period are summarized in Figure 7. In 

summary, the percentage of the difference of mean illuminance values from the illuminance 

measurements under LP1 and LP2 is shown in the graph of Figure 8. Results from the 

presented measurements gives information that the LP1 transmitted all the time more daylight 

compared to the LP2. On an average, the light transmittance is reduced about 37 percent as 

shown in Figure 8. It means that the concentrator head of the LP1 prototype is obstructive for 

daylighting during partly cloudy and cloudy sky conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4th 

September 

Illuminance [lux] 

LP1 LP2 External 

mean 56 89 47919 

median 56 88 48250 

max 82 118 65500 

min 21 72 33900 

 

 

11th 
September 

Illuminance [lux] 

LP1 LP2 External 

mean 77 125 19134 

median 84 129 20085 

max 106 158 22800 

min 29 77 11500 

 

 

1st 

September 

Illuminance [lux] 

LP1 LP2 External 

mean 141 242 42115 

median 141 264 45850 

max 213 338 53600 

min 68 141 25800 
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Figure 5:  Daily illuminance profiles and correlation graphs for illuminances of LP1 and LP2 

(partly cloudy sky conditions, on the 1st September and 2nd September 2017) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6:  Daily illuminance profiles and correlation graphs for illuminances of LP1 and LP2 

(dynamic changes of cloudy sky, on the 16th September and 20th September 2017) 
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Figure 7:  Daily illuminance min, max, mean and median values (from 22/08 to 23/09/2017) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Percentage of the difference between mean values of LP1 and LP2 illuminance  

3 Daylight simulations 

Daylight simulations of the tested light guides LP1 and LP2 were run in software Holigilm 

[16]. Simulations were carried out for the 1st September, overcast sky [33] to be compared 

with data from measurements at daytime 12:00. Parameters selected for the simulations are: 
1) dimensions of light types LP1 and LP2 are: length 0.6 m, diameter 0.52 m,  

2) light reflectance of internal surface of the both tubes is  = 0.97.  

3) light transmittance of ceiling diffusers of LP1 and LP2 is = 0.75.  

4) light transmittance [-] of roof transparent covers of LP1 and LP2 are:   

- parabolic concentrator head of LP1:  = 0.53, - roof cupola of LP2: = 0.9.  

The light transmittance of the LP1 concentrator head was determined from light transmittance 

of glass dome 0.9 decreased for the reduction determined from the illuminance measurements 

in the test chamber which is in average 37 percentage.  The simulation outputs of internal 

horizontal illuminance at level 2.8 m under the ceiling diffusers (the test chamber floor level) 

were evaluated. Positions of the light guides LP1 and LP2 are in accordance with Figure 2, it 

means x = 0.92 m, y = 1.15, z = 2.8 m for coordinate system with 0.0 in the left hand side 

lower corner of the schemes in Figure 9. 



                                                                       SSP - JOURNAL OF CIVIL ENGINEERING Vol. 14, Issue 1, 2019 

23 
 

 

 

 

 

 

 

 

Simulation output are in conformity with the measured data. The illuminance simulations also 

confirm that in this case the light guide LP1 with the concentrator head is less efficient system 

that gives lower illuminance level on the working plane indoors compared to light guide LP2. 

The concentrator head in static horizontal position represents an obstruction for daylight 

transmittance. Especially for overcast and partly cloudy sky conditions the system with the 

concentrator head in static position is less efficient. Also the secondary concave mirror of the 

head appears to be less convenient than the convex one. If light rays affect the concentrator 

head at low solar altitude they are reflected outside of the focus mirror. Then light transport is 

due to multi-reflections inside of the light tube and the effect of the concentrator head is not 

fully used. It is recommended to complete the concentrator head with a sun tracking system 

for activation of the head direction towards the solar radiation in case of the clear sky. 

Example of the light reflection and redirection on the parabolic head on the 1st September at 

9:00 and 12:00 is shown in Figure 10 in parabolic head position 0° (horizontal), 25° a 

between 40°-55°. Dependence of the rotation on the solar altitude is shown in Figure 11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Illuminance under LP1 and LP2 

Simulated and measured outputs 

 LP1 LP2 

Holigilm simulation 

EMax [lux] 76 124 

EMin [lux] 40 72 

u = EMin/EMax  0.53 0.58 

Measured data 

E [lux] 75 161 

 

Figure 10: Examples of the light reflection and redirection on the parabolic head 
PM-primary mirror, SM-secondary mirror 

Figure 9: Illuminance E [lux] under light pipes LP1 and LP2, on 1st September, 12:00 

 

LP1 LP2 Illuminance [lux] Illuminance [lux] 

x 

y y 

x 
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Figure 11: Dependence of the parabolic head position and orientation on solar altitude 

4 Conclusion 

Two comparable light guides with different roof installations were investigated. The case 

study was focused on evaluation of the common light guide with the glass roof dome and the 

new prototype with the roof concentrator head. The measured daylight illuminance data show 

light efficiency differences between two tested light guide systems. It was proven that the roof 

installation with the glass dome (LP2) is more efficient than the prototype with the light 

concentrator head (LP1). The concentrator head of the LP1 creates obstruction for daylight 

penetration in case of its static horizontal position. Daylight illuminance levels in the part of 

the test chamber illuminated by the LP1 are reduced about 37 percentage compared to that 

achieved the chamber illuminated by the LP2 system. The evaluation was done for conditions 

representing the region with temperate climatic with dominance of overcast and partly cloudy 

skies. Daylight simulations using software Holigilm give overview of daylight illuminance for 

tested light guides and comparison of measurements. Simulation outputs are in conformity 

with the measured data. The simulations also confirm that in this case the light guide with the 

concentrator head LP1 is less efficient system because gives lower illuminance level on the 

working plane indoors compared to the light guide LP2. The light guide prototype with the 

concentrator head LP1 was tested within the frame of the dissertation research. The further 

investigations of the light guide prototype is aimed at its installation in real buildings with 

different roof structures, slopes and orientations towards cardinal points. Some improvements 

of the light guide are recommended for its application in temperate climates as the system 

with movable concentrator heads completed with roof heliostats directing solar radiation 

inside of the light tube. 

The installation of the concentrator head should be more efficient in sloped roofs oriented 

towards the south. The most efficient the light guide system LP1 would be in case when the 

light concentrator is equipped with a sun tracking system. This solution is more expensive 

compared to common light guides with glassed cupola. The sun-tracking light guide system is 

suitable for hot climates in installations exposed to intensive solar radiation.  

 

Parabolic head position 
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Abstract 

An unmanned aerial vehicle (UAVs), also known as drone technology, is used for different types of application 

in the civil engineering. Drones as a tools that increase communication between construction participants, 

improves site safety, uses topographic measurements of large areas, with using principles of aerial 

photogrammetry is possible to create buildings aerial surveying, bridges, roads, highways, saves project time and 

costs, etc. The use of UAVs in the civil engineering can brings many benefits; creating real-time aerial images 

from the building objects, overviews reveal assets and challenges, as well as the broad lay of the land, operators 

can share the imaging with personnel on site, in headquarters and with sub-contractors, planners can meet 

virtually to discuss project timing, equipment needs and challenges presented by the terrain. The aim of this 

contribution is to create a general overview of the use of UAVs in the civil engineering. The contribution also 

contains types of UAVs used for construction purposes, their advantages and also disadvantages. 

Key words: civil engineering, data capture, unmanned aerial vehicle, drone, aerial mapping 

1 Introduction 

Over the last decades, new digital technologies have appeared to enhance productivity, reduce 

overall time and cost of construction tasks. The introduction of drones to the construction 

industry is recent, although their use in other areas of industry (e.g., agriculture, public safety, 

military purposes, science and research, monitoring security, mining, etc.) has been frequent 

[1]. In the construction industry, aerial vehicles have been used for numerous purposes; such 

as, inspection of highways, bridges, roads, cell towers, high mast lighting, wind turbines, 

power transmission lines, building façade and roof, survey and mapping, construction 

monitoring, wetland/environmental, drainage and erosion, traffic monitoring, emergency 

services, etc. [1], [2]. UAVs provide invaluable help and cost savings with wide views of 

inaccessible and otherwise difficult and tough to navigate locations.  UAVs indicate best 

access with the overhead perspective and 360° panoramas relay a real-time scenario. With this 
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input, engineering teams can prioritize their approaches. Operators can share the imaging with 

personnel on site, in company and also with sub-contractors at the distance [3]. The data in 

terms of drone images from multiple locations and point clouds (from 3D scanning of 

construction site) can be used to construct a 3D model using the photogrammetry techniques. 

This so-called "drone model" can be compared to BIM model at various construction stages to 

monitor the construction progress. Beside construction scheduling and costing, this 

comparison can be expanded to include real-time recording, reporting, billing, verification 

and planning [4]. The construction industry is based on the human relationships between 

project stakeholders. Digital tools and processes cannot replace people, either as individuals 

or teams, but they are required to increase quality of work, reduce costs and safety risk, 

improve decisions, reduce time-consuming processes, etc. Drones present increasingly 

attractive opportunities for achieving these goals, e.g., a team of scientists has demonstrated 

that UAVs were able to build a rope bridge, assemble items to create a structure, or detect and 

catch an object in the air. On the present, UAVs offer a high level of automation that allows to 

reach previously inaccessible areas, while capturing a large amount of data very quickly. 

However, this is not their only use [5].  

2 Types of drones used in the construction industry 

The use of drones has been one of the most attractive construction trends in recent years. In 

the construction industry has seen an almost 240% increase in drone usage, higher than any 

other commercial sector. Drones offer such aviation benefits and capabilities that provide 

invaluable help in solving construction activities. Although there are a large number of drones 

on the market, commercial drones are commonly used in the construction industry [6]. Drones 

can be classified on a different basis, like drones for photography, drones for aerial mapping, 

drones for military purposes and surveillance, etc. However, the best classification of drones 

can be made on the basis of aerial platforms. Based on the type of aerial platform used, there 

are 4 major types of drones; fixed wing drones, multi rotor drones, single rotor drones and 

fixed wing hybrid VTOL drones [7].  

 

Figure 1: Different types of drones, source: [8], [9], [10], [11] 
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Multi-rotor drones are the most commonly used types of drones, which are used not only for 

fun, but also for professional aerial mapping. Common applications of multi rotors are aerial 

photography, video recording and aerial surveying. These types of drones can be classified 

according to the number of rotors, e.g., tricopters (3 rotors), quadcopters (4 rotors), 

hexacopters (6 rotors) and octocopters (8 rotors) [12]. The disadvantage of multi-rotor drones 

is their limited endurance and speed. Due to these limitations, these types of drones are not 

suitable for large scale aerial mapping, e.g. pipelines, roads, power lines, highways, etc. 

Despite the drone technology continues to improve, multi-rotor drones have to do a lot of 

effort to keep them in the air. Depending on the weight of the drone and camera, multirotor 

drones currently hold an average of 20-30 minutes or less in the air [13].  

 

Fixed wing drones operate essentially on the same principle as passenger airplanes. These 

drones do not generate thrust by vertical rotors, but generate lift using fixed wings [12]. These 

types of drones need energy only to move forward and not to keep them in the air. For this 

reason, they are a much more efficient variant for topographic mapping of large areas and 

they are able to cover longer distances than multi-rotor drones. On the other hand, the main 

disadvantage of the fixed wing drones is the inability to stay in the air in one place, which 

prevents them from creating detailed aerial mapping, e.g. the as-built buildings. Another 

disadvantage of this type of drone is its take-off from the ground and landing on the ground. 

Depending on the size of the drone is necessary to have a runway or catapult launcher to get 

them into the air and on the other hand is necessary to have a runway to get them to the 

ground back safely [13]. The fixed wing design allows these drones to reach a higher altitude 

during flight, making them efficient tool for aerial mapping topography, but on the other hand 

they can only fly forward. For closer aerial work which requiring more detailed activities, 

e.g., detailed aerial mapping of buildings, the use of multi-rotor drones is a much better 

solution because they are easy to work with in the air and their rotor design allows them to 

hover stable in the air [6]. 

 

Multi-rotor drones generate vertical thrust using multiple rotors, but on the other hand a single 

helicopter drone uses only one rotor. The single helicopters drones can be powered by 

gasoline engines and thus last much longer in the air than multi-rotor drones. If it is necessary 

to fly with higher payload, e.g. with the LIDAR scanner, or if it is necessary for aerial 

mapping to combine a long endurance of the flight with forward flight, in this case a single 

helicopter drone is a good choice.  The disadvantage of this type of drone is the increased 

complexity, cost, vibration, and they also require more mechanical maintenance due to their 

increased overall technical complexity [12].  

 

Fixed wing unmanned aircraft is known to be more energy efficient than quadcopters and as a 

result can cover long distances much faster. But quad-shaped drones do not need that much 

space for take-off and landing. That is also why some manufacturers have decided to combine 

these characteristics and have developed unmanned aircraft that can take off vertically and 

then go into horizontal flight using wings. Their name is very similar to the automobile 

industry, and it, hybrid drones. The hybrid drone flies on a pre-scheduled flight route at a 

user-specified height and collects data through its color and multispectral sensors. Upon 

completion of its mission, the drone will land vertically back to the starting point [12].  
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3 Utilizing drone technology in the construction industry 

The drone technology in the construction industry has a very wide range of applications. 

Drones can be applied in the construction industry in the following ways [14]: 

 

Building Surveys 

 

Almost every building survey of the building requires the visibility of the roof of the building 

in order to assess its technical conditions and to assess any defects or failures. In most cases, 

the ascent to the roof is complicated, which often requires the use of scaffolding, ladders or 

other auxiliary structures, which may ultimately pose a danger which are both time 

consuming and costly. Use of a small drone in these cases can save time, costs, reduce health 

and safety risks which are connected with the building surveying of the roof structure and 

with accessing to complex or hard to reach parts of the building's roof. [14]. 

 

Looking Fig. 2 it can be seen that for overall aerial mapping of the building it is necessary to 

create vertical (left part of the figure) and oblique (right part of the figure) aerial images. 

Vertical aerial photographic coverage of the roof is normally taken as a series of overlapping 

flight strips. The overall time for automatic mode was in this case 3 minutes and 100 aerial 

images were created. The oblique aerial images which were focused on the building's facade 

were created in the manual mode, it means, that this process is about the pilot's practical and 

personal experiences. In this mode, 950 aerial images were created in the distance from the 

building approximately 10 - 15 meters in three altitude levels. The comprehensive data 

collection time of aerial mapping was 2 hours and 1050 aerial images were created. 
 

 

Figure 2: Example of technological process of creating vertical (left) and oblique (right) aerial images 

of building; source: authors 
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Topographic Mapping and Land Surveys 

 

In the case of planning large-scale and complex construction projects, consultation of 

topographic maps is essential. Topographic maps may reveal construction design errors that 

are inappropriate for terrain. Although topographic maps are useful for construction projects, 

their production is often costly and time consuming. The use of drones is very effective in 

these cases. Due to its ability to capture large amounts of data in a relatively short time, it 

leads to significant cost savings as well as the project costs required for these activities. 

Drones, thanks to their capabilities, ensure project time, budget and accuracy. Furthermore, 

from the high quality aerial images produced by drones can be created 3D models of the 

surface (DSM-digital surface model) or of the terrain (DTM-digital terrain model) [6]. 

 

 

Fig. 3: Aerial mapping of the area of interest using a fixed wing drone; source: [15], [9] 

 

Figure 4: Topographic mapping and land surveys using a drone; source: [6] 
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Construction Site Inspections 

 

For builders the data from drones can be collected frequently allowing easy integration into 

projects and tracking site progress precisely and with hardly any lag time. This allows 

construction companies to work more effectively in managing their time and resources while 

minimizing potential issues and delays [16].  

 

Construction site inspection using drones can be a considerable tool for project teams. A pilot 

with experiences can use the drone to identify any construction or technical problems on the 

construction site and also using drones for inspection purposes is possible to ensure that the 

project goals will go according to plan. The use of drones can save thousands of euros in the 

case of rebuilds and plan changes. Using drones can be much safer as well because it 

eliminates spaces or areas on the construction site that could potentially be dangerous to 

assess the damage. With more advanced technology, it is possible also use a drone to fly 

around a construction site and check out how closely it resembles the construction plan or the 

model, drones can aid in the creation of detailed 3D models of new construction projects, 

drones can help to see what things look like on the roof of a skyscraper under construction, 

etc. [17]. Drone due to its ability to perform visual inspection of high risk areas on the 

construction site or on the new - exist building can save time, reduce health and safety risks. 

Aerial photographs can be documented from the safety of the site cabin and then sent to 

project team in HD quality very quickly and effectively. Site inspections can be undertaken 

more regularly and cover larger areas more efficiently [14]. There are four main benefits to 

using drones for construction site inspections: improved safety saves time, less labor-intensive 

and higher quality data [18].  

 

 

Figure 5: Construction site inspection by a drone; source [6]  
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Equipment Tracking and Automating 

 

Equipment tracking and automating is the problem of every project manager on the 

construction site. This is usually a problem with a large number of different tables and 

documents, which are often difficult and time-consuming to keep. Using the drone, the same 

project manager can immediately assess if the equipment is where it should be during the 

drone flight. It is also possible to quickly assess with a drone if a devices that have already 

completed its work is still on-site and with this solution is also possible to prevent expensive 

accidental extension charges [6]. 

 

Remote Monitoring and Progress Reports 

 

Probably the biggest advantage of drones in the construction industry they can provide to 

clients is their visibility from the air, from a great height and from any location [6]. A 

constant drone flight on the construction site can represents a quick way to map the progress 

of a project, especially when the clients are not able to be physically present on a site [6], 

[14]. Thanks to multiple high-resolution aerial images and HD-quality videos, project 

developers can get a better overview of project progress at daily, weekly or monthly intervals 

[14]. According to [19] it’s recommended to film only those areas of the new construction 

where the best progress is achieved, unless the client stipulates otherwise. 

 

Integration of laser scanning and aerial photogrammetry 

 

It is often difficult for a surveyor to gain access to a suitable laser scanning location from 

which would be possible to scan, e.g. roof construction. In this case the final point cloud can 

be incomplete. The drone technology in integration with the laser scanning can brings 

solution of this limitation. [14].  

 

Looking Fig. 6 it can be seen the reference building where the technology of terrestrial laser 

scans and aerial photogrammetry using a drone were used. The measurement of this building 

was divided into two stages. In the case of terrestrial laser scanning (stage 1), the completely 

facade of the building was selected for digital surveying, and in the case of aerial 

photogrammetry (stage 2) the completely roof of the building was selected for digital 

surveying.  

 

The total data collection time of the first stage was approximately 12 hours and together was 

created 48 scanner positions which were focused on the exterior part of the building. The total 

data collection time of the second stage was approximately 30 minutes (flight plan of the 

drone, aerial photographs in automatic mode, and aerial photographs in manual mode) which 

were focused on the roof construction of the building. In the second phase, a total of 302 

aerial photographs were taken using a DJI MAVIC PRO quadcopter with a 12 Mpx digital 

camera, and the entire drone flight was performed with one battery. 

 

The phase of data processing in this case consisted from three stages. The first stage was 

primary focused on creation of two point cloud from two technologies using the appropriate 

softwares. The second stage was about integration of two local coordinate systems from two 
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point clouds into common coordinate system. This was very important step for the final 

connection of two point clouds. The last stage was about final connection of two point clouds 

based on the common coordinate system (Fig. 6). Data processing time for laser scanning was 

3 hours and the Faro Scene and Autodesk Recap software were used. Data processing time for 

aerial photogrammetry was 31 hours and the “Agisoft Photoscan Professional” was used. The 

final point cloud includes now all space information about the building and this data can be 

used for either CAD or BIM modeling like a template for a new as-built project.  

 

 

Figure 6: Connection of terrestrial laser scanning and aerial photogrammetry; source: author 

Thermal Imaging recording 

 

Similar to laser scanners, also drones can be used to create aerial thermal images from 

different parts of buildings which can be used to assess cold spots in buildings. This 

possibility can bring for engineers, surveyors and contractors necessary information about the 

building in the case when is essential to identify and rectify building defects, e.g. places 

where thermal bridges arise and the like [14]. Thermography allows determine thermal 

technical properties of building envelope and is used to detect hidden building defects. 

Thermography is able to find these failures with the necessary accuracy and, if evaluated 

correctly, is the basic step for effective design of the technical solution and consequently also 

for checking its realization. Combining thermography with drones allows detection of such 

construction defects that are not visible to the naked eye (Fig. 7) [14].  

 

Thermal imaging of the certain part of the building can also help detect water infiltration, 

leaks, and areas with mold or rot before they cause serious damage. These cold, damp areas 

will appear as dark blue on the thermal imaging screen. From the inspector’s standpoint, using 

the equipment to inspect rooftops, pinpoint leaks and detect heat loss make the process 

simpler, safer and faster and generally more efficient [20]. 
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Figure 7: Example of drone thermal imaging; source [20] 

 

Other uses of drones in the construction industry can be included security surveillance, 

personnel safety, health and safety inductions, maintenance inspections, promotional 

photography, live feed/ virtual walk around, site logistics, monitoring workers, etc. [6], [14], 

[19]. 

4 Conclusion 

Drones are an important technological asset in the area of civil engineering. Their use in the 

construction industry will only increase in time because they can efficiently collect data of a 

high standard, greatly minimizes risk to the safety of a project team. In general, the 

construction industry is often careful in implementing new progressive technologies into 

production or in established workflows. The construction industry can be described as a fast-

growing industry, and unmanned aerial vehicles technology was quickly adopted as a tool that 

saves costs, time and increases safety and control. Construction companies receive drones 

much faster than ever because of their innumerable benefits. Whether drones are used by 

construction companies for topographic terrain mapping, building surveys, land surveys, 

construction site inspections, remote monitoring, progress reports, thermal imaging recording 

or for integration with laser scanners, drones have proved as invaluable tool throughout the 

life cycle of a construction project. The drone capabilities enable them to save costs, time, risk 

and labor, which automatically lead engineers, contractors, investors or future customers to 

more confidence and certainty in working on a construction project. 
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Abstract 

This article presents the results of a research dealing with the effect of CO2 on cement composites 

prepared on the basis of waste sludge water from the concrete plant. The designed formulas R1 and R3 

use waste sludge water from the concrete plant as a partial or complete replacement of mixing water in 

the production of cement composites. The mixing water was replaced by waste sludge water in the 

amounts of 25%, 50%, 75% and 100%. Laboratory tests that are defined in ČSN EN 1008 standard were 

performed in order to determine the effect of partial or complete replacement of mixing water. The test 

specimens were further subjected to the effect of CO2 in the Lamart laboratory chamber, where the effect 

of CO2 was simulated for the period 50 years. Subsequently, the cement composites were tested for their 

strength characteristics (tensile flexural strength, compressive strength) and subjected to a mineralogical 

analysis. The results show that the effect of CO2 will reduce the strength characteristics of the composite 

compared to the comparative samples. 

Key words: accelerated carbonation of composite, replacement of mixing water, waste water from concrete plant, 

cement composites, tensile flexural strength, compressive strength. 

1 Introduction 

The durability of building materials can be characterized by the time they are able to withstand 

various effects, such as temperature changes, exposure to sunlight, frost resistance and, last but 

not least, the effects of aggressive and atmospheric gases. The carbonation of concrete as a 

result of the effects of carbon dioxide leads to subsequent loses of its ability to withstand 

external impacts and it contributes to the corrosion of concrete reinforcement. In order to use 

the maximum potential of waste sludge water from the concrete plant as the mixing water for a 

concrete mixture, it is necessary to determine the chemical properties and the reactivity with 

other substances. Testing cement composites by means of accelerated carbonation is quite 

widespread nowadays. This method was used by Cabral et al. in his research on the Evaluation 
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of the Effect of Accelerated Carbonation in Cement-Bagasse Panels [1]. The penetration of CO2 

into porous mortar matrix is a diffusion-controlled process. The subsequent chemical reactions 

between CO2 and the cement hydration products lead to degradation effects of the hardened 

cement matrix [2, 3]. A research by Xie et al. focused on the carbonation of concrete with fly 

ash has reached a conclusion saying that fly ash had positive impact on the resistance of 

concrete against the effects of CO2 [4]. The permeability of cement mortars for chloride ions 

can be reduced by the addition of mineral admixtures, but it can be improved by carbonization 

curing. The formation of CaCO3 after curing by means of carbonation has improved the pore 

structure and has shown higher efficiency for pore filling. That is why carbonation curing 

provides a good way how to efficiently recycle industrial wastes as mineral additives [5-7]. The 

samples exposed to the effect of CO2 show a denser microstructure compared to the samples 

not exposed to CO2. Despite the presence of reactive MgO, the absorption of CO2 increases 

with age [8, 9]. Many studies use recycled construction waste to produce composites and 

concretes [10, 11]. Two formulas marked R1 and R3 were designed on the basis of the already 

established properties. The designed formulas were exposed to the effect of CO2 equal to 50 

years. Their strength characteristics were examined and their mineralogical analysis was 

performed after this exposure. 

2 Materials and Methods 

2.1 Sand 

Standardized sand according to ČSN EN 196-1 was used for the production of the test 

specimens. The amount of sand is presented in Tab. 1. 

2.2 Cement 

Two types of cement were used for the designed formulas. For formula R1, it was Portland 

cement CEM 52.5 R, which contained 95% of Portland clinker and 5% of additional 

components (fly ash), and for formula R3, it was Portland cement CEM II/B-LL 32.5 R, which 

contained 65% of Portland clinker, 30% of limestone LL and 5% of additional components (fly 

ash). The amount of cement used is presented in Tab. 1 [12]. 

2.3 Mixing water 

During the production of cement composites, the mixing water was replaced by waste sludge 

water from the concrete plant in various ratios. This water was tested to the requirements given 

in ČSN EN 1008 standard [13]. Attention was focused on the adherence to the standard limits 

(pH, conductivity, alkalinity, concentration of sulphates, nitrates and chlorides, concentration 

of humus substances, dissolved and undissolved substances). The standard limits defined in 

ČSN EN 1008 [13] were not exceeded and the used waste sludge water from the concrete plant 

meets the requirements for mixing water. The replacement of mixing water with waste sludge 

water from the concrete plant was carried out in the ratios of 1/4 (25%); 1/2 (50%); 3/4 (75%) 

and 1 (100%). L. Klus, J. Svoboda, V. Václavík, T. Dvorský and J. Botula     
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2.4 Designed formulas 

Two formulas marked R1 and R3 were designed. The composition of the individual formulas 

is presented in Tab. 1. 

Table 1: Composition of designed formulas 

Formula R1 R3 

Mixing water replacem. Comp 1/4 1/2 3/4 1 Comp 1/4 1/2 3/4 1 

CEM I 52.5 R [g] 450 450 450 450 450 - - - - - 

CEM II/B-LL 32.5 R [g] - - - - - 450 450 450 450 450 

Mixing water- pure [g] 225 168.8 112.5 56.3 - 225 168.8 112.5 56.3 - 

Sludge water [g] - 56.25 112.5 168.8 225 - 56.25 112.5 168.8 225 

Sand [g] 1350 1350 1350 1350 1350 1350 1350 1350 1350 1350 

 

2.5 Mineralogical analysis 

Bruker Advance D8 powder diffractometer equipped with a LynxEye linear semiconductor 

detector and a SOL-XE energy-dispersive detector was used to perform the mineralogical 

analysis. The samples were dried to a constant weight at 105 °C in a Memmert drier, crushed 

to a maximum grain size of 8 mm, ground in a BetonTest A 50 vibrating mill, and then sieved 

through a sieve with a mesh size of 0.063 mm. The sieved material was used as an input for the 

mineralogical analysis. 

2.6 Strength characteristics 

The tensile flexural strength and compressive strength tests were carried out in compliance with 

ČSN EN 196-3, ČSN EN 197-1 ed.2. standards [14,15]. Beams with the dimensions of 

40x40x160 mm were used as the test specimens. Formtest testing device with a compressive 

force of 300KN and 100KN was used for the testing. 

3 Results and discussion 

3.1 Mineralogical composition of solids obtained from the composite samples 

Fig 1. presents the results of the mineralogical analysis of the samples of solids from the tested 

composites of formula R1, which were exposed to the effects of CO2 in a CO2 chamber. Fig. 1 

clearly shows that significant mineralogical shares consist of these minerals: Quartz (SiO2), 

Calcite (CaCO3), Portlandite (Ca(OH)2), Ettringite (Ca6Al2(SO4)3(OH)12·26H2O) and Gypsum 

(CaSO4·2H2O). It is obvious from the results of the mineralogical analysis that the type of 

minerals does not change, but there are differences in the percentage representation. 
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Figure 1: Mineralogical composition of the standardized average of solids obtained from 

composite samples of R1 Comp formula (0% replacement) and R1 1 (100% replacement) 

[%]. 

3.2 Surface carbonation  

The comparative samples were cured for 90 days in a humid environment and then they were 

exposed to CO2 for a period simulating 50 years and broken. A phenolphthalein indicator was 

applied to the fracture surface of the sample and the area not affected by carbonation turned 

pink (Fig. 2). An image analysis of the samples after tensile flexural strength test by means of 

a USB camera was used for the detection of carbonation. The surface of the test specimen was 

scanned, and the area Sw, which was affected by the carbonation process, was detected and 

calculated. See Tab. 2. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 2: Samples of formula R3 and R1 after the application of phenolphthalein on the 

fracture surface. 
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Table 2: Carbonation area  

Mixing water 

replacement 

Total sample area [mm2] Carbonation area Sw [mm2] 

Mixture R1 Mixture R3 Mixture R1 Mixture R3 

Comp 1626.1 1618.4 643.2 715.5 

1/4 1655.6 1621.3 531.7 557.8 

1/2 1637.4 1633.2 47.8 255.6 

3/4 1614.8 1618.8 412.9 364.3 

1 1630.9 1626.9 487.3 534.6 

Tab. 2 presents the area affected by carbonation. It shows that the R1 mixture is more resistant 

to the effects of CO2 in comparison with the R3 mixture. This is due to the type of cement used 

in formula R1, which is Portland cement (CEM I 52.5 R), whereas formula R3 uses Portland 

mixed cement (CEM II/B-LL 32.5 R). When comparing the formulas R1 and R3, all the 

mixtures with replaced mixing water show better resistance to CO2 effects compared to the 

comparative mixture. 

The addition of waste sludge water from the concrete plant increases the ability of cement 

compound to resist the effects of CO2, which can be explained by the lower content of calcite 

(CaCO3) in mixture R1-1, as presented by the mineralogical composition in Fig. 1. It shows 

that the calcite content of R1-1 mixture is lower by 24.1% in comparison with R1-Comp 

comparison mixture. At the same time, Tab. 2 shows that the carbonated area of R1-1 mixture 

is 24.2% smaller in comparison with R1-Comp comparison mixture. There is a mutual 

dependence between the calcite content and the carbonation area. 

3.3 Strength characteristics 

The specimens with the dimensions of 40x40x160 mm were used for the testing of tensile 

flexural and compressive strengths. The determination of tensile flexural and compressive 

strength was performed on samples after 90 days of age and on samples exposed to the effects 

of CO2 simulating a period of 50 years. The measured values of tensile flexural strengths are 

presented in Fig. 3. 

The results presented in Fig. 3 clearly show that the samples containing waste sludge water 

from the concrete plant have lower tensile flexural strengths for both formulas (R1, R3) in 

comparison with the comparative samples. The largest strength difference in case of formula 

R1 was recorded in the sample with 100% mixing water replacement, with a decrease in 

strength by 18% in comparison with the comparative sample. The largest strength difference in 

case of formula R3 was recorded in the sample with 100% mixing water replacement, with a 

decrease in strength by 19% in comparison with the comparative sample. The results of the 

compressive strength test are presented in Fig. 4. The figure presents the values of the samples 

exposed to accelerated carbonation equal to the effect of CO2 for the period of 50 years. 
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Figure 3: Tensile flexural strength of formula R1 and R3 exposed to the effects of CO2 for a 

period simulating 50 years. 

 

 

Figure 4: Compressive strengths of formulas R1 and R3 exposed to the effect of CO2 for the 

period simulating 50 years. 

When comparing the results of the compressive strengths, it is evident that the samples 

containing waste sludge water from the concrete plant show lower compressive strengths in 

case of both formulas (R1, R3) in comparison with the comparative samples. The biggest 

difference in strength for formula R1 was recorded in the sample with a 25% replacement of 

mixing water, with a decrease in strength by 11% in comparison with the comparative sample. 

The biggest difference in strength for formula R3 was recorded in the sample with a 25% 

replacement of mixing water with a 12% decrease in strength in comparison with the 

comparative sample. 
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4 Conclusion 

This article presents the results of the experimental research dealing with the use of waste sludge 

water from the concrete plant in the production of cement composites. The research was focused 

on the physical and mechanical properties of cement composites exposed to the effect of CO2 

representing a period of 50 years. 

The results of the tensile flexural strength show that the most suitable replacement of mixing water 

with waste sludge water from the concrete plant for formula R1 is a 25% replacement, and for 

formula R3, it is a 25% replacement as well. The biggest difference in tensile flexural strength was 

achieved by samples containing 100% replacement of mixing water.  The differences for formula 

R1 reached 18% and for formula R3, it was 19%. The results of the compressive strength show 

that the most suitable replacement of mixing water with waste sludge water from the concrete plant 

in case of formula R1 is a 100% replacement, and in case of formula R3, it is a 100% replacement. 

The biggest difference in compression strength was achieved by samples containing 25% 

replacement of mixing water. In formula R1, the difference was 11% and in formula R3, it was a 

difference of 12%. 

The test results of the effect of CO2 show that the addition of waste sludge water from the concrete 

plant increases the capability of the cementing compound to resist the effects of CO2.  This can be 

explained by the lower content of calcite (CaCO3). Calcite content of R1-1 is lower by 24.1% 

compared to R1-Comp comparative mixture. At the same time, the carbonation area of  R1-1 

mixture is lower by 24.2% compared to R1-Comp comparison mixture. 
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Abstract 

Acid rain is identified as one of the most serious environmental problems nowadays and it is mainly a mixture of 

sulfuric and nitric acids. Deterioration of concrete structures exposed to aggressive acid rain attack is a key 

durability issue that affects the performance and maintenance costs of vital civil infrastructures. The motivation 

for understanding the acid rain corrosion process is high because of the early age deterioration of many concrete 

structures exposed to acid rain. The main objective of this study was to investigate the durability of concrete 

specimens with different supplementary cementitious materials, such as fly ash, zeolite and blast furnace slag 

against acid rain attack. Experiments of acid rain simulation influence on the composites were carried out for 7 

weeks and parameters like visual changes, absorbability and leachability of calcium and silicon ions were 

evaluated. The increase in absorbability was detected for all samples while the sample with blast furnace slag 

was identified to be the most durable in this point of view. The most durable sample considering leached-out 

calcium and silicon ions was found to be sample with fly ash. 

 

Key words: concrete, supplementary cementitious materials, deterioration, acid rain 

1 Introduction 

As one of the most used building material, concrete is inevitably exposed to different acidic 

substances and from this point of view the durability of concrete structures in aggressive 

environments has become a major concern over the past several decades [1-3]. Suitable 

compressive strength, large resources of concrete components and cost effectiveness are 

concrete characteristics that are desirable for various applications [4,5]. When concrete is 

exposed to acidic environments, deterioration of material occurs, because acidic molecules 

penetrating the concrete reacts with compounds in concrete matrix [4,6].  

British chemist R.A. Smith first observed the pollution of acid rain in 1852, which attracted 

much attention from researchers, environmentalists and experts from many different fields all 

over the world [7]. Acid rain attack caused by atmospheric precipitation leads to degradation 
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of concrete strength and structural stability. With the development of the industry, the acid 

rain corrosion has become a more serious problem. Studies have showed, that the rainwater of 

most parts of Europe, the eastern parts of the United States, the southwest parts of China and 

parts of Japan has been strongly acidified [1]. 

Acid rain is a corrosive medium containing not only H+ cations but also other species 

including NH4
+, Mg2+, and SO4

2- ions. Based on its composition, the mechanism of 

degradation of cement-based materials like concrete by acid rain attack is quite different from 

and more complicated than the mechanisms of pure acid attack [2]. 

Value of pH in pore water solution of concrete is typically ranging from 12 to 13.5. Acid rain 

induces physical and chemical reactions in the matrix, which results in a reduction in the pH. 

Continued reactions lead the concrete structure to gradually lose its strength and durability 

characteristics followed by possible structural failure [2,8,9]. Therefore, the mechanism of 

deterioration of concrete structures under acid rain attack should be studied further to 

minimize its impact [2]. 

Under a corrosive environment, concrete properties can be improved by using supplementary 

cementitious materials either from natural resources like zeolite or in a form of industrial by-

products like blast furnace slag and fly ash. Benefits of using supplementary cementitious 

materials in concrete include increased long-term compressive strength, better workability 

and reduced permeability [10]. 

In this paper, the influence of different supplementary cementitious materials (zeolite, blast 

furnace slag and fly ash) on performance of concrete under acid rain attack has been studied. 

Parameters like leachability of calcium and silicon ions from concrete matrix, absorbability 

and visual changes on the surface of 28-day cured composite samples after 7 weeks of their 

storage in aggressive solution were investigated. 

2 Materials and methods 

2.1 Concrete specimens 

Four concrete mixtures containing different supplementary cementitious materials were 

prepared for the acid rain corrosion experiment. Specimen A-0 represents the reference 

mixture made with Portland cement (CEM I) only, in the mixture A-1 was Portland cement 

partially replaced by zeolite, in the mixture A-2 with fly ash and in the mixture A-3 with blast 

furnace slag, respectively.  

Concrete samples were prepared according to Slovak standard STN EN 206-1+A1 [11] in a 

form of prisms of size 100 x 100 x 400 mm. After 24 hours the samples were demoulded and 

cured for 28 days in tap water. Concrete prisms were cut into small prisms with dimensions of 

50 x 50 x 10 mm for the accelerated corrosion experiments. Table 1 shows the mixture 

designs with appropriate w/c ratio for tested concrete specimens. 

Table 1: Concrete mixture design of studied specimens 

Component A-0 A-1 A-2 A-3 

Cement (kg/m3) 360 331 304.75 54 

Natural aggregates, fraction 0/4 mm 845 825 845 825 
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(kg/m3) 

Natural aggregates, fraction 4/8 (kg/m3) 405 243 405 235 

Natural aggregates, fraction 8/16 (kg/m3) 590 752 590 740 

Water (L) 190 190 190 162 

Fly ash (kg/m3) - - 41.30 - 

Blast furnace slag 

(kg/m3) 
- - - 306 

Zeolite (kg/m3) - 29 - - 

Plasticizer (L) - 2.65 - - 

w/c 0.53 0.53 0.55 0.45 

 

Before the start of the acid rain corrosion experiments the samples were brushed in order to 

remove polluting particles and dried at 105± 5 °C in the laboratory oven. 

The simulated acid rain solution with pH 1.6 was prepared by mixing pure chemical reagents 

such as H2SO4 and HNO3 in a ratio 1:1.5, respectively and deionized water. 

The volume of the liquid solution was based on the volume ratio of the concrete specimens 

and liquid phase and was set at 1:10. The ratio was selected according to accelerated short-

term corrosion experiments to achieve desired deterioration of concrete samples. The acid rain 

corrosion tests of concrete samples were carried out in glass beakers during 7 weeks at 

laboratory temperature of 23 °C. 

2.2 Absorbability test of concrete specimens 

The absorptivity test was performed on concrete specimens according to Slovak Standard 

STN 73 1316 [12]. Before the corrosion tests, the concrete prisms were dried at 105 ± 5 °C 

and their weight was determined. The testing of concrete prisms for acid rain solution 

absorption was performed prior and after the 7 weeks long experiment. At the end of the 

corrosion tests, the weights of wet specimens were measured and specimens were again dried 

at 105 ± 5°C and weights of dry specimens were determined. Absorbability before the 

experiments and after was calculated using equation (1) [12]: 

             (1) 

Where mW refers to the weight of wet specimen and mD is weight of dried specimen.  

2.3 Leachability of Ca2+ and Si4+ ions 

X-ray fluorescence analysis (XRF) was used to analyze the leach-out quantities of Ca2+ and 

Si4+ ions in concrete leachates after 4th and 7th week of experiment. Spectrometer SPECTRO 

iQ II (Ametek, Germany) with SDD silicon drift detector with resolution of 145 eV at 10 000 

pulses was used. Detailed measurement conditions of the XRF analysis were previously 

described in [13]. 
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3 Results and discussion   

3.1 Visual changes 

Table 2 shows concrete samples prior and after the exposition to acid rain environment.  

Table 2: Visual changes of samples before and after the corrosion experiment 

Concrete specimens Surface prior the experiment Surface after the experiment 

A0 

  
A1 

  

A2 

 
 

A3 
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Due to high concentration of H+ ions, corrosion due to acid rain solution occurs rapidly on the 

surface of samples, leading to the failure of cementitious material. Simulated acidic solution 

severely damaged the samples and the deterioration was significant for all specimens. White 

crystals identified on the surface of the tested samples A0, A2 and A3 were related to various 

calcium sulfates. For the sample A1 with zeolite, white to yellow rough-surfaced compounds 

were detected. Simultaneously, the aggressive solution damaged the cement binder and 

exposed the coarse aggregates of samples.  

3.2 Absorbability 

Absorbability of concrete specimens before and after the simulated acid rain experiments is 

given in Fig. 1. 

 

Figure 1: Absorbability of concrete specimens 

The absorbability test performed on concretes with different supplementary cementitious 

materials proved an increase in water absorption for all tested samples after the simulated acid 

rain exposition. Table 3 shows the percentage increase in absorbabilities of concretes after 7 

weeks long corrosion experiment. 

Table 3: Change in absorbability after acid rain exposition 

Concrete sample A0 A1 A2 A3 

Change in absorbability [%] 2.24 3.26 2.03 1.58 

 

The highest absorbability was observed for sample A3 with blast furnace slag, however the 

change in absorbability prior and after the acid exposure was the lowest among all the 

specimens (1.58 %). Sample A1 made with zeolite showed highest change after the corrosion 

experiment (3.26 %). 
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3.3 Leachability of Ca2+ and Si4+ ions 

Fig. 2 presents the leaching trends Ca2+ ions of concrete samples during the acid rain 

corrosion experiment. 

 

Figure 2: Concentration of dissolved calcium ions of concrete specimens during 7 week long 

acid rain exposure 

The highest amount of leached Ca2+ ions was observed after 7 weeks of exposure (5474 

mg/L) for the reference sample A0 made with ordinary Portland cement. Leaching trends of 

samples A0 and A2 were similar throughout the corrosion experiment, where the 

concentration of calcium ions increased with time. However leaching of Ca2+ ions of samples 

A1 and A3 had different course, where after 7 weeks the concentration of calcium ions 

decreased in comparison with the concentration after 2 week long period. The decrease in 

leached amounts of calcium ions for samples A1 and A3 after 7th week could be likely 

connected with stronger formation of crystal compounds on the surface of concrete samples. 

Concentration of leached-out Si4+ ions is presented in the Fig. 3. 
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Figure 3: Concentration of dissolved silicon ions of concrete specimens during 7 week long 

acid rain exposure 

Similar to leaching trends of Ca2+ ions, the leaching of Si4+ ions was the most intensive for 

reference sample A0 after the 7th week of acid rain corrosion (6365 mg/L). Trends of leached-

out silicon ions were the same for samples A0, A1 and A3, where the highest leached-out 

concentrations of Si4+ ions were observed after the end of corrosion experiment. Sample A2 

with incorporated fly ash had opposite leaching trends of silicon ions, with the maximum 

leached-out Si4+ ions at the beginning of experiments. 

4 Conclusion 

This paper was focused on evaluation of durability of concrete samples with incorporated 

supplementary cementitious materials (zeolite, fly ash and blast furnace slag) exposed to 

simulated acid rain environment during a period of 7 weeks. To predict the degradation effect 

of acid rain on concrete samples, characteristics like absorbability, leaching of basic inorganic 

elements (Ca2+ and Si4+ ions) and visual changes were determined. From the obtained results 

following conclusions can be drawn: 

 The aggressive effect of simulated acid rain environment was confirmed in relation to 

all studied parameters.  

 The concrete specimens show a steady rate of increased absorbability when exposed to 

the acid rain solution. The increased absorbability goes up gradually with the increase 

of immersion time, and the most durable sample was the sample with blast furnace 

slag. 

 The leaching trends confirmed the degradation effect on all tested samples. The most 

durable sample considering leached-out calcium and silicon ions was found to be 

sample with fly ash. 

To give a clear conclusion about the durability of the concrete samples made with different 

supplementary cementitious materials, more research considering higher substitution of 

pozzolanic materials and testing mechanical parameters like compressive and flexural 

strengths or porosity is needed.  
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Abstract 

Sustainable construction and its architecture of buildings seeks to minimize the negative environmental impact 

of buildings by efficiency in the use of materials, energy, and development space and the ecosystem at large. 

Sustainable buildings use a conscious approach to energy and ecological conservation in the design of the built 

environment in cities. This article is devoted to the environmental assessment of three family houses which 

represent three different material and design solutions. The houses were evaluated through the Slovak building 

environmental assessment system (BEAS), which has been developed for Slovak conditions at the Faculty of 

Civil Engineering, TUKE. This study shows that the influence of green design, compared to traditional 

construction, is important and more beneficial for the practice of designing sustainable buildings. It creates the 

most comprehensive relationship between the building and its environment and significantly affects building 

sustainability. 

Key words: House, environmental assessment, BEAS  

1 Introduction 

The high-energy consumption of the construction industry and its associated environmental 

pollution have become a global challenge. Cities and their buildings result in huge 

environmental impacts which are critical to reduce. Although the concept of green building 

(GB) is growing rapidly, the primary emphasis has been on energy-saving design. However, 

little attention is focused on sustainable post-occupancy operations in buildings. The study [1] 

presents a developed comprehensive quantitative method which analyzes stakeholder impact 

during GB post-occupancy evaluation (POE). Results of this study help clients and design 

teams improve their building designs by integrating the views of stakeholders through the 

POE for the design of green buildings. However, some of the studies about green buildings 

focus on either design building requirements or building materials. Those studies use the 

approach of spatially modeling building stocks and quantifying their embodied environmental 

requirements. Therefore, this model helps cities quantify and evaluate material and 
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environmental flows, better manage building stocks, as well as reduce embodied 

environmental requirements over time [2]. The adoption of the eco-design approach can be a 

turning point for strategies of the construction sector. The study [3] aims to investigate factors 

but also drawbacks that drive designers in the implementation of eco-design. Results reveal 

that designers have also a high environmental sensitivity, but a systematic adoption of the 

eco-design approach is still far. Therefore, it is necessary to foster the inclusion of energy and 

environmental criteria in the building design and certification schemes. The promotion of 

green building needs evaluation standards and technical support. Many countries have issued 

a series of green building evaluation standards since 1990, and currently there are some 

representative green building assessment schemes. The study [4] compared the latest 

evaluation standards for green buildings in China, Britain and United States from five aspects, 

including energy-saving, water-saving, material-saving, site selection and the outdoor and 

indoor environmental quality. In order to study the environmental impact of green building 

development policies, a “Green Building Eco-environment (GBE)” model was constructed 

and presented in the study [5]. A model is constructed with the method of system dynamics 

and implemented using Vensim software. The model is used to simulate and evaluate the 

current state and future trend of variation of the eco-environmental impact of green building 

development during the years 2008–2050 under current green building development policies. 

Some policy factors are adjusted in the simulation to determine the optimal green building 

development policies. Life cycle assessment (LCA) is considered as the most suitable way to 

assess the environmental impact of buildings. The evaluation needs methodological 

simplifications of building LCA and the usability of LCA, which are based on EIA software 

tools during the design process [6]. For life cycle assessment for building energy 

refurbishment projects, there is a general focus on the operational stage, linked to the main 

objective of reducing operational energy use. The study [7] evaluates the relevance of each 

life cycle stage in relation to the overall environmental and economic impact on residential 

building energy refurbishment projects. Another study [8] once again integrates building 

information modeling (BIM) with life cycle assessment (LCA) and presents the outcome of 

multi-storey office building in evaluating environmental impacts of building materials. Most 

of the negative environmental impacts are occurring during the manufacturing and operation 

phases. Therefore, this integration encourages reviewing the application of building materials 

in order to reduce the passive contribution to the environment. As for green buildings, the 

case study [9] focuses on the analysis of the embodied carbon of building envelopes, 

especially for aluminum-based curtain wall systems. Standardized methods and databases that 

better represent the variations in embodied carbon emissions based on the local recycled 

content, manufacturing process, and energy mix are much needed. The accuracy of 

environmental performance assessment methods is highly important. However, obtaining 

accurate results require taking into account the variables that affect the environmental 

assessment presented in another study [10]. These variables include for example the impact of 

natural and human changes that occur periodically (the repetition of certain events according 

to day, month, and year), sequentially (changes over time), and suddenly (disasters and other 

unexpected events) and are not addressed in current assessment methods. This study proposes 

an approach for considering the effects of variables with which higher accuracy in evaluation 

results can be achieved.  
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This paper aims to present results of a case study which evaluates three family houses 

designed with various material and construction solutions through the Slovak building 

environmental assessment system (BEAS). 

2 Characteristics of low-rise residential family houses and methods 

For the environmental evaluation of three new family houses (FH1, FH2 and FH3), the 

Slovak building environmental assessment system (BEAS) was selected. The houses are 

located in the north part of the town of Kosice and in the center of Rozhanovce, in the Slovak 

Republic (Figure 1). The selection of the family houses has taken into account some 

important requirements. According to the urban zoning plan of the city Kosice, family houses 

are located in low-rise residential areas. The building locations are not in the floodplain of 

Kosice [11]. The territories where the family houses are situated are approximately the same 

quality level of environment. The areas are characterized by mild to severe territorial 

conditions for construction. The construction sites have different configurations of the terrain. 

 

 

 

 

   

  

 

 

 

Figure 1: Location of selected family houses in Slovakia (Google Maps 2019)  

Family houses designed as two-storey buildings without basement with flat roof were selected 

for evaluation. The family houses are designed with various material and construction 

solutions. The first family house FH1 is designed with bricks, and it has built-up area of 214.5 

m2; the useful floor area is 339.9 m2, and the built-up volume is 1569.2 m3. The second family 

house FH2 is designed as a concrete construction in combination with porous concrete blocks, 

and it has a built-up area of 106.8 m2; the useful floor area is 202.6 m2, and the built-up 

volume is 618.1 m3. The third family house FH3 is designed as wooden construction, and it 

has a built-up area of 145 m2; the useful floor area is 127.97 m2, and the built-up volume is 

441.3 m3. The heating systems of the family houses are designed as floor and wall heating or 

radiators by gas condensing boiler with an additional fireplace or solar system for house FH3. 

The houses FH1 and FH2 have natural ventilation, and the house FH3 has mechanical 

ventilation with heat recuperation. The family houses are connected to engineering networks 

such as electrical, gas, water connection and sewage connection or cesspool for house FH3. 

FH1

1 

FH2

1 

FH3

1 
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These new family houses are designed according to the requirements of laws and standards of 

EU and Slovak Republic. These houses have been occupied approximately for 3 years from 

the end of the construction. Building characteristics and other information about the evaluated 

family houses are presented in Table 1.  

Table 1: Building material solutions of family houses  

Family house Design and construction of evaluated family houses 

FH1 

 

Foundations: reinforced concrete foundation strip; External walls, 

surface finishes: bricks (300 mm) with exterior silicate plaster, stone 

facing; Ceiling structures: reinforced concrete slabs (200 mm); 

Roof construction, roof covering: flat roof, gradient made of 

polystyrene concrete (60–200 mm), roof cladding — river gravel; 

Interior walls, surface finishes of walls: bricks (250 mm) and 

aerated concrete blocks (100–150 mm) with lime-cement plasters and 

ceramic tiles; Floor and ceiling surface finishes: floors — wooden 

floor, ceramic tiles, cement screed, composite boards, ceilings —

plasterboard; Insulations of ground floor, external walls and roof: 

ground floor — 2× waterproofing PVC, separating PE foil, mineral 

wool (80 mm), external walls — mineral wool (100 mm), roof — 

extruded polystyrene (2×100 mm); Windows: wood windows with 

triple glazing with horizontal aluminum exterior blinds.  

FH2 

 

Foundations: reinforced concrete foundation strip and reinforced 

concrete bearing wall (400 mm); External walls, surface finishes: 

reinforced concrete wall (400 mm); aerated concrete blocks (300 

mm) with exterior silicate plaster, stone facing; Ceiling structures: 

reinforced concrete slabs (200 mm); Roof construction, roof 

covering: flat roof, roofing foil; Interior walls, surface finishes of 

walls: porous concrete blocks (250 mm) and blocks (150 mm), lime 

plasters and ceramic tiles; Floor and ceiling surface finishes: floors 

— laminate floor, ceramic tiles, ceilings — lime plasters, 

plasterboard; Insulations of ground floor, external walls and roof: 

ground floor — 2× waterproofing PVC, separating PE foil, expanded 

polystyrene (100 mm), external walls — expanded polystyrene (100 

mm), roof — expanded polystyrene (150 mm); Windows: plastic 

windows with triple glazing with horizontal aluminum interior blinds.  

FH3 

 

Foundations: reinforced concrete foundation strip; External walls, 

surface finishes: wooden construction (400 mm); chipboard (OSB 

boards), Ceiling structures: reinforced concrete slabs (60 mm) and 

wooden beams (200 mm); Roof construction, roof covering: flat 

roof covered with soil (300 mm), counter roof — gravel (50 mm), 

OSB boards (25 mm); Interior walls, surface finishes of walls – 

reinforced concrete wall (200 mm), porous concrete walls (150 mm), 

plasterboard, ceramic tiles; Floor and ceiling surface finishes: floors 

— wooden floor, ceramic tiles, ceilings-plasterboard; Insulations of 

ground floor, external walls and roof: ground floor — 2× 

waterproofing PVC, PE foil, expanded polystyrene (300mm), sand 

(300 mm), external walls — mineral wool (200 +200 mm), roof — 

stone wool (100+140 mm), expanded polystyrene (150 mm), mineral 

wool (100+100+200 mm); Windows: wooden windows with triple 

glazing with horizontal aluminum and wooden exterior blinds.  
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The selected family houses were assessed with the building environmental assessment system 

(BEAS) developed at the Institute of Environmental Engineering at the Technical University 

of Kosice. The family houses were evaluated in six main fields such as: A-Site Selection and 

Project Planning; B-Building Construction; C-Indoor Environment; D-Energy Performance; 

E-Water Management and F-Waste Management. The main fields are divided into individual 

indicators, where each indicator is assigned a certain weight of significance and is defined by 

the purpose of evaluation and by a criterion according to which the assessment is made. The 

methodology and criteria for evaluating the individual indicators in individual fields (A–F) 

are presented in the studies [12, 13].  

3 Results and discussion 

3.1 Site selection and project planning  

Field A is divided into 14 indicators A1–A14. Evaluation of field A takes into account 

selection of the site for construction in relation to vulnerability to flooding, selection of 

brownfield areas, for possibilities of connection to engineering networks and exploitation of 

renewable energy sources. This field assesses site selection in relation to distance to road-

traffic infrastructure, city amenities and natural green spaces as well as the occurrence of 

transport infrastructure in the construction site. The buildings were evaluated for their 

appropriate architectural design and compatibility of the urban design with local cultural 

values in given area [13]. In Figure 2, we can see the summary of results of indicators A1–

A14.  

 

 

Figure 2: Summary of results of assessing family houses in field A  

Indicator A1 reached a negative score (−1) for all three houses. The territories where the 

family houses are situated are, according to environmental regionalization of Slovakia, 

strongly disturbed environments (Environmental regionalization of Slovakia, 2018). 

Indicators A2 and A3 reached a high score because the family houses are not located either in 

the flood territory or nearby the potential recipient. The family houses are located in a dense 

built-up area and reached score 3. The houses FH1 and FH3 are located in the center of a 

built-up area, and this location has city amenities (road-traffic infrastructure, commercial and 
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cultural facilities, sport and active recreation) and public or natural green space. The distance 

of the family houses to city amenities and green spaces is between 500 to 800 m, and they 

reached score from good (3) to best (5). The house FH2 is located in a peripheral part of 

Kosice city, and its distance is more than 1000 m. This house reached low score (from −1 to 

3). Indicators A9, A10 and A13 reached the best score (5) for all houses. The locations of the 

houses have the possibility of connection to all engineering networks (water and sewage 

connections, electricity and gas connections), the locations have a possibility to use up to 

three systems of renewable energy sources (solar panels, photovoltaic panels, heat pumps), 

and the assessed houses are located near local or tertiary roads. The family houses FH1 and 

FH3 use passive solar gains by the appropriate orientation of building, and indicator A11 

reached high score (from 3 to 5). The percentage area of the glazed surfaces of houses 

oriented on the southeast, south, southwest, west was ranging from 51 to 81%. The lowest 

score (−1) was reached by house FH2 because the percentage area of the glazed surfaces is 

only 41%. The family houses FH1 and FH3 fully respect compatibility with cultural values 

relating to urban design and architecture in the given locality and reached the highest score (5) 

for indicator A12. Indicator A14 aims at ensuring minimum percentage of green areas, and it 

achieved various scores for all houses. The house FH1 ensures minimum percentage of green 

spaces of the total land area (60%), and therefore it achieves score 0. The houses FH2 and 

FH3 ensure more as minimum percentage of green spaces of the total land area. The house 

FH2 (71%) achieves score 3, and the house FH3 (82%) achieves score 5. In this field A, the 

family houses FH1 and FH3 reached most of the high scores for individual indicators. These 

houses have better architectural design, better site in relation to their construction, distance of 

site to road-traffic infrastructure and city amenities, as compared to the house FH2. 

3.2 Building construction  

The field B is focused on environmentally friendly building materials and structures to reduce 

energy and material flows during the entire building life cycle. This field of assessment 

system deals with building product environmental labelling, use of local, recycled, natural 

materials in the building as well as the radioactivity of the building materials. Primary energy 

embodied in building materials, global warming potential and acidification potential are 

assessed within the building life cycle [13]. A summary of results of individual indicators 

B1.1–B2.2 is presented in Figure 3.  

 

Figure 3: Summary of results of assessing family houses in field B  
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The family house FH3 reached the highest score (5) for indicator B1.1 because it has more 

than 50% share of built-in products (wooden parquets, wooden constructions, insulation from 

mineral wool) with the mark awarded by EPD, European flower, certified wood (FSC) and 

others. The houses FH1 and FH2 have less than 25% share of built-in environmentally 

labelled construction products, and they reached score (0). Indicator B1.2 achieves the highest 

score (5) for the house FH3 because the distance of the location of manufactured building 

materials to the construction site is up to 200 km. The house FH1 achieves score (3) (distance 

is 380 km), and the house FH2 achieves score (0) (distance is 520 km). The house FH3 has 

built-in construction products whose recyclable share in the given building materials is more 

than 50% (cement chipboard, wood floors, insulation materials), and it reached the highest 

score (5). The house FH1, with its recyclable share of 38.9% in the given building materials 

(polystyrene concrete, extruded polystyrene, mineral wool insulations), reached score (3). The 

house FH2 has the lowest recyclable share (20%) in the given building materials (insulation 

material underground parts of the external walls), and it reached score (0). The family houses 

FH1 and FH2 do not use natural materials, and they achieved the lowest score (−1) for 

indicator B1.4, except house FH3. The house FH3 is designed as a wooden construction with 

mineral insulation and particle boards, and the percentage share of natural materials is more 

than the 50%. This house achieved the highest score (5) for this indicator. All three family 

houses achieved the highest score (5) for the indicator B1.5. The declared mass activity of 
226Ra of the built-in materials and products does not exceed 100 Bq/kg. The indicators B2.1, 

B2.2 and B2.3 assess the life cycle of building materials. The energy embodied in building 

materials is more than 2500 MJ/m2 (3621.33 MJ/m2 for FH1; 4536.43 MJ/m2 for FH2; 

6742.74 MJ/m2 for FH3), and therefore this indicator achieved the lowest score (−1) for all 

assessed family houses. Global warming potential has value of CO2eq less than 300 kg/m2 

(240.57 kg/m2 for FH1), and therefore this indicator achieved the highest score (5) for the 

family house FH1. The houses FH2 and FH3 have global warming potential value in the 

range of 301–500 kg/m2 (338.41 kg/m2 for FH2; 346.86 kg/m2 for FH3), and those houses 

achieved score (3). The acidification potential achieved values of SO2eq ranged 0.5–1.5 kg/m2 

(1.038 kg/m2 for FH1; 1.21 kg/m2 for FH2). The houses FH1 and FH2 reached score (3) for 

this indicator. The house FH3 achieved a value for acidification potential in the range of 1.6–

2.0 kg/m2 (1.99 kg/m2), and it was assessed with score (0). Based on the overall assessment of 

the family houses in field B, the best score was reached by the house FH3. This house uses 

environmentally friendly products and has the highest percentage share of these built-in 

products, uses products from local sources, and has the most share of built-in recycled 

building materials and natural products. In terms of life cycle assessment, the house FH1 

achieved the best rating. 

3.3 Indoor environment 

For evaluation of field C, the factors concerning IEQ are taken into account. These factors 

derive from the structural design of the building. This field of the assessment system is 

divided into 10 subfields in which there are assessed indicators such as thermal comfort 

during the heating season and cooling season, ventilation, noise attenuation, daylighting and 

artificial lighting, the materials used in the building and the transfer of pollutants [13]. A 

summary of the results of individual indicators C1–C10 is presented in Figure 4. The results 

show that for C1 and C2, the house FH3 meets the requirements according to Slovak standard 
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STN EN 15251:2007 in all living rooms during heating and cooling seasons. This house 

reached the highest score (5) for C1 and C2. The houses FH1 and FH2 achieved operative 

temperature value in range of (18 ≤ θo < 20 °C) during heating season and achieved minimum 

requirements of the standard in some living rooms as well as for the cooling season. Those 

houses reached score (0) for indicators C1 and C2.  

  

 

Figure 4: Summary of results of assessing family houses in field C  

The houses FH1 and FH2, with natural ventilation, have total area of the openings at least 5% 

of the total floor area, and more than 50–75% of all the spaces have ventilation from the top 

down. Those houses reached score from 0 to 3 for indicator C3. In all spaces of house FH3 

with mechanical ventilation, the minimum requirements of the standard are exceeded, and this 

house reached score 5. All family houses reached the highest score (5) for C4. The family 

houses meet the requirement of noise attenuation through the exterior envelope in residential 

areas of cities according to standard STN 73 0532 (quality class of sound insulation for 

windows is ≥ 4). The design of internal dividing structures in house FH3 exceeds the 

minimum requirements according to the standard for evaluation of noise attenuation between 

all rooms of the house, and therefore this house reached score 5. Noise attenuation between 

some rooms of the house FH2 exceeds the minimum requirements, and the house FH1 fulfills 

the minimum requirements of the standard. Those houses achieved low score. The design of 

glazed structures of all houses complies with the daylight requirements defined by STN 73 

0532. The total area of windows is 2/10 of the room floor area of the assessed houses, and 

therefore the family houses reached score 3 for indicator C6. The houses FH1 and FH3 are 

designed with the most appropriate shielding elements (external wooden slats, external 

aluminum blinds with automatic control) for optimum indoor brightness, and these houses 

reached score 5 for indicator C7. The house FH2 is designed with minimum measures, and it 

achieved score 0. All evaluated family houses ensured a high level and quality of illuminance 

for the occupancy, and therefore score 5 was assigned for C8. For assessing of interior 

materials (indicator C9), the house FH3 reached the highest score (5) because all materials are 

with low or no emissions of TVOC. The houses FH1 and FH2 have more than 75% of 

materials which are selected as materials with a low release of TVOC emission. Those houses 

reached the lowest score (from −1 to 0). The family houses FH2 and FH3 achieved the 

highest score for indicator C10 because those houses have their garage placed out of the 

building. The house FH1 has a built-in garage which is ventilated but without CO2 sensor, and 

it achieved score 0. In this field, the house FH3 meets all requirements for assuring high 

quality and comfort in an indoor environment. 
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3.4 Energy performance  

Field D evaluates strategies of operational energy as energy for heating and domestic hot 

water, mechanical ventilation and cooling, light intensity control using artificial light sources 

and further strategies using active systems of renewable energy sources and energy 

management. These strategies, in connection with smart control of buildings, also reduce a 

building’s energy use [13]. Figure 5 depicts the summary of results of individual indicators 

D1.1–D3.1. 

 

Figure 5: Summary of results of assessing family houses in field D  

The family house FH3 achieved the highest score (5) for indicator D1.1 because it belongs to 

energy class A for heating according to the Law No. 555/2005 of the energy performance of 

buildings. The houses FH1 and FH2 are classified as energy class B for heating, and therefore 

they reached score 3. For indicator D1.2 that rates class of energy for domestic hot water 

according to the Law No. 555/2005 of the energy performance of buildings, the highest score 

(5) was achieved by the family houses FH2 and FH3 due to their classification to energy class 

A. The house FH1 belongs to energy class B, and it was evaluated with score 3. The house 

FH3 achieved the highest score (5) for indicator D1.3 because it uses a mechanical ventilation 

system with air treatment by recuperation. The lowest score (−1) was reached by the house 

FH2 because it does not use a mechanical ventilation system or cooling system; the house 

FH1 uses a cooling system only, and therefore it was evaluated with score 0. Regarding light 

intensity control (D1.4), the best score was reached for the houses FH3 and FH1 because light 

intensity control is ensured in the range of 75–100% of the occupancy areas in these houses. 

The house FH2 has not ensured light intensity control in the building. Indicator D1.5 

evaluates the energy consumption by appliances used in houses. The energy class of all 

appliances in the assessed houses is in energy class A, and 1/3 of appliances are in energy 

class B. The houses reach scores in the range of 3 to 5. Indicators D2.1, D2.2 and D2.3 

evaluate active systems using renewable energy sources. Only the house FH3 uses active solar 

cells for heating and hot water which covers more than 75% of energy consumption as well as 

heat recuperation which covers more than 75% of waste heat. This house obtained score in 

range of 3 to 5. The houses FH1 and FH2 do not use active systems with renewable energy 

sources, and they reached the lowest score (−1). Only the family house FH3 has a system of 

energy management into the three components established, and therefore it reached score of 5 

for indicator D3.1. Based on the overall assessment of the family houses in field D, the best 

score was reached by the house FH3. This family house is classified as energy class A for 

heating and domestic hot water according to the Law No. 555/2005 of the energy 
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performance of buildings. The house FH3 uses systems with renewable energy sources and 

has installed control of light intensity in occupancy areas, which lead to a reduction of energy 

consumption. This house has established a system of energy management. 

3.5 Water and waste management 

The goals of evaluation of field E are to reduce drinking water consumption in buildings and 

to focused on conserving and reusing storm water. This field is divided into four subfields: 

regulation of water flow in devices, management of surface runoff, drinking water supply and 

use of system of grey water [13]. The field F is focused on minimizing the waste generated 

from construction, during the building occupancy, renovation and demolition of buildings and 

encouraging better management of waste. The field is divided into three subfields, which 

evaluate the plan of waste disposal originating in the construction process; measures to 

minimize wastes resulting from building operation and emissions resulting from air pollution 

sources [13]. The summary of results of individual indicators E1–E4 and F1–F3 is illustrated 

in Figure 6. 

    

a) Field E      b) Field F 

Figure 6: Summary of results of assessing family houses 

The high score (from 3 to 5) for E1 is achieved by the family houses FH3 and FH1, which are 

those using high-quality equipment to reduce and control the water flow in the armatures and 

flush toilets. The house FH2 does not use devices for reducing and regulating water flow, and 

it reached the lowest score. All the family houses were assessed with the highest score for 

indicators E2 and E3. These houses ensure the capture of water from the surface runoff in a 

storage tank and use it for irrigation. This criterion E2 was met in all houses. The assessed 

houses are supplied with a sufficient amount of fresh water of a high quality. Criterion E3 was 

met in all houses. Indicator E4 reached the lowest level for all houses because the houses do 

not use a split potable and grey water system. The overall results show that the house FH1 has 

the best evaluation due to using devices for reducing and regulating water flow in building, 

ensuring trapped water from the surface runoff and using sufficient amount of drinking water 

of a high quality. In field F, the family houses have established a detailed waste management 

plan, and they reached score 3 for indicator F1. All the family houses ensured collection and 

separation of three to five components of municipal waste (paper, plastic, glass and metal and 

biodegradable waste). The family houses reached score 0 for FH2, score 3 for FH1 and score 

5 for FH3. Indicator F3 was assessed with the lowest score (−1) due to a small source of air 

pollution (fireplace with solid fuel). The family house FH3 gained the best score due to 
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measures to minimize the waste generated from construction and during the building 

occupancy. 

4 Results 

From the overall assessment of family houses, it can be seen that the family houses obtained a 

total score ranging from 1.59 to 3.87. The lowest total score, with a value of 1.59, was achieved 

by the family house FH2, and it is certified as BEAS BRONZE. This house obtained the lowest 

rating in all assessed fields, especially in fields of B (1.28), D (1.03) and F (−0.59). Similarly, the 

family house FH1 is certified as BEAS BRONZE too, but with higher total score with value of 

2.19. Although this house achieved low score in fields such as B (2.21), C (1.80), D (1.38) and F 

(1.64), the fields A (3.67) and E (3.51) were assessed with higher score. The best total score was 

achieved by the family house FH3 with a value of 3.87, and it is certified as BEAS GOLD. This 

house reached the highest rating in fields C (5.00), A (4.16) and D (4.10). A lower rating was 

obtained in fields such as B, E and F. Results of this study show that family houses (FH1 and 

FH2) designed from conventional and most commonly used building structures (brick, concrete) 

and without the use of renewable energy sources have been evaluated with lower scores due to 

conventional house design. Conversely, the wooden house (FH3) with appropriate architectural 

design and with built-in environmentally friendly building materials and active systems of 

renewable energy sources met the majority of sustainability requirements and reached higher 

score due to integrating an environmentally friendly approach and considering natural resources 

as part of the design.  

5 Conclusion 

The presented study shows that the influence of green design is important and more beneficial for 

the practice of designing sustainable buildings. The sustainable design of buildings and the 

fulfillment of sustainability criteria take into account the interdependence and interaction 

between the building and its environment. In the current of climate change, green building design 

is one of the important aspects to reduce the environmental impact of construction. To limit these 

impacts and to design environmentally and energy efficient buildings, sustainable requirements 

of green buildings must be understood and subsequently introduced and practiced. While the 

practices or technologies employed in green buildings are constantly evolving and may differ 

from region to region, the fundamental principles of sustainability persist. The basis of green 

building technology is an optimization of one or more of these principles of green design. Also, 

with the proper synergistic design, individual green building technologies may work together to 

produce a greater cumulative effect. Sustainable construction reduces the environmental impact 

of a building over its whole life cycle, while providing healthier and more comfortable living and 

working environments. 
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Abstract 

There are problems with historical buildings when changing the thermal insulation properties of buildings. The 

Energy Efficiency Act exempted historic buildings from certification. Not all old, historic buildings have 

monument protection. It is necessary to take into account the above mentioned facts in case of renovation and 

reconstruction of an old building. Otherwise, a normal building is approached and a building of historical value 

is treated differently. Methods hidden insulation, which preserves the authenticity of cultural monuments and 

real estate in the heritage areas, is a current challenge of heritage practice. The sustainability of the operation of 

historic buildings ultimately means the preservation and appropriate use of the heritage fund. Fortunately, the list 

of such interventions that do not jeopardize the monumental values or the use of the building is gradually 

increasing. This is mainly due to modern, increasingly sophisticated materials and technologies. 

In this paper we offer a basic overview of the most frequently used and practice-tested interventions in historical 

buildings, but we focus on details. 

Key words: historical building, thermal insulation, cultural monument, buildings renovation, cultural heritage  

1 Introduction 

An important fact that affects historical buildings after a certain period of their exploitation is 

their significant renovation. The direction of restoration is divided into research of new 

materials and the application of simulations, which are considered as a new means to better 

understand what will happen to the historic building after its repair. Their connection with in 

situ measurements is seen as an indispensable tool in examining the structure of historic 

buildings and designing their renovation more effectively [1]. 

Based on new energy requirements, historic buildings that are undergoing renovation must 

also show improved thermal insulation properties of packaging structures. Therefore, it must 

also deal with critical details here. Conformance values can be achieved by a variety of 

available means, including correct design and evaluation of critical details by simulation, 

possibly in combination with measurements. However, it is essential to respect the basic rules 
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on the historical value of a building, while respecting the essential requirements lay down by 

fundamental renovation procedures and good building research methods and practices [2].   

Other key topics in this area are, in particular, research into the indoor environment in historic 

buildings, damage to historical artifacts due to moisture and heat [3].  

Last but not least, the question of the joint spread of moisture and heat across the building and 

the use of simulation tools is essential [4]. When restoring a historic building, the condition is 

to use materials that have been verified and are known to affect a particular type of historic 

building material. Material verification is focused not only on the impact on the building 

structure, but also on improving its thermo-technical properties while eliminating possible 

failures. The alternatives and the suitability of the applied thermal insulation layer in terms of 

the protection of monuments are different [5]. The question of whether thermal insulation and 

the improvement of the thermo-technical properties of a historical building are needed is 

addressed by Meier [6]. 

2 Historical building and monument protection 

The term protection of historical monuments appeared in the 19th century. It was introduced 

in scientific circles by Georg Dehio in 1887. Thus, for the first time, the scientific company 

began to deal with the protection of historical building structures. 

Among the most influential figures in this area was John Ruskin, who created a set of rules of 

architecture and stood up for preserving, not restoring historic buildings. William Morris also 

belongs to this category. His idea was that historical monuments and buildings should remain 

as they were handed over to us, our generation. They are to be a historical object and not a 

model. The founders of modern protection of historical monuments Alois Riegl, Max Dvořák 

- caused a shift from purism to more modern methods of care for historical and cultural 

monuments. The very term historical cultural monument expresses a selection group of 

movable and immovable things as important evidence of the historical development of 

society, its way of life and environment from the earliest times to the present. It is a 

manifestation of human creative work in various fields of human activity. The historical 

building structure carries a monumental value, which in addition to three-dimensional 

architectural elements also includes the fourth dimension - time. 

Regulations regarding the function of the building, the authenticity of the restoration of 

architectural elements and the preservation of the original material composition are among the 

priorities in restoring the historic structure. The authenticity of the construction work is 

protected and must therefore be preserved. Therefore, the removal and unjustified 

replacement of historical materials should be excluded during the restoration.  

Changes that have occurred over time on the building structure can also take on historical 

significance. They should therefore serve as an example of development and time layering. 

As recovery is considered to be a unique process, an individual approach to each monument is 

needed. The historical and architectural form is considered as the primary value. The content, 

i.e. the function, must be chosen appropriately, appropriately and largely adapted to the 

primary value. Otherwise, historical architecture is being rebuilt instead of restored. The 

decisive criterion is fair value. This includes not only the value of age, but also historical, 

social, landscape, urban, architectural, scientific, technical, and artistic craft value [6].   
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The conservation authorities strive to preserve not only architectural but also material 

substance. However, building materials change over time. Its properties change by changing 

the weather effects and their intensity. Over the years, the plaster loses the properties that it 

had or was required to produce and apply to the brick construction. This applies to all 

materials and therefore the question arises as to whether it is important to give preference to a 

historical substance or a historical construction. What is more valuable? It is worth 

considering whether in today's full development and research it is not appropriate to use 

modern materials and technologies to preserve historical construction [8].  

3 Issues of thermal insulation in structures of historical buildings 

The structure of historic buildings has one basic characteristic. It is a massive wall and also a 

large storage mass for storing thermal energy (accumulation). It is the value most influencing 

the thermo technical properties of the building structure. However, this is often neglected in 

stationary calculations. On the contrary, non-stationary methods can capture this influence 

(accumulation capabilities) as well as the effect of solar radiation, as well as all factors that 

affect the structure of the building. Taking them into account would bring some bonus to 

improving the thermal properties of the envelope structures of historic buildings. However, 

solar energy is only taken into account when calculating the total solar energy transmittance 

in the transparent part of the building structure. Taking into account its storage capacity, the 

building structure could meet the essential requirements even without the use of thermal 

insulation. 

 

Figure 1: Scheme of building suitability for its renovation (advantages, disadvantages) own source:  



Jana Katunská, Dušan Katunský and Veronika Labovská   

70 
 

At the time of construction of this type of building, people followed the basic rules of 

construction. They did not solve the problems of building physics; they did not know the term 

heat protection, energy recovery or high or low heat demand. The basic requirement was 

protection and durability. Today's requirements are stricter not only for new buildings but also 

for existing buildings. 

Using measurement simulation programs allows us to create a real model using computer 

simulation. This gives us a better overview of the functioning of the building structure before 

and after the renovation. This in turn allows for more accurate and better design of measures 

to improve not only its thermal-moisture behavior, but also the improvement of the indoor 

climate and, above all, disruption of the centuries-old working environment of the structure. 

3.1 Thermal bridges in historical building structures  

The result of thermal bridges is a change in heat flow and a change in the internal surface 

temperature. A thermal bridge is defined by the standard STN EN ISO 10211 as part of a 

building envelope structure, where otherwise the same thermal resistance is changed due to 

the total or partial penetration of building materials of different thermal conductivity into the 

envelope structure. The change may also occur when the thickness of the material changes or 

the difference between the inner and outer surfaces, i.e. the joints of the walls, floors and 

tracks. Not only the labeling but also the evaluation of thermal bridges has changed in 

different time periods: “Their current definition is unambiguous, so it should be possible to 

minimize not only their occurrence, but also to minimize the consequences of their occurrence 

for existing buildings” (Sternová) [9]. 

    

Figure 2: Preparation of bitmap for calculation of thermal bridge, balcony: authors 

There are several types of thermal bridges. Thermal bridges can generally be divided into [9]: 

• structural: changes in the perimeter of the building: balconies, arcades, brackets, etc. 

• material: change of the thermal conductivity coefficient in one or more layers of the building 

structure 

• geometric: change of shape, joints of building structures, more cooled (exterior) surface than 

heated (interior) 

• environmental-related thermal bridges: various local surface temperatures or additional heat 

sources e.g. heaters on the perimeter wall 

• systematic: design error repeated when building has the same type of others buildings 

• combined: combination of several types of thermal bridges 
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The standards STN EN ISO 10211 and STN EN ISO 14683 divide thermal bridges in terms of 

heat loss and spatial action into: 

• linear thermal bridge: thermal bridge that has identical cuts in one direction - it can be 

described by two-dimensional temperature field 

• point thermal bridge: a concentrated thermal bridge that can be described by a three-

dimensional temperature field 

Thermal bridges occur at any point in the joint between parts of the building structure or at 

places where the structure of the building material changes. 

3.2 Calculations and experimental measurements of thermal properties in situ  

In addition to theoretical studies on the effects of non-stationary boundary conditions on the 

internal surface temperature, it is necessary to verify that the results of the numerical 

calculations are identical to the experimental measurements. 

Experimental measurements in laboratory conditions often lead to completely different 

hygrothermal conditions in the building structure and do not reflect the actual behavior of the 

building structure in external and internal environmental conditions. For such types of 

measurements, it is often not possible to evaluate whether the measured values or structural 

changes are caused by thermal or moisture effects on the structure or by changes in the 

properties of building materials [6]. Therefore, we performed measurements of some selected 

thermal insulation properties of the peripheral wall of a historical building (see Figure 2) and 

its details. 

 

Figure 3: Measured of outside air temperature and intensity of solar radiation in evaluated period, 

monitored points in fragment of envelope structure – external wall fragment  

In situ measurements allow us to record the effects of changes in the external and internal 

environment on the building structure itself. It reflects the real behavior of the building 

structure in conditions that are close to physical reality. Uncertainties in situ measurements 

are due to inaccuracies associated with defining input geometry, shape and material diversity, 

and defining boundary conditions. The influence of operating and weather conditions also 

plays an important role. Measurements of outdoor environment (temperature and intensity of 

solar radiation) were performed in January (see Fig. 3). 
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The purpose of the experimental measurement was to determine the effect of real non-

stationary boundary conditions on the internal surface temperature of selected structures of 

the historic burgher house [7]. 

The selected monitoring points (Fig. 3) were deployed to take into account the expected 

critical points of the building structure. The measurement on the inner surface of the 

perimeter wall was short-term (7 days) performed in January (see Figure 4, 5). Due to the 

small number of monitored points, a network of horizontal and vertical axes was used to 

easily mark them. 

The influence of moisture on the thermo-technical properties of building materials in 

historical buildings is taken into account by the increased value of the thermal conductivity 

coefficient in the numerical calculation [8]. 

The measurement itself consisted of recording the internal surface temperature using θsi 

temperature sensors and heat flux density plate’s q (W/m2). The COMET sensor (θai, φi) was 

used to record indoor conditions. Data loggers were used to collect the measured data, which 

recorded the measured data with an hourly step. 

    

Figure 4: The course of surface temperature in fragment of the peripheral windowsill wall - calculated                    

Figure 5: The course of surface temperature in fragment of the peripheral windowsill wall - measured 

[7]  

The differences in the average measured and calculated surface temperatures at the point of 

the receding window sill are in the range of 1 to 3 K. The difference is probably due to the hot 

water distribution system in the radiators. Unevenness of the sheathing is one of the possible 

causes of a small difference in the calculated and measured surface temperatures (0.2 K). 

Boundary conditions, especially the outside air temperature used in the simulation, can also 

significantly contribute to the inaccuracies of the numerical model [10]. 

The different altitudes and local boundary conditions of the external environment play an 

important role at ambient air temperature. Neglected sunlight can also affect the internal 

surface temperature and heat flux density. Numerical calculation of surface temperatures was 

performed for all details with standard values of resistance to heat transfer (STN EN ISO 

10211, 2007). These values take into account the variability of heat transfer resistances and 

their dependence on many factors. From the calculated surface temperatures at the points 

evaluated, a difference can be seen using different values of resistance to heat transfer. 

Calculations using computer simulations taking into account the non-stationary state at 

boundary conditions (Fig. 3) were performed for four points 1-4 of the window sill masonry 

(see Fig. 6). On the basis of the above, it is possible to assess the selected points in terms of 

thermal protection of a historic building and its hygienic criteria. 
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The surface temperature, calculated at a lower value of resistance to heat transfer, has fallen 

below 6 days out of a total of 30 days (period considered) below the hygiene criterion. In the 

case of higher resistance to heat transfer, the temperature dropped below 12.6 °C (red 

horizontal line) for almost 12 days. In both cases, window constructions are rated with lower 

heat transfer resistance. Nevertheless, the heat transfer resistance at the connection point 

increases to evaluate the opaque portion of the packaging structure. 

 

Figure 6: Diagram of building construction - window sill with points for non-stationary calculation 1-4     

Figure 7: Calculated temperatures on the inner window sill at points 1,2,3,4, and outside air 

temperature 

Calculations with the help of computer simulations taking into account the non-stationary 

state [11] were performed for points on the parapet masonry of the perimeter wall. The 

masonry is receding. 

A more significant increase in the surface temperature occurred under the influence of solar 

radiation (values higher than 200W/m2). The influence of solar radiation on the building 

structure ranges from 0.3 to 0.6 K. The most significant effect of solar radiation is at the 

critical point (connection of the window structure) to the masonry area (point 1). 

4 Conclusion 

In the practice of heritage protection, we can try to prioritize the so-called “hidden forms” of 

insulation that do not in any way alter the authentic appearance of the historic buildings, their 

decoration or characteristic details. 

Let us try to name at least some basic procedures, which by no means can be understood 

universally. When we mention the use of a thermal plaster or painting, we mean only places 

where it is acceptable from the point of view of preservation of historical values. There are a 

number of authentic structures on which no foreign action is involved: historical paving, gray 

brickwork, natural plaster colored in mass, textured surfaces, face stone, terrazzo, terracotta 

elements, natural or grained wood and the like. We have to take into account, that before each 

thermal insulation procedure, it is required to consult with a monument office employee [12]: 
• Before any intervention, it is desirable to submit a thermo-technical assessment to an independent 

expert who is not interested in the construction supply. Only such an expert can estimate the actual 

intervention needed in terms of efficiency and cost, 

• Give preference to thermal insulation of foundation structures below ground level from the outside, 

• thermal insulation of the ground floor above the unheated basement and in contact with the terrain. 
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• Insulation of the ceiling above the top floor (suitable embankment), 

• Removal of thermal bridges, for example by insulating the smooth surface of the lining to a 

minimum thickness so as not to alter the proportions of the building openings, 

• Preservation, implementation of new double-glazed windows with a double frame, or at least 

the addition of simple windows with internal wooden lining. 

• For thermal insulation of vertical external walls, it is preferable to use alternative thin-layer 

thermal insulations that do not exceed the thickness of the facade coating; today there are 

thermal insulation coatings on the market, which have been proven to reduce heat losses 

based on laboratory results. Such a solution is more affordable compared to a contact thermal 

insulation system when all plumbing products and flashing need to be replaced, which 

dramatically increase the final cost of the construction intervention, 
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Abstract 

The submitted article is devoted to the research of the green roofs located at Faculty of civil engineering of 

Technical University of Kosice. The aim of this research work is to improve the quality of integrated research of 

advanced building constructions with focusing on intelligent buildings and indoor technologies with respect on 

design and evaluation of design elements for the progressive buildings. 

Key words: green roof, climate chamber 

1 Introduction 

The mentioned article is elaborated in two main sections. The first section of analysis subsists 

measurement of roof structure in climate cell, where the only disparity in the roof 

construction was the addition of a vapor barrier to part of the S2 roof arrangement. We came 

to the closure after evaluating and examining the result, that the roof construction has to be 

improved, as a result of summer, the temperatures on the waterproofing layer were high. We 

modernized the roof structure by installing a green roof layer module on the S2 roof structure 

(Figure 1). By this specified roof structure model, we are trying to reach elimination of 

expanding surface temperature on waterproofing layer in summer period, which is mentioned 

in second section of this article. 
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Figure 1: Situation of test chambers measure 

 

After evaluating the measurements of the vegetation roof on the S2 roof structure, we have 

come to the conclusion that the vegetation roof with a 45 ° slope oriented to the south side 

needs irreparable irrigation during the summer months, which we have taken into account 

when designing the module of the vegetation roof for the roof structure S1 by adding it to the 

supporting structure of the vegetation roof gutter for storing water directly in the roof 

structure. / Figure 3). 
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Figure 2: Roof layers’ composition    Figure 3: Current roof layers’ composition 

 

Distribution and type of sensor in the test sample roof cover.  

 

 
Figure 4: Deployment of sensors 

Measurement of the heat transfer coefficient through the roof construction  
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Subject to measurement was continuous implementation of testing measurement of the 

constructions’ thermal parameters and factor during a winter season. The heat transfer 

coefficient (U-value) measurements were made as the first ones. They were made by the 

measuring device Testo 635 with a probe for U-value (the heat transfer coefficient) 

determination and subsequent comparison to calculations Chyba! Nenašiel sa žiaden zdroj 

odkazov.. The Testo 635 device measures only in a presumption that the difference between 

the internal and external temperature is at minimum 20(°C) along with keeping all procedures 

during the measurement. The emphasis was on the objected measurements. The procedure by 

itself is not described in the publication. The measurement’s results are described in the charts 

and in the graphs. The measurements of the construction S2 are displayed by a yellow color in 

the graphs. A single length of the measurements (one-minute interval during 15minutes 

measurements, two-minute interval during one-hour measurement) is displayed on the X axis 

and the actually measured values expressed in (W/(m2K)) are displayed on the Y axis. 

Chyba! Nenašiel sa žiaden zdroj odkazov.. 

2 Measurement results of the climatic chamber module 

The calculated value of the heat transfer coefficient through the construction from the 

calculating program is referred in the following table 1. Chyba! Nenašiel sa žiaden zdroj 

odkazov.. 

Table 1: The roof composition from interior side 

 

Numb

er 
Name 

D 

[m] 

L 

[W/m.K] 

C 

[J/kg.K] 

Ro 

[kg/m3] 

Mi  

[-] 

Ma 

[kg/m2] 

1 Plasterboard 0.0100 0.2200 1060.0 750.0 9.0 0.0000 

2 Jutafol N 0.0001 0.3800 1700.0 640.0 
65000.

0 
0.0000 

3 Isover 0.1250 0.0390 880.0 50.0 1.4 0.0000 

4 OSB boards 0.0120 0.1300 1700.0 650.0 50.0 0.0000 

5 
MikroventS

R 
0.0042 0.2100 1470.0 1286.0 

17113.

0 
0.0000 

6 Polyurethane 0.0800 0.0320 1500.0 35.0 220.0 0.0000 

7 Icopal 0.0042 0.2100 1470.0 1100.0 
50000.

0 
0.0000 

8  Draining 

layer 

 0.0040    0.5000  1880.0    140.0         3.0   0.0000 

 9  Volcanic soil  0.0800    0.6000   500.0   1600.0         1.5   0.0000 

10  Vegetating 

grid 

 0.0400    0.1100  1200.0   2000.0         4.0   0.0000 

 

Boundary conditions are referred in the table 2: 
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Table 2: Calculation boundary conditions  

Thermal resistance during the heat transfer in the 

interior Rsi : 
0.10 ((m2K)/W) 

Ditto for calculation of condensation and surface 

temperatures Rsi : 
0.13 ((m2K)/W) 

Thermal resistance during the heat transfer in the 

exterior Rse : 
0.04 ((m2K)/W) 

Ditto for calculation of condensation and surface 

temperatures Rse : 
0.04 ((m2K)/W) 

Requirements on the thermal resistance and the heat transfer coefficient, together with the 

calculated values of the thermal resistance and the heat transfer coefficient through the 

construction are referred in the table 3. Chyba! Nenašiel sa žiaden zdroj odkazov.. 

 

Table 3: Requirements on the thermal resistance and the heat transfer coefficient and their 

calculated values  

Requirement: Rn = 4.90 ((m2K)/W) 

Calculated value: R  = 6.97 ((m2K)/W) 

Requirement: Un = 0.20 (W/(m2K)) 

Calculated value: U  = 0.14 (W/m2K)) 

 

Total comparison of the measurements with the calculated values was made as the 

measurements of the sample S2. Subsequently, an arithmetical sum of the given partial values 

was made. These values were arithmetical averaged and compared to the calculated value. 

The values are referred in the table 4. Chyba! Nenašiel sa žiaden zdroj odkazov. Chyba! 

Nenašiel sa žiaden zdroj odkazov. Chyba! Nenašiel sa žiaden zdroj odkazov.. 

 

Table 4: Comparison of the calculated and measured value of the heat transfer coefficient  

Measurement Calculated value  

1 0.144 (W/( m2K)) 

0.14 (W/( m2K)) 

2 0.145 (W/( m2K)) 

3 0.147 (W/( m2K)) 

4 0.150 (W/( m2K)) 

5 0.146  (W/( m2K)) 

6 0.145 (W/( m2K)) 

( ) 0.146 (W/( m2K)) 0.14 (W/( m2K)) 

3 Conclusion  

The measured samples of the roof constructions S1 and S2 in the climate chamber module 

have no signs of an unprofessional assembly or infringement of working procedures during 

building phase. All procedures specified by a producer were kept during the single 

measurement and afterwards, it is possible to state that difference between the measured and 
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calculated values of the heat transfer coefficient is 0.0060 W/(m2K).This difference possibly 

may be caused by: 

 Measuring device Testo 365 with an accuracy ±0.005 W/(m2K), 

 Measuring probe for measuring the heat transfer coefficient with an accuracy 

±0.003 (W/(m2K)), 

 The values were counted for three decimal places in averaging (0.000). 
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Abstract 

This study performs a life cycle assessment (LCA) of five new family houses in Eastern Slovakia to compare 

them in terms of the materials and technologies used. The main goal of the analysis is to investigate and 

highlight the expectable reduction rate of environmental impact resulting from using green materials and 

technologies. Their environmental impact is determined by using eToolLCD software. The life cycle impact 

assessment (LCIA) categories of global warming, ozone depletion, acidification, eutrophication and 

photochemical ozone creation potential are determined within the cradle-to-grave boundary. The examined 

family houses are built of conventional materials such as aerated concrete blocks, expanded polystyrene (EPS) 

for thermal insulation and roofing mineral wool, as well as natural materials such as clay, straw, wood, cellulose 

and vegetation for the roofs. Family houses built of natural materials are characterized by negative emissions of 

CO2eq in the product phase. Results show that especially the product phase contributes greatly to all 

environmental impact categories for houses built of conventional materials, such as aerated concrete blocks, 

mineral wool for thermal insulation, reinforcement concrete and ceramic or concrete tiles.  

Key words: Life cycle assessment (LCA), Global warming potential (GWP), Family house, Green materials, 

Green technologies 

1 Introduction 

The construction industry has a significant impact on the consumption of natural resources 

and energy globally, as well as on greenhouse gas emissions. By applying the life cycle 

assessment (LCA) methodology in this sector, it is possible to assess and minimize 

environmental impacts and improve sustainability indicators [1,2]. This method evaluates 

environmental impact categories related to the production, transport and installation of 

building materials, as well as building use and end of building life, including recycling or 

landfill disposal [3]. Weißenberger et al. [4] pointed to the increasing interest of the scientific 

community in the evaluation of buildings using LCA in recent years. LCA analyses have been 

performed for residential buildings, both multifamily [5,6] and single-family houses [7-10], as 
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well as non-residential buildings such as schools [11,12] and office buildings [13-15]. 

Research in this area has produced interesting results, which are gradually being applied in 

the design phase. For example, Dahlstrøm et al. [7] conducted LCAs of single-family 

residences built of conventional materials as well residences built according to the Passive 

House Standard. An interesting result was that a standard building envelope with an air-to-

water heat pump system reduced the environmental impact by approximately 20%, a level 

comparable with that of a passive house with only electric heating. Comparisons of 

greenhouse gas emissions have shown that the reduction in a passive design is almost 30%. 

Lavagna et al. [5] found that single-family houses are responsible for the highest proportion 

of environmental impact of housing in Europe, and that the same type of building has 

different impacts in different locations (climatic zones) mainly due to differences in space 

heating needs. Space heating and electricity use were found to contribute most to the overall 

impact. Sharma et al. [16] observed that the operational phase required the highest amount of 

energy (80–85%) and contributed to more than 50% of the overall greenhouse gas emissions. 

Similarly, Asdrubali et al. [17] performed LCAs of a multi-storey office building, a multi-

family residential building and a detached house in Italy and showed that the operational 

phase had the greatest contribution to the total impact, ranging from 77% (detached house) to 

85% (office building), while the impact of the construction phase ranged from 14% (office 

building) to 21% (detached house). Petroche et al. [18] also found that the operational phase 

of residential buildings is responsible for the greatest burden in all impact categories except 

ozone layer depletion, which represents a substantial burden only during the construction 

phase. On the other hand, an LCA of a two-storey residential building in Canada found that 

not only the operational but also the construction phase had a significant environmental 

impact, with the roof and walls accounting for most of the burden [1]. An LCA of a 

residential building in Turin (demolished by controlled blasting) revealed that waste recycling 

was sustainable from an energy and environmental point of view, with a recycling potential of 

29% in terms of life cycle energy and 18% in terms of greenhouse emissions, compared to the 

environmental burdens related with the conventional materials embodied in the building shell 

[19]. In addition to LCA studies on entire buildings, other LCA analyses have focused on 

specific construction systems, material options or green technologies [20-26]. Kylili et al. [27] 

performed an LCA of a passive house in the sub-tropical climatic zone and found that 

concrete was the greatest contributor in all impact categories except abiotic depletion of 

elements, with the wall systems, floors and foundations significantly contributing to the 

house’s environmental performance. Studies using parametric analysis discovered that 

utilising insulating materials in the wall systems can have a positive effect in a building’s 

energy efficiency without substantially affecting its total embodied energy. A comparative 

environmental assessment of reinforced concrete and wood housing constructions confirmed 

that the steel-reinforced concrete construction had a higher environmental impact compared to 

the wooden construction [26,28]. This study [28] also revealed that using solar energy for the 

operation phase reduced the total life cycle carbon emissions by 73%. Asif et al. [29], who 

studied eight construction materials for a dwelling in Scotland, found concrete to be the 

material with the highest level of embodied energy, followed by timber and ceramic tiles. 

As can be seen from the studies cited above, the LCA method is a widely used tool 

worldwide. However, very few similar studies have been conducted in Slovakia. The aim of 

this research, therefore, was to investigate the environmental impact of five family houses 

from East Slovakia, which use combination of conventional and green materials and 
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technologies. The first two of selected houses are not typical for Slovak region due to their 

architecture and as well as from chosen materials point of view. However, they scored best in 

terms of environmental impact. 

The main contribution of this study is that it highlights the feasibility of reducing the 

environmental impact of building construction through using green materials and technologies 

as a means of mitigating climate change. 

2 Aims, scope and methodology  

Managing the environmental impact of building construction and operation is a key factor in 

mitigating the damage caused to the biosphere directly and indirectly. Life cycle assessment 

(LCA) is the leading industry standard for clearly identifying optimum strategies to reduce 

buildings’ environmental impact. LCA addresses the environmental aspects and potential 

impact throughout a product’s life cycle from raw material acquisition to production, use, 

end-of-life treatment, recycling and final disposal.  

The aim of our analysis was to assess the environmental impact of the global warming 

potential (GWP), ozone depletion potential (ODP), acidification potential (AP), 

eutrophication potential (EP) and photochemical ozone creation potential (POCP), expressed 

as kilograms of CO2eq, CFC11eq, SO2eq, PO4
3-

eq and C2H4eq, respectively, within the cradle-to-

grave boundary. The “kg substance s-eq” (“kilogram equivalent of a reference substance s”) 

expresses the amount of a reference substance s that equals the impact of the considered 

pollutant within midpoint category studies. For example, the global warming potential of 

fossil-based methane on a 100-year scale is 27.75 times higher than CO2, and thus its 

characterization factor (CF) is 27.75 kg CO2eq [30].  

The aim of comparison on environmental impacts is: 

 To find out, which phase of family house's life cycle causes the greatest environmental 

damage. 

 To determine, which of the building materials are the biggest contributors to these 

damages. 

 To support a development of technologies and production processes of  

environmentally friendly products or materials. 

The eToolLCD software was used to model the houses’ environmental impact, in accordance 

with EN ISO 14040, EN ISO 14044 and EN 15978. This software is compliant with the 

CML-IA methodology v4.5 [31]. The software uses third-party background processes 

aggregated as midpoint indicators, which are stored in a library of software and are coupled 

with algorithms and user inputs to output the environmental impact assessment. The selected 

life cycle impact assessment (LCIA) methodology is widely used. 

The assessment of the selected houses included all the upstream and downstream processes 

involved in providing the structures’ primary function from the product stage to the 

construction, use, maintenance, refurbishment, operation and disposal phases. The inventory 

encompasses all phases from the extraction of raw materials or energy to the release of 

substances back to the environment or to the point where inventory items exit the system 

boundary. The functional unit is 1 m2 of the total floor area. The estimated design life adopted 

for the LCA study period is 60 years, which is on par with Building Research Establishment 
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Environmental Assessment Method (BREEAM) certification system. The system boundary, 

shown in Fig. 1, follows EN 15978 guidelines. 

 
Figure 1: System boundary diagram. 

3 Inventory analysis: design and technical equipment of the assessed 

houses  

The design was modeled using the available eToolLCD elements, templates and products 

with Environmental Product Declaration (EPD). The eToolLCD library templates are 

customizable, and users may submit templates for validation. The template validation process 

is undertaken by experienced LCA practitioners and involves checking the user inputs and 

ensuring that the assumptions are adequately referenced. 

The selected family houses, presented in Figs. 4–6, are located in villages near the towns of 

Košice, Bardejov and Gelnica in Eastern Slovakia. The project location is shown in Figs. 2–3. 

  

 

 

 
(a)  (b) 

Figure 2: Location of the project – Locality view: (a) Family house 1, (b) Family house 2. 
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(c) (d) (e) 

Figure 3: Location of the project – Locality view: (c) Family house 3, (d) Family house 4,  

(e) Family house 5. 

Houses 1 and 2 are located near forest lands with habitats of European importance. Veľký 

Folkmár is located in the northeast of the Slovenské rudohorie, Jedlinka in the western part of 

the Low Beskids. Family houses 3, 4 and 5 are situated in flat areas near fertile fields. Unlike 

the first two houses, they have quick access to the busy metropolis of the East, which also has 

a major impact on the owners' lifestyle. 

Family house 1 is located in the village of Veľký Folkmár and family house 2 in the village of 

Jedlinka, both in Bardejov district. Their fully built areas are 78 m2 and 120 m2, respectively. 

Their energy demands for space heating are 76.96 kWh/m2 per year and  

20.7 kWh/m2 per year, respectively, and for water heating 4,000 kWh per year and 3,580 kWh 

per year, respectively. 
 

 

 

 
(a)  (b) 

Figure 4: View of evaluated family houses: (a) Family house 1; (b) Family house 2. 

 

 

 
(c)  (d) 

Figure 5: View of evaluated family houses: (c) Family house 3; (d) Family house 4. 
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Family houses 3 and 4 are located in Rozhanovce in the Košice district. Their fully built areas 

are 154 m2 and 122 m2, respectively. Their energy demands for space heating are 35.16 

kWh/m2 per year and 26.85 kWh/m2 per year, respectively, and for water heating 1,500 kWh 

per year and 1,384 kWh per year, respectively. 

 
(e) 

Family house 5 is located in Malá 

Ida in the Košice district. The fully 

built area is 218 m2. Its energy 

demands for space and water 

heating are 78.93 kWh/m2 per year 

and 3,028 kWh per year, 

respectively. 

 

Figure 6: View of evaluated Family house 5  

Table 1 provides basic information about the houses, the building materials and their heating, 

ventilation and air conditioning (HVAC) systems that were evaluated in this study. 

Table 1: Description of the family houses 

Family 

house 
External walls Roofs Floors Heating 

1 
clay poured into the shell,  

timber cladding, clay plaster 

extensive vegetation, 

mineral wool, rafter 

framework-saddle roof 

wood, 

ceramic tiles, 

EPS 

gas boiler 

2 

wooden framed structure, 

straw insulation, clay 

plaster, timber cladding 

extensive vegetation,  

mineral wool, rafter 

framework-saddle roof 

wood, 

ceramic tiles, 

EPS 

gas boiler 

3 

wooden framed structure, 

wooden insulation, timber 

cladding, plasterboard  

extensive vegetation, 

cellulose, reinforced 

concrete 

wood, 

ceramic tiles, 

EPS 

air-to-

water heat 

pump 

4 

aerated concrete blocks, 

wooden fibre slabs, silicate 

plaster 

ceramic tiles, cellulose 

fibres, rafter 

framework-saddle roof 

wood, 

ceramic tiles, 

EPS 

air-to-

water heat 

pump 

 

5 

aerated concrete blocks, 

wooden fibre slabs, silicate 

plaster 

concrete tiles, cellulose, 

rafter framework-hip 

roof 

wood, 

ceramic tiles, 

EPS 

gas boiler 

4 Results and discussion  

The life cycle impact assessment (LCIA) results for each house are shown in Tables 2–6. The 

colored cells in the tables indicate the rate of each impact category in each life cycle phase 

(red: over 50%; violet: 41–50%; orange: 31–40%; green: 21–30%; yellow: 10–20%). 

The highest contributors to environmental impact are the three phases of the product stage 

(A1–A3), the integrated operational energy (B6) of the use stage and, to a great extent, the 

refurbishment phase (B5). Family houses built of natural materials, where wood 
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predominates, are characterized by negative CO2eq emissions in the product stage. Trees 

absorb carbon dioxide from the atmosphere during photosynthesis and store carbon as their 

building material. This process – known as terrestrial sequestration – reduces the amount of 

CO2 in the atmosphere. Carbon remains bound in the wood even after the plant’s death. By 

burning or decomposition the wood, it returns naturally to the atmosphere. Product phases 

A1–A3 greatly contribute to the GWP for houses built of conventional materials, such as 

aerated concrete blocks, reinforced concrete, mineral wool for thermal insulation and ceramic 

or concrete tiles.  

In the integrated operational energy phase, CO2eq values are lower for single-family homes 

with gas boiler space and water heating. House 4 has a CO2eq value of 1,000 kg due to the 

usage of solar collectors, which lower electricity energy consumption significantly for at least 

5 months per year. 

In the cases of ODP and POCP, house 3 has the highest impact in the product and 

refurbishment phases. It seems that the materials used in the bearing structure (pre-treated 

weatherboarding timber clad with plasterboard) contribute the most to this result. 

In terms of AP and EP, houses 3 and 4 have the highest impact. This appears to be due to their 

use of heat pumps, as opposed to gas boilers, used in houses 1, 2 and 5. 

Table 2: Environmental impact indicators for each phase – House 1 

 

Impact 

Materials and 

construction 
Use stage 

End of life 

stage 

 

Total 

A1–A3 A4 A5 B1 B2 B5 B6 B7 C4 

GWP [kg CO2eq] 270 43 30 -1.2 0.037 20 990 26 22 1400 

ODP [kgCFC11eq] 0.12E-4 0.28E-5 0.19E-5 0 0.19E-8 0.38E-5 0.16E-5 0.13E-5 0.48E-8 0.24E-4 

AP [kg SO2eq] 1.5 0.11 0.2 0 0.17E-3 0.52 0.28 0.13 0.04 2.8 

EP [kg (PO4)3-
eq] 0.41 0.022 0.056 0 0.4E-4 0.12 0.068 0.03 0.19 0.91 

POCP [kg C2H4eq] 0.26 0.019 0.039 0 0.98E-5 0.05 0.037 0.74E-2 0.24E-2 0.42  

Table 3: Environmental impact indicators for each phase – House 2 

 

Impact 

Materials and 

construction 
Use stage 

End of life 

stage 

 

Total 

A1–A3 A4 A5 B1 B2 B5 B6 B7 C4 

GWP [kg CO2eq] -110 29 11 0 0.14 20 360 12 12 330 

ODP [kgCFC11eq] 0.12E-4 0.19E-5 0.63E-6 0 0.7E-8 0.5E-5 0.6E-6 0.61E-6 0.78E-8 0.21E-4 

AP [kg SO2eq] 1.4 0.068 0.073 0 0.64E-3 0.54 0.1 0.06 0.072 2.3 

EP [kg (PO4)3-
eq] 0.39 0.015 0.045 0 0.15E-3 0.13 0.025 0.014 0.58 1.2 

POCP [kg C2H4eq] 0.21 0.013 0.012 0 0.36E-4 0.07 0.014 0.0035 0.52E-2 0.33  

Table 4: Environmental impact indicators for each phase – House 3 

 

Impact 

Materials and 

construction 
Use stage 

End of life 

stage 

 

Total 

A1–A3 A4 A5 B1 B2 B5 B6 B7 C4 

GWP [kg CO2eq] -150 22 5.9 0 0.065 -230 1400 34 29 1100 

ODP [kgCFC11eq] 0.13E-3 0.7E-5 0.28E-6 0 0.33E-8 0.6E-3 0.69E-4 0.17E-5 0.11E-7 0.8E-3 

AP [kg SO2eq] 1.6 0.053 0.042 0 0.31E-3 1.4 6.4 0.17 0.13 9.7 

EP [kg (PO4)3-
eq] 0.33 0.012 0.027 0 0.69E-4 0.57 1.4 0.039 0.38 2.8 

POCP [kg C2H4eq] 1.4 0.96E-2 0.57E-2 0 0.17E-4 1.4 0.36 0.98E-2 0.66E-2 3.2  
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Table 5: Environmental impact indicators for each phase – House 4 

 

Impact 

Materials and 

construction 
Use stage 

End of life 

stage 

 

Total 

A1–A3 A4 A5 B1 B2 B5 B6 B7 C4 

GWP [kg CO2eq] 520 59 25 -12 0.033 92 1000 24 22 1700 

ODP [kgCFC11eq] 0.23E-4 0.39E-5 0.16E-5 0 0.17E-8 0.31E-4 0.52E-4 0.12E-5 0.61E-8 0.11E-3 

AP [kg SO2eq] 2 0.14 0.18 0 0.15E-3 0.51 4.8 0.12 0.053 7.7 

EP [kg (PO4)3-
eq] 0.46 0.03 0.045 0 0.35E-4 0.17 1.1 0.027 0.087 1.9 

POCP [kg C2H4eq] 0.28 0.031  0.034 0 0.87E-5 0.053 0.27 0.68E-2 0.23E-2 0.67  

Table 6: Environmental impact indicators for each phase – House 5 

 

Impact 

Materials and 

construction 
Use stage 

End of life 

stage 

 

Total 

A1–A3 A4 A5 B1 B2 B5 B6 B7 C4 

GWP [kg CO2eq] 240 48 7.8 -1.3 0.089 88 1000 24 36 1400 

ODP [kgCFC11eq] 0.23E-4 0.31E-5 0.41E-6 0 0.45E-8 0.35E-4 0.16E-5 0.12E-5 0.29E-8 0.64E-4 

AP [kg SO2eq] 1.6 0.12 0.043 0 0.42E-3 0.54 0.29 0.12 0.66E-3 2.7 

EP [kg (PO4)3-
eq] 0.31 0.025 0.014 0 0.94E-4 0.17 0.069 0.028 0.09 0.7 

POCP [kg C2H4eq] 0.24 0.021 0.8E-2 0 0.23E-5 0.061 0.038 0.69E-2 0.28E-3 0.38  

GWP: Global warming potential; ODP: Ozone depletion potential; AP: Acidification potential;  

EP: Eutrophication potential; POCP: Photochemical ozone creation potential 

Impact key red: over 50%; violet: 41–50%; orange: 31–40%; green: 21–30%; yellow: 10–20% 

 

Figs. 7–11 present each environmental impact category expressed in square meters of the total 

floor area of each house. Fig. 7 shows that house 2, which consists of green materials such as 

a wooden framed structure, straw for insulation and clay plaster and uses a gas boiler, has the 

lowest global warming potential: 76% lower than that of houses 1 and 5, 70% lower than that 

of house 3 and 80.6% lower than that of house 4. In other words, concrete structures, which 

constitute 18–25% of the entire building, have the highest global warming potential. Materials 

such as aerated concrete blocks, expanded polystyrene (EPS) thermal insulation boards, 

polypropylene (PP) and polyvinyl chloride (PVC) also increase the GWP considerably. The 

same is true of aluminium window frames and concrete roof tiles. 
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Figure 7: Global warming potential 

(GWP) expressed in m2 of the total floor 

area of each family house 

 

Figure 8: Acidification potential (AP) 

expressed in m2 of the total floor area of each 

family house 
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Figs. 7–11 reveal that house 3 has the most adverse overall impact on the environment. This 

impact was found to be much higher in phases B5 and B6 compared to other the houses, as 

clearly shown in Tables 2–6. This is likely due to the materials used, which require much 

more frequent replacement and/or refurbishment. 

Fig. 8 shows that house 3 has the highest acidification potential: 20.6% higher than that of 

house 4, 72% higher than that of houses 1 and 5 and up to 76% higher than that of house 2. 

This is due to the combination of aerated concrete blocks, concrete structures, waterproofing, 

aluminium windows, plasterboard tiles and pre-treated weatherboarding timber used in the 

house. 
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Figure 9: Eutrophication potential (EP) 

expressed in m2 of the total floor area of 

each family house 

 

Figure 10: Photochemical ozone creation 

potential (POCP) expressed in m2 of the 

total floor area of each family house 

 

As far as eutrophication potential is concerned, Fig. 9 shows that house 3 again has the worst 

score: 32% higher than that of house 4, 57% higher than that of house 2, 67.5% higher than that 

of house 1 and 75% higher than that of house 5. Materials such as reinforced concrete, oriented 

strand boards (OSB), aluminium windows, cladding timber panel, pre-treated weatherboarding 

timber and the proofing insulation used in house 3 are the top contributors to EP. 
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Figure 11: Ozone depletion potential (ODP) expressed in m2 of the total floor area of each 

family house 

 

As in the previous cases, house 3 has the highest photochemical ozone creation potential score: 

89.7%, 88%, 86.9% and 79% higher than that of houses 2, 5, 1 and 4, respectively (Fig. 10). Its 
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reinforced concrete structures, impregnated wood materials and aerated concrete blocks 

combined significantly contribute to the POCP. These materials also have the highest impact on 

stratospheric ozone depletion. 

In terms of ozone depletion potential, house 3 has the highest impact by a wide margin: 97% 

higher than that of houses 1 and 2, 92% higher than that of house 5 and 86% higher than that of 

house 4 (Fig. 11). 

5 Conclusion 

The evaluation of five family houses with the LCA method produced significant results in 

relation to the environmental impact categories of global warming potential, ozone depletion 

potential, acidification potential, eutrophication potential and photochemical ozone creation 

potential. Our analysis shows that significant environmental impact of all monitored categories is 

visible in the product and integrated operational energy phases. 

The environmental impact of buildings can be reduced by using green technologies and 

materials. An important barrier to the implementation of many environmental innovation 

technologies is the lack of awareness of the real costs of obtaining, using and disposing of 

materials, especially in Eastern and Central Europe. Therefore, new and cost-effective processes 

and technologies need to be developed to address environmental externalities and better energy 

use approaches. Advanced green technology and its penetration into new markets are crucial to 

meeting society’s needs in a way that can continue into the future without exhausting natural 

resources and devastating the planet. On this basis, it is important to know all the possibilities of 

obtaining energy from different sources but also to embrace the possibilities of construction with 

materials and technologies that offer low-cost operation and healthy microclimate buildings and, 

most importantly, do not leave a large ecological footprint [32]. As assessed in study [33], it is 

advisable to consider partial production of hot water and/or electricity from solar energy, since 

the solar thermal potential in Slovakia is five months per year. Moreover, a usage of solar energy 

significantly reduces CO2 emissions. 

From a sustainability point of view, it is necessary to limit the use of materials with high-energy 

inputs in production and to exclude substances with an adverse effect on users’ health. 

Consideration should also be given to minimizing transport requirements and reducing the 

amount of waste from construction by recycling and reusing it. Local, recycled and natural 

materials such as wood, stone, clay plaster, linoleum, wood flooring, flax, hemp, cork, pulpwood 

or cellulose should be used more. The environmental impact of the construction alone of 

conventional building is about as great as the environmental impact of the operation of a passive 

house over a period of 100 years. Therefore, ecological optimisation of the construction impact is 

an important part of sustainable architecture. One of the priorities of sustainable construction is 

to minimize material flows and emissions in building material production, reducing bound 

energy and individual environmental impact categories.  

In the future, we aim to evaluate a significant number of family houses to be able to concentrate 

attention to the aforementioned impact categories and thus reach more accurate conclusions. 
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Abstract 

Article contains experiment investigating influence of partial cement replacement by zeolite on consistency of 

fresh concrete, early compressive strength development and temperature development in early stages of curing. 

Four concrete mixture compositions were tested – containing zeolite in 0%, 5%, 10% and 15% of binder weight. 

Consistency was tested by flow table test in 5 minutes and 30 minutes after mixing of fresh concrete. Compressive 

strength and temperature gain were tested after 12, 16, 20 and 24 hours of curing. Results showed significant 

influence of zeolite on consistency of fresh concrete while compressive strength results were still in the acceptable 

range.  

Key words: zeolite, precast concrete, early strength development, flow table test 

1 Introduction 

Trends in environmental protection in every production, transportation and other industry fields 

lead to minimize the carbon footprint achieving by CO2 emissions reduction to the lowest 

values. In the concrete production, cement from portland clinker, as its main component, is 

considered to be the most demanding from the energy consumption point of view and 

subsequently from the environmental pollution contribution point of view [1,2,3]. With the aim 

to reduce the content of pure clinker in the cement, some mineral additives with pozzolanic 

(like fly ash, metakaolin, zeolite, silica fume) or latent hydraulic (like ground granulated blast 

furnace slag GGBS) properties are added directly to the cement as supplement or during 

concrete production as additive [4,5,6,7,8,9]. Considering the complexity of concrete designing 

issue as a result of technical, economic and environmental requirements, these materials should 

undergo also detailed assessment before their incorporation into the concrete. Such assessment 

should take into the consideration parameters like origin (natural or waste, transportation 

distance), price compared to portland cement, allowed supplement according to technical 

standard or influence on rheology as well as hardened concrete properties. 

It is general known, that commonly used mineral additives used in concrete production either 

pozzolanic or latent hydraulic are effective in later age of cement hydration. They react with 
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free Ca(OH)2 to form C-S-H crystals and that make the concrete matrix denser and more durable 

[10]. Another fact is, that specific surface, that are influenced by structure and texture of such 

additive’s grains, is often much higher than in the case of Portland cement, what caused higher 

water consumption for achieving the same consistency of fresh concrete (with same 

plasticizer/cement ratio) [11]. Regarding the precast concrete, rapid strength development, but 

also surfaces without aesthetical defects are unconditionally required [12,13,14]. These 

properties are most often achieved by low water content in the batch together with optimized 

dosage of superplasticizer to obtain fresh concrete with required viscosity and consistency in 

time. Another option is using hardening accelerator; however, this solution makes price of 1m3 

of concrete much more expensive and is not economic effective. Noted requirements are 

obviously in contrast to above stated properties of mineral additives.  

In the experiment described in this paper, we were focuses on utilization of zeolite as mineral 

additive to precast concrete and in the case of meeting demanding requirement, on the 

evaluation of optimal replacement of cement. The zeolite was chosen as representative of 

pozzolanic cement supplement material due to its availability and one of the richest sources 

around the world located in East Slovakia. Despite the fact that zeolite is natural raw material 

and primarily used in pharmacy, agriculture or wastewater treatment industry 

[15,16,17,18,19,20,21], there is a feasible potential for its use into the cement composites due 

to its pozzolanic property [22,23,24,25,26,27] considering currently limited sources, usable and 

price of common additives as fly ash, GGBS or silica fume in Slovakia region. 

 

     

2 Materials and methods 

In this chapter, materials properties and testing methods used in this experiment will be given 

and described.  

2.1 Materials 

In the experiment, natural fine and coarse aggregate were used. In terms of increasing of visual 

surface quality of concrete products in precast industry, 0/2 fraction of aggregate with rounded 

grains is often used in concrete mix design, so it is also the case of this experiment. Gap graded 

aggregate composition was chosen in the mix designs. The 4/8 fraction of aggregate was 

removed completely. Fine sand 0/2 originates from Nieznanowice (PL) locality, 0/4 and 8/16 

fractions originate from Geča locality (SK). Gradation of aggregate mixture is given in the  

Fig. 1. Designed aggregate gradation was assessed by boundaries given in [28]. 

Cement CEM II/A-S 42.5 R from Považská cementáreň, a.s. Ladce (SK) plant and zeolite 

ZeoBau 50 - Klinoptilolit from Zeocem, a.s. Bystré (SK) were used in the experiment as 

cementitious materials.  
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Polycarboxylate-ether based (superplasticizer SF40 with 34 wt% of solid content from MAPEI 

company was used in the experiment as a high-water reduction admixture (HWRA).  

  

 

Figure 1: Gradation of aggregate mixture used in mixture designs 

 

Table 1: Chemical composition of binder materials used in the experiment – oxidic form 

Material SiO2 Al2O3 CaO K2O Fe2O3 MgO SO3 TiO2 LoI 

CEM II/A-S 42.5 R 18.6 3.7 62.1 0.9 2.8 2.1 4.4 0.3 na 

ZeoBau 50 58.7 9.0 2.8 2.6 1.4 0.7 0.1 0.2 5.1 

 

2.2 Methods 

Purpose of the experiment is to observe possible usage of zeolite as a supplementary cement 

material in the concrete precast industry where high early compressive strengths and 

workability of concrete are essential. Secondary, quality and change of hardened concrete 

surfaces with changing of zeolite content was observed. Four concrete mixture designs (Table 

2) were prepared with ZeoBau 50 content 0%, 5%, 10% and 15% of binder dosage. The 

temperature of each fresh concrete batch was the same with value 23.8°C, while 50 % of 

environment humidity and 22.0°C of ambient temperature.  

Consistency of fresh concrete was tested by flow table test in 5 min. and 30 min. after mixing. 

30 minutes workability time is considered as sufficient in the concrete precast industry. ZeoBau 

50 is expected to affect the workability in negative way so all four mix designs are kept with 

the same amount of mixing water and the same dosage of water reducing admixture to observe 

and quantify that behavior.  
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Table 2: Mix design used in the experiment 

Mix design  ZB-00 ZB-05 ZB-10 ZB-15 

CEM II/A-S 

42.5 R 
[kg] 405 (100%) 385 (95%) 365 (90%) 345 (85%) 

ZeoBau 50 [kg] 0 (0%) 20 (5%) 40 (10%) 60 (15%) 

0/2 
[%] of total 

aggregate 

5 5 5 5 

0/4 50 50 50 50 

8/16 45 45 45 45 

HWRA 
[%] of 

cementitious 
0.75 0.75 0.75 0.75 

w/b [-] 0.40 0.40 0.40 0.40 

 

Because of lower density of ZeoBau 50 compared to used cement, it is also expected the unit 

weight (in fresh and hardened state) of concrete to be lower with ZeoBau 50 compared to 

reference mixture without it.  

For compressive strength testing, cube samples of 150 mm side were made. As it is important 

for precast concrete industry, early strength of concrete was tested in the experiment. Concrete 

made of four different mix designs containing ZeoBau 50 was tested on compressive strength 

after 12h, 16h, 20h and 24h of curing. Along with the compressive strength, the temperature of 

concrete samples was measured in respective times to get information on ongoing exothermic 

chemical reactions thus rate of compressive strength development could be predicted. 

Specimens were kept in the forms until strength testing. Standard plastic molds with insulating 

caps were used. The ambient temperature during curing varied from 19.5 up to 22.5 °C. 

3 Results and discussion  

3.1 Consistency   

Results of consistency of fresh concretes are given in Fig. 2 and in comparative Fig. 3. As 

expected, the consistency of fresh concrete was the stiffer the higher percentage of ZeoBau 50 

was introduced into the concrete mixture. It could be explained by higher water demand of 

zeolite and its characteristic mesh which traps molecules of water. Mixture ZB-00 made of 

100% cement binder achieved in flow table test 620 mm at the beginning and 625 mm after 30 

minutes. Considering initial fresh concrete temperature, this result could be evaluated as greatly 

satisfactory. The reason for that obviously resides in proper composition and function of 

cement-water-plasticizer system. Mixture ZB-05 made of 5% ZeoBau 50 as cement 

replacement achieved 520 mm and 500 mm in flow table test in respective times. Even with 

small portion of zeolite incorporating, the consistency change is significant but still usable in 

terms of concrete precast conditions. Mixture ZB-10 made of 10% ZeoBau 50 as cement 

replacement achieved 405 mm and 360 mm in flow table test in respective times. It can be seen 

here not only the stiffer consistency at the beginning but also a bigger consistency loss in time. 

It can be attributed to lower content of “free” water in the fresh concrete but also to sorption 

abilities of zeolite minerals which could consume the water reducer particles more rapidly. 

Mixture ZB-15 made of 15% ZeoBau 50 as cement replacement achieved only 330 mm and 
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280 mm in flow table test in respective times. Mixture ZB-15 flow table test values dropped 

under 340 mm which is a recommended boundary for using method of flow table test for 

concrete consistency determination. Experiment proved and quantified the consistency loss due 

to incorporating zeolite based supplementary cementitious material. Differences are quite 

significant even at small portions used.  
 

 

Figure 2: Consistency of concrete with zeolite content 

 

 

Figure 3: Consistency of concrete after 5 minutes – ZB-05 (left) and ZB-15 (right) 

 

 

3.2 Compressive strength  

Results of compressive strength of tested concrete mixtures are given in  

Figure  4. After 12 hours of curing the highest the portion of zeolite the higher the compressive 

strength. It ranges from 6.1 MPa (ZB-00) to 8.0 MPa (ZB-15). Fact that zeolite consumes 
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significant amount of water could actually resulted in lower w/b than was calculated and 

assumed in mixture design. This behavior could result in faster development of compressive 

strength of samples containing zeolite. After 16, 20 and 24 hours of curing, the trend is opposite 

and the higher the content of zeolite the lower the compressive strength. This behavior could 

be attributed to ongoing pozzolanic activity which is known to be significant slower than 

standard hydration reactions of Portland cement. The difference between the highest and the 

lowest strength value after 16 hours of curing is 4.0 MPa, after 20 hours of curing it is 6.0 MPa 

and after 24 hours of curing it is 8.7 MPa.  

Temperature development (Fig. 6) of concrete samples were recorded using IR thermometer at 

respective curing time right before demolding of samples. The temperature development shows 

the exact same behavior as the strength development. The recorded peak of temperature was 

recorded after 16 hours of curing in maximum of 36.5°C for ZB-00, 35.5°C for ZB-05, 34.8 for 

ZB-10 and 33.2 for ZB-15. Again, the lowered w/b ratio caused by presence of zeolite in the 

mixture could caused faster heat development after 12 hours of curing, but lower dosage of 

cement is responsible for lower heat development after 16, 20 and 24 hours of curing where 

even effect of lowered w/b ratio was overcome. 

Incorporation of zeolite into concrete mixtures also caused slight decrease in unit weight (Fig. 

5). The highest unit weight (2400 kg/m3) was achieved by ZB-00 mixture without using zeolite. 

Mixtures containing zeolite achieved unit weight in range from 2363 kg/m3 to 2374 kg/m3.  

In general, 12 MPa is considered (may vary in specific cases) to be sufficient strength to demold 

and manipulate with precast concrete segment or product. None of tested mixtures achieved 

that value after 12 hours of curing but all of them achieved it after 16 hours of curing even the 

ZB-15 with the highest portion of replaced cement.  
 

 

Figure 4: Compressive strength of concrete specimens at respectively curing times 
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Figure 5: Unit weight of concrete mixtures made of various content of ZeoBau 50 

 

Figure 6: Temperature of concrete specimens at respectively curing times 

 

 

In the Fig.7 is presented comparation between hardened concrete surface of samples ZB-00 and 

ZB-05.  The samples with no zeolite evinced only flat cavern unlike the samples with zeolite, 

where bugholes are presented evidently, what could be associated with increasing viscosity 

with higher zeolite content. Entrapped air then more difficultly squeezed out at a mold wall 

surface.      
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Figure 7: Comparison of hardened concrete surface – ZB-00 (left) and ZB-05 (right) 

 

4 Conclusion 

Experiment given in the article focused on the possible utilization of zeolite in concrete precast 

industry. Consistency of fresh concrete, temperature development and early compressive strength 

development of concrete containing 5%, 10% and 15% of zeolite as cement replacement were 

investigated. Based on experiment results, following observations could be formulated: 

 

 zeolite significantly affects consistency of fresh concrete in negative way, 

 the highest compressive strength and temperature gain after 12 hours of curing were 

achieved by ZB-15 mixture (the highest portion of zeolite – 15%), 

 the highest compressive strength and temperature gain in all other curing times (16, 20 and 

24 hours) were achieved by ZB-00 mixture (0% content of zeolite), 

 all of tested concrete mixtures achieved 12MPa of compressive strength after 16 hours of 

curing, 12MPa is considered as sufficient strength to manipulate with precast concrete 

segment (may vary in specific cases). 

 

Experiment suggests possibility of zeolite utilization in concrete precast industry, but few issues 

have to be overcome. Mainly consistency and workability of fresh concrete containing zeolite need 

to be adjusted by combination of added water and/or plasticizer. The effect of this adjustment on 

compressive strength will be the subject of future research.   
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Abstract 

This paper presents a device for introducing air inside a room with the novelty of double-exponential profile of 

the distributor. This allows entering the rooms of large quantities of blow-in air with low velocities, with the 

result of possible use in locations with a high required air exchange. In the Laboratory of Ventilation and Air 

Conditioning of the Technical University of Cluj-Napoca, it was designed and built an experimental stand in 

order to investigate the velocity field of a double-equal strength (double exponential profile) inlet device for 

spatial air-distribution. There are presented the measurements that were performed in the laboratory in order to 

establish the velocity field and the spatial distribution of air. The proposed solution can be used in many 

applications to provide high rates of air through the ventilation systems. 

Key words: inlet device, air velocity, jet, distribution, movement, double exponential, spatial. 

1 Introduction 

The main purpose of the inlet devices is to achieve ventilation effect by obtaining a proper 

distribution of the introduced air jet. Therefore, is necessary to use inlet devices that allow the 

introduction of a maximum rate of air into a room without exceeding admissible indoor air 

velocities in the occupied zone [1]. Several studies [2, 3, 4, 5, 6 and 7] are also focused with 

relevant results on similar issues, such as: air velocities in the occupied zone, indoor airflow 

shape and impact on indoor air quality of  indoor air distribution.   

This paper presents a device for introducing air with the novelty of double-exponential profile 

of the distributor. This allows entering the rooms of large quantities of blow-in air with low 

velocities, with the result of possible use in locations with a high required air exchange. 
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Since the air distribution in mechanically ventilated rooms is determined for the most part 

(about 90%) of air jets, it means that the current lines generated by air jets must provide 

appropriate ventilation effect primarily in the occupied zone [1]. A number of clean rooms 

ventilation solutions (e.g. operating theaters) recommended the use of large inlet air devices 

to enable the introduction of high rates of airflow with low primary air velocities values [8]. 

In this way it increases also the phenomenon of indoor air induction into the main stream of 

the inlet air jet. 

In real situations, the current lines of the air jets are more or less influenced by other fields of 

air pressure created in natural or mechanical way by infiltrated or accidentally appeared air 

currents, by the presence of natural obstacles which are due to the presence of machinery, 

furniture, building components or the occupants themselves. Compare with this, both in 

theoretical studies and researches on experimental stands, it creates the conditions for free 

airflow evolution. It is considered that the air jet current lines are arising from the pole of the 

jet. Also, it must be taken measures to stabilize the airflow in the ventilation duct in the 

upstream section from the inlet device. 

2 Experimental stand and measurement apparatus 

The solution presented in this paper refers to a double exponential discharge device 

distributor, in order to ensure a flow of the inlet air jet as close as possible to the theoretical 

model of free isothermal jet [1].  

For this purpose, in the Laboratory of Ventilation and Air Conditioning of the Technical 

University of Cluj-Napoca, is designed and built an experimental stand (see Figure 1 and 

Figure 2) for the measurement of the air velocity field of a double-equal strength (double 

exponential profile) inlet device for spatial air-distribution.  

 

 
 

Figure 1: Stand for studying the air velocity field of the double-equal strength inlet device (double-

exponential profile) for spatial air-distribution. 
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The airflow measurement apparatus is a digital thermo-anemometer (TA 35 type AIRFLOW) 

with high accuracy class (±0.01 m/s) and measurement range for air velocity from 0.05 m/s to 

25 m/s.  

The stand is made of the following components (see Figure 2): 

 A – simple-equal strength (simple exponential profile) inlet device, size: 900x1,800 

mm, fitted with adjustable blades to produce a uniform air distribution throughout the 

discharge plane; 

 B – rectangular connecting duct with internal airflow stabilization blades, size: 

300x1,800 mm, to achieve a plane-parallel airflow; 

 C - distributor of simple-equal strength of the inlet device, size: 300x1,800 mm, to 

assure stationary plane-parallel airflow in the upstream section; 

 D –rectangular bend (90º) with internal airflow stabilization blades; 

 E - reducer from rectangular to circular section; 

 V - mono-aspirant centrifugal fan with airflow rate D = 4,375 m3/h. 

 

 
 

Figure 2: Stand for studying the air velocity field of the double-equal strength inlet device (double-

exponential profile) – Isometric drawing. 

 

The whole inlet device is made of three main components: A, B and C. 

The double-equal strength (double exponential profile) inlet device for spatial air-distribution 

was designed by applying twice (for horizontal and for vertical distribution) the equations 

which allow to calculate the dimensions of the two distributors with variable section [9], 
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represented in Figure 2 by parts A and C. 

All inlet devices intend to supply air in the occupied area at values for velocity, temperature, 

humidity, concentrations of different pollutants that correspond to the comfort conditions in 

the room. These considerations lead to the value of the initial velocity in the discharge plane, 

noted with v0. To ensure the uniformity of ventilation, the air velocity is advisable to be as 

close to a constant value all over the discharge plane. 

In this way, the initial velocity v0 in the discharge plan of the device will be constantly around 

0,75 m/s, a value which corresponds to an easy physical activity. Due to the large size of the 

inlet device, it was necessary to provide airflow stabilization and control blades. 

The air jet develops into a free space, which is not influenced by any disturbance surfaces or 

objects, so the measurements will not be at all affected. 

3 Measurements and processing results 

The investigation of the air velocity field of the double-equal strength inlet device (double-

exponential profile) involves measuring the values of air velocity with an apparatus that does 

not influence the course of the current lines through both specialized transducer dimensions 

and the manner of making measurements [10].  

There were performed a sufficient number of measurements, with enough equipment 

accuracy, to provide accurate values of air velocity into the air jet streams [10].  

 

 
 

Figure 3: Air velocity hodographs measured in horizontal plane. 

 

To measure the air velocities along the jet, in perpendicular planes to the jet axis, at different 
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distances (noted with x) from the discharge plane, is using a classical method that uses, for 

keeping the same measurement points along the jet, a roller grid with square mesh [10]. 

Measuring transverse planes of the air velocity field have been predetermined by the 

rectangular roller grid with dimensions of 3000 x 1500 mm and with 100 x 100 mm square 

mesh. The measuring grid was placed successively at predetermined distances from the plane 

of discharge, beginning with the distance x = 0 m (discharge plane) and finishing at the 

distance where axial air velocity is 0.25 m/s. Measured velocities were noted in all the nodes 

of the grid [10], resulting the air velocity hodographs in two perpendicular planes: one, 

horizontal and the other one, vertical (see Figure 3 and Figure 4) [8], [10]. 

In preparation for developing the mathematical model of the spatial air jet, it was chosen the 

dimensionless mode of expression of geometric and kinematic quantities. Thus, the 

measurements were made at dimensionless distances: x  = 0, x  = 1, x  = 2, x  = 4, x  = 6 and 

x  = 8, resulting the hodographs of air velocities in two perpendicular planes (see Figure 3 

and Figure 4). The expression of dimensionless distances is: 
od

x
x   (

ba

ba2
do




  – 

equivalent diameter of the rectangular inlet device with dimensions a and b).  

 

 

Figure 4: Air velocity hodographs measured in vertical plane. 

 

After the air comes out the discharge device, enter into a stagnant air environment. As the air 

jet moving mass advances, due to induction, an amount of increasingly higher of stagnant air 

join to the moving air. In this way, the initial air jet kinetic energy is gradually consumed, 

decreasing the speed of air movement. 

The hodographs of air velocities have changed from rectangle (in the discharge plane) to 

curvilinear trapezoid, respectively curvilinear triangle with the growth of distance [8]. The 

configuration of the isokinetic curves highlights the shape of the air jet. This represents a 

greater approach to the free, round, isotherm air jet [1]. This is also explained by the ratio 1:2 

between the sides of the discharge device. 
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Figure 5: Isokinetic curves for  x  = 0. 

 

Based on the measured air velocities in the grid nodes, isokinetic curves were drawn (see 

Figure 5, Figure 6, Figure 7, Figure 8, Figure 9 and Figure 10). 

 

Figure 6: Isokinetic curves for x  = 1. 

 

Figure 7: Isokinetic curves for x  = 2. 
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Figure 8. Isokinetic curves for x  = 4. 

 

 

Figure 9: Isokinetic curves for x  = 6. 

 

 

Figure 10: Isokinetic curves for x  = 8. 
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The air velocities hodographs form revealed the air jet envelope and angle of divergence, 

which depends on the initial airflow rate. The result is a divergence angle of the air jet α of 

about 32° and a dimensionless air jet throw equal with 9. 

These curves also highlighted the three areas of this type of air jet, with the following lengths: 

 initial sector X1 = 1.4 x d0; 

 transition sector X2 = 1.2 x d0; 

 main sector X3 = 6.4 x d0. 

The air velocity hodographs confirmed the increase of airflow rate in the air jet with the 

distance to the discharge plane [11]. Accepting the theory of similarity, the measurements that 

were made will allow establishing a mathematical model of these air supply system through a 

large inlet area [11]. In this order, we will apply the classical method of calculation the jets 

characteristic elements that use the dividing the variable elements along the jet to the constant 

elements from the device discharge plan, resulting dimensionless variables [1]. The results 

will be presented as dimensionless variables in order to ensure that this can be generalized 

and easily applied to other values of airflow rates or other dimensions of inlet devices.  

4 Conclusion  

This type of air jet presents a compact enlargement with a divergence angle of 32°, a 

dimensionless air jet throws equal with 9 and an induction factor appropriate for a satisfactory 

ventilation effect [12].  

The double-equal strength inlet device (double-exponential profile) provides relatively 

uniform air velocities in any perpendicular measurement planes of the air jet stream. Thus, the 

proposed solution can be used to provide ventilated air in many applications. Also, the large 

range obtained for air velocities lead to a great flexibility in operations for this kind of 

devices. 

Following the evolutionary stage of inlet air devices, able to achieve enhanced ventilation 

effects, the designed and executed stand has some advantages:  

 Provides a controlled airflow, close to laminar airflow conditions; 

 Provides to the ventilated room an approximately constant air quality, appropriate for 

indoor environment demanded comfort;  

 Ensures investment, execution and exploitation costs at reasonable values; 

 Assures a good opportunity of harmonization with interior design elements;  

Provides the possibility of directing the air jet, where it requires, towards certain areas that 

require greater conditioned air airflow. 
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Abstract 

The use of new reinforcing materials and products in the construction industry requires their thorough 

assessment for a variety of design situations. One of the significant effects is the shrinkage of the concrete, 

which in the case of asymmetrically reinforced elements can cause the element to be deformed. The research was 

focused on slabs asymmetrically reinforced by composite reinforcement (GFRP) and by three reinforcement 

stages. To eliminate the effect of concrete non-homogeneity, a concrete slab of the same dimensions was made 

of the same concrete. The results show a significant effect of shrinkage on reinforced slabs. 

Key words: concrete shrinkage, slabs, deflection, steel and GFRP reinforcement 

1 Introduction 

In construction practice, new materials are constantly emerging and used, or other, 

unconventional uses of already known materials are being sought. At present, the design of 

concrete structures is heading towards the replacement of conventional steel reinforcement 

bars for non-metallic materials - fiber reinforced polymers (FRP). These modern trends of 

reinforcing in concrete load-bearing structures bring many areas that are not yet sufficiently 

explored. These also include the effect of concrete shrinkage on the deformation of concrete 

elements reinforced with composite FRP reinforcement. 

At the Faculty of Civil Engineering of the Technical University in Košice, the influence of 

temperature on the behavior of elements reinforced with GFRP reinforcement has already 

been investigated [1]. Now we focus on the research of the effect of shrinkage on deformation 

and stress in elements reinforced by GFRP reinforcement (glass FRP). These are long-term 

tests aimed at measuring deformations and deflections of elements. 
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2 Long-term tests 

To research the deformations of concrete elements caused by shrinkage, specimens of thin 

slabs reinforced at one surface were used. In the cross-section of thin slabs, there is minimal 

occurrence of stresses from uneven distribution of moisture across cross-sectional height [2]. 

Hydrating heat is uniformly lost from the cross-section, the temperature of the element is 

uniform [3]. The shrinkage deformations should also be uniform in cross-section. Due to the 

low ratio of concrete volume to surface exposed to drying in slabs, drying shrinkage can take 

significant value [3]. Due to the reduction of reinforcement shrinkage on only one side of the 

slab, uneven shortening of the surfaces results, resulting in a deflection caused by concrete 

shrinkage. At the same time, tensile stresses occur in the concrete which, if exceed the tensile 

strength of the concrete, can cause cracks formation [4].  

 

2.1 Design of test elements 

In order to compare the impact of the reinforcement on the stress of the concrete elements, it 

is desirable to examine elements with different reinforcement ratio (at least two levels). For 

the experiment, 3 reinforcement ratios (µ = Ar / Ac) 0.3% (4ϕ8mm), 0.5% (7ϕ8mm) and 0.8% 

(7ϕ10mm) were selected (Table 1 - mechanical reinforcement ratio µm = ArEr /AcEc) and two 

types of reinforcement: steel B500 (with modulus of elasticity 200GPa) and GFRP (with 

modulus of elasticity 50GPa). Six reinforced slabs and 1 reference non-reinforced slab with 

dimensions of 1800x600mm and thickness 120mm were made. There was used concrete with 

properties determined at 28th day: compressive strength on cubes 46MPa, cylindrical 

compressive strength 43MPa, flexural tensile strength 6.8MPa, splitting tensile strength 

4.7MPa and modulus of elasticity 30.7GPa. The reinforcement cover was 10mm, transverse 

reinforcement ϕ6mm at a distance of 200mm (Fig. 1). 

 

Table 2: Amount and type of produced test specimens 

Mark 
Specimen 

(dimension) 

Reinforce

ment 

Amount of 

reinforcement 

Reinforce

ment Area 

Ratio 

µ=Ar/Ac 

Ratio µm 

=ArEr/ AcEc Count 

S1 

slab                              

(1800 x 600 x 

120 mm) 

Steel 

4 ϕ 8mm 201mm2 0,3% 1,8% 1 

S2 7 ϕ 8mm 352mm2 0,5% 3,2% 1 

S3 7 ϕ 10mm 550mm2 0,8% 5,0% 1 

G1 

  GFRP 

4 ϕ 8mm 201mm2 0,3% 0,5% 1 

G2 7 ϕ 8mm 352mm2 0,5% 0,8% 1 

G3 7 ϕ 10mm 550mm2 0,8% 1,2% 1 

UN unreinforc

ed 
- -  -  - 1 
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Figure 1: Forms with reinforcement ready to concreting  

2.2 Methodology of long-term tests 

On the seventh day after concreting, the specimens were removed and placed in a “chamber” 

to prevent sudden fluctuations in humidity and temperature during working in the laboratory. 

In order to eliminate as much as possible the influence of self-weight on the deformations and 

deflections of the slabs, the placement of the slabs in the vertical position (Fig. 2) [5] [6] was 

chosen. In this case, the self-weight of the slabs acts in the center plane of the slab and a very 

high cross-section resists acting moments. This results in very low stress (of the order of 

0.02MPa) and deformations which can be neglected. With such a bearing, the deflection of 

the slab in the direction perpendicular to the center plane of the slab does not arise from the 

influence of the self-weight. In this way it was possible to observe the almost plain effect of 

concrete shrinkage on the deformation of the elements. 

The layout of the points for measuring the deflection is shown in Fig. 3. The camber of the 

curved specimen, i. a. deflection in the center of the longitudinal sides that relates to their 

ends, was measured at the given points. All these deformations were measured using a steel 

frame equipped with dial gauges for direct deflection measurement [5]. Deflections were 

measured for 371 days (1 year after concreting) at intervals ranging from 3 days at the 

beginning to 2 months at the end of the reporting period. 
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Figure 2: Storage of specimens: 1- concrete slabs, 2- stand, 3- hang up, 4- slab reinforcement  

 

 

Figure 3: The disposition of the points for measuring the deflection 

3 Results 

From the measured values of the displacements of the measuring points, the deflections of the 

slabs were identified, which are shown in Figure 4. Their development over time corresponds 

to the changes in the relative humidity of the environment at the place where the slabs are 

stored (Fig. 5). The slabs reinforced with steel reinforcement (with the largest amount of 

reinforcement) have the largest, slabs reinforced with GFRP reinforcement Armastek, 

respectively unreinforced slab have the smallest deflection. That corresponds to the 

mechanical degree of reinforcement (ArEr/AcEc) (Fig. 6). 
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Figure 4: Deflection in the middle of slabs  
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Figure 5: Relative humidity  
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Figure 6:  Slabs deflection according to mechanical reinforcement ratio  

 Fig. 7 shows the deflection ratio of slabs reinforced by different types of reinforcement (same 

degree of reinforcement). At higher degrees of reinforcement, the deflection ratio is relatively 

comparable. GFRP reinforcement is active in preventing shrinkage all the time. However, at 

low levels of reinforcement, it seems that GFRP reinforcement initially does not prevent free 

shrinkage of the concrete at all. The influence of reinforcement (i.e. deflection) appears later, 

increases suddenly and gradually stabilizes (at the end of the period under review). 

Stabilization occurs at a value of approximately 2, so that the resulting deflection of steel 

reinforced slabs is 2 times greater than that of slabs reinforced with the same reinforcement 

ratio of GFRP reinforcement. 
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Figure 7:  Deflection ratio of slabs reinforced by different types of reinforcement 

4 Conclusion 

The results of the experiment confirm the assumption of the influence of a different modulus of 

elasticity on the resulting deformations and deflections of slabs reinforced at one surface. It was 

found that the deflections of the steel-reinforced slabs are 2 times greater than the deflections of 

the GFRP-reinforced slabs at the same area of the reinforcement used at the end of the period 

under review. The deflection value from the shrinkage itself, e.g. for S3 (reinforced with 

7ϕ10mm steel reinforcement), it constitutes up to 26% of the limit deflection (for ceilings), 

which is not a negligible value when assessing structures to the ultimate serviceability. In 

conclusion, the shrinkage of concrete has a significant effect on the resulting deformation of the 

structure. 
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