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Abstract

LiDAR-derived digital elevation models (DEMs) have transformed 
the archaeological study of landscape features, broadened our tech-
nical capabilities, and enhanced the accuracy with which terrain re-
lief is described. These models also place demands on how research-
ers and analysts interpret DEM content in the context of the modern 
landscape. LiDAR-based DEMs contain modern man-made struc-
tures that can significantly influence model properties. Although 
data are usually filtered and some of these artificial features are re-
moved during bare-earth classification, many terrain interventions 
remain visible. This large-scale case study applies established meth-
ods to a freely available DEM of the Czech Republic in an attempt to 
evaluate differences between original and filtered DEMs. It applies a 
fully automated filtering procedure using vector topographic maps 
to avoid manual corrections that would make the procedure prob-
lematic when used on a macro scale. The results of our archaeolog-
ical GIS analysis demonstrate that this procedure, despite its relative 
simplicity, can achieve a significantly better representation of a 
landscape compared to that offered by an unfiltered DEM. Finally, 
we propose a series of future steps with a view to developing a more 
comprehensive and accurate model and overcoming its limitations.
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1 INTRODUCTION

During recent decades, light detection and ranging (LiDAR) data 
has become an integral element of archaeological landscape research 
(Crutchley, Crow, 2009; Gojda, John, 2013; Posluschny, 2015; Chase 
et al., 2017; Garstki, 2020). As well as serving the purposes of sur-
veying and documentation, LiDAR data offers significant promise 
for contemporary landscape analysis and the modeling of terrain 
attributes in relation to the past. The use of LiDAR-derived digital 
elevation models (DEM) for the analysis of large landscapes on a 
national scale has long been hampered by the inaccessibility of data. 
The situation has changed in recent years (Hobič, 2020). In the Czech 
Republic, it is now possible to freely obtain a relatively precise Li-
DAR-derived DEM raster grid through the portal of the Czech State 
Administration of Land Surveying and Cadastre (http://geoportal.

cuzk.cz/). Researchers can now access a simplified Digital Terrain 
Model of the Czech Republic of the 5th Generation (DMR 5G), 
which significantly broadens the possibilities for landscape interpre-
tation by facilitating automated algorithmic methods.

Taking advantage of this favorable situation, the Institute of Archae-
ology of the Czech Academy of Sciences in Prague recently partnered 
with the Slovak University of Technology to create a set of models for 
description and analysis of the landscape of the territory of Bohemia. 
These include a total visibility model (Llobera, 2003; Gillings, 2017; 
Brughmans et al., 2018), a stream network model (Kuna, Danielisová, 
2009; Hengl, Reuter, 2009; Tarboton et al., 2009) and a terrain clas-
sification model (Hengl, Reuter, 2009; De Reu et al. 2013; Novák, 
2018). In most cases, preparing these types of models on a large scale 
is time-consuming. The total visibility model in particular presents con-
siderable computational demands (Rášová, 2017; Kuna et al. 2022). 
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Therefore, the availability of centrally available reference models is of 
paramount importance for researchers tasked with analyzing datasets 
to ensure that results can be compared across different projects. The 
need for this kind of resource corresponds with the mission of the Ar-
chaeological Information System of the Czech Republic (https://www.
aiscr.cz/), a central infrastructure that supports research in this domain.

The use of LiDAR-derived DEMs, however, also gives rise to a 
number of complications. An obvious issue that can introduce distor-
tions is the presence of modern artificial features, which can be diffi-
cult to distinguish from the natural landscape relief. Bodies of infra-
structure constructions, terrains destroyed by mining, built areas, and 
water management structures are some of the features that negatively 
impact results. One solution to this problem is to significantly reduce 
DEM resolution and thus suppress minor anthropogenic features. 
However, this approach is not recommended due to its tendency to 
distort the overall digital representation and deform natural landforms. 
It is also inadequate for handling large terrain interventions. The ideal 
method is to identify undesirable features and then to remove and re-
place them by interpolation or using legacy data (e.g. historical maps; 
see Zwertvaegher et al., 2010; 2013; Werbrouck et al., 2011; Schmidt 
et al., 2018). This paper presents a procedure used to create a filtered 
DEM of Bohemia (supplemented by the Vysočina region; Fig. 1) suit-
able for further spatial analysis. It also compares the extent and nature 
of the changes to archaeologically relevant properties brought about 
by the resulting DEM compared to the original unfiltered version. The 
total area under examination is relatively large at 57,019 km2, which 
represents approximately two-thirds of the Czech Republic.

2 THEORY: WHAT TO FILTER OUT AND WHY?

DEMs derived from laser scanning represent a given landscape at 
the time of data collection and contain features produced by human 
activity. This is entirely consistent with the idea that – especially in 
the context of Central Europe – landscapes are a cultural product con-
sisting of a set of artifacts and ecofacts (Kuna 2004; David, Thomas, 
2008). Although it is difficult to find a location in the Czech Republic 
that has not undergone human intervention, from the point of view of 

analyzing digital landscape models, it is especially important to con-
sider those interventions that have substantially altered the visibility, 
drainage conditions, and morphology of a landscape. Such interven-
tions can typically be dated to periods close to the present, enabling 
them to be better distinguished from the natural terrain. Ideally, these 
features should be identified and removed to bring the resulting DEM 
surface representation more in line with pre-industrial topography and 
to reduce the risk of bias in future analyses (Werbrouck et al., 2011).

In addition to human intervention, landscapes have been perma-
nently influenced by natural erosion and accumulation processes, 
leading to characteristic changes. However, capturing these processes 
is not the aim of this paper for several reasons. As demonstrated by 
previous studies (De Smedt et al., 2013; Habicht et al., 2017), the 
patterns and extent of erosion are strongly dependent on local con-
ditions and should therefore be identified by targeted field surveying 
such as core sampling or geophysical prospecting. Moreover, erosion 
and accumulation are dynamic processes, the effects of which vary 
over time. Therefore, any such landscape reconstruction must take 
into account the specific time period on which it is modeled. It is also 
worth noting that in the case of Czech Republic, the effects of erosion 
processes on the overall landscape are particularly evident in river 
floodplains with meandering watercourses. Yet, even in these areas, 
recent interventions fundamentally changing the characteristics of the 
otherwise relatively well-preserved Holocene relief (see section 3.1) 
have had a strong impact.

The aim of this study was to identify a means of removing the 
maximum number of recent intrusions with the highest possible ef-
ficiency and the least possible manual interventions. Although previ-
ous studies have applied similar approaches, they have been typically 
limited to much smaller regions with uniform conditions involving the 
manual processing of input data or other interventions (Werbrouck et 
al., 2011; Zwertvaegher et al., 2010; 2013; Schmidt et al., 2018). This 
study evaluates the extent to which commonly available topographic 
data are adept at correcting DEMs for archaeological purposes. We 
outline a model that retains most of the qualitative parameters asso-
ciated with accurate LiDAR images of natural landforms, which are 
typically represented with significant inaccuracies in DEMs derived 
from other sources (cf. Novák, 2018).

Fig. 1 Hillshade DMR 5G of the region analyzed (data provided by ČÚZK and EuroGeographics).
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3 METHODS

Depending on the availability of data and the type of DEM ana-
lyzed, approaches adopted by various authors concerning the removal 
of more recent DEM features vary (Werbrouck et al., 2011; Höfler et 
al., 2015; Schmidt et al., 2018). The three most common steps involve 
the use of vector layers as a feature identifier, buffer masking of the 
affected surface, and interpolation. Other supplementary procedures 
used to retrieve missing data or to more clearly identify affected sur-
faces generally require manual work or terrain analysis, measures that 
can only be accomplished within a reasonable timeframe when ana-
lyzing small areas. Given that our area of interest was on a national 
scale, we selected a straightforward buffering approach based on in-
verse distance weighting (IDW) interpolation provided by the GDAL 
FillNodata tool. QGIS software (https://qgis.org/) was used for most 
of the data analysis, with data processing scripted in Python using the 
GDAL (https://gdal.org/) application programming interface (API).

3.1 Source data

The DEM (DMR 5G) source is a digital representation of a bare 
earth surface with a vertical accuracy of 0.18 m in an open landscape 
and 0.3 m in forested areas as well as local deviation extremes of 
up to 1 m. The model was created from data obtained by airborne 
laser scanning of the Czech Republic between the years 2010 and 
2013, with an average density of points of approx. 1 p/m2. The DMR 
5G model itself is a result of automated filtering, manual corrections, 
TIN triangulation, and subsequent raw data smoothing. Therefore, the 
distribution of data points tends to be uneven, and they are only de-
rivatives of the originally measured values (Brázdil et al. 2016). In its 
basic form, the DMR 5G is distributed as point-based data (LAS) and 
subject to significant financial charges. As a result, it is practically 
impossible for this data to be deployed in country-wide analysis. The 
public version of DMR 5G used in this paper has been downscaled 
and is distributed as a regular raster grid with a spatial resolution of 
2 x 2 m. Considering the complex process of creating the DMR 5G 
and the possible vertical deviations involved, simplifications present 
in the public raster grid compared to the full DMR 5G were deemed 
insignificant, with negligible effects on properties such as visibility, 
drainage and local curvature.

To determine the modern features of the model, we selected a set 
of layers (Tab. 1) from the planimetry section of the Fundamental 
Base of Geographic Data of the Czech Republic (ZABAGED), avail-
able online (http://geoportal.cuzk.cz/). Maintained as a seamless da-
tabase, ZABAGED contains two-dimensional spatial and descriptive 
information on settlements, communications, utility networks, pipe-
lines, hydrology, administrative units, protected areas, vegetation, 
surfaces, and terrain relief within the territory of the Czech Republic. 
The version we used was acquired in 2014 and closely matches the 
terrain captured by DMR 5G laser scanning.

3.2 Preparation of the clipping mask

We first identified ZABAGED layers that would be most suitable 
for use as an extraction mask for modern terrain features. Once se-
lected, these ZABAGED vector layers were then grouped according 
to buffer sizes large enough to cover the affected surface. The layers 
were divided into 10 groups with buffer sizes of 2, 4, 6, 12, 15, 16, 
20, 25, 30 and 50 meters (Tab. 1). To determine the size of the buffer, 
we analyzed terrain profiles on the vector layers computed from the 
DEM across different landscape types (Fig. 2). The surfaces affected 
were generally defined based on an optical assessment of the DEM 
hillshade visualization. Areas of  the natural terrain displaying the 
highest level of deformation were selected fo a profile analysis. For 

each ZABAGED layer type, dozens of profiles were monitored in 
order to determine maximum ranges within the altered terrain. Buffer 
sizes were then assigned according to the maximum range identified, 
with an addition of 5–10% based on anticipated deviations for the 
individual layer type. Due to the unique nature of the possible al-
terations across different landscape types and the need to estimate 
the original relief pattern, we primarily relied on qualified estimates 
based on the above procedure when assigning size groups. Finally, a 
single polygon mask layer was created as an input to compute the new 
DEM. The resulting buffer layer contained approx. 3.8 million poly-
gons. Clipping buffers are available through the Zenodo repository 
(https://doi.org/10.5281/zenodo.6368001).

In the first iteration of the filtering of the model, all water streams 
and water bodies were included in the layers used for clipping. This 
approach proved problematic. Firstly, unlike infrastructure and oth-
er built features that are subject to targeted planning, the delineation 
of water streams in ZABAGED compared to DMR 5G is imprecise, 
mainly due to the dynamically changing stream channels in the nat-
ural landscape (Fig. 3). Secondly, although many watercourses pass 

Tab. 1 List of ZABAGED layers used for filtering, descriptions, 
geometric representations and clipping buffer sizes.

Layer title Description Geometry Buffer 
(m)

BudovaBlokBudov blocks of buildings polygon 4

Cesta dirt roads polyline 12

HaldaOdval spoil heaps polygon 2

HradbaVal ramparts/defensive walls polyline 12

ChladiciVez cooling towers polygon 25

Kolejiste railway stations polygon 4

KulnaSklenikFoliovnik sheds/greenhouses polygon 4

ParkovisteOdpocivadlo parking areas polygon 2

Pesina footpaths polyline 6

PovrchovaTezbaLom open pit mines polygon 4

PrehradniHrazJez dams/weirs polyline 6

RozvalinaZricenina ruins polygon 4

SilniceDalnice [D, R] highways polyline 50

SilniceDalnice [S1] roads (first class) polyline 30

SilniceDalnice [S2] roads (second class) polyline 20

SilniceDalnice [S3] roads (third class) polyline 15

SilniceNeevidovana unlisted roads polyline 12

SilniceVeVystavbe roads under construction polyline 20

Silo silos polygon 4

Skladka dumps polygon 25

TramvajovaDraha tramways polyline 12

Ulice streets polyline 12

UsazovaciNadrzOdkaliste sedimentation tanks polygon 4

ValcovaNadrzZasobnik cylindrical tanks polygon 2

VodniPlocha [see 3] water bodies polygon 20

Zed walls polyline 6

ZeleznicniTrat railways polyline 16

ZeleznicniVlecka railway sidings polyline 16
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through artificial channels, a significant proportion of them flow 
through an open landscape and have thus avoided direct human 
modification. When these watercourses were used for clipping and 
subsequent interpolation, the ratio between the correctly removed 
artificial features and the newly introduced distortions proved un-
satisfactory. Especially in the case of complex terrains with narrow, 
deeply incised valleys, the resulting surfaces were significantly re-
duced from the original well-defined landforms. Thirdly, in the case 
of large water bodies, interpolation proved unreliable when filling in 
missing data. Given these inaccuracies, we found it preferable to pre-
serve the original flat-water surface for further modeling instead of 
creating an interpolated surface based on an insufficient number of 
known data points. Thus, water surfaces were only included for still 
waters with a total perimeter of up to 3000 m. In practical terms, this 
resulted in the exclusion of large reservoirs, where back-replacement 
produced the greatest deviations from the expected real terrain, espe-
cially reservoirs situated in deep river valleys with steep slopes such 
as the Vltava Cascade; fishponds and similar smaller features were 
masked out. Given that there are only six naturally occurring lakes in 
the country (out of 65,027 filtered water bodies), there was no need 
to find a solution for the undifferentiated artificial and natural water 
bodies in ZABAGED.

3.3 Interpolation process

To remove features from the DEM, we used a buffer layer to in-
sert nodata values into a GeoTIFF raster (Fig. 4). New values were 
interpolated using the GDAL FillNodata tool, which uses IDW inter-
polation to compute unknown values from adjacent pixels within a 

given search distance specified in cells. For each cell, a four-direction 
conic search was performed to determine the values for interpolation. 
Once all the values were interpolated, zero or more smoothing iter-
ations (3x3 average filters on the interpolated cells) were applied to 
smooth out the artifacts.

Small testing areas of the DEM, which were selected to repre-
sent most landscape types, were used to determine a suitable search 
distance and number of smoothing iterations. We chose a 200-meter 
(100-cell) search distance and 20 smoothing iterations. However, the 
buffer layer contained polygons that can generate nodata areas in the 
DEM beyond the scope of the 100-cell search distance specified by 
the FillNodata algorithm. Therefore, these polygons were identified 
and removed from the processing  (Fig. 4). Furthermore, since inter-
polating values over such large areas can result in inaccuracies, the 
original values from the output DEM were retained. To identify these 
features, we converted polygons into closed lines and computed a 
buffer comprising a search distance radius for every line. Polygons 
(buffers) containing holes were selected and removed from the buffer 
layer. For this reason, 4.17% of the total buffer area originally includ-
ed in the filtering went unresolved. As it was not possible to assess 
the significance of these individual exclusions, the exact impact of 
this step on the results could not be quantified. The affected areas, 
which consist mostly of large-scale mining zones, could be reliably 
reconstructed using legacy elevation data without the need for inter-
polation. In regions impacted by large-scale mining (e.g., the north-
west Bohemia region), this shortcoming of the model is undoubtedly 
locally significant; on the other hand, it did not detract from the over-
all trajectory of the model or the degree of positive changes achieved 
(see section 4).

The new DEM was processed using a Python script that slices the 

Fig. 2 Example of a terrain profile (marked in red on map) computed from the input DEM (brown line on graph) and the filtered DEM (green 
line on graph). The terrain profile of the output DEM displays a continuous surface that most likely reflects the pre-construction terrain 
(data provided by ČÚZK).
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DEM into 20 x 16 km raster tiles featuring 200-meter overlays. This 
ensures seamless merging of the tiles interpolated within a 100-cell 
search filter. Tiles with a specified extent were created using GDAL 
Python API’s Translate function. The same extent was applied as a 
spatial filter to the mask layer. Where the tiles contained elevation 
data and polygons remained in the mask layer after applying the filter, 
the GDAL RasterizeLayer function was used to insert nodata values 
to the tile layer using polygons from the mask layer. Finally, the Fill-
Nodata function was used to interpolate missing values, with the tile 
cropped by the overlay distance using the Translate function. The 
other option involved merging tiles in this step, thereby saving some 
processing time; however, replacing an incorrectly processed tile is 
simpler than processing the whole DEM again in cases where the 
buffer filtering step did not finish properly. QGIS was used to build 
a virtual raster, which was then converted into a GeoTIFF. Since the 
FillNodata tool also interpolates values beyond the original border, 
the merged raster had to be cropped using the original raster val-
ue boundary  (Fig. 4). To suppress the edge effect, additional data 
from MERIT DEM (http://hydro.iis.u-tokyo.ac.jp/~yamadai/MER-
IT_DEM/) was used to interpolate the area close to the Czech border.

The tiling step can be replaced with GDAL command-line tools 
used directly on the input DEM. However, this tiling approach takes 
4-6 hours to process (without tile merging) on an average computer 
(Intel® Core™ i5-4690 CPU @ 3.50GHz × 4, 16GB RAM). Directly 
inserting nodata values to the whole DEM takes about 25 hours and 

interpolating new values takes an additional 8 hours. The duration of 
the tile merging varies, depending on the tools used and the read/write 
speed of the hard drive used.

3.4 Validation methodology

Some parts of the modern features fell outside the interpolated ar-
eas of the model, but it was unfortunately not possible to assess with 
any statistical precision the proportion of artificial elements removed 
or to reliably distinguish how many of them continued to produce 
distortions. Therefore, our evaluation was focused more on compar-
ing the relevant properties of the input and output DEMs, while as-
sessing changes and their possible influence on future archaeological 
analyses.

The main objective was to create a DEM with better analytical po-
tential in terms of visibility, drainage networks, and terrain morphol-
ogy. To reduce computational complexity with a view to testing these 
model properties, we used downscaled versions of the DEMs at a cell 
size of 8 x 8 m. The following models were created for both DEMs 
(original and interpolated): (1) cumulative visibility model; (2) stream 
network model; (3) land surface curvature (LSC) model. All the mod-
els were then used to assess the qualities of the filtered DEM com-
pared to the input DEM. Validation-related data are available through 
the Zenodo repository (https://doi.org/10.5281/zenodo.6368001).

Fig. 3 The difference in the real position of a watercourse (hillshade DMR 5G) and a stream delineated according to the ZABAGED vector 
map (blue line). The deviation visible in this section of the stream often exceeds 15 m. Buffers used for clipping are also shown (data provided 
by ČÚZK).

Fig. 4 The interpolation process used to remove the more recent DEM features
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3.4.1 Testing the visibility properties

Visibility is a parameter with wide-ranging implications for the 
perception of historic human activity (Gibson 1986; Llobera 2007). 
Regardless of the specific application or theory, the principle of visi-
bility analysis is to identify an uninterrupted visual link between two 
points in a terrain or DEM. However, the modern landscape is filled 
with objects that significantly alter visual properties and observabili-
ty. When transcribed to LiDAR-derived DEMs, these features create 
potentially significant biases, which can compromise the analysis 
and study of pre-industrial landscapes. To evaluate the effect of these 
features on the visual properties of the original and filtered DEMs, 
two cumulative visibility models were calculated for regularly spaced 
points on a 10 x 10 km grid with a visibility radius of 5 km and an 
observer height of 2 m. In total, 574 viewsheds (without overlaps) 
were combined within a single model.

3.4.2 Testing drainage properties

As with visibility, runoff conditions are strongly influenced by the 
specific shape of the micro-relief. In particular, linear infrastructure 
features have a significant effect on the reconstruction of drainages, 
as they often act as channels that alter the natural gradient. To test the 
effect of filtration on the drainage modeling, a stream network for the 
original and filtered DEMs was calculated using standard ESRI Arc-
GIS tools and the TauDEM toolbox. Each input model was extended 
to the entire catchment using EU-DEM (https://www.eea.europa .eu/
data-and-maps/data/copernicus-land-monitoring-service-eu-dem) 
as a data source for areas outside the Czech Republic (in particu-
lar, Lower Austria). Drainage-free zones were identified and filled 
in automatically. Drainages with a Strahler order greater than 4 were 
defined as potential watercourses (despite the simplifications, which 
had no bearing on our analysis).

3.4.3 Testing curvature properties

The degree of curvature is considered the basis for morphomet-
ric descriptions and analyses of the relief (Hengl and Reuter, 2009; 
Krebs et al. 2015; Minár et al., 2020). Landforms identified by curva-
ture, especially terrain edges and ridges, are often the sites of build-
ing activity carried out by pre-modern societies, e.g., burial mounds 
(Kuna 2006) or feudal seats (Novák 2019). LiDAR-derived DEMs al-
low researchers to identify such shapes and to examine relationships 
between settlements and landforms in much greater detail. Accord-
ingly, definitions of such landforms must be based on a model that is 
at least tentatively stripped of elements of the industrial landscape. 
These features are often characterized by linear or stepped cuts in the 
terrain, which tend to appear as unnatural structures, and which in 
turn affect the analytical properties of the DEM.

To evaluate the qualitative differences between the original and 
interpolated DEM, profile and plan LSC models were calculated us-
ing the Curvature function in ESRI ArcGIS. From these models, cells 
with a negative value exceeding the standard deviation were extract-
ed in the case of profile curvatures (terrain edge peaks), while cells 
with a positive value exceeding the standard deviation were extracted 
in the case of plan curvatures (ridge peaks). In principle, the average 
of the values was close to zero for both models, as each concave fea-
ture has its own convex counterpart. The results were combined as a 
single model, indicating the location of significant relief features and 
then compared for both DEMs.

4 RESULTS

The DEM output was first validated with the same profile method 
used to determine the buffer sizes (Fig. 3). The total interpolated area 
of the DEM was 15% of the original model, i.e., 8,729 km2. Chang-

es in the DEM elevation within the interpolated areas were typically 
± 5 m, with a minimum value of 64.5 m and a maximum value of 
101.4 m (Fig. 5).

4.1 Changes in the visibility properties

Based on the computations performed, it can be stated that even 
though the observer in the random sample was often placed in a highly 
unsuitable position and the overall visibility of the surroundings was 
therefore minimal (on average 4% of the defined radius), there was an 
improvement in overall visibility for the filtered DEM in 94% of the 
cases observed, with an average improvement of 11% (confidence in-
terval +-5% for p < 0.01; standard deviation 51%; median 5%; Fig. 6). 
Statistically significant differences in observations at the individual 
sample points were validated by the paired two-sample t-test, which 
confirmed changes in the values measured at a significance level of p 
< 0.01 (p = 7.36e-34; t = -12.96; tcrit = 2.58).1 The overall impact of the 
filtration on the visual properties of the resulting model was so great 
that even after allowing for the fact that the samples were indepen-
dent and validated by the two-sample t-test, which assumes unequal 
variances (despite these values representing the same individuals), the 
difference between the two samples reached a significance level of 
p < 0.1 (p = 0.099989; t = -1.64624; tcrit = 1.64619).2

These findings undoubtedly demonstrate that the use of the unfil-
tered DEM featuring modern formations had a significant impact on 
the results. In order to create the total visibility models mentioned in 
the introduction, our adjustment was a crucial step without which the 
models would have generated significantly different values compared 
to the previous state. Conditions around the early medieval hillfort 

1	� Null hypothesis: the number of cells visible from the selected 
point in the original model did not significantly differ from the 
number of cells visible from the same point in the filtered model.

2	� Null hypothesis: the set of visibility values derived from the origi-
nal model was significantly different compared to the set of values 
acquired for the filtered DEM.

Fig. 5 The difference in the distribution of the altitude values for the 
original and interpolated DEMs. The negative values indicate an 
increase in the terrain, while the positive values indicate a decrease. 
The measurements are in meters.

Fig. 6 The difference in the distribution of the visibility values in 
the original and interpolated DEMs (based on a random sample 
of 574 viewsheds). There is a strong prevalence for positive values 
(improvement in visibility).
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in Libice nad Cidlinou are illustrative in this respect, where a funda-
mental difference in the visibility of the surroundings from the hillfort 
acropolis before and after the filtering is clearly visible (Fig. 7).

4.2 Changes in the drainage properties

The results show that of the total 22,194,177 cells identified as 
part of the original drainage network, only half (52%) retained their 
location using the filtered DEM, while the total percentage of the 
interpolated terrain did not exceed 15% of the model area. Using a 

paired two-sample t-test on a sample area of one randomly selected 
sheet of the 1:50,000 Base Map (No. 22-11; 459 km2; 205,911 drain-
age cells in the original model), at a significance level of p < 0.01 
(p = 0; t = 462; tcrit = 2.6), we can completely reject the null hypothesis 
that the original drainage network has not changed.3 These figures 
suggest large differences between the drainage patterns in the pre-in-
dustrial and modern landscapes, which are reflected by the substan-

3	� Null hypothesis: If the cell in the original model is part of the 
drainage, it is also present in the filtered model and in the same 
Strahler order.

Fig. 7 Viewshed comparison of the surroundings of the Libice nad Cidlinou hillfort before (left) and after DEM filtering (right). The visible 
sites are shaded in yellow (observer height 2 m; observation points located on the edge of the acropolis). In the flat terrain, the removal of 
road bodies had a significant impact, e.g., changing the visibility conditions considerably (data provided by ČÚZK).

Fig. 8 Comparison of the drainage network before (left) and after the DEM filtering (right). The drainage conditions more closely 
approximate the characteristics of the natural landscape, both in the open terrain and in the built-up areas (data provided by ČÚZK).
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tially different characteristics of the two models. An optical compar-
ison of the models below shows that the filtering rectified the major 
shortcomings of the original DEM (Fig. 8).

4.3 Changes in the curvature properties

Based on our evaluation, the interpolated DEM contained 9% 
fewer significant edges and ridges than the original unrefined mod-
el. Using the paired two-sample t-test validation for the sample area 
once again (see 4.2; 330,590 cells with significant LSC in the original 
model), the difference between the models was also confirmed at a 
significance level of p < 0.01 (p = 0; t = 422; tcrit = 1.96).4 Moreover, 
if we take into account that the clipping buffers contained 27% of 
the significant LSCs but occupied only 15% of the total DEM area, 
it is clear that a considerable part of the significant LSCs was due 
to modern man-made features captured by the laser scanner. It was 
therefore desirable that in the interpolated areas, the reduction of 
significant LSCs would reach 75% of the original occurrences. An 
optical comparison of the two results indicates that the interpolation 
removed substantial sections of the unnatural breaks, while preserv-
ing the basic characteristics and form of the original terrain (Fig. 9). 
Although many man-made features of the model were not removed, 
this type of interpolation substantially increases the opportunities for 
geomorphometric analysis of the DEM.

5 DISCUSSION

Our results convincingly demonstrate that DEM filtering, at least 
to the extent presented here, is a valuable technique for DMR 5G (or 
any similar LiDAR-derived DEM) and general archaeological geo-
morphometric applications. For the purposes of the surveying and 
documentation of archaeological sites, the application of the clipping 
mask can assist in the processing of data for automated classifications 

4	� Null hypothesis: if the cell in the original model has a significant 
LSC, the same cell will also have a significant LSC in the filtered 
model.

and also in removing disturbances before manual (visual) identifi-
cation of burial sites (cf. Werbrouck et al., 2011). Based on a visual 
assessment of the outputs, the smooth interpolated segments of the 
DEM at first seem unnatural. To remedy this effect, a certain amount 
of noise can be applied to the interpolated values to make the shad-
ed DEM appear more natural. On balance, however, retaining the 
smooth surface is recommended for future processing steps such as 
viewshed or stream network analysis.

As expected, and as can be seen from the resulting model, some 
of the modern elements in the interpolated DEM remain. In principle, 
these deficiencies are not caused by the chosen method, but by the 
quality of the input data (clipping mask). With a more complete record 
of modern interventions, such as marginal roads, sections of channel-
ised streams, and other similar features, the credibility of the output 
model and the impact of the filtration would improve further. Inter-
polation is also problematic when used in highly urbanized environ-
ments, where achieving a plausible reconstruction of the original sur-
face requires considerably more complex approaches (cf. Boháčová 
and Herichová, 2004; Bini et al. 2016; Herichová, 2019), which are 
extremely difficult to implement across such a general level.

The most extensive interventions, such as open-pit mines and 
water reservoirs, posed a persistent problem. In these instances, a re-
construction of the relief would likely require the use of historical 
mapping data containing elevation information. Therefore, in regions 
affected by large-scale mining, our approach would benefit from ad-
ditional measures. There were local zones in the model where recon-
struction was essentially impossible, resulting in the preservation of 
the original data from the output DEM. Some residues also remained 
from larger infrastructure constructions where the ground disturbance 
exceeded the normal extent evaluated in the initial analysis, as reflect-
ed by the size of the clipping buffers. These shortcomings may be 
overcome by optimizing the generation of clipping zones, so that the 
complexity (especially the local curvature) of the surrounding terrain 
is properly defined, e.g., by using the principle of mean curvature 
watersheds (Romstad and Etzelmüller, 2012).

Based on the properties of the input and output DEMs, our proce-
dure, despite its limitations, significantly improves the applicability 
of the model for archaeological landscape research. Although it is not 
possible to precisely determine how closely the modifications reflect 

Fig. 9 A comparison of LSC before (left) and after DEM filtering (right). Cells with a significant profile or plan curvature are highlighted in 
black. Only some of the more prominent artificial edges remain visible after cleaning, but most of the curvature follows the natural course of 
the terrain, and the noise fraction has been reduced (data provided by ČÚZK).
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the original terrain shape, and, despite the filtered DEM containing 
potential distortions (some caused by the filtering and interpolation 
itself), our results overwhelmingly point to a significant enhancement 
of the original model, thus increasing the potential for further anal-
ysis. At the same time, it should be noted that the objective of the 
modifications was not to completely reconstruct the pre-industrial 
landscape per se, but rather to eliminate the major deficiencies of 
DMR 5G when performing further calculations (see section 1). Creat-
ing a completely accurate reconstruction would require a much more 
complex approach, i.e., one that considers the many processes that led 
to these artificial changes in the landscape. That would also require 
the addition of historical data for large areas of the landscape that 
have been mined or otherwise deformed, which, in principle, cannot 
be achieved by interpolation alone.

6 CONCLUSIONS

LiDAR-derived DEMs have undoubtedly advanced technical ca-
pabilities in the field of archaeology, but their integration within land-
scape-archaeological analysis remains limited. One of the reasons for 
this may be an issue discussed in this paper, i.e., the presence of mod-
ern terrain interventions, which make the practical use of accurate 
elevation models for spatial analysis more difficult. Our study shows 
that the application of practical corrective methods to even large-
scale DEMs, without high input costs (time or financial), produces a 
significant qualitative shift in the modeling of landscape properties.

Focusing on the territory of Bohemia, we extracted areas iden-
tified by vector topographic maps to clean the DEM of modern fea-
tures. Due to the extent of the processed area, it was not possible 
to use procedures involving manual editing or cleaning. Although 
straightforward in principle, our approach is novel due to its practical 
applicability on the large scale. As our results show, this relatively 
simple method of DEM correction can fundamentally affect the prop-
erties of the model and its usefulness for subsequent analysis. Using 
filtering and interpolation, we managed to improve the model proper-
ties with respect to the visibility, drainage patterns, and geomorpho-
logical properties represented by the curvature.

Future improvements to the model should be aimed at bridging 
problems connected with removing certain typically modern large-
scale landscape features (surface mining, large water bodies, urban-
ization zones, etc.). To that end, it will be necessary to create a yet-
to-be-established databank of digitized historical elevation data based 
on legacy topographic maps to be used as a basis for the interpolation 
of accurate pre-industrial DEMs. We also recommend that the DEM 
raster grid be supplemented by a secondary layer with an estimate of 
the expected vertical resolution based on the filtering and interpo-
lation methods, source data, and filtered features used. Considering 
the Czech context, enabling free access to the DMR 5G in the form 
of a point cloud would be another important step. This would allow 
researchers to select specific data points and subsequently triangu-
late missing data instead of making modifications to the raster grid. 
Notwithstanding these possible future measures, we consider that our 
filtered DMR 5G model, even in its present form, is the most suitable 
and best available centrally provided framework for archaeological 
use that can facilitate standardized derivations of total visibility, relief 
classification, and drainage networks on a national scale in the Czech 
Republic.
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Abstract

The article presents the results of a study involving the proper-
ties of flax and hemp-based lightweight concretes as well as the 
initial characteristics of different straw-based materials. A com-
parison of straw-based lightweight concretes with and without 
ordinary Portland cement (OPC) showed that hemp concrete has 
a 5.6 % higher strength at a 10% deformation, and at the same 
time, has a 13% greater thermal conductivity coefficient than 
flax concrete. The physical-chemical study based on a thermal 
analysis in an air environment has shown that the overall picture 
of thermal degradation for flax and hemp concretes is similar. 
Nevertheless, additional peaks of mass loss have been defined for 
flax concrete. The demonstrated exothermal process is a positive 
aspect, considering the life cycle of the material and the recycling 
stage. The paper proposes reference points for the development 
of new building materials based on straw. Key words

	● �Flax, 
● Hemp, 
● Straw, 
● Lightweight concrete, 
● Energy efficiency, 
● Sustainable development.

1 INTRODUCTION

One of the most important issues today in the construc-
tion sector is saving energy and ensuring the high-quality 
thermal insulation of walls for buildings. Construction is a 
very energy-intensive process, and the continuing increase 
in energy prices significantly increases the costs of the erec-
tion of new buildings and the exploitation of existing ones. 
This issue was discussed extensively during the Climate 
Conference in Paris (COP21). (Gurwitt, S. et al., 2017) It 
underscored that buildings and communal services are one 
of the most energy-intensive sectors of the world economy. 

Thirty (30) to forty (40) percent of total energy consumption 
is spent in the operation of building constructions. (Paiva, 
R.d.L.M et al., 2021)

One of the ways to save fuel on and energy resources is 
to reduce heat losses through enclosing structures but also by 
taking into account the whole life cycle of a structure and its 
insulation materials. Toughening of heat engineering require-
ments for enclosing structures requires using highly effective 
heat-insulating materials. To date, the existing housing stock 
of Ukraine requires the renovation and construction of new 
energy-efficient, comfortable and, at the same time, affordable 
housing. 
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Well-known complex materials are based on straw, e.g., 
adobe, fibrolite, wood concrete, bitumen, reed concrete, flax 
and peat heat-insulating slabs, etc. The building techniques 
that use these materials are mostly seen in vernacular architec-
ture and rural local constructions. Approximately 115 million 
tonnes of agricultural plant waste are generated annually in 
Ukraine (Pryshliak, N., & Tokarchuk, D., 2020), which creates 
an incentive to implement agricultural plant waste as a source 
of ecological building material. To encourage large-scale use 
of agriculture waste in the building sector, raw materials and 
composites made from them should be studied to develop in-
dustrial solutions to be applied during the construction or ren-
ovation of buildings.  

Pressed heat-insulating plates based on chopped rye straw 
(particle length: 20-40 mm), flax straw (particle length: up to 5 
mm) and sodium water glass have been investigated in (Baka-
tovich A.A. et al., 2011). The results showed that the average 
density of the samples was 212 - 230 kg / m3; the coefficient 
of thermal conductivity was 0.046-0.051 W / (m∙K); and the 
compressive strength reached 0.55-0.83 MPa. At the Faculty 
of Civil Engineering of the Technical University of Kosice 
(Slovakia), research is being conducted on the use of hemp 
straw for the production of composite materials made of fi-
brous aggregates, e.g., hemp straw and an alternative calcium 
free binder such as  MgO, i.e., a binder consisting of calcined 
natural MgO, siliceous river sand,  and sodium bicarbonate. In 
(Stevulova N. et al., 2012), the  effect of three different frac-
tions of filler (with mean particle lengths of 33.7; 27.7; and 
7.3 mm) on the selected physical and mechanical properties of 
28 - day hardened bio-composites were investigated. The most 
favorable values of the compressive strength (5.2 MPa), water 
absorption (11.88 %), and the thermal conductivity coefficient 
(0.11 W/(m∙K) of hemp hurd composites were recorded for a 
composite based on a fraction with the smallest  length of the 
hemp aggregates. 

However, a complex approach considering the correspon-
dence of the materials to sustainability has not been conducted. 
Hence, the main purpose of this study was formulated to be: 

– �a theoretical study of the composition and structure of
materials of an organic origin, e.g., wheat, reed hemp and 
flax straw, as bases for the formation of a composition;

– �the mechanical properties of the materials received,
e.g., density under a 10% deformation, MPa

– �physical properties of the materials received, e.g., mois-
ture, %;  coefficient of thermal conductivity, W/(m K)

– �physical-chemical properties of the materials received
and thermal analysis in an air environment, e.g., mass
change, thermal stability.

The proposed research is dedicated to evaluating the over-
all properties of straw insulation materials, taking into account 
their correspondence to the main demands of sustainable de-
velopment and the optimization of building life cycle stages. 

2 MATERIALS AND METHODS

The research presented was realized according to an ap-
proach consisting of the theoretical and experimental study of 
agricultural waste plant materials. The general schema of the 
research is shown in Fig. 1.

2.1 Theoretical study

Hemp (Cannabis sativa cultivars) is a genetically diverse 
and variable crop that produces raw products in three distinct 
categories: seed/oil, fiber, and metabolites. (Craig Schlutten-
hofer et al., 2017) Hemp can be harvested in as little as 60 
days. Hemp concrete is a “carbon-negative” or “better-than-ze-
ro-carbon” substance because the hemp plant absorbs more 
carbon from the environment than it releases during its prepa-
ration and application on site (Salim Barbhuiya and Bibhuti 
Bhusan Das, 2022). Fiber hemp can be considered as an al-
ternative to wood as a raw material for pulp and paper pro-
duction. Additionally, hemp fiber is durable and can be used 
to make clothes, canvas, fishnets, construction materials, and 
reinforcements when preparing composite parts such in, e.g., 
thermal and acoustic insulation (Meijer, W. J. M. et al.,1995; 
Vonapartis E. et al., 2015; Rehman, M. et al., 2021).

Flax (Linum usitatissimum), a herbaceous annual plant (re-
ferred to as “fiber” or “seed” flax) (Manian A.P. et al., 2021, 
Nikolsky, S.N. et al., 2022), is grown for its oil or stem fiber. 
Compared to other typical agricultural products, flax straw 
takes substantially longer to naturally degrade (Anthony W.S., 
2002). The use of flax straw thus becomes one of the main 
issues facing modern agriculture. The positive environmen-
tal characteristics and effective performance of flax fibers has 
been significantly developed for various applications, includ-
ing construction, in recent years (Zhu, J. et al., 2013)

This theoretical study of the composition and structure of 
materials of an organic origin, i.e., hemp and flax straw, has 
been realized on the basis of a literature review by collecting 
data from different sources and comparing them. As is well-
known, the quality of a multicomponent material structure is 
determined by the characteristics of its constituent components 
and the physicochemical processes between them. Therefore, 
to understand the process of the structural formation of a com-
posite material based on raw plant materials, theoretical in-
formation on the chemical composition of the plant fibers and 
their structure was studied.

Cellulose, lignin, hemicellulose, pectin and extractives are 
included in the fiber of a plant tissue. Cellulose and lignin are 
persistent substances that do not adversely affect the hardening 
of clinker cements. The pectin and hemicellulose part of plant 
material in an alkaline medium are able to pass into water-sol-
uble sugars (sucrose, fructose, glucose), which, along with 
extractive substances, are “cement poisons”. These substanc-
es form the finest shells on the surface of cement particles; 
they isolate them from water, which slows down the process 
of the hydration of cement. Water-soluble substances are par-
tially washed out with hot water or blocked with solutions of 

Fig. 1 General schema of the research
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a “mineralizer”. The most famous “mineralizers” are calcium 
chloride and water glass. 

The mentioned particularities and other known properties 
of straw material have been taken into consideration for fur-
ther research and development of the material.

2.2 Experimental study

The hemp and flax straw used in the experiments were 
stored for three months under the same temperature and hu-
midity conditions (T = 18-25°C, humidity 50%). The straw 
was ground before testing it. Dry hemp straw sized 20-35 
mm and flax straw sized 15 – 25 mm were used in the exper-
iment. The straw was sifted through a sieve with a mesh size 
of 15 mm to prevent inclusions of straw dust. Sodium silicate 
(Na2O(SiO2)) in the form of a liquid solution with a density 
of 1.30 g/cm3 was used as a binder for a lightweight concrete 
based on straw. For the composition of the lightweight hemp 
concrete, Type I, В 32.5 (М400) ordinary Portland cement was 
used.

The light concrete mixtures studied were produced ac-
cording to the following procedure. The dry components were 
mixed for 2 minutes; water glass was then added; and the com-
position obtained was stirred for 2-3 minutes until it was a ho-
mogeneous mass. Before adding the water glass, the concrete 
was diluted with the necessary amount of water. The contents 
of the concrete samples used are in Table 1 (Babenko M. et 
al., 2018).

The lightweight concrete samples were sized 70 x 70 x 
70 mm (Fig. 2), and were made by the manual compaction 

method in molds. The mixture in the molds was fed layer by 
layer (3 layers); each layer was sealed after it was fed into 
the molds. In the manufacture and holding of the samples, the 
air temperature was 18-20°C, and the humidity was 45-50%. 
After stripping, the concrete compositions were dried at a tem-
perature of 60-100° C to a constant weight. Three samples of 
each composition were produced for the tests.

The compressive strength, bulk density, thermal conduc-
tivity, and thermal stability were investigated according to the 

mechanical and physical properties of the composites.
The compressive strength of the concrete in MPa was de-

termined after drying the samples according to the normative 
document (DSTU, 2009) The samples were destroyed on a 0.4 
ton press with a loading speed of 4 kg per second. The com-
pressive strength was determined by the ratio of the breaking 
load to the cross-sectional area of ​​the sample.

The moisture content of the freshly formed samples rel-
ative to those dried to a constant weight was determined ac-
cording to (GOST, 1979) and was calculated by the formula:

where  is the mass of the sample before drying;  is the mass 
of the sample after drying. The results of the calculations are 
rounded up to 0.1%.

The determination of the thermal conductivity of the 
lightweight concrete was performed using the BI-TO21 (BI-
TO, 2000). The device is designed in accordance with (DSTU, 
1996) and uses a non-destructive method for the accelerated 
determination of the thermal conductivity. 

The thermal analysis in an air environment was conduct-
ed to study the mass change, thermal stability, and energy bal-
ance. The study was realized on a STA 449 F3 Jupiter® si-
multaneous thermal analyzer. The tests were performed on the 
selected samples of lightweight concrete based on the hemp 
and flax using the TG/DSC mode. The samples were heated 
in Al2O3 crucibles. The parameters of the measurements are 
presented in  Table 2 (Babenko M. et al., 2018).

3 RESULTS AND DISCUSSION

The initial results of the combined theoretical study and the 
use of the elements of the experimental study of raw basic ma-
terials for ecologically lightweight concrete are presented in 

Fig. 2 The lightweight concrete samples of a) HSC- based on hemp 
straw (1к

2); b) FSC – based on flax straw (Л12 ) 

Tab. 1 Composition of the composite mixture

Concrete Straw, mass fractions Water Glass, mass fractions Portland Cement, mass fractions Water, mass fractions

hemp straw concrete (HSC) 1 1 1 4

flax straw concrete (FSC) 1 1.5 - -

Tab. 2 The parameters of the thermal analysis of the straw-based lightweight concretes 

Lightweight concretes Initial mass, mg Heating rate, K/min Temperature interval, °C Atmosphere

HSC 12.73 10 26-900 air

FSC 17.87 10 27-900 air
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Table 3. The study conducted has defined the basic properties 
for straws of different origins. It is necessary to mention than 
the primary similarity of the granulometric size of the fibers 
gives different average apparent densities and, as a result, dif-
ferent  thermal conductivities. The difference in the straw sur-
face is an essential detail that is important for the formation of 
the composition  (Savitsky, N. V. et al., 2012; Novosad, Petro 
V., et al., 2019; Savytskyi, M., et al. 2015).

The nature of the filler surface is of great importance 
when forming the structure of a newly composed material. 
The rough surface of the particles of flax and hemp straw has 
a positive effect on the degree of adhesion of the aggregate to 
the matrix of the binder. Hence, the subsequent research was 
focused on the study of the lightweight concretes based on flax 
and hemp straw.

According to the defined methodology, the tests of the me-
chanical and physical properties were carried out. The results 
of the tests performed according to the mechanical and physi-
cal studies are given in Table 4. 

The flax straw-based concrete showed better thermal prop-
erties, while the hemp-based concrete showed better strength 
characteristics. At the same time, it is noted that the difference 

in strength coincides with the difference in the thermal con-
ductivity. 

The temperatures of the thermal decomposition of the com-
posites based on the Difference Thermo Gravimetry (DTG) 
curves (Fig. 3) are given in Table 5.

As is shown in the DTG curves (Fig. 3), the composites 
decomposed in several steps. The thermal degradation of the 
flax composite was manifested by four mass-loss peaks, while 
the degradation of the hemp composite consisted of three 
steps represented by the mass loss. The second peaks at about 

Tab. 3 Properties of basic raw materials

Material source 
of straw

Granulometric 
size, mm

Average apparent 
density, kg /m3 Porosity, %

Thermal conductivity coefficient W/(m∙K) 
at volumetric humidity,%

0 5 10

Hemp 20-35 70-120 88 0.0465 0.0628 0.077

Wheat 20-40 38-45 89 0.058 0.0767 0.095

Flax 2-15 120-135 85 0.0481 0.0632 0.085

Reed 15-42 150-200 84 0.07 0.089 0.105

Wood 8-15 220-300 82 0.098 0.107 0.145

Tab. 4 Results of the mechanical and physical studies

Name of lightweight 
concrete sample

Average density of the 
material, kg/m3

Thermal conductivity 
coefficient W/(m∙K)  

Strength at 10% 
deformation, MPa

Moisture, %

HSC 300 0.09 0.38 38

FSC 250 0.078 0.36 41

Tab. 5 Temperature ranges of the degradation and corresponding 
mass losses (air atmosphere) of the straw-based lightweight 
concrete components

Sample
Temperature ranges of degradation of components, 

°C in an air atmosphere

1st peak 2nd peak 3rd peak 4th peak Total mass loss,%

HSC - 103.0 277.9 - 46.94

FSC 70.0 108.1 278.9 807.4 53.08

Fig. 3 DTG curves for flax and hemp straw-based lightweight 
concretes:
 - flax straw-based lightweight concrete; 
 - hemp straw-based lightweight concrete

Fig. 4 DSC curves of the flax and hemp samples:

 - flax straw-based lightweight concrete; 
 - hemp straw-based lightweight concrete
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100 °C and the third peaks at about 300 °C represent the de-
composition of the organic compounds. Based on these tem-
peratures, when comparing the flax and hemp-based samples, 
the flax-based one degrades at higher temperatures.

The thermal decomposition process for the flax concrete is 
more complex, but at the same time, it is accompanied by the 
release of more energy according to the DSC curves in Fig. 4, 
which probably refer to the totally organic decomposition of 
the flax concrete. This is considered to be an important aspect 
in the context of the life cycle assessment of the stage of mate-
rial recycling as, for example, the energy source.

CONCLUSIONS

The research presented defined future possibilities of 
agricultural waste, i.e., flax and hemp straw for lightweight 
concrete production. They have important properties as raw 
material, i.e., the fibers` jagged surface and thermal conductiv-
ity coefficient of 0.0465-0.085 W/(m∙K), which permit them 
to be used as an effective filler for lightweight concretes and 
composite insulation materials. The ratio mixes of hemp and 
flax straw-based concretes have been developed in terms of 
sustainability principles such as environmental friendliness 
and energy efficiency. Straw-based lightweight concretes have 
been compared with and without using Portland cement (PC), 
which showed that the hemp concrete with the use of PC has a 
strength 5.6 % higher at a 10% deformation, and, at the same 
time, a 13 % higher thermal conductivity coefficient than the 
flax concrete. Thus, from the point of view of energy efficiency, 
lightweight flax concrete of the proposed composition is more 
favorable for sustainable constructions. The physical-chemical 
study has shown that the overall picture of thermal degradation 
for flax and hemp concretes is similar. Nevertheless, additional 
peaks of mass loss were defined for flax concrete accompanied 
by an exothermal process, which is a positive aspect when tak-
ing into account the life cycle of a material and its recycling 
stages.
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Abstract

The paper proposes technical solutions for the use of the reagent 
method of water preparation at coke plants in order to bring it to a 
quality suitable for use in the circulating water supply system of the 
PJSC Kharkiv Coke Plan. It is proposed to dilute phenolic water in a 
biochemical installation in a mixer before purification and to purify 
water with a flocculant. The paper recommends dosing the floccu-
lant solution automatically using a preparation station. Additional 
purification of the clarified water is carried out using a filtration unit 
with a filter media from a layer of quartz sand. The economic effect 
from the implementation of the technical measures is achieved not 
only due to the reduction in fresh water consumption by 60 540 m3/
year and the cessation of the discharge of phenolic water into the city 
sewer network, but also the replacement of the reagent with a more 
efficient one and a decrease in its consumption. It has been found 
that the introduction of the technical solutions for the circulating 
water supply system is economically and environmentally justifiable.

Key words

	● �Purification, 
	● Coke plants, 
	● Effectiveness, 
	● Flocculant, 
	● Phenolic water. 

1 INTRODUCTION

In today’s environmental conditions, industrial waste water 
purification regulations are becoming more restrictive. There-
fore, there is a need to develop new technological solutions that 
will ensure the high efficiency of technological water purification 
of industrial enterprises, including coke plants. It is recommend-
ed to use technology for the utilization of phenolic waste wa-
ter from coke plants, which allows minimizing and, in some 
cases, preventing the discharge of phenolic waste water into 
a city sewerage system (Bargieł, P., Zabochnicka-Świątek, M., 
2018; Pal, P., Kumar, R., 2014; Lei, G. et al., 2004; Chenglong, 
Y., et al., 2000; Kwarciak-Kozłowska, A., et al., 2011; Shatnyi, 
S., Kunytskyi, S., Volkov, V., Shatna, A., 2021).

Depending on the nature and concentration of contami-
nants contained in waste water from coke plants, as well as on 
the directions for the use of this water, it can require different 
preparations (Lei, G. et al., 2004). 

A peculiarity of coke-chemical production technology is 
determining a significant amount of waste water in the process 
of coking coal charge, capturing and processing the chemical 
products. Waste water is formed in chemical plants (phenolic 
waste water) in the process of quenching coke during the cool-
ing of coke oven gas. The largest source of water pollution is 
the excess ammonia water formed from the pyrogenetic mois-
ture of the charge. An analysis of the quality of the waste water 
from coke-chemical production showed the following charac-
teristic contaminants: suspended solids, resins and oils, phe-
nols, ammonia, cyanides, rhodanides, organic matter, BOD5, 
etc. (Bargieł, P., Zabochnicka-Świątek, M., 2018; Pal, P., Ku-
mar, R., 2014; Lei, G. et al., 2004; Chenglong, Y., et al., 2000).

The complex qualitative composition of phenolic waste 
water and a large amount of chemical pollution creates a num-
ber of difficulties in its purification and implementation into 
the technology of a plant and therefore requires several stages 
of purification.
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Filtration and coagulation are used to remove resins and 
oils in water. More often, water filtration is carried out on grav-
el filters, the efficiency of which is 85 %. The advantage of this 
method of purification is the relatively low cost of the process, 
while a disadvantage is the lack of the degradation of pollutants 
(Bargieł, P., Zabochnicka-Świątek, M., 2018; Chenglong, Y., et 
al., 2000; Lee, C. S., Robinson, J., Chong, M. F., 2014). 

Phenolic waste water purification technologies involve the 
use of a complex of physicochemical and biological methods, 
including nitrification, denitrification, etc. (Bargieł,  P., Zab-
ochnicka-Świątek, M., 2018; Pal, P., Kumar, R., 2014; Lei, G. 
et al., 2004; Chenglong, Y., et al., 2000). The complexity of the 
mechanism for the purification of phenolic water is explained 
by the fact that phenolic water is classified as hazardous water 
(among industrial waste waters) and as a source of environ-
mental pollution.

As a result of the analysis performed, it has been deter-
mined that the purification of phenolic waste water from coke 
plants is ineffective and is caused by insufficient treatment at 
biochemical plants. This is due to insufficient purification at 
the previous stages, in particular at the physico-chemical stage 
of the purification of water from suspended solids, resins, oils, 
etc. Therefore, the improvement of reagent water treatment 
processes at coke plants is the main factor in the preparation of 
water for reuse in water supply systems.

Thus, the purpose of the work is to develop and apply 
effective technological and environmental solutions for the 
purification of phenolic waste water at coke plants with the 
industrial testing of the application of the solution. In the pres-
ent work, we have developed methods using effective reagents 
and the method of dosing these reagents, together with the ad-
ditional purification of water with filters.

2 MATERIALS AND METHODS

2.1 �Analysis of the technological scheme of water 
purification at the PJSC Kharkiv Coke Plant 

The research was carried out in laboratory and production 
conditions on the circulating water supply system of the PJSC 
Kharkiv Coke Plant. Waste water purification at the PJSC 
Kharkiv Coke Plant is carried out at a biochemical installation. 
On the territory of the site there is a mechanical purification 
unit building:

– �2 filters loaded with coke breeze;
– 1 primary heat exchanger;
– 2 secondary heat exchangers;
– 1 resin settling tank;
–1 collector of water from the ammonia column;
–2 pumps;
–2 averaging settlers;
–1 tank for the coagulant.

The biological purification block building contains:
–  1 aeration unit;
–  1 water clarification unit;
–  1 water and sludge injection unit;
–  1 air supply unit;
–  1 panel board;
 – 1 operating control room.

According to the technological scheme (Fig. 1), sewage 
treatment has the following sequence: after the ammonia col-
umn, the wastewater is collected in the storage of the conden-
sation compartment collector. Then, after passing through the 
spiral heat exchanger, it enters the waste water collector, from 
where it is pumped by a pump for cooling into the plate heat 
exchanger, after which the waste water with a temperature of 
30-35 °C is fed into two concentrators, from which it flows by 
gravity to the oil separator for the purpose of the resin and oil 
removal. Next, the water is sent by gravity through the over-
flow tray to two aerotanks. Air consumption in the aeration 
tanks is at least 90 m3 per 1 m3 of waste water.

Fig. 1 Technological scheme of the biochemical units at the PJSC 
Kharkiv Coke Plant 

After going through the second aeration tank, the purified 
waste water flows through the overflow tray into the secondary 
sump. The water separated from the activated sludge flows by 
gravity to the purified water collector, from where it is sent to 
the phenolic sewage system. The return of activated sludge to 
the aeration tanks from the bottom of the secondary sedimen-
tation tank is carried out by a centrifugal pump.

The facilities of the biochemical installation (BCI) at the 
PJSC Kharkiv Coke Plant are used for:

 – mechanical purification of waste water on filters with the 
loading of the coke breeze;

 – physical and chemical purification with the use of a com-
posite coagulant and settling in the averaging settler;

 – biochemical purification in the aeration tanks.

2.2 Analysis of the quality of the purified waste water

The analysis of the quality of the purified waste water at 
the biochemical installation of the PJSC Kharkiv Coke Plant 
was carried out in accordance with standard methods.

The water quality control was carried out using a phys-
ico-chemical analysis of the samples according to standard 
methods of titration, complexometry, etc. (Baird, R.  B., Ea-
ton, A. D., Clesceri, L. S., 2012).

The water quality results showed an inconsistency with the 
requirements for the use of water in the circulating water sup-
ply cycle of the plant by several indicators (see Tab. 1). Thus, 
it is has been established that the concentrations of suspended 
solids, phenols and rhodanides in the purified water are higher 
and do not meet the requirements for the use of water in the 
reversible water supply cycle of the plant.
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3 RESULTS AND DISCUSSION 

3.1 �Implementation of the research results into the 
water purification technological scheme 

The results of the analysis of the existing state of the waste 
water purification of the plant, the water and sewage system, 
the study of various technical methods for the phenolic waste 
water purification, and the experience of other coke-chemical 
plants indicate the possibility of changing the existing water 
use scheme of the plant as follows:

– �by mixing industrial and domestic waste water before 
purification;

– �by preventing the discharge of phenolic effluents into the 
public sewer network;

– �by increasing the efficiency of the biochemical purifica-
tion installation.

Thus, in order to improve the waste water purification 
process at the plant and meet the requirements for its quality, 
a number of measures have been envisaged.

First, before the phenolic waste water is purified in a bio-
chemical installation in order to dilute it, we  propose to mix 
industrial waste water from the condensation department with 
domestic waste water in a mixer in a separate container with a 
volume of 100 m3. This will reduce the concentration of phe-

	 (a)	 (b)
Fig. 2 Effect of the Besfloc flocculants at a dosage of 4 mg ∙ dm-3 on the quality of the circulating water (a, b) of the cycle of the primary gas 
coolers at the PJSC Kharkiv Coke Plant when using the Besfloc flocculant 

Tab. 1 The results of the waste water quality analysis at the PJSC Kharkiv Coke Plant (Galkina, O., Blahodarna, H., 2019)

Indicators
Indicator values, mg ∙ dm-3

Before the 
biochemical unit

After the biochemical 
unit

For use in a reverse cycle established by 
the Kharkivkommunochist-vod trust

pH, ea 8.3 8.3 6.5-8.5

Suspended substances, mg ∙ dm-3 300-500 60 40

Phenols, mg ∙ dm-3 263 17 1-2

BOD full, mgO2 ∙ dm-3 1800 150 150

Ester-soluble, mg ∙ l -1 9 6 20

Sulfides, mg ∙ l-1 1 1 1

Phosphates, mg ∙ dm-3 3 3 5

SSAA, mg ∙ dm-3 0,1 0,1 -

Total iron, mg ∙ dm-3 5 3 4

Rodanides, mg ∙ dm-3 955 47.2 5

Ammonium nitrogen, mg ∙ dm-3 780 50 150

Petrochemicals, mg ∙ dm-3 30 3 50

Cyanides, mg ∙ dm-3 30 5.0 28

Salt content, mg ∙ dm-3 1200 1200 2000

Note: Water quality results provided by the laboratories of the PJSC Kharkiv Coke Plant and “UkrVODGEO”
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nols and thiocyanates in the purified water. Then the waste wa-
ter can be filtered before entering the biochemical plant.

Secondly, it is possible to increase the efficiency of the bio-
chemical purification installation by improving the biological 
purification and an additional deep purification of the water. 
For this purpose it is necessary:

– �to intensify the process of the physico-chemical purifica-
tion of phenolic water by using effective reagents (Bes-
floc or Extraflock flocculant with a recommended dose 
of 4 mg/dm3);

– �to dose the flocculant solution in the technological 
scheme of the phenolic water purification by means of 
the SPR 2100 BV reagent preparation station of the Eko-
ton Industrial Group (Ekoton Product Catalogue, 2018). 

– �to additionally purify the clarified waste water (after the 
secondary sedimentation tanks) with a filtration unit us-
ing a layer of quartz sand as a filtering load.

The effect of dosing a solution of Besfloc flocculant on the 
quality of circulating water was carried out in the circulating wa-
ter supply system of the PJSC Kharkiv Coke Plant (Figs. 2 a, b).

The analysis of the water quality proves the effectiveness 
of its purification at a 0.1 % dosage of the flocculant solution. 
This reduces the content of the suspended solids from 500-600 
mg ∙ dm-3 to 50-100 mg ∙ dm-3.

The efficiency of the flocculant application is explained 
by the proposed reagent supply technology (Galkina, O., Bla-
hodarna, H., 2019):

– �feeding the circulating water supply system with an ef-
fective quality of this water;

– �using the method for dosing the flocculant solution;
– �supplying water after the dosing reagents settle in a sep-

arate container.

In the technological scheme of the phenolic water purifica-
tion, the flocculant solution is recommended to be dosed using 
the SPR 2100 BV reagent preparation station of the Ekoton 
Industrial Group (Lee, C. S., Robinson, J., Chong, M. F., 2014; 
Ekoton Product Catalogue: Ekoton Industrial Group (Ekoton), 
2018) with a capacity of 100 liter per hour, made of a structural 
material, i. e., polypropylene.

The equipment is a two-chamber unit for the cyclical 
preparation of a polymer solution from a dry starting product 
and continuous dosing of the finished solution.

The preparation process takes place periodically or contin-
uously in the upper chamber (solution preparation chamber); 
then, the finished solution is poured into the lower chamber 
(dosing chamber), where the finished solution for dosing has 
been selected. Dosing of the reagent into the upper chamber is 
carried out using a screw dispenser. The dry reagent is poured 
into the receiving tank. The receiving tank is equipped with a 
reagent level sensor and a vibrating device to prevent agglom-
eration of the bulk materials.

The recommended quality of the water purification for use 
in the reversible cycle is achieved by deep water purification 
after the secondary settling tanks. It is necessary to install an 
additional filtration unit using a layer of quartz sand as a filter-
ing load (Klimov, S., Pinchuk, O., Kunytskiy, S., Klimova, A., 
2019), to accomplish this. 

We designed filters with an ascending stream. Water filtra-
tion occurs from the bottom up, which significantly improves 

the operating conditions of the filter as a result of the imple-
mentation of the principle of decreasing grain size along the 
flow (Fig. 3). 

As a result of using this filter, the dirt holding capacity of 
the filter and the duration of the filter cycle increases, and also 
the silting of the fine-grained layers is excluded (Dushkin, S. 
S., Galkina,  O. P., 2021). To remove such accumulations 
during the regeneration of the load before washing, it is neces-
sary to blow the load with air for 10-15 minutes at an intensity 
of 18-20 l / s m2. After blowing the load with air, it should be 
washed for 7 minutes with purified water. The filtrate is then 
discharged into a sludge compactor. Purified water flows by 
gravity into the purified water collector, from where the water 
is supplied by a network of pipelines to the circulating water 
supply cycle of the plant.

Waste water for additional purification is supplied to the 
filter from the clarified water collector after purification in the 
secondary settling tank. The unit consists of three filters with 
sand loading, as well as three piping systems (for each filter), 
which are designed to control and regulate the filtration pro-
cess. The filter loading consists of a layer of quartz sand, under 
which there are several layers of gravel.

1 – water supply; 2 – flush water supply;  
3 – filtrate discharge; 4 – wash water drain; 5 – air supply;  
6 – sand-catching gutter; 7 – jet-directing protrusion;  
8 – downloads; 9 – supporting layer

Fig. 3 Filter with ascending water flow (Karmanov, A., Polina, I., 2022)

Tab. 2 Designed quality of waste water purification on filters 
(Galkina, O., Blahodarna, H., 2019)

Indicators
Average indicators

before filter 
, mg ∙ dm-3

after filter, 
mg ∙ dm-3

рH, ea 7-8.5 6.5-8.5

Suspended substances, mg ∙ dm-3 60 20

Phenols, mg ∙ dm-3 0.4 0.4

Rhodanides, mg ∙ dm-3 5 5

Resins and oils, mg ∙ dm-3 25 2

Cyanides, mg ∙ dm-3 0.7 0.7
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Thus, by reducing the amount of suspended solids to 20 mg 
∙ dm-3, the use of the proposed solution provides and allows for 
reusing the water in the circulating water supply system (Tab. 2).

Thus, the research results show that the implementation 
of the proposed measures makes it possible to achieve the re-
quired quality of the purified wastewater that will meet the 
requirements for the use of water for technical purposes of the 
circulating water supply cycle of the plant and ensure uninter-
rupted operation of the heat exchange equipment (Galkina, O., 
Blahodarna, H., 2019). Such purified waste water can be used 
for the technical purposes of the plant.

Provided that the above requirements are met, the quality 
of the purified waste water will meet the requirements for the 
use of water for the technical purposes of the circulating water 
supply cycle of the plant. The purified waste water can be used 
for technical purposes of the plant (Fig. 4). 

It has been calculated that the introduction of a circulating 
water supply system at the plant (Fig. 4):

– �will reduce the consumption of fresh water (artesian wa-
ter from wells) from 241,200 m3  in year to 180,660 m3 
in year;

– �will reduce phenol emissions on the quenching tower by 
10 times;

– �will stop the discharge of phenolic effluents into the city 
sewer network.

Therefore, the introduction of this technical solution using 
phenolic effluent together with fresh water permits reducing 
the amount of reagents required for water purification, as well 
as significantly reducing the discharge of wastewater into the 
public sewer network and the withdrawal of fresh water from 
an artesian well. That is, through the introduction of these 
measures, a technical effect is achieved, as well as economic 
and environmental effects are achieved.

Reducing the discharge of water into the public sewer net-
work and reducing the consumption of fresh water improves 
the state of the environment, i.e., the ecological situation at the 
plant and confirms the effectiveness of the proposed measures.

The economic effect of the introduction of water purifi-
cation technology at the PJSC Kharkiv Coke Plant has been 
achieved by the introduction of a circulating water supply sys-
tem, and the following technical solutions have been provided:

– �the introduction of flocculant solutions using an auto-
matic station for preparation of “Smart Mix” flocculant 
solutions;

– �increasing the efficiency of the biochemical installation 
by adding additional purification of the filtration unit for 
clarification of waste water using a layer of quartz sand 
as a filter load;

– �pipelines for the supply of technical purified water to the 
circulating water supply network of the plant.

The economic effect therefore consists of capital and op-
erating costs, taking into account the effectiveness of the pro-
posed measures (Goodstein, E. S., Polasky, S., 2017;  Caputo, 
A. C., Pelagagge, P. M., Salini, P., 2008).

This technological solution involves the use of a solution 
of flocculant to intensify the process of water purification at 
the plant. To that end, there are additional costs associated 
with the use of reagents (replacement of the composite coag-
ulant, i.e., a mixture of ferrous sulfate (FeSO4) and aluminum 
chloride (AlCl3) with Extraflock or Besfloc flocculant). In this 
case, cost savings are achieved by changing the reagent and 
reducing the dose.

So, the capital costs for the intensification of the water pu-
rification process at the coke plant include:

– �the cost of the reagent preparation station; 
– �the cost of the filtration unit for water purification;  
– �the operating costs (installation of the equipment and the 

equipment maintenance costs).

The operating costs, in turn, take into account the follow-
ing parameters: 

– �maintenance costs of the SPF 2100 reagent preparation 
station; 

– �maintenance costs of the filtration unit for waste water 
clarification using a layer of quartz sand as a filter load;

– �maintenance costs for a mixer for the industrial and do-
mestic waste water.

Thereby, the economic effect from the implementation of 
the results of the technical solutions (the use of an effective 
flocculant and additional water purification on the sand filters, 
taking into account the use of phenolic water as a supplying 
water) into the technological scheme of water purification at 
the plant in the first year of operation will be 49.5 US Dol / 
year.

4 CONCLUSIONS

It has been determined that the reuse of water in the circu-
lating water supply system can be achieved by improving the 
quality of the purified water, i.e., the introduction of a number 
of measures in the technological scheme of the water purifica-
tion at the coke plant. The results of the work were used during 
the development of technical solutions for the intensification 
of the water purification process at coke plants, particularly the 
PJSC Kharkiv Coke Plant.

It has been established that the introduction of technical 
solutions in the water purification process can be achieved by 
improving the biological purification units (using effective re-
agents) and by deep additional purification of the water after it 

Fig. 4 Use of purified water for technical purposes at the PJSC 
Kharkiv Coke Plant 
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is in secondary sedimentation tanks (using a filtration unit with 
a layer of quartz sand as a filtering load).

The economic and environmental effects are achieved by 
reducing the consumption of artesian water from wells by 
60,540 m3 per year and preventing the discharge of phenolic 
wastewater into the municipal sewerage network, as well as by 

replacing the reagent with a more efficient one and reducing its 
consumption.

It has been determined that the implementation of the tech-
nical solutions of the circulating water supply system at the 
PJSC Kharkiv Coke Plant is economically feasible and proves 
the positive effect of the proposed technical solutions.
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Abstract

This case study aims to investigate the effects of compaction meth-
ods on the mechanical behavior of roller compacted concrete pave-
ment (RCCP) mixtures, which consist of the  replacement of different 
cement by  0%, 5%, and 10% limestone by volume fraction and 
which  were compacted by  two  compaction methods. These  meth-
ods are  commonly discussed in the literature and were developed 
to simulate the site conditions in the laboratory.  A modified Proctor 
test was adopted in the mix’s proportional process to optimize  the 
aggregate’s percentage content of RCCP. The experimental series 
consisted of compression and split tensile performance tests to in-
vestigate the development of  compaction performances at 28 days. 
The results showed that, where 10% of the cement was substituted 
by limestone, the RCC gives important flexural strength values com-
pared to the quantity of the cement substitute. Qualitatively, the 
reduction in the strength of the concrete using the modified Proctor 
compaction method led to the weakness of the bond between the 
layers. 

Key words

	● �Proctor compaction, 
	● Concrete, 
	● Hammer, 
	● Pavements.

1 INTRODUCTION

The most important factor achieved  during  pavement 
projects is the high degree of rigidity, where the changes from  
last year’s climate causes cracking,  shrinkage, and  fatigue, 
because of the temperature gradients.  

 Roller  concrete  pavement  compacting methods  do not 
reflect laboratory conditions, when the sub-product is incor-
porated for reinforcement, because of the lower energy of the 
compaction machines and their speed.

A concrete pavement is cost-effective and beneficial be-
cause of its sustainability and durability. The maintenance and 
renovation periods for such a pavement compared to other 
pavements are  relatively long. The standard methods used are 
the ASTM C1176 vibrating table and the vibrating hammer 
found in (ASTM, 2014; C1435, EN 13286-51) ; the modified 

Proctor ASTM WK59339, and the Superpave Compactor Gy-
rators (SGC) (ASTM WK33682).

Roller compacted concrete (RCC) technology offers a vi-
able alternative for many construction projects such a pave-
ments, dams, airports, and parking lots,  mainly due to its ra-
pidity and economic advantages (Aghaeipour and Madhkhan, 
2020). 

(Şengün et al, 2019) noted  that  the ideal laboratory com-
paction methods in terms of the strength and compaction ratio 
within the acceptable Vebe consistency time were determined 
to be the SGC first and the vibrating hammer second.  We have 
recapitulated studies on RCC focused  on such mixture pa-
rameters as the type of aggregate, the gradation, the amount of 
cementitious material and water, and their effects on the RCC 
performance, including the resistance to frost,  the effects of 
the water-to-cement (W/C) ratio, waste aggregates, and nano 
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SiO2 (Chhorn and Lee, 2017; Hazaree et al., 2011, Madhkhan 
et al., 2012; Vahedifard et al., 2010; Harrington et al., 2010; 
Shen et al., 2020; Rahmani et al., 2020; Tavakoli et al., 2020). 

In the present work, the performance of RCC containing a 
local commercialized limestone as a cementitious replacement 
material and two different compaction energies were investi-
gated. Uniaxial compressive strength [σ (MPa), t (second)] 
and Extensometer compressive [σ (MPa), ɛ (µm) diametral 
deformation] tensile tests at two different      temperatures 
were performed on specimens containing water to a constant 
binder ratio, but the W/C depended on the quantity replaced of 
the limestone. 

2  MATERIALS AND METHODS

2.1 Materials 

The cement used was Portland CPJ -CEM II/B 42.5 R, con-
forming to NA 442, EN 197-1 and norm NF P 15-301194 with 
compressive strengths of 11.2 MPa and 46 MPa, and  flexural 
strength of 7.5 MPa and 9.5 MPa at 2 and 28 days,  respective-
ly. The ordinary cement had a specific weight and  surface area 
of 3.06 g/cm3 and 5000 cm2/g, respectively.

The Portland Cement Association (PCA) has proposed an 
aggregate gradation for RCC  pavements, which is applied and 
similar to the gradation of an intermediate asphalt layer (Har-
rington et al, 2010). In this investigation, however, we opted 
for the materials  actually used by companies, so as to   identify  
problems in the field.

Local sand (Kef Azrou), with a fineness modulus of 3.08, ES 
Sand equivalent to 52.89, a density of 2.70, and 24 h water ab-
sorption of 0.69% was used in all the mixtures (Harrington et 
al., 2010). A maximum size of an aggregate as small as 13 mm 
can be used to reduce segregation, enhance cohesiveness, and 
provide a closed surface. The two coarse aggregate classes used 
in this investigation had a maximum nominal size of 15 mm, a 
specific density of 2.53, and a 24 h water absorption of 1.79%. 
However, for the medium coarse 3/8 aggregate, the 24 h water 
absorption is 1.05%; the Los Angeles abrasion coefficient is re-
spectively LA=31.24% and 27.44% for the coarse 3/8 and 8/15 
mm aggregates). The grading curves of the coarse and fine ag-
gregates were within the NF EN standard, as shown in (Figure1). 

The percentage of fine sand passing through the sieve (0.08 
mm) was 19%, but for the optimum mix chosen, the percentage is 
7%. The Portland Cement Association (PCA) and American Con-

crete Institute (ACI) have limited the percentage of fine aggregate 
passing through a 200 sieve (0.075 mm) to 2–8% and a 100 sieve 
(0.150 mm) to 6–18% for sand used in RCCP. The limestone used 
presented a granulometry size of less than 150 µm. 

Tab. 1 Limestone Characteristics

Fe2O3 MgO CaCO3
Fire loss 
masses HCL Duration density

0.01% 0.14% 99% 43.9% 0.005% 3 2.7

2.2 Optimization mixtures and the mixing procedure

The mixture should contain 50 – 65% of fine aggregate 
passing N°. 4 (4.75 mm) [(Khayat and Libre, 2014), which 
consists of 2–8% of aggregate finer than No. 200 (75 µm) (Har-
rington et al, 2010). 

The fresh properties and hardened strength of the concrete are 
strongly influenced by the aggregates  (Lin et al., 2011; M. Rao et 
al., 2016). Moreover, the most efficient way to achieve workable 
and high strength RCCP is by providing a well-graded aggregate 
(Harrington et al., 2010; Luhr, 2006; Khayat and Libre, 2014).

In this study, where  the mixing procedure and proportions 
are realized  in two parts, we firstly optimized  the coarse ag-
gregate’s density; secondly, we investigated the liant (mortar).

2.2.1 Optimisation of aggregates 

First, five combinations of the coarse aggregates were ini-
tially prepared to produce the RCC (see Table 2); without us-
ing any limestone, the cement content in the RCC usually has 
been recommended to be between 11% and 13% by weight of 
the concrete and oven-dried aggregates. 

Tab. 2 RCC Composition using density method (compacitness)

Mixes Gravel 3/8 Gravel 8/15 density

1 20% 80% 2.50

2 25% 75% 2.53

3 30% 70% 2.56

4 35% 65% 2.60

5 40% 60% 2.49
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Therefore, in this experimental investigation, the weight of 
the cement was fixed at 11.4% of the total weight of the mixed 
concrete. 

Figure 2 shows the suggested aggregate gradation mixed 
using the method based on the compactness. The maximum 
density is given with the fourth mixture.

  
2.2.2 Optimisation of the limestone mortar
Second, the local limestone’s mechanical behavior was 

tested in standard mortar; the percentages of cement substitut-
ed are shown in Figure 3; the compressive strength decreases 
with the increasing percentage of the limestone substitute, but 
10% of the limestone  gives the important value of flexural 
strength compared to the quantity of the cement substitute.

The flexural strength of standard mortars increases with de-
creasing the limestone that replaces the cement, but the differ-
ence is minor, compared with the quantity of cement replaced 
until 28 days. The replacement of 10% of the cement by lime-
stone reduces the  flexural strength by about 1.5 MPa. This  is 
an important result, both economically and  environmentally.   

Tab.3 Optimization of limestone percentage in mortar standards

Mixes [kg] sand 3/8 8/15 cement water Limestone 
LS0% 963 517 692 280 111 0
LS10% 963 517 692 252 111 28
LS15% 963 517 692 238 111 42

Furthermore, our research demonstrates the optimum com-
posite mixtures that result in significant density were 963 kg, 517 
kg, and 692 kg for the sand, 3/8 coarse aggregates and 8/15 coarse 
aggregates respectively, 280 kg of cement, and 111 liters of water. 

In this study, three groups of RCCP were used, containing 
0%, 10% and 15% (limestone) replacements of Portland ce-
ment by mass for two environmental conditions.

We have a constant value of the (water /binder), as the wa-
ter content seems to be dependent on the compaction ratio and 
has a small effect on the strength (Şengün et al., 2019), The 
proportions of the mixture variants optimized in this investi-
gation are presented in Table 3.

2.2.3 Preparation of specimens

The freshly-mixed concretes were molded in cylindri-
cal molds; for the RCC with zero slump concrete, it needs to 

achieve an optimum density using modified Proctor compac-
tion or a vibrating hammer.

The specimens of  (15 cm diameter, 30 cm high) concrete 
corresponded to the California Bearing Ratio (CBR) used for 
Proctor compaction, with 55 hits for each layer. 

The concrete mixture obtained was poured into the special-
ly made molds in five  layers and compacted by putting on a 
surcharge according to the Proctor standard.

The vibrating hammer is equipped  with a shaft and a cir-
cular and rectangular  steel plate area slightly smaller than that 
of the cylindrical steel mold, with a diameter  ≥0.6 D,  having 
a diameter of 12.2 cm.

To achieve the appropriate consolidation and compaction 
for the samples   using the  electric vibrating hammer, the con-
crete is placed in five layers in the pre-oiled molds. Each layer 
is compacted until rejection for one minute.

Fifty-eight cylindrical specimens were molded  to deter-
mine the 28 days’ compressive strength and  the 28 days’ split 
tensile strength for each case.

 The samples were demolded one day after casting  and 
then cured (25 °C with 15% humidity) for one group of spec-
imens and 35 °C for the other. There was zero percentage hu-
midity for the others until testing. Three samples were pre-
pared for each test.

3 RESULTS AND DISCUSSIONS 

3.1 Porosity

While the void index ratio for soil applications is calculat-
ed based on the dry density (ρd) for the RCCP specimens that 
are the subject of the study, the significant  porosity ratio (ղ) 
was calculated  based  on the maximum theoretical  free air 
of the fresh density of the concrete, considering the average 
(γs). This ratio was then used to compare the  properties of the  
concrete samples  compacted using  the two methods. 

The following equation (1. 2) was used to calculate the 
compaction ratio of the RCC specimens :
	 	 (1)

	 	 (2)

Sr:	 saturation degree [%]
e:	 void index ratio 
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ω:	 water content [%]
Gs:	 solid grain density
ρs:	 solid grain mass volumic [kg/m3]
ρs:	 dry soil mass volumic [kg/m3]

This chosen graded curve of the aggregates for  RCC can 
guarantee  the minimum void space, optimize the content of 
the paste, and provide compact, dense material and a smooth 
and tight surface.

In Figure 5, the relationship between the curing  time and 
the  porosity is seen for the low and high cement replacement 
dosage mixtures. It was realized that the porosity  results are  
affected too much by the compaction method, i.e., around 50%.

The relationship took a polynomial form for the two com-
paction methods; the correlation coefficient was (R2 = 0.98 ≈ 1). 
As seen from the figure, the effects of the change in the com-
paction method in both the 10% and 15% limestone cement 
replacements resulted  in lower porosity registered with the 
electric hammer vibrating  method for the RCC mixtures.

3.2 Modified Proctor Compaction

The property most often used to describe the quality of 
concrete in practice is compressive strength. The 28 days’ cyl-
inder compressive strength should not be less than 17 MPa 
(Neville and Brooks, 1987). The compressive strength of RCC 
is comparable to that of conventional concrete and typically 
ranges from 28 MPa to 41 MPa.

For Proctor compaction (Figure 7), the compressive 
strength of the RCC was found to be lower than that of the 
conventional concrete estimated using various temperatures 
for the cement replacement given (Figure 8).

(LIU et al., 2007) confirms in their  study that  limestone 
powder has a filling, active effect and also an accelerating ef-
fect during the hydration process under  conditions of a high 
temperature and  steam curing. In  this study, 20 MPa was ob-
tained for a low cement dosage at 28 days at 20 °C,  and 15% 
humidity, while only 24.51 MPa was obtained for the high 
cement dosage mixes (conventional). Moreover, the negative 
effect of decreasing the amount of cement and the negative 
effect of inefficient compaction (Proctor) can  clearly be seen 
(Figure 8). 

Using  Proctor compaction at nearly 35 °C, the compres-
sive strength decreases about 19% for the RCC substitute of 
15% cement by  limestone compared to the conventional RCC 
in the same temperature conditions.  

It can also be seen that  a high strength can only be reached 
through a combination of compaction and a high amount of 
cement. In this part we have limited tests on the concrete 
compacted with the Proctor standards, since (LaHucik and 
Roesler, 2017) in their  study showed that the pair’s compres-
sive strength in the laboratory and the field core specimens (of 
the same size) were statistically different at a 95% confidence 
interval (LaHucik and Roesler, 2017). 

 

Fig. 5 Relationship between porosity and 
curing time. 
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3.3 Vibrating electric hammer 

3.3.1 Compressive strength (Comparison of two dosages)

For the first time we studied two cement dosages of 240 
and 280Kg/m3, with  the aim  of observing the compactibility 
of RCC pavements and  confirming the effect of the capacity 
of the vibrating hammer apparatus (Figure 9) on the two con-
ventional roller concrete mixtures.

In the literature, the cement content is around 300 kg/m3 

(Harrington et al., 2010). The lower dosage of 200 kg/m3  was 
also utilized to cover the compacted concrete mixtures utilized 
in the dam type mass concrete.

In this investigation, the two cement dosages were tested 
using the electric vibrating hammer with the aim of determin-
ing their characteristics (Figure 10). The results indicate that 
similar density values for  240 Kg/m3 and 280 Kg/m3,  respec-
tively, were in a range of 2.31-2.36 and 2.45.

Figure. 10 shows the compressive strength at 7  and  28 
days.  The 280Kg/m3 cement mixture has the highest compres-
sive strength values in comparison with the mortar based mix-
ture with 240Kg/m3 in all the stages.  The first mixture, which 
has a higher  cement dosage, achieved 83.75% of its curing  at 7 
days; the second one achieved  84.24% of its total compressive 
strength. This could be caused by the constant binder-to-water 
ratio, the absorption of the cement paste, and the vibrating. 

Compared to the compressive strength of the specimens 
containing trass (Ghahari et al., 2017), which is 35% lower 
than that of the  plain concrete at early ages, this could be due 
to the low pozzolanic activity of the trass (volcanic tuff). In 
this study, the compacted concrete containing limestone (par-
tial replacement of the cement) exhibited a 20% reduction in  
compressive strength after  28 days’ curing. Zajac et al., (2014) 
reported that limestone powder does not have pozzolanic ac-
tivity; it  always remains unhydrated at the age of 28 days. 

As seen in Figure 11, the compressive duration  is affect-
ed by the amount of  the limestone cement replacement used 
in the RCC mixture. Due to the compaction procedure, the 
maximum value of the 10% RCC sample approaches the plain 
RCC, as the amount of water utilized in the mixture was con-
stant. As for the low cement replacement mixtures (10% RCC 
limestone), the vibrating hammer caused a higher degree of 
compaction when compared with the modified Proctor. 

Fig 9.   Hammer apparatus

Fig. 10  Relation between compressive strength and density

Fig  11.  Compressive Strength comparison [σ (MPa),t (second)]

Fig. 12  Compressive extensometer RCC, vibrating hammer 
[σ(MPa),ɛ(µm)]
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3.3.2 Extensometer Compressive

Compressive extensometer curves indicating the resistance 
of uni-axial compressive diametral-strength deformation for 
RCC are shown in Figure 12. In this part, the curves are pre-
sented at specified ages (28 days).

According to Figure 12, the deformations of the three 
groups grew linearly with increasing strength for the first 
parts, especially for the 0% limestone and LS 10 %. The fig-
ure shows that the two curves are superposed  before 350 µm,  
although the values of  the  two curves do not exceed that of 
the 0%LS; the 10% mixture  of the cement substitute by  the 
limestone  proved to be a homogeneous characteristic com-
pared to the 15% LS.

The spliting tensile strength    of the RCC mixtures at dif-
ferent W/C was determined at the age of 28 days. According 
to the literature, the RCCP   can vary from 2 to 4 MPa  (C D 
Atiş et al., 2004; Chi  Huang, 2014; Cengiz Duran Atiş, 2005).

As shown in Figure 13, by increasing the limestone in the 
mixtures, the tensile strength slightly decreases.  The variations 
in the split tensile strength results are related to the porosity of 
the RCC at 28 days, with specific hammer vibrating  to com-
pare the 0%, 10%, and 15% LS, as the split tensile strength 
values changed from a low to high amount of limestone peaks 
up to 3.45 MPa, which is  a decrease  of 6.37% and 7.24% 
(compared to 10% LS and 15% LS). 

Fig. 13  Tensile strength related to theoretical porosity.

It appears that the substitution of the cement by limestone   
is not unfavorable to the split tensile strength of the specimens, 
which is related to the quantity of the cement substitute, i.e., 
only a difference of 7.24% in tensile strength between the 
plain and RCC 15% of the cement replacement. Compared to 
(Ghahari et al., 2017), the tensile strength of the specimens 
containing trass (volcanic tuff) is 12% lower than that of the 
plain concrete. 

As observed, the cement replacement by limestone in RCC 
increases, whereas the theoretical porosity decreases. The re-
sults reported by other researchers are  scattered due to the 
variations in materials  used in the  RCC mixtures.

3.3.3 �Proposed relation of compressive and split tensile 
strengths 

After investigating the feasibility of substituting cement 
by limestone  (LS) powder as supplementary cementitious 
materials in RCC for a pavement, our  experimental study fo-
cused on optimization of the compacity mixtures (aggregates, 
binder) and the mechanical properties at 28 days,  including 
the compressive strength and splitting the tensile strength. 
The aim of this work is the possibility of developing a re-
lationship between the laboratory characteristics of the data 
investigated.

The mechanical characteristics reported in  Table 4 have 
been calculated from the mean values of three specimens. 
The  analysis showed that the compressive and splitting ten-
sile strengths are quite mathematically related   using  the 
hammer compaction methods, regarding  the cement content 
(Rahmani et al., 2020). The relation between (ft) and (fc)  can 
be expressed as a power law function. With the use of the re-
gression analysis, the following relation was attained through 
the experimental data , R2=0.91, for various  water-to-cement 
(W /C) values.

Fig.14 Relation between compressive and tensile strength (straight 
line and puissance Relationship curve)

It was reported that a loss of 1% to 2% in the density of 
RCC could cause a reduction of 10–17% in strength [(Amer et 
al., 2004)], but  our investigation showed a gain of density is 
found in the limestone particles. 

In application of the equation proposed by (Rahmani et al., 
2020)’s equation , the data given in this paper 
are assigned as , with a correlation 
coefficient R2 = 0.9656 a  constant W/C and variation of LS.

We proposed , compared to the proposed lin-
ear equation. The results of this investigation are assigned as 

, R2 = 0.9637, for the (Tavakoli et al., 
2020)’s data are reported as , R2 = 0.96.
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Tab.4 Compressive and tensile strength results using vibrating hammer.

Compressive strength (MPa) 38.84 37.15 37 33.66 34 33.3 32.61 32.3 32.24

Spliting tensile strength (MPa) 3.45 3.37 3.389 3.2 3.246 3.232 3.2 3.2 3.2

Number of specimens 3 3 3 3 3 3 3 3 3
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In Table 5, as can be seen, the recent proposition of the 
relation between the compressive strength and tensile strength 
and  the correlation coefficient R is important for the two prop-
ositions. 

4 CONCLUSION

Advances in construction methods have facilitated the 
extensive use of zero-slump concrete in practice where ze-
ro-slump concrete gained attention as an innovative material 
with applications in concrete and roller compacted concrete 
(RCC). In this study, the effect of limestone  and energy com-
paction  on the mechanical behavior and specific density vari-
ations  of roller-compacted concrete was investigated. The 
compaction methods that were used to produce RCC speci-
mens in the LAFARGE laboratory and University of Bouira 
laboratory, in this paper are the Proctor and vibrating hammer.

1) �The tests of local limestone in the standard mortar show 
that compressive strength decreases with an increasing 
percentage of cement substitute, but 10% of  limestone  
results in a significant value of flexural strength com-
pared to the quantity of cement substitute. 

2) �A high content of fine sand (19%) did not affect the 
compressive strength of  RCC containing 10% and 15% 
cement at early ages of 1 and 7 days. However, there 
was a slight reduction of about 3% to 4% in the 28-day 
compressive strength of RCC containing 10% and 15% 
cement replacements, respectively. 

3) �The porosity results are affected too much by compac-
tion methods; they were  around 50%; a polynomial 
equation form relate the porosity and time of curing  for 
the two  compaction methods gives correlation coeffi-
cient (R2 = 0,98–1). 

4) �With the Proctor compaction, the compressive strength 
decreases about 19% and 18.4% for the RCC 15% lime-
stone compared to conventional RCC  at temperatures 
of 35 °C and  (20 °C with 15% humidity)  respectively. 
Qualitatively, the reduction in strength of concrete made 
with the Proctor compaction  may be the weak bond  be-
tween the layers. 

5) �The use of a vibrating hammer instead of Proctor com-
paction  in RCC  using the same RCC contents  sig-
nificantly affects the theoretical porosity. Additionally, 

the low Proctor compaction energy decreased both the 
compressive and tensile strengths. Due to the vibrating 
hammer compaction procedure, it produced similar re-
sults  on the compressive behavior  curves between the 
plain and LS10%, although  the amount of water utilized 
in the mixture was constant.

6) �There was a reduction in compressive strength of about 
20% at 28 days for the compacted concrete containing 
limestone (partial replacement of  cement) using the 
modified Proctor. 

7) �The substitution of cement by limestone   is not unfa-
vorable to the split tensile strength of the compacted 
concrete specimens, which is related to the significant 
quantity of the cement substitute. Only a difference of 
7.24% in tensile strength  between the plain and RCC 
15% of cement replacement  was shown.

8) �The RCC containing 15% of  limestone showed the 
lowest compressive extensometer and an irregular curve 
σ=f(ɛ)  in comparison with the RCC containing 0% and 
10% limestone using the hammer compaction.

9) �The results also showed that the relationship presented 
by the researchers  for the W/C for the nano-silice can 
provide acceptable estimates of the (tensile and com-
pressive, strength) ft and fc of the RCCP for different 
limestone contents.

Tab.5 Recapitulation of   relationship between  tensile strength and compressive strength

Equation R2 Equation R2 RCCP

Saoudi 0.9656 0.9637 limestone

(Lam et al., 2017) 0.8048 0.9749

(Rahmani et al., 2020) 0.9769 0.9716 W/C. and C/A

(Şengün  et al.,2019) 0.8854 0.8844 W/C and fine to total Aggregate ratio

(Tavakoli  et al.,2020) 0.9745 0.9685
Nano SiO2 
and replaced sand

(Shamsaei et al., 2017) proposed
  

0.9146

0.9476
0.9672 Cross-linked polyethylene 
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Abstract

The biggest problem with sanitary technology in high-rise build-
ings is the design of foul water stacks in which high negative pres-
sure and overpressure values must not occur. When pressure ex-
ceeds maximum values, water from the trap is ejected, sucked out, 
or left bubbling in the trap. Measurements by other researchers 
have shown that when traps lose their function, in addition to the 
spreading of unpleasant odors, there is also the spreading of vari-
ous viruses from the sewer and drainage systems. The paper deals 
with the mathematical analysis and simulation of the pressure 
resistance of different traps under various boundary conditions, 
considering the quality of the internal environment. The effect of 
water evaporation on pressure resistance was also simulated and 
assessed. The results of the work are clear tables of pressure resist-
ances with a description of their effect on the water level in the trap.

Key words

	● �Sanitary appliances, 
● Odor traps, 
● Hydraulic conditions in stacks, 
● Simulations, 
● Water evaporation, 
● Public health.

1 INTRODUCTION

High negative pressure and overpressure in foul water stacks 
are often a problem of drainage systems in buildings. Nowadays, 
due to the increasing number of building floors and demanding 
layouts of sanitary rooms, the design of stacks is becoming more 
complicated. Existing standards are primarily focused on the de-
sign of stacks for buildings with a lower number of floors; for 
high and complicated stacks, it is necessary to proceed primarily 
from measurements taken outside Slovakia (Öngören and Weiss, 
2018). Many factors influence pressure fluctuations in stacks. In 
addition to the correct design of dimensions, fittings, accessories, 
and ventilation, changes in the direction of stacks must also be 
resolved appropriately (Öngören et al., 2005). Overpressure most 
often occurs due to changes in the direction of stacks. Water bub-
bles in the traps at lower overpressures, while at a higher value, 
water is ejected from the sanitary appliances (Fig. 1b). Negative 
pressure occurs at the connection points of branch pipes with the 
flow or under a change of direction of the stack. When the nega-
tive pressure limit is exceeded, water is sucked out from the trap, 

which causes the spread of an annoying smell in the building 
(Fig. 1a) (Yabe et al., 2015). All these drainage system problems 
reduce the comfort of building users and endanger their health 
(Gormley et al., 2021). The first simulation task in Ansys 2021 
Workbench R1 was to define the limiting values of the negative 
pressure and overpressure in a stack that negatively affect the 
functioning of the trap. The second task was to assess the effect 
of water evaporation on its pressure resistance.
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Fig. 1 Effect of pressure fluctuations on the water in a trap 
a) suction of water from the trap, b) ejection of water from the sani-
tary appliance
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2 �SPREAD OF ODORS AND VIRUSES IN 
HYGIENIC ROOMS 

Odor traps protect a building’s interior from the spread of 
annoying odors and possible viruses from a drainage or sewer 
system. A loss of trap functioning represents:

■ complete water suction from the trap (Fig. 1a),
■ bubbling of water in the trap (Fig. 13),
■ ejection of water from the trap (Fig. 1b).

Many measurements outside Slovakia have been inten-
sively carried out in recent years to address the presence of 
viruses in sewage and drainage systems, e.g., SARS-CoV-2 
in human feces and urine (Gormley et al., 2020). The pres-
ence of this virus in the stool ranges from several tens of days 
in adults and an average of 5 days in children (Zheng et al., 
2020). Several scientific and medical studies have confirmed 
drainage systems as a possible route of virus transmission to 
humans (Scheutz and Strockbine, 2015). The most common 
contact point for spreading viruses is sanitary appliances, es-
pecially water closets (WCs) (Scheutz and Strockbine, 2015). 
In addition to the contact areas with human skin, the loss of 
the functioning of traps poses a great risk of spreading viruses 
when the virus in the form of an aerosol is already spreading 
into the air during flushing (Hung et al., 2006 ).

3 �FLOW OF WATER IN A FOUL WATER STACK 

The water from a branch pipe hits the opposite wall of a stack 
at the point of connection and then falls downwards (Pomogae-
va et al., 2018). As it falls downwards, water flows around the 
inner pipe walls, forming a hollow cylinder with an air core in 
the middle. At the connection point of the branch pipes with the 
flow, the air core closes, which causes a piston effect and the 
consequent creation of negative pressure (Fig. 2a). 

During the piston effect, a large amount of 
air is sucked into the stack from the vent pipe.  
If the stack design is incorrect, the air is also sucked from the 
branch pipes, which causes the extraction of water from the 
trap. If the direction of the stack changes by more than 45°, 
the water stops flowing around the inner pipe walls, and the 

cross-section starts to fill up (Fig. 2b). Overpressure occurs 
above a change of direction, and negative pressure occurs be-
low a change of direction (Fig. 2c) (Peráčková, 2018) (Cheng 
et al., 2004). If there is little or no flow in a stack, the air flows 
in the stack from the bottom to the top. The pressure loss that 
occurs in such a flow is one of the other causes of negative 
pressure in a stack (Vrána, 2021).

4  �MATHEMATICAL ANALYSIS OF THE 
PRESSURE RESISTANCE OF A TRAP 

Stacks that exceed a 70 m limit must be assessed for maxi-
mum negative pressure (Valášek et al., 2005). The assessment 
consists of several parts, but in the end, the results are com-
pared with the pressure resistance of the trap (Valášek, 1982). 
Traps are the only protection against the spread of annoying 
smells from a drainage system. According to EN 12056 and 
STN 73 6760, the minimum water level in the trap at the con-
nection to a foul water pipe is htot = 50 mm, and at the connec-
tion to the rainwater pipe, it is htot = 80 mm, Fig. 3. Nowadays, 
traps with water levels of 50, 60 and 70 mm are most com-
monly produced. When designing foul water stacks, the height 
of the water level must be taken into account. The maximum 
pressure that the trap can resist Δpcr (Pa) is calculated accord-
ing to the formula:

Δpcr = 1.1 × ρ × g × htot        (Pa)	 (1)

where:
ρ	 - water density (kg/m3),
g	 - gravitational acceleration (m/s2),
htot	 - height of water in the trap (m) (Valášek, 1986).

According to formula (1), the pressure resistance of a trap 
with a 50 mm water level should be approximately 540 Pa 
(9.81 m/s2, 999 kg/m3) (Fig. 4). However, this calculation does 
not consider, for example, the effect of the shape of the trap. It 
is also impossible to detect unwanted concomitant phenome-
na when water starts bubbling in the trap due to overpressure 
or when the branch pipe starts to draw small amounts of air 
through the trap without disturbing the function of the trap 
(Figs. 10, 13).

In the 1980s, various questions arose as to whether the 
pressure resistance of the odor trap is affected by water evap-

Fig. 2 Water flow in the stack 
a) at the point of connection of a branch pipe, b) at the point of
transition of the stack to the drain, c) at the point of the stack offset, 
1 – water flow along the inner walls of the pipe, 2 – water flow from 
the branch pipe, 3 – the creation of a piston effect, 4 – air core, 5 – 
the impact of water on the wall of the arch, 6 – steady flow mode

Fig. 3 Odor trap  
htot – the height of the water in the trap, hn – a decrease of water in 
the trap due to negative pressure, he – a decrease of water in the 
trap due to evaporation, hfin - the height of water in the trap after 
evaporation and the suction of water due to negative pressure
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oration (Dobromyslov, 1978). An experimental value of 0.5 
mm/day at an indoor air temperature of 20 °C was used to 
account for water evaporation from the trap (Valášek, 1982). 
This value takes into account the following two factors: the 
replenishment of the water level due to the condensation of 
water vapor from the drainage system near the trap and the 
condensation of water on the inner surface of the trap, which 
also replenishes the water level. After modifying formula (1), 
we calculate the maximum pressure that the trap can resist, 
taking into account the evaporation Δpcr,e (Pa):

Δpcr,e = 1.1 × ρ × g × (htot – he)        (Pa)  (2)

where:
ρ 	 - water density (kg/m3),
g	 - gravitational acceleration (m/s2),
htot	 - the height of water in the trap (m),
he	 -� decrease of water in the trap due to evaporation (m) 

(Valášek, 1986).

5 �SIMULATION OF THE PRESSURE RESISTANCE 
OF A TRAP

Our simulation observed the effect of pressure fluctuations 
in a stack on the water level in the trap. Two reference traps, 
which are most commonly used for sinks or basins and toilets 
(Figs. 5a, c), were used. To compare the effect of water evapo-
ration on the pressure resistance of a trap, different water level 
heights in the trap were used in Fig. 5a and in the experimental 
trap from Fig. 5b; pressure ranging from – 550 Pa to + 1500 

Pa was simulated in the stack. The range of values was chosen 
based on various experimental measurements outside of Slo-
vakia, where similar ranges of pressures were measured (Yabe 
et al., 2015). The boundary conditions of the simulation are 
shown in Fig. 6. The following inputs and settings were used 
for the simulation (Fig. 6):

■ the trap contained water with a density of 999.1 kg/m3,
■ �air with a density of 1.225 kg/m3 was present in the stack

and branch pipe,
■ �pressure values ranging from – 550 Pa to + 1500 Pa were

generated in the stack (Yabe et al., 2015),
■ �calculations were performed with 1000 time steps, a time

step length of 0.005 s, and a number of iterations per
time step of 40.

The length of the calculations of one pressure value was 
approximately 3 h. Thirty different pressure values were as-
sumed in the calculations for 2 types of traps, representing ap-
proximately 180 h of calculations.

The following water level conditions were monitored in 
the trap:

■ �water level fluctuations due to overpressure or negative
pressure (without compromising the functioning),

■ �the suction of part of the water due to negative pressure
(without compromising the function/ with compromis-
ing the functioning),

■ �complete suctioning of the water due to negative pres-
sure (loss of function),

■ �water bubbling due to overpressure (loss of function),
■ �ejection of water due to overpressure (loss of function).

5.1 Quality of the mesh

The calculations generated a network with a number of el-
ements ranging from 185 643 (sink, basin) to 185 867 (WC), 
depending on the type of trap. The details of the computational 
network are shown in Fig. 7. Based on the assumed accuracy 
of the computations, it can be concluded that the computation-
al network has a very good quality.

Fig. 4 Resistance of the trap to pressure according to the water level 
■ without taking into account evaporation according to Formula (1), 
□ taking into account the evaporation after 14 days of not using the
sanitary appliance according to Formula (2)

Fig. 5 Shapes and dimensions of the traps used 
a) trap for sink or basin with 50 mm height of the water, b)
experimental trap with 43 mm height of the water, c) trap for WC 
with 50 mm height of the water

Fig. 6 Simulation  of boundary conditions 
a) WC connection to the stack, b) connection of the sink or basin to
the stack, 1 – DN 100 stack,  
2 – DN 100 branch pipes with a length of 1 m, 3 – DN 50 branch 
pipes with a length of 1 m, 4 – the trap for WC with a water seal 
height of 50 mm, 5 – the trap for the sink or basin with a water seal 
height of 50 mm, 6 – pressure outlet (atmosphere), 7 – pressure inlet 
(– 550 to + 1500 Pa)
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5.2 �Simulation of the effect of negative pressure on 
the water level in the trap

The traps from Figs. 5a, c were tested for negative pres-
sures ranging from 0 to 550 Pa. The above-mentioned water 
level conditions were observed in the trap, see section 4. The 
toilet trap, which could withstand a negative pressure of pn = 
525 Pa without any loss of function, achieved the best results 
in this test. The trap for the basin or sink withstood a negative 
pressure of pn = 475 Pa. The detailed simulation results are 
shown in Tables 1 and 2.

From the point of view of safety, the lowest risk of sucking 
water out of the water seal is the negative pressure pn ≤ 300 Pa. 
At these values, the water drop in the trap is minimal (Fig. 8). 
The safest design method is to assess the stacks for a negative 
pressure pn ≤ 300 Pa.

Tab. 1 Effect of negative pressure on the water level in the sink trap

Negative  
pressure pn (Pa) Effect on the water level

≤ 300 without compromising its functioning, drop 
in water minimal

300 to 450 without compromising its functioning, drop 
in water up to 25 mm

450 to 475 compromising its function, drop in water up 
to 30 mm, suctioning of air from the interior

> 475 loss of functioning, complete suction of 
water from the trap

There was more water suction from the trap and a negative 
pressure from 300 to 450 Pa, but the functioning of the trap 
was not compromised. The maximum recorded water drop in 
the trap was 25 mm (Fig. 9). Considering issues of safety and 
costs, assessing stacks to a negative pressure  pn ≤ 450 Pa is an 
economical solution and is still relatively safe.

At a negative pressure from 450 to 475 Pa (sink, basin) 
and a negative pressure from 450 to 525 Pa (WC), water was 
sucked out of the trap, and the functioning of the trap was 
compromised. The maximum recorded drop in water in the 
trap was 35 mm, but air from the interior began to be sucked 
into the branch pipe (Fig. 10). This would be accompanied 
by unpleasant noises that would affect the comfort of a build-
ing’s users. Assessing stacks at these negative pressures is 
not recommended.

At negative pressures of pn > 475 Pa (sink, basin) and 
pn > 525 Pa (WC), the water was completely sucked out of the 
trap; the trap ceased to function (Fig. 11). This process would 
undoubtedly be accompanied by the dissemination of annoy-
ing smells from the drainage system to the building interior. 
The WC was able to withstand higher negative pressure due 
to the sloping shape of the trap, which was able to draw in 
more significant amounts of air from the interior, pn > 450 Pa. 
Assessing stacks at these negative pressures is not recom-
mended.

Fig. 7 Quality of the mesh 
a) the trap for the WC, b) the trap for a basin or sink

Fig. 8 Minimal water drop in the trap, without compromising its 
functioning, pn  ≤ 300 Pa 
a) basin or sink, b) WC

Fig. 10 Intake of air from the interior, compromising the function of 
the trap 
a) basin or sink 450 < pn ≤ 475 Pa, b) WC 450 < pn ≤ 525 Pa

Fig. 9 Drop in water in odor trap up to 25 mm, without 
compromising functioning, pn  ≤ 450 Pa 
a) basin or sink, b) WC
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Tab. 2 Effect of negative pressure on the water level in the WC trap

Negative pressure 
pn (Pa) Effect on the water level

≤ 300 without compromising its functioning, drop 
in water minimal

300 to 450 without compromising its functioning, drop 
in water up to 25 mm

450 to 525 compromising its function, drop in water up 
to 35 mm, suctioning of air from the interior

> 525 loss of functioning, complete suction of 
water from the trap

Based on the simulation of the effect of negative pres-
sure on the water level in the traps, it can be conclud-
ed that it is safest to assess the stacks for a negative pres-
sure pn ≤ 300 Pa. After considering the costs and safety, 
it is acceptable to design stacks for a negative pressure  
pn ≤ 450 Pa.

5.3 �Simulation of the effect of overpressure on the 
water level in the trap

The traps from Figs. 4a, c were tested for overpressures ranging 
from 0 to 1500 Pa. The high overpressure range was chosen based 
on experimental measurements from outside of Slovakia when 
the overpressure of 1500 Pa was measured. The overpressure was 
measured at the incorrectly chosen technical solution of the stack 
offset in a 9 – story building (Yabe et al., 2015). The above-men-
tioned water level conditions were observed in the trap, section 4. 
The best results in this test were achieved by the toilet trap that could 
withstand an overpressure po = 875 Pa without any loss of func-
tioning. The trap for the basin and sink withstood an overpressure  
po = 725 Pa. The detailed simulation results are shown in Tables 
3 and 4.

From a safety point of view, an overpressure of po ≤ 725 Pa 
(sink, basin) and po ≤ 875 Pa (WC) runs the lowest risk of the 
water bubbling or the ejection of water from the sanitary appli-
ance. At these values, the water level in the trap only fluctuates, 
without any undesirable processes occurring (Fig. 12).

At an overpressure from 725 to 1025 Pa (sink, basin) and 
an overpressure from 875 to 1025 Pa (WC), there was water 
bubbling in the trap (Fig. 13). Due to the slanted shape of the 
trap, the toilet was able to overcome higher overpressure val-
ues, which caused more water to bubble. This process would 
be accompanied by the dissemination of annoying smells from 
the drainage system, which would bubble up into the interi-
or of the building. Among other things, bubbling water would 
compromise the comfort of the building’s users.

At an overpressure po > 1025 Pa, water was wholly ejected 
from the sanitary appliances. In addition to the spread of annoying 
smells, the surrounding areas and the comfort of the building’s 
users would be degraded by the water from the traps (Fig. 14).

The problems with the high overpressure values cannot be 
solved by the correct design of the stack’s dimensions. A prop-
erly resolved change in the direction of the stack can cause 
overpressures above 1000 Pa in the case of an incorrect design. 
Nowadays, there are various accessories for stacks, including 
positive pressure attenuators, which can sufficiently eliminate 
such high values generated (While and Hill, 2015).

�Fig. 11 Complete suctioning of the water seal, loss of the 
functioning of the trap 
a) basin or sink pn > 475 Pa, b) WC pn > 525 Pa

Fig. 12 Fluctuations of the water level in the trap, without 
compromising any functioning  
a) basin or sink po < 725 Pa, b) WC po < 875 Pa

Fig. 13 Bubbling water in the trap, loss of function 
a) basin or sink 725 < po ≤ 1025 Pa, b) WC 875 < po ≤ 1025 Pa

Fig. 14 Complete ejection of water from sanitary appliances, loss of 
functioning 
a) basin or sink po > 1025, b) WC po > 1025
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Tab. 3 Effect of overpressure on the water level in the sink or basin 
trap

Overpressure po 
(Pa) Effect on the water level

≤ 725 without compromising functioning, water 
level fluctuations

725 to 1025 loss of function, water bubbling

> 1025 loss of function, complete ejection of water

Tab. 4 Effect of overpressure on the water level in the WC trap

Overpressure po 
(Pa) Effect on the water level

≤ 875 without compromising functioning, water 
level fluctuations

875 to 1025 loss of function, water bubbling

> 1025 loss of function, complete ejection of water

5.4 �Simulation of the effect of evaporation on the 
pressure resistance of the trap

To assess the effect of evaporation on the pressure resis-
tance of the trap fittings 2, which are shown in Figs. 5a, b, were 
used. The first trap contained the following 3 water levels:

■ �50 mm – the water level in the trap immediately after use
of the sanitary appliance, Fig. 15a,

■ �43 mm - the water level in the trap after 14 days of not
using the sanitary appliance, Fig. 15b,

■ �25 mm - the water level in the trap after 50 days of non-
use of the sanitary appliance, Fig. 15c.

The second trap was experimentally adjusted so that the 
maximum water level in the trap immediately after use of the 
sanitary appliance was 43 mm (Fig. 15d). The negative pres-
sure pn = 475 Pa was generated in the stack, to which both 
traps were simulated. The negative pressure was chosen based 
on section 4.2; it represents the limiting value for a sink or 
basin trap with a 50 mm water seal.

The first trap to be simulated for negative pressure, i.e., pn 
= 475 Pa was the one with a 50 mm water level, which was 
full of water. The functioning of the trap was not impaired, and 
approximately 26 mm of water remained in the trap after the 
pressure settled (Fig. 16a).

The same trap was used in the second simulation, but 7 mm 
of the water evaporated. The total height of the water in the 
trap was 43 mm. The functioning of the trap was not impaired, 
and approximately 27.5 mm of the water remained in the trap 
after the pressure settled (Fig. 16b).

The same trap was also used in the third simulation, 
but 25 mm of the water evaporated. The total height of the 
water in the trap was 25.0 mm. The functioning of the trap 
was not impaired, and approximately 24.5 mm of water re-
mained in the trap after the pressure settled (Fig. 16c). 
In the fourth test, the trap was experimentally adjusted so that 
the height of the water level was 

43 mm. The trap was full of water. Based on Formula (2), 
this trap should have the same pressure resistance as the trap 
from the second test. The water from the trap was sucked out 
so that an annoying smell would probably spread in the build-
ing (Fig. 16d).

Based on the simulation, it can be concluded that the pres-
sure resistance of the trap is not affected by the evaporation 
of the water. The important factor is the height of the water 
seal (shape) in the trap and not the remaining height of the 
water level. Water evaporation is the trap’s only threat, pro-
vided that less than 7 mm of water remains after the water has 
been sucked out. This remaining water could evaporate within 
2 weeks of not using the sanitary appliance, and the trap would 
cease functioning.

6 SUMMARY OF RESULTS

Based on the simulation of the effect of pressure on the 
water in a trap, it can be stated that:

■ �the safest solution is to assess the stacks for a negative
pressure of pn ≤ 300 Pa, which has a minimal effect on 
the water level in the trap,

■ after taking into account the costs and safety, it is ac-
ceptable to design stacks for a negative pressure of pn 
≤ 450 Pa when there is a drop in the water in the trap, 
which does not endanger its functioning,

■ �at a negative pressure of pn > 450 Pa, the functioning of
traps is compromised due to the suctioning of air from 
the interior; and when pn > 475 Pa, the functioning of the 
trap ceases due to the suctioning of the water seal,

■ �when the overpressure of po > 725 Pa, water bubbles in
traps, which leads to the spread of annoying smells in 
the building,

■ �when the overpressure of po > 1025 Pa, the water is eject-
ed from sanitary appliances,

■ �the shape of a trap affects its pressure resistance,
■ �the evaporation of water from traps does not affect their

pressure resistance, but the height of the shape of the wa-
ter seal is particularly important.

7  CONCLUSION

The correct design of foul water stacks has a very import-
ant role, especially in high-rise buildings. To avoid undesirable 
effects that may arise when water is sucked or ejected from the 
traps, it is necessary to assess them for the correct limit val-
ues. The most important part of assessing stacks is assessing 
the maximum negative pressure because the overpressure can 
only be influenced by the correct design of the stack offset. 
Consideration must be given to direct vent stacks, which may 
exceed the maximum negative pressure if adequately designed 
according to the standards. Based on the simulation and as-

Fig. 15 Simulated water heights in the trap 
a) 50 mm trap, b) 50 mm trap after 2 weeks of non-use, c) 50 mm
trap after 50 days of non-use, d) 43 mm trap
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suming a 50 mm high water seal, a safe and economical route 
is represented by assessing the stacks at a negative pressure  
of pn ≤ 450 Pa. Assessing stacks for a negative pressure of 
pn ≤ 300 Pa is a very safe solution but uneconomical. Very 
complicated stacks should be assessed for such a negative 
pressure value. Evaporation of water from the odor trap 
does not need to be taken into account because the height 
of the shape of the odor trap is important. Regardless of 
the height of the foul water stack, the offset or transition to 
the drain must be resolved correctly. At an overpressure of  
po > 725 Pa the function of the trap is compromised, such an 
overpressure value can already occur in a 9-storey building.

Fig. 16 Assessment of the effect of evaporation on the pressure resistance of the trap 
pn – negative pressure, htot – the total water level in the trap, he – drop in the water level in the trap due to evaporation, hn – drop in the water 
level in the trap due to negative pressure, hfin – final water level in the trap
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Abstract

The subject of the article is a physical-mechanical analysis of wa-
terproofing materials exposed to an external environment. Phys-
ical and mechanical properties have a direct impact on the life of 
waterproofing materials and their later remediation. In the intro-
duction, the factors influencing the properties of waterproofing 
materials are presented. The main part of the article covers the 
basic possibilities of testing the materials testing the materials, 
normative testing conditions, and critical aspects of their imple-
mentation. In this article we deal with the laboratory testing of a 
waterproofing membrane based on PVC-P in terms of its degra-
dation from UV radiation, humidity, and the temperature. 
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1 INTRODUCTION

One of the largest developments in plastics has occurred in 
the construction industry. Polymer products are widely used in 
construction to produce window profiles and thermal and noise 
insulation but are mostly used to produce waterproofing. As plas-
tics in construction are not renewable, they must have a long ser-
vice life and retain their properties. In the waterproofing industry, 
polymers appear in the form of films and are part of other sealants 
and coatings. However, it must not be forgotten that polymer-
ic materials also degrade. Many of them release low molecular 
weight compounds during degradation processes, which can be 
harmful to health or endanger the environment due to their toxic-
ity. It is therefore important to know the properties of plastics in 
different degradation environments, including whether they are 
undergoing a substantial change to thereby prevent the accumu-
lation of plastic waste and protect the environment.

2 �CLIMATIC FACTORS INFLUENCING THE 
SERVICE LIFE OF A ROOF STRUCTURE

The territory of the Slovak Republic lies in a temperate cli-
mate zone and is affected by polar and tropical climates. None 

of these influences prevail in our environment, so our climatic 
conditions are the result of alternating external influences. Roof-
ing materials that are exposed to their external environment for 
a long time, especially sunlight, changes in temperature, rain, 
wind, snow, and air pollution, are degraded and lose their phys-
ical and mechanical properties. Even the most weather resistant 
materials are modified by the deposition of surrounding dust and 
debris, which can provide an opportunity for colonization of bi-
ological organisms such as mushrooms, algae, etc.

Solar radiation

Solar radiation can be divided into two parts: direct so-
lar radiation and scattered solar radiation (diffuse). The solar 
spectrum is usually divided into three main parts, and we can 
accordingly distinguish ultraviolet radiation, visible solar radi-
ation, and infrared solar radiation.

As a result of the absorption of light energy, chemicals are 
degraded, including degradation in polymers, due to various 
types of photochemical reactions. Polymers are most affect-
ed by solar radiation with a wavelength of 290-400 nm, which 
accounts for about 5% of the total solar radiation incident on 
the Earth’s surface. The extent of solar radiation depends on 
atmospheric pollution, the altitude, and the time of year or day 
(Mleziva, 2000).
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The temperature and various changes

Rising temperatures due to solar radiation can directly lead 
to the degradation of materials. Elevated temperatures can ac-
celerate harmful chemical reactions, result in the loss of vol-
atile components, and soften some polymers. Changes in the 
temperature can be gradual or sudden (rain during a hot day), 
causing stress due to differential thermal expansion (Berdahl, 
2006). Fluctuations in temperatures also contribute to degra-
dation, causing dimensional changes that can result in internal 
stress and subsequent cracking. This type of disruption diffuses 
oxygen and ozone into the polymer, leading to accelerated deg-
radation. At higher temperatures, it can lead to the migration of 
additives, especially plasticizers, stabilizers, etc. As a result, the 
polymers harden, and the mechanical properties are lost.

Humidity

Factors causing moisture on a surface in constructions are, 
e.g., rain, hail, snow, frost, and dew. In the case of surface
damage due to external influences (e.g., UV radiation), mois-
ture has negative effects on the waterproofing layer and helps 
to degrade the polymers. Its effect is to wash away catalysts, 
antioxidants, and light stabilizers. If water enters the polymer, 
it can cause swelling or act as a plasticizer. Polymers that con-
tain oxidizable groups are most susceptible to water. If these 
groups are in the main chain, there is a significant reduction in 
molecular weight and a loss of strength (Mleziva, 2000).

Atmospheric gases and pollutants

Nitrogen, which forms most of the atmosphere (78 % by vol-
ume) is not very chemically reactive, but its reaction with oxygen 
(21 %) and steam (0.3-3 %) can cause the formation of various 
oxides and hydroxides. For example, iron corrosion products 
include FeO, Fe2O3, Fe3O4 and FeOOH. Some other import-
ant atmospheric components include oxides of carbon, sulfur, 
and nitrogen such as CO2, SO2, and NO2, which are formed by 

combustion. When these gases are dissolved in water, acids are 
formed. These acids can promote corrosive chemical reactions. 
Another pollutant is carbon black, which is a strong absorber of 
sunlight. The presence of soot on a roof causes a change in the 
color of the surface layer (darkens) and thus leads to an undesir-
able increase in the temperature of the coating (Berdahl, 2006).

3 MATERIAL TESTING 

When analyzing the basic physical characteristics in con-
nection with ambient temperatures and UV degradation. UV 
degradation is one of the most important factors influencing 
the mechanical properties of materials such as reduced tensile 
strength, impact resistance, brittleness, and tensile cracking.

3.1 Natural testing

There are several exposure points around the world, each 
with a different climate, which can be used to predict the exter-
nal life of materials. The selected site should be the one that is 
most representative of a general interest environment, but it is 
more common to select places with extreme climates and com-
pare the resulting degradation with the degradation that oc-
curs in the implementation environment. In this way, “natural” 
exposure is achieved, although UV, temperature and humid-
ity levels may differ significantly from the levels that would 
be met during an operation. Among the most famous sites are 
e.g., Miami, Florida; Arizona; and the Hook of Holland in The
Netherlands.

3.2 Accelerated external testing

Weather conditions can be further accelerated by a more 
efficient use of outdoor exposure. An example of this is the 
widespread use of Equatorial Mount with Mirrors for Acceler-
ation (EMMA) and Equatorial Mount with Mirrors for Accel-
eration with Water (EMMAQUA) devices. These instruments 
have ten highly polished moving aluminum mirrors that am-
plify the sun’s rays focusing on the test specimen. The system 
achieves approximately nine times the exposure compared to 
a natural one; the observed rate of deterioration is on average 
5-6 times faster. This is because aluminum mirrors reflect less 
harmful UV components of sunlight. Due to the high intensi-

Fig. 1 The spectrum of solar radiation

Fig. 2 Testing farm (left) EMMA (right) (Atlas, 2001)
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ty of radiation focused on the sample, temperatures of up to 
150 °C can develop on the surface of the sample; air cooling 
must therefore be used (Johnson, 1996).

3.3 Laboratory testing

The main reason for using artificial weather methods is 
to accelerate degradation under controlled conditions so that 
the durability characteristics of a particular polymer can be 
evaluated in an acceptably rapid time. Laboratory tests may 
be continuously performed, with a naturally higher occurring 
irradiance than solar radiation, which does not interrupt the 
natural day, e.g., night cycles, seasonal changes, and weath-
er conditions. Temperatures, temperature cycles, humidity, 
and total sun exposure can be manipulated to their maximum, 
which can lead to unrealistic levels at which adverse photo-
chemical events could occur that would not occur with natural 
exposure. Therefore, it is necessary to consider these factors 
so that all the degradation processes affect the samples to the 
same extent. There are many commercial artificial accelera-
tion techniques that are usually based on the same two or three 
light sources (Tochacek, 2014).

Light sources

Carbon arc sources were first used in 1918 to evaluate the 
degradation of colored textiles. Their spectral output is small 
in comparison with natural solar radiation, with the main ra-
diation taking the form of three high-intensity peaks between 
350-450 nm. In addition, they have a significant amount of ra-
diation below 295 nm, although that can be removed using 
suitable filters. When used without filters for faster testing, 
some materials may be deformed compared to external tests.

Xenon arc sources were first used in 1954 (Xenotest 150). 
The xenon arc reproduces the entire spectrum of solar radiation. 
As a light source, it is widely used for degradation testing in 
the textile, polymer, paint, and automotive industries. The dis-
advantages of the xenon arc are that a high intensity of infrared 
radiation is generated, which must be removed to prevent the 
samples from overheating, and that both burners and filters dete-
riorate during use; therefore, their performance must be regular-
ly checked. There are two types of cooling systems, i.e., water 
and air-cooled xenon lamps; this type of cooling has only a neg-
ligible effect on the spectral output of the lamps. In addition to 
narrow simulations of the solar spectrum, other advantages of 
the xenon arc include automatic control of the intensity of the 
light, temperature, light / dark time, and humidity, leading to a 
consistent and reproducible test method. In addition, the incor-
poration of atmospheric pollutants into the system makes these 
tools very useful in linking the behavior of materials to aggres-
sive environmental factors (Johnson, 1996), (Tochacek, 2015).

Fluorescent sources are much cheaper than xenon sourc-
es and have the advantage of not generating unwanted heat. 
Lamps are available with various spectral outputs, the most 
common being UV-B and UV-A fluorescent lamps. The UV-B 
spectrum has a peak intensity at a wavelength of approximate-
ly 313 nm with a high intensity at wavelengths below the so-
lar edge (i.e., 270 to 290 nm). As a result, they provide a strong 
acceleration of degradation, but cause undesirable or unnatural 
chemical reactions. UV-A bulbs provide a much closer repro-
duction of the solar spectrum up to about 350 nm and can there-

fore produce a much more accurate correlation with natural 
exposure. Since these sources of radiation have only a negligi-
ble thermal effect, a separate heat source is needed, which pro-
vides the user with an adequate temperature control. Thanks to 
these systems, it is possible to control the temperature, humid-
ity, and light / dark cycles (Johnson, 1996), (Tochacek, 2015).

4 �TESTING OF PVC-P MATERIALS IN TERMS OF 
UV RADIATION AND HUMIDITY

4.1 �Laboratory equipment for experimental measurements

Our testing mostly took place in the Laboratory for Roof 
Research at the Faculty of Civil Engineering of the Slovak 

Fig. 3 Spectral distribution of carbon arc radiation compared to 
solar radiation (Atlas, 2001)

Fig. 5 Spectral distribution of two types of fluorescent sources with a 
maximum at 313 vs. 340 nm compared to solar radiation (Atlas, 2001).

Fig. 4 Spectral distribution of xenon arc radiation compared to 
solar radiation (Atlas, 2001)
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University of Technology in Bratislava. The laboratory has de-
vices for appropriate measurement of the basic characteristics 
of materials (weight, dimensions), devices simulating exter-
nal conditions, and a device for determining the mechanical 
resistance of materials. An additional chemical analysis of the 
sample surface was performed in cooperation with Ing. Ange-
la Kleinová and Mgr. Mária Kováčová, PhD., at the Institute 
of Polymers of the Slovak Academy of Sciences in Bratislava.  

The following devices were used:

A) KERN PLJ 600-3CM digital laboratory scales
These scales are accurate digital laboratory balances with 

internal calibration and an automatic adjustment, which takes 
place every 3 hours or when the ambient temperature chang-
es by 3 °C and with a weighing capacity of 600 g and a sensi-
tivity of 0.001 g. We used a laboratory scale that continuously 
weighed the samples to evaluate the weight loss of the mate-
rial tested.

B) Digital caliper
A digital caliper was designed for measuring dimensions 

with a maximum range of up to 300 mm. The sensitivity / tol-
erance of the device is 0.02 mm

C) �12 t manual workshop hydraulic press and steel punch
A Dema WP 12H hydraulic-pneumatic press with a work-

ing pressure of 12t, which was designed for compression and 
pressing, was used. The frame is reinforced and provides re-
sistance to mechanical damage. The press comes with a set 
of pressure attachments for distribution of the weight on the 
printed element. The press was used to cut samples for the 
strength test. 

The steel punch is designed for cutting samples for 
strength (tear) tests. It was made based on processed draw-
ing documentation. The shape and dimensions are defined 
in STN EN 12311-2 as a dumbbell-shaped test specimen for 
method B.

D) Test machine M500-25CT - 20kN
The M500-25CT is a two-column, computer-controlled 

universal testing machine table for testing materials in tension, 
pressure, bending, cyclical stress, shear, and hardness. The 

machine can test the mechanical properties of building materi-
als and their joints at negative and positive temperatures (from 
+ 70 °C to 280 °C). The machine is controlled using winTest 
™ Analysis software.

E) QUV/spray
The QUV accelerated weather test device is used for the 

laboratory simulation of the harmful effects of weather con-
ditions. It is used to predict the relative resistance of mate-
rial exposed to an outdoor environment. Rain and dew are 
simulated using a condensation system or a water spray sys-
tem. The harmful effects of sunlight are simulated by fluo-
rescent UV lamps. The irradiation temperature and the daily 
sequence of UV periods and humidity periods are automati-

Fig. 6 Manual hydraulic press (left), steel punch (right)

Fig. 7 Test machine - M500-25 CT 

Fig. 8 QUV/spray (left) condensation cycle for fluorescent UV 
devices (right)
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cally controlled. Over a few days or weeks, the QUV device 
can damage the samples to an extent that would not show up 
in outdoor conditions for several months or years. The dam-
age observed includes color fading, staining, cracking, crack-
ing, bulging, loss of gloss, loss of strength, and embrittlement 
(Labimex, 2008).

F) NICOLET 8700TM infrared spectrometer
FTIR spectroscopy is used to determine the content of var-

ious organic and inorganic substances and their compounds in 
solid, liquid, and gaseous samples (food, soil, metals and their 
alloys, polymers, etc.) on the absorption spectra. The principle 
of the device is that the movement of one of the interferome-
ter mirrors causes a change in the path between the interfering 
rays. The recorded luminous flux at the output of the interfer-
ometer (interferogram) is the Fourier transform of the detect-
ed optical spectrum, i.e., the natural spectrum (in the range of 
wave numbers) obtained after performing the inverse Fouri-
er transform.

G) Leica DVM6 digital microscope
A Leica DVM6 digital microscope with a PlanAPO FOV 

12.55 objective with a large magnification range (40x – 675x) 
at a high working distance (33 mm) was used. It has rapid 
magnification changes, thanks to a wide focal length range of 
16: 1 and a highly sensitive 10-megapixel detector shooting 
in the best quality with first-class optics. A LAS X intelligent 
software measuring tool was used for various settings with the 
possibility of reporting for 2D and 3D measurements. 

4.2 Laboratory testing

4.2.1 Samples

The aim was to obtain materials with similar properties, 
such as their thickness and its use in construction practice. The 
samples obtained from different manufacturers are as follows:

• �Sample No. 1 (V1) – PVC-P – polyester-reinforced foil,
1.5 mm thickness

• �Sample No. 2 (V2) – PVC-P – polyester-reinforced foil,
1.5 mm thickness

• �Sample No. 3 (V3) – PVC-P – foil without reinforcing
grid, 2.0 mm thickness

• �Sample No. 4 (V4) – PVC-P – polyester-reinforced foil,
1.5 mm thickness

Sample No. 3 is a PVC-P waterproofing coating without a 
reinforcing grid; from our point of view, it is also necessary to 
deal with this type of waterproofing film, which is mainly used 
for processing details. Unfortunately, it was not possible to ob-
tain it from other manufacturers to compare the film in the same 
way as it was in the case of the PVC- P with a reinforcing grid. 
Even so, the choice of this type of PVC-P was correct because it 
gave us a closer look at what its mechanical properties are com-
pared to PVC-P with a reinforcing grid. In this case, the correct-
ness of the methodology was defined by using material without 
a reinforcing grid. In this case, it is also important to determine 
the weight loss, i.e., the loss of the plasticizer itself, which has a 
direct impact on the dimensional stability of the material.

4.2.2 �Preparation for the experimental measurement of UV 
degradation in the QUV 

To carry out the experiment, it was necessary to prepare 
samples of the required dimensions for placement in the test ap-
paratus. The device contains 24 frames, in each frame of which 
it is possible to place 2 samples with a maximum size of 75 mm 
x 150 mm. In the beginning, 12 samples (a total of 48 pieces) 
were prepared from each material. During the testing, the sam-
ples were selected and then replaced with new ones to obtain 
the required number of samples to perform the strength test. 
Before the start of the experiment, the weight of each sample 
was determined, and the average weight loss was monitored. 

Degradation testing was performed under laboratory con-
ditions according to the standard STN EN ISO 4892-3: Plas-
tics - Methods of exposure to laboratory light sources. Part 
3: Fluorescent UV lamps. Method A was chosen from Table 
No. 4 exposure cycles: Accelerated laboratory aging with UVA 
340 type fluorescent lamps and selected cycle No. 2. The cycle 
corresponds to the standard testing of polymer products. Test-
ing took place in a QUV device. Prior to start-up, the QUV 
/ spray instrument was calibrated using a portable calibrator. 
The calibration process was performed every 1000 hours.

Fig. 9 Nicolet 8700TM FT-IR spectrometer (left), Leica DVM6 microscope (right)
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Evaluation of UV degradation results
The quality of roofing is evaluated according to the follow-

ing European standards and documents:
• �EN 13956: 2013 - Waterproofing membranes and sheets

- Plastic and rubber membranes and sheets for roof wa-
terproofing - Definitions and characteristics

• �EAD 030351-00-0402 - System of mechanically an-
chored flexible roof waterproofing coatings (from
29.5.2019 “ETAG 006”),

• �MOAT 65 - UEAtc Technical Manual for the evaluation
of PVC roof waterproofing systems.

Each of these documents evaluates the appropriate quali-
ty of all the properties that the waterproofing foil should meet. 
Before placing it on the market, the film is required to meet the 
requirements of the test standard EN 13956, where the crite-
ria are not entirely sufficient concerning the expected service 
life. Some of the manufacturers use to include the information 
in their technical data sheet that their material had been test-
ed for UV degradation for up to 5000 hours. For this reason, a 
procedure was chosen that compares UV degradation and then 
a strength test every 1000 hours.

The evaluation of the weight loss was recorded, so that the 
weight of the samples was recorded every 1000 hours; then the 
weight loss in percentages was recalculated.

Graph No. 1 shows a comparison of the total average 
weight loss value. Sample Nos. 1 and 2 are qualitatively among 
the best on our market. Sample No. 3 is a PVC-P film used to 
process details (without a reinforcing grid). We can observe 
that it has the smallest share of the percentage weight loss it-
self. Its UV stability is therefore higher, as it is used to process 
the most strenuous details of the roof cladding. Sample No. 4 
is by a manufacturer whose products are often replaced in con-
struction practice by higher quality materials designed by a 

designer. We can observe that the weight loss of this materi-
al has doubled. In this case, the weight loss was perceptible by 
touch and sight, versus plasticizers; the reinforcing grid stood 
out more on the surface, and the material itself was stiffer. The 
weight loss has a direct effect on the change in physical pro
perties, e.g., the strength characteristics. 

4.2.3 �Preparation of the experimental measurements the 
strength test

The samples were gradually selected from the UV degra-
dation device to perform a strength test after 1000, 2000, 3000, 
4000, and 5000 hours. The test was also performed on sam-
ples without any UV degradation. For the implementation of 
the strength test according to STN EN 12311-2, it is necessary 
to prepare five pieces of the types of samples tested. From each 
sample in the QUV device, it was possible to prepare two sam-
ples for the market test. The preparation of the samples for the 
determination of strength properties was made according to 
STN EN 12311-2 for method B. They are dumbbell-shaped test 
specimens. A steel punch was designed and manufactured for 
making accurate samples. The samples were then cut using a 
manual hydraulic press. The strength / burst test was performed 
using the M500-25CT bursting device. The instrument is con-
trolled by the winTest ™ Analysis software. It was necessary to 
set the boundary conditions such as the distance of the clamp-
ing jaws and the pull speed in the program, which is defined by 
the relevant standard STM EM 12311-2 to 100 mm / min.

Analysis of the results of the strength test
In terms of the presentation and clarity of the measurement 

results, three representative samples were selected from each 
material. Due to our experience with the implementation of 
the strength test, it was appropriate to test the samples without 
a reinforcing grid. The methodology requires that the samples 
must meet the same number of reinforcing fibers in one cut, 

Tab. 1 Exposure cycles from STN EN ISO 4892-3 – Table No. 4

Method A: Artificial accelerated weathering with UVA-340 lamps

Cycle No. Exposure period Lamp type Irradiance Black-panel temperature

2
8 h dry

0,25 h water spray
3,75 h condensation

UVA-340 (type 1A)
0,76 Wm-2 × nm-1 at 340nm

UV lamps off
UV lamps off

50 °C ± 3 °C
Not controlled
50 °C ± 3 °C

Fig. 10 Preparation of samples for the strength test

Graph 1 Average weight loss for all types of PVC-P 
waterproofing tested 
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because according to the dumbbell shape selected for method 
B, the place where the failure is to occur is too narrow, and it 
is therefore very difficult to have the samples completely iden-
tical. This raises the question of whether this methodology is 
correct for testing similar types of PVC-P waterproofing mem-
branes. 

We can see the most representative results in terms of ma-
terial degradation due to UV radiation in Graph No. 2. Sam-
ple No. 3 does not contain a reinforcing grid, so in this case 
we have a homogeneous material mixture. The graph confirms 
that the effect of UV radiation leads to a decrease in the plasti-
cizers, which leads to a partial increase in strength and subse-
quently to an earlier failure. It is a roof covering which, thanks 
to its increased elasticity, is suitable for processing details (un-
affected by the reinforcing grid). We can see the condition of 
the material before failure after rupture on the samples them-
selves; in this case there was an elongation of up to 215 mm. 

Graph No. 3 represents a view of the individual properties 
of the coating with and without a reinforcing grid for the sam-
ples that were not exposed to UV radiation and samples with 
the UV degradation at a maximum of 5000 hours. Although 
the strength properties of the coating without a reinforcing grid 
are more favorable than the UV properties of a coating with a 
reinforcing grid, it is not appropriate to use this type of film in 
practice on common flat surfaces; as an advantage of the sec-
ondary function of the reinforcing grid, it resists impacts and 
local punctures, and at the same time ensures the cohesion of 
the material itself in the event of failure. For this reason, the 
use of an unreinforced coating is only recommended when ma-
chining the details.

Graph No. 4 compares coatings that are often alternated in 
their implementation. The coverings tested have almost iden-
tical parameters in the technical material sheets, but during 
the implementation of the experimental measurements, it was 
determined that the strength characteristics of these coverings 
are significantly different. A higher quality coating (V1) af-
ter exposure to UV degradation in the device after 5000 hours 
has better mechanical properties than a new lower quality 
coating (V4). 

4.2.4 �Preparation of the experimental measurements - infrared 
spectroscopy - analysis of the chemical changes on the 
surface of the material

The infrared spectra of the individual samples were re-
corded on a NICOLET 8700 ™ infrared spectrometer (Ther-

Fig. 11 Samples - photo before and after the strength test

Graph 2 Sample No. 3 comparison of the strength properties of the 
samples - without UV degradation and with UV degradation after 
1000, 2000, 3000, 4000 and 5000 hours

Graph 3 Comparison of strength properties (Sample No. V1 with 
a reinforcing grid and Sample No. V3 without a reinforcing grid) 
without UV degradation and with UV degradation 5000 hours in the 
QUV machine.

Graph 4 Comparison of the strength properties (Sample Nos. V1 
and V4 with a reinforcement grid) without UV degradation and with 
UV degradation, 5000 hours in QUV
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mo Scientific, Madison, WI, USA) in the center of the infrared 
region (4000 - 650 cm-1) with an Attenuated Total Reflection 
(ATR) using Germanium (Ge) as the optical material. The res-
olution was 4 cm-1, and the number of scans for the measure-
ments ranged from 32 to 64. For the infrared spectra obtained 
by the ATR technique in the case of using the Ge crystal, the 
maximum penetration of the infrared beam into the material 
was 0.66 µm at a wavelength of 1100 cm-1. 

For each series of samples, five measurements were made 
on each side of the samples from randomly selected locations, 
and the samples were composed of two different layers. The 
composition of the reinforcing bars was not involved in deter-
mining the chemical composition, but was relevant in monitor-
ing the changes in the surface of the materials.

One representative spectrum was selected from each se-
ries of measurements for the evaluation, as the measured spec-
tra differed only minimally within the measurements of the 
spectra of one sample. Nevertheless, it should be noted that 
when using the ATR technique, which scans the spectra from 
the surface (in this case from an area of about 2 mm2, which 
is the contact area of the Ge crystal and the sample), it is al-
so possible to detect the inhomogeneity of the chemical com-

position of the surface in the spectra. However, these are more 
time-consuming experiments (surface mapping using infrared 
microscopy) and therefore impractical for characterizing the 
surface of the material on a macroscale. 

The measured spectra were evaluated using the OMNIC 
™ v spectroscopic software 8.1. The results are presented in 
graphs as the dependence between the wavelength (the number 
of waves per unit length) and the absorbance (a dimensionless 
physical quantity expressing the amount of the visible spec-
trum of the electromagnetic radiation absorbed by a substance).

Analysis of results – infrared spectroscopy

As to Sample No. 4, changes in NH bonds were observed 
for the light and dark sides. In the light layer, which was prob-
ably stabilized by some type of UV stabilizer, the formation of 
and increase in the content of the polyene structures was ob-
served after more than 3000 hours of aging. While this sta-
bilizer is probably eliminated first and only when its effect 
disappears, the dehydrochlorination of the PVC then begins. 
At the same time, the spectra of the light layer after 4000 hours 
of aging also show changes in the CH region of the valence 
bonds (3040 - 2800 cm-1), which is caused by the degrada-

Graph 5 Sample No. V4, light side (left) dark side (right), valence vibration area

Graph 6 Sample No. V1, light side (left), dark side (right), valence vibration area
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tion of the PVC chains and the formation of new terminal CH3 
groups. This results in an increase in the absorbance values of 
these bonds (shorter polymer chains are formed, which also re-
sult in a deterioration of the mechanical properties).

Almost no changes in the spectra sensed in the central in-
frared region were observed in the spectra of the V1 (and V3) 
coverings during the aging of the material. The differences be-
tween the individual spectra are only in the region of the -OH 
valence and the deformation vibrations, which are caused by 
the binding of moisture to the material.

In conclusion, the infrared spectroscopy confirms the pres-
ence and loss of UV stabilizers, which have a direct effect on 
the mechanical properties that have been presented in the pre-
vious sections. The greatest changes are presented in Sample 
No. V4, where the greatest loss of weight and strength prop-
erties has also been confirmed. Infrared spectroscopy was al-
so performed on the side not irradiated by the UV radiation, 
which gives us room in the future to solve not only degrada-
tion due to UV radiation, but also thermal aging.

4 CONCLUSION

Since plastics in construction do not belong among renew-
ables, they must have a long service life and retain their own 
physical and mechanical properties. In construction, polymers 
appear in the form of waterproofing, whether on a substructure 
or roof. The subject of the paper is a physical-mechanical anal-
ysis of waterproofing materials for roof coatings loaded by the 
external environment over time (temperature, humidity, UV ra-
diation, etc.). There are a few polymer-based roofing coatings 
on our market, but the most often used coatings in practice in-
clude PVC-P-based films. At present, manufacturers offer sev-
eral variants of PVC-P films, which have significant differences 
in quality, but still meet the basic standards. Higher quality ma-
terials are often substituted for the sake of saving money, but 
they can result in damage to finances and health in the future.

The primary goal was an experimental analysis of wa-
terproofing coating coverings in terms of UV radiation and 
humidity in a chamber for the accelerated aging of materi-
als. Subsequently, secondary measurements were performed, 
namely, mass, strength and chemical analyses of the samples 
tested. The coefficient cannot be determined since a compar-
ison of the experimental measurement with the measurement 
in external conditions requires a very long time. All the exper-
imental measurements were based on the comparative meth-
od, the results of which are set out in the individual sections.

Our conclusion is that the experimental measurements 
point to a qualitative diversity of materials. We propose to 
proceed with the optimization of the methodology that eval-
uates the quality of the material and the fulfillment of quali-
ty requirements, which allows us to introduce new materials 
to the market. We propose to tighten the conditions accord-
ing to the ETAG 006 or MOAT 65 documents, as experimen-
tal measurements have shown a large qualitative difference in 
materials that are often confused in construction practice. Fur-
thermore, we propose the optimization of the technical mate-
rials supplied with the coatings. It is necessary to indicate the 
fulfillment of above-standard parameters, which demonstrably 
increase the service life of the material. We place emphasis 
on sufficient preparation of structural details from the point of 
view of their implementation in critically stressed areas. With 
the help of IR spectroscopy, other possibilities of examining 
the material were revealed. Degradation takes place on both 
sides of the surfaces. Degradation due to the temperature also 
occurs on the side that is not exposed to UV radiation. The rea-
son is that, in addition to UV radiation and moisture, the mate-
rial was also exposed to thermal aging at 50°C.
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Abstract

The article describes the process of redesigning the intake struc-
ture of the fish pass at the Žilina water structure in Slovakia. The 
existing intake structure does not meet the passability require-
ments for the target species of migratory fish. A design utilizing 
intake windows at various levels that cover fluctuations in the 
water level in the reservoir, which has been successfully used for 
other water structures, has been proposed. The new design was 
subjected to hydraulic calculations and simulations in the HEC-
RAS 2D, 2D numerical model in order to achieve the required pa-
rameters such as the discharges, depths, and velocities within the 
limits for the specified fish zone.
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1 INTRODUCTION

As a member of the EU, the Slovak Republic, is committed 
to making migration barriers passable (Directive 2000/60/EC), 
as is the case with other EU member states (Mader et al., 2020; 
Slavíková et al., 2020). This applies not only to the construc-
tion of new fish passes, but also the improvement of existing 
ones according to the latest knowledge and research (Directive 
DVWK 232/1996; Polák et al., 2015; Ocvirk et al., 2020) to 
meet the ecological requirements of the existing ichthyofauna.

The most significant problem in the passing of fish, either 
upstream or downstream, is attracting fish into the fish pass 
facility (Armstrong et al., 2020; O’Connor et al., 2017). The 
problematic sections are mostly the entrance (for upstream mi-
grants) and the exit into the upstream water. For the entrance, it 
is recommended to locate it on a side of the hydropower plant 
close to the barrier and providing it with an additional attractive 
flow (Armstrong et al., 2020). The exit must also usually en-
sure the operation of the fish pass through a wide range of the 
water levels in the reservoir according to the operation of the 
water structure. A solution to these problems can be as follows: 
the upper pool can be used to adjust different headwater levels, 

while a second pool can be used to fine-tune the flow. On the 
other hand, a discharge control should be possible for the in-
flow, but for level fluctuations of 0.5 – 1.0 m, a vertical intake 
slot seems adequate; however, if the level differences are higher, 
several inflows with flow control functions should be included, 
as was used at the Váh cascade in Slovakia (Fig. 1) in the 1950s. 
The lateral positioning of the exit is also recommended, since 
this can lead any floating debris to bypass the entrance and also 
help to ensure that it is washed downstream during the cleaning 
process (Armstrong et al., 2020; Schmutz and Mielach, 2013).

2 MATERIALS AND METHODS

2.1 Description of the locality

The fish pass of the Žilina water structure on the Váh River 
(Fig. 2) was put into operation in 1998. It is unique in its length, 
i.e., 9 km, while overcoming a head of 25 m (Žilina, Váh basin, 
2022). For the first time in the history of the Slovak Republic, an 
Environmental Impact Assessment (EIA) process was applied 
to this structure. Regular ichthyological monitoring, which has 
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confirmed the occurrence of more than 30 species of fish, is car-
ried out there; the most numerous species include: the common 
bleak (Alburnus alburnus), stone loach (Barbatula barbatu-
la), barbel (Barbus barbus), common gudgeon (Gobio gobio), 
European chub (Leuciscus cephalus), and Eurasian minnow 
(Phoxinus phoxinus). The Váh River in this section is a typical 
foothill zone river, where there are fish of economic importance, 
as well as fish in the vulnerable category, which are included on 
the red list of fish in Slovakia with a special emphasis. The Váh 
River has a high diversity of species in this location; rheophilic 
(current) species logically predominate, as it is located in the 
upper part of the river (Čubanová and Rumann, 2018).

2.2 �Requirements according to the current 
regulations

The design parameters of the fish pass on the Žilina water 
structure at the time of its design were as follows (Čubanová 
and Rumann, 2018):

– �a length of approximately 10 km,
– �a trapezoidal cross section; the width at the river bed is 

5 – 7 m,
– �a water depth of 1 m,
– �an operational flow rate of 2 m3·s-1,
– �a flow velocity of 0.6 – 0.9 m·s-1 (maximum 1 m·s-1).

The riverbed itself meets passability requirements (O’Con-
nor et al., 2017; Polák et al., 2015); the problem is the two-
field intake structure. It is an automatic control gate with a flat 
sliding surface, i.e., a moving ramp (it is on its right side in 
Fig. 2), which must adjust to changes in the water levels in the 
reservoir according to the operations on the water structure. 
This structure is not very passable for the migrating ichthyo-
fauna (the flow velocities exceed the limits); in addition, its 
functioning is strongly affected by its nearby confluence with 
the Varínka stream. Another problem that has emerged during 
the operation of this fish pass is at the outflow (for upstream 
migrating fish, this is the entrance to the fish pass), which 
is too far from the barrier itself. Moreover, for the fish, it is 
difficult to find it. Therefore, a redesign and reconstruction of 
the fish pass was proposed for these problem areas. The paper 
deals with the redesign of the existing intake structure.

According to updated ichthyological requirements in the 
valid Decree (Decree 383/2018) and the Methodological 
Guidelines (Polák et al., 2015), the barbel fish zone with an 
occurrence of Danubian salmon was selected as the target fish 
zone, with respect to the following fish species: the common 
barbel (Barbus barbus), nase (Chondrostoma nasus), East Eu-
ropean bream (Vimba vimba), chub (Leuciscus cephalus), dace 
(Leuciscus leuciscus), bleak (Alburnus alburnus), grayling 
(Thymallus thymallus), and trout (Salmo trutta). According to 
the State Nature Conservancy of the Slovak Republic, pass-
ability is also required for the potential presence of Danube 
salmon (Hucho hucho) and protected low-skilled fish species. 
The focus of future monitoring will be on the mentioned fish 
species (after the reconstruction of the fish pass intake struc-
ture and its problematic parts).

The limit parameters recommended for a barrier-free fish 
pass in the barbel zone (Polák et al., 2015) are:

– �a velocity of 1.2 m·s-1,
– �a minimum depth of 50 cm,
– �a minimum width at a water level of 5 m,
– �a longitudinal slope of 1:70 – 1: 100,
– �a resting pool after overcoming a head of 2 m,
– �a chessboard layout of single stones (resulting in a se-

quence of spillovers and pools) protruding 30 – 40 cm 
above the riverbed bottom,

– �good lighting and riparian planting.

2.3 Numerical simulations

The new intake structure is designed as a number of win-
dows in the intake wall at various height levels (Fig. 3); it will 
be connected to the fish pass by a new channel through one of 
the existing fields of the original intake structure. The second 
field of the existing intake structure will be left as a bypass to 
improve the discharge in the fish pass to the required value 
(2 m3·s-1).

Fig. 1 The Váh cascade – the Drahovce water structure, inflow 
windows at different levels with control gates (photo from 2007, 
when the reservoir was empty)

Fig. 2 Map of the Slovak Republic with the area of interest – the 
fish pass of the Žilina water structure on the Váh River; the original 
intake structure is on the right
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The idea is that, after the overflow through the window 
while it is operating, the water will flow through a short con-
necting channel into the new fish pass channel, which will be 
located between the intake wall and a right-hand dike. The new 
channel of the fish pass (from the intake wall to the original 
intake structure) will have a zero longitudinal slope (a stream 
pool will be created).

There were 6 simulation sets according to the approval 
needed for the intake structure´s capacity. While the discharge 
in the main river was kept at an average discharge value of 
95.6 m3·s-1, the operational water level at the Žilina water 
structure differs, depending on each intake window´s position, 
e.g., H = 352.2, 351.9, 351.6, 351.3, 351.0 and 350.7 m a. s. l.

The crucial criterion for assessing the suitability of the de-
signed intake structure is to achieve the required discharge in 
the fish pass, cover the fluctuations of the operating levels, and 
not exceed the flow velocity limit, which was set for the inflow 
facility at 1.5 m·s-1 (this corresponds to a large chamber pool 
ramp with barriers in the barbel zone). The final design of the 
intake structure was selected from various proposed designs, 
which were simulated using a 2D hydrodynamic model. As a 
primary tool to determine the hydrodynamic conditions at the 
intake structure, the 2D HEC-RAS software (HEC-RAS Docu-
mentation, 2022) was used. The HEC-RAS 2D modelling tool 
can be used in situations involving detailed 2D channel and 
floodplain modelling, combined 1D and 2D modeling, simpli-
fied dam or levee failure studies, and numerous other tasks.

The 2D Full Momentum computational method, also known 
as the St. Venant equations for shallow water, was used. Solv-
ing the St. Venant equations involves higher computational de-
mands and longer solution times. The advantage of this method 
is the large number of applicable scenarios, including dynamic 
flood waves, sudden expansion or contraction of flows, mixed 
flow regimes, and wave propagation (i.e., waves reflecting off 
walls and structures). If the flow is incompressible, then the un-
steady differential form of the mass conservation (continuity) 
equation is (Eq. (1) (HEC-RAS Documentation, 2022):

	 	 (1)

where t is the time; u and v are the velocity components in the 
x- and y- directions, respectively; and q is a source/sink flux 

term. In vector form, the continuity equation takes the follow-
ing form (Eq. (2) (HEC-RAS Documentation, 2022):

	 	 (2)

where V=(u,v)T is the velocity vector, and  is the gradient 
operator  .

Integrating over a horizontal region with the normal 
boundary vector n and using the Gauss Divergence theorem, 
the integral form of the equation is obtained (Eq. (3) (HEC-
RAS Documentation, 2022):

	 	 (3)

where the volumetric region Ω represents a three-dimensional 
space occupied by the fluid, and n is the unit vector normal 
to the side boundaries S. It is assumed that Q represents any 
flow that crosses the bottom surface (infiltration) or the top 
water surface of Ω (evaporation or rain). In this context, the 
volume Ω will represent a finite volume cell, and the integrals 
will be computed using information about the fine underly-
ing topography. Every term of the momentum equation has 
a clear physical counterpart. From left to right, the terms are 
unsteady acceleration, convective acceleration, the Coriolis 
term, the barotropic pressure term, momentum diffusion, bot-
tom friction, and wind forcing (HEC-RAS Documentation, 
2022).

When the depth is very shallow, the bottom friction term 
dominates the equation. As a consequence, dry cells take the 
limit form V = 0. Because the conservation of momentum is 
directionally invariant, the momentum equation may be in any 
direction. In HEC-RAS, the momentum is computed as nor-
mal to each face (Eq. (4) (HEC-RAS Documentation, 2022): 

	 	
		

(4)
where fc is the Coriolis parameter; g is the gravitational ac-
celeration; zs is the water surface´s elevation; h is the depth of 
the water; τb,x and τb,y are bottom shear stresses in the x- and  
y- directions; R is the hydraulic radius; and τs,x and τs,y are sur-
face wind stresses in the x- and y- directions, respectively.

The basic 2D computational methodology assumes that 
the vertical fluid motion is negligible; the velocity is verti-
cally averaged at the cell center (the depth´s averaged flow); 
the energy head is computed at the cell center; the Manning’s 
roughness coefficient assigned on the cell´s face uses the 
roughness value at the cell face´s center, and the Manning’s 
roughness coefficient is constant across each cell face, al-
though each cell face can have its own value (HEC-RAS Doc-
umentation, 2022).

The numerical model contains two calculation domains:
• �the Váh riverbed together with the Varínka riverbed,
• �the fish pass channel.

The domains are connected by an empirical scheme of the 
inflow structure with the capacity calculated according to the 
continuous results of the inflow velocities and water levels 
in both domains at the inflow windows (Bytčanková et al., 
2021).

Fig. 3 Layout of the redesigned intake structure
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3 RESULTS

The new intake structure, with 6 equal intake windows 
at an axial distance 30 m on the right bank of the reservoir 
close to the original one (Fig. 4), is designed for a free surface 
flow in the entire range of the operating levels (assumptions/
requirements): 

– �the fixed top edge of the window is at least 20 cm above 
the maximum water level for the given window,

– �in the range of the operating water levels, the depth of 
water in the given windows is 70 – 40 cm (in case the 
width of the opening is too small, the depth of water will 
be in a range of 60 – 30 cm); the width of the windows 
will narrow so that at the maximum water level, a dis-
charge of 2 m3·s-1 will flow through the opening,

– �a maximum flow velocity of 1.5 m·s-1 is acceptable in the 
window opening,

– �the openings will be equipped with sluice gates without 
any discharge regulations (this means 2 positions, i.e., 
open or closed),

– �at the end of the intake facility, a water supply structure 
will be built that will supply minimum discharges in the 
fish pass so that a minimum discharge of 2 m3·s-1 is in the 
fish pass itself; at the same time, it will serve as a backup 
facility during any failure of the intake structure, so that 
water will be supplied in the fish pass all the time,

– �the regulation range of the possible discharge flow 
through this structure will be 0 – 2 m3·s-1.

After a series of calculations, the dimensions of each 
opening window were designed to be 1.1 m x 1.8 m (height 
x width). With these dimensions, the following requirements 
will be met:

– �the fixed top edge of a window will be 30 cm above the 
maximum water level for that window,

– �in the range of operating water levels, the depth of the 
water in the given window will be 80 – 50 cm,

– �discharges through the window will be (Tab. 1):
• �at the target water level (at the same time as the maxi-

mum water level for the window), Q = 2.56 m3·s-1 (the 
difference in the water levels in the reservoir and the 
fish pass will be 0.37 m),

• �at the middle water level (15 cm less than the target 
water level), Q = 1.65 m3·s-1 (the difference in the water 
levels in the reservoir and the fish pass will be 0.33 m),

• �at the minimum water level (30 cm less than the target 
water level and the same as the next lower target wa-
ter level), Q = 0.94 m3·s-1 (the difference in the water 
levels in the reservoir and the fish pass will be 0.29 m).

The simulation results show that the intake structure with 
an uncontrolled flow through the intake windows cannot pro-
vide a constant discharge to the fish pass due to the changes 
in the water level in the main reservoir. When the discharge 
drops below the required value of 2 m3·s-1, the water supply 
structure (built at the end of the intake wall) must supplement 
the missing discharge. Another way of doing this is to control 
the flow at the intake windows with the sluice gates of the 
higher-placed intake window. Based on the results of the nu-
merical model and published hydraulic research on the issue 
of the distribution of vertical velocity (Velísková et al., 2018; 
Kašpar et al., 2021; Bytčanková et al., 2021), the course of 
vertical velocities in the intake opening is stated in Fig. 5 and 
Tab. 1.

Fig. 4 Position of the intake windows and the range of operating 
water levels in the reservoir (order of intake windows from the left, 
according to Fig. 3)

Fig. 5 Simulated velocity field in the area of the intake structure 
at an average discharge of 95.6 m3·s-1 in the Váh River and an 
operational water level of 350.7 m a. s. l. at the Žilina water 
structure (order of intake windows from the left, according to Fig. 3)

Tab. 1 Final results from the hydraulic research for a single window

water level in the 
intake window

discharge through 
the window

difference in the water 
level at the window

depth in the 
window

average 
velocity

velocity on the 
water surface

velocity at the bottom 
of the window

(m3·s-1) (m) (m) (m·s-1) (m·s-1) (m·s-1)

maximum 2.56 0.37 0.80 1.8 2.0 1.2

middle 1.65 0.33 0.65 1.4 1.6 1.0

minimum 0.94 0.29 0.50 1.0 1.1 0.7
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4 CONCLUSIONS

There is a complex spatial flow in and around intake struc-
tures. Hydraulic calculations are performed under certain con-
ditions. The velocities and discharges are also conditioned 
by the shape and width of the opening edge and other con-
struction modifications on the intake structure, the connecting 
channel, and the fish pass bed. Based on the recommendations 
of an ecologist consultant, it would be necessary to further re-
duce velocities on the intake bed and immediately behind it. 
This can be achieved with several adjustments. One option is 
to increase the number of windows, which also means increas-
ing the number of target water levels. This would reduce the 
difference in the water level between the target levels for each 
intake window. Another option, which would be also recom-
mended, is to increase the roughness on the river bed bottom 
locally by individual/single stones (by keeping the number of 
intake windows to 6). It is assumed that such an adjustment 
would also reduce the discharge through the structure, which 
could be partially compensated for by increasing the width of 
the window. However, this would require more detailed re-
search using 3D mathematical or physical models.

The intake structure is one of the key structures in the de-
sign of any type of fish pass. During a time of climate change, 
when the water levels in streams change, an intake structure 
with flow controls is the most suitable design with which to 
provide the operating conditions of fish passes. In the past, 
commonly used intake windows, which were placed on se
veral levels covering the operational range of the water levels 
during the operation of water structures, have been a relatively 
simple solution. Verification of the complex 3D flow in and 
around these intake structures is the subject of verification on 
physical models, where it is possible to measure the discharg-
es, depths, and velocities for different operating conditions, 
which can be achieved by the design of this structure to ensure 
its functionality after its construction.
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Abstract

Potential changes in a hydrological regime caused by a chang-
ing climate represent a crucial source of uncertainty in water re-
sources management. For example, in Slovakia, they may mani-
fest themselves in a decrease in water resources, a change in the 
seasonality of runoff, and an increase in the extremes of floods 
and droughts. The research presented here focuses on using the 
hydrological balance equation to predict changes in the total 
catchment evapotranspiration under changing climate condi-
tions. Using the TUW rainfall-runoff model and the KNMI and 
MPI climate change scenarios, the hydrological regime of eight 
selected basins in Slovakia was simulated for three thirty-year pe-
riods from 2010 until the year 2100. The results showed that the 
growth of total catchment evapotranspiration observed in recent 
decades is likely to increase further in the future.

Key words

	● �Evapotranspiration, 
● Hydrological balance, 
● Seasonality, 
● Climate changes.

1 INTRODUCTION

It is generally accepted that human activity has affected the 
Earth’s climate and, thus, the global hydrological cycle. How-
ever, the strong natural variability of climates makes it difficult 
to estimate the human contribution to changes in the hydrolog-
ical cycle on the catchment scale. The trends observed in the 
behaviour of various hydrological elements are not always sig-
nificant statistically and therefor conclusive. On a local scale, 
more rain and less snow is expected in mountainous areas in 
a warmer climate. Anthropogenic warming also increases the 
water capacity of the atmosphere with consequences for in-
creased evaporation and evapotranspiration over oceans and 
land, which can cause more extreme precipitation and increase 
the share of total annual precipitation. Randomly occurring 
extreme and other deviations from regional trends make the 
detection and attribution of changes even more difficult. 

However, since all components of the hydrological cycle 
are directly or indirectly affected by rising air temperatures, 
this must also be reflected in the hydrological balance of a ba-
sin. Studying the relationship of the balance provides insight 

into the complex system of processes that operate in space and 
over time during the movement of water in nature through the 
soil, vegetation and the atmosphere. From the point of view of 
the hydrological balance, a changed precipitation regime can 
have both favourable and unfavourable effects on the replen-
ishment of underground water supplies. Monitoring and pre-
dicting changes in the long-term regime of the key elements 
of the hydrological balance on a basin scale is, therefore, ur-
gent. Through analyzing the balance, the indirect detection of 
changes in particular hydrological elements is also possible. 

When computing a hydrological balance, it is crucial to 
integrate data on the hydrological cycle into a consistent set 
of figures, which must adequately represent the processes that 
must be considered on the given temporal and spatial scales. 
Integrating datasets from different sources requires a careful 
selection of the available data products of each variable, taking 
into account the appropriate spatial and temporal resolutions 
(Dorigo et al., 2021). The data selection determines whether 
and how the closure of the hydrological balance is ultimately 
achieved. Ideally, consistency between the selected data prod-
ucts would already be taken into account at the acquisition 
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stage (Popp et al., 2020), but this is generally impossible due 
to the diversity of monitoring programs for the different com-
ponents of the water cycle. Problematic elements include, for 
example, total evaporation from the catchment estimated by 
modelling or by analogy, estimates of the flow in unmeasured 
basins, or withdrawals from reservoirs estimated from observ-
ing changes in water levels (Pellet et al., 2019). Determining 
the values of total evapotranspiration and subsurface runoff is 
especially problematic. Using the example of the balance of 
63 basins of the Amazon River, Posada and Poveda (2020) dis-
cussed the reasons for not closing the balance due to nonsta-
tionarity, which can make it difficult. From the point of view 
of the integration of the data from different sources, we can 
say that the larger the scales, the lower the uncertainty of de-
termining the individual balance inputs due to the averaging of 
the data (Rodell et al., 2015). For example, when considering 
the hydrological balance of a basin over several decades, we 
can deal with the long-term average values of the inputs and 
ignore changes in all the forms of water accumulation in the 
basin. However, due to the difficulty of measuring evapotrans-
piration (ET) and the inaccuracy of estimating total rainfall in 
a catchment, the factors affecting changes in ET are the subject 
of research and debate (Duethmann and Blöschl, 2018). Terri-
torial evapotranspiration values cannot be measured directly; 
the only possibility is assessing them indirectly. 

A robust and straightforward option for estimating ter-
ritorial evaporation is evaluating the hydrological balance 
equation on the basin level, especially when calculating its 
long-term average (Duethmann and Blöschl, 2018). Estimates 
of the evapotranspiration itself can be based on experimental 
on-site micrometeorological assessments (e.g., evaporimeters 
and lysimeters) (Hobbins et al., 2004), spatial estimates us-
ing remote sensing methods (Zhang et al., 2010; Gao et al., 
2010), and outputs from rainfall-runoff models (e.g., Paraj-
ka et al., 2004; Huang et al., 2020). In addition, we can use 
spatial interpolation methods from empirical point estimates 
of actual evapotranspiration performed in a large number of 
ways of varying complexity (Hobbins et al., 2001; Lapin et al., 
2016). Hydrological mapping can also estimate their values 
(e.g., Parajka et al., 2004). As a result of the above-mentioned 
problems, it is clear that if we accept the assumption of closure 
of the balance, the estimate of ET will contain the uncertainties 
mentioned above (Fekete et al., 2004; Wang et al., 2014 a, b). 
However, for practical reasons, we cannot consider this as a 
reason for cancelling the use of balance in hydrology (Safeeq 
et al., 2012). Therefore, to use the hydrological balance as a 
method for changes in the hydrological regime in a period of 
a changing climate, we can say that it is appropriate to try to 
use it on the scale of basins, with an annual time step, and for a 
sufficiently long period (on the order of decades).

Many studies have reported that evapotranspiration has re-
gionally increased in many parts of the world in recent decades 
(Zhang et al., 2010). Investigations of trends in catchment 
evapotranspiration through the hydrological balance have 
generally noted an increase in recent decades (Domokos and 
Sass, 1990; Mills, 2001; Weingartner et al., 2007; Trenberth et 
al., 2007). A global study found positive (but only sometimes 
significant) trends in North and South America and Europe 
and negative trends in Africa and Siberia (Ukkola and Pren-
tice, 2013). Many studies have been devoted to the river ba-
sins of North America (Milly and Dunne, 2001; Walter et al., 

2004; Gao et al., 2010; Kramer et al., 2015; Xiao et al., 2020). 
National assessments have also been published (Mills, 2001; 
Weingartner et al., 2007; Duethmann and Blöschl, 2018; Mas-
trotheodoros et al., 2020; Xiao et al., 2020; Tomas‐Burguera et 
al., 2021). Several results of the assessment of changes in the 
elements of the hydrological cycle in Slovakia also indicate 
that their regime has recently changed (e.g., Blaškovičová et 
al., 2019; Fendeková et al., 2018). Consistent trends regard-
ing their development have been found, and some of these 
were significant (e.g., Lapin et al., 2016; Pramuk et al., 2016; 
Ďurigová et al., 2019; Halmová et al., 2019; Ďurigová, 2020). 
Overall, more work has been devoted to looking for trends in 
time series of the elements of the hydrological balance and 
changes in their regime than comparing changes in the overall 
balance. Impacts due to climate change concerning the general 
hydrological balance have been rare. 

Rončák and Šurda (2019) and Rončák et al. (2019) have 
dealt with estimating the components of the water balance un-
der a changing climate in selected basins of Slovakia. Using 
the spatially distributed WetSpa model, the KNMI and MPI 
regional climate models, and the SRES emission scenario for 
future estimates have shown an increase in the current evapo-
transpiration and a decrease in soil moisture in future horizons 
compared to the reference period of 1981-2010. Csáki et al. 
(2020) has developed a long-term climate-runoff model. Long-
term evapotranspiration and runoff values have been projected 
for three periods (2011–2040, 2041–2070, 2071–2100) over 
the Zala River Basin in Hungary, using data of 12 regional 
climate models. According to the projections, by the end of 
the century, the annual evapotranspiration rate is expected to 
increase by 4-5% relative to the reference period (1981–2010).

In this study, we primarily focused on evaluating the equa-
tion of the hydrological balance in eight pilot catchments in 
Slovakia under changing climate conditions. The work does 
not aim at developing or testing new modelling procedures. 
The main goal is to gain new knowledge about the possible 
impacts of climate change on the hydrological balance using a 
series of published data in Sleziak et al. (2021).

2 MATERIAL AND METHODS

2.1 Pilot basins and data

The study herein follows up on Sleziak et al. (2021), from 
which we have adopted the climate and runoff data. We have 
selected eight watersheds as pilots (see Fig. 1). All the chosen 
basins lack anthropogenic influences. They cover the territo-
ry of Slovakia in a transect from west to east and represent 
different altitudinal zones. The basin sizes proved suitable 
for using a conceptual rainfall-runoff model with a daily step. 
Tab. 1 summarizes the main basin characteristics. The dimen-
sions of the basins range from 238 km2 (Myjava - Jablonica) 
to 2094 km2 (Nitra - Nitrianska Streda); the mean elevations 
vary from 362 m a.s.l. (Myjava - Jablonica) to 1090 m a.s.l. 
(Váh - Liptovský Mikuláš). Using the inverse distance weight-
ing method, precipitation from the individual climate stations 
was aggregated into average precipitation totals for the basins. 
The average daily air temperatures per watershed were calcu-
lated using the gradient method for the median elevation of 
the watershed. The average daily potential evapotranspiration 
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per watershed was calculated by a modified Blaney–Criddle 
method.

Tab. 1 Basic characteristics of the selected pilot catchments of 
Slovakia

ID Gauging station River
Catchment 

area
Mean 

elevation

[km2] [m a.s.l.]

5022 Jablonica (J) Myjava 238.5 361.7

6730 Nitrianska Streda 
(NS) Nitra 2093.7 419.5

9230 Humenné (H) Laborec 1272.4 421.7

9500 Hanušovce nad 
Topľou (HnT) Topľa 1050.0 435.4

6130 Martin (M) Turiec 827.0 716.0

7160 Banská Bystrica (BB) Hron 1766.5 844.4

8320 Chmeľnica (Ch) Poprad 1262.0 878.1

5550 Liptovský Mikuláš 
(LM) Váh 1107.2 1090.1

The data input (i.e., the mean daily air temperatures and 
daily precipitation totals) for the modelling of runoff in the pe-
riod 2010 to 2100 were generated by two regional circulation 
models (RCMs). The Koninklijk Nederlands Meteorologisch 
Instituut (KNMI) and Max Planck Institute (MPI) models are 
based on the German ECHAM5 general circulation model 
(GCM) boundary conditions and represent a detailed integra-
tion of the atmospheric and oceanic dynamic equations with a 
grid point resolution of roughly 25 × 25 km (Lapin et al., 2012).

In impact studies conducted in Slovakia, the moderately 
pessimistic SRES A1B emission scenario is usually adopted. 
This emission scenario is between the SRES B1 (relatively low 
emission of greenhouse gases) and A2 (a rather high emission 
of greenhouse gases) scenarios (Minďáš et al., 2015). Outputs 
from both RCMs were downscaled into a network of climate 
stations (Lapin et al., 2012). Details are given in Fendeková 
et al. (2018). The outputs from both climate models for the 
basins studied were downscaled to the climatic stations and 
interpolated using the Inverse Distance Weighted (IDW) and 

altitude gradient methods on the basin’s data. The values of the 
mean daily air temperatures and daily precipitation totals were 
used as the daily basin average data for the period between 
2011 and 2100.

The data from Sleziak et al. (2021) contain the simulated 
runoff for the reference period (1981-2010) in a daily time step 
from eight basins in Slovakia and for three thirty-year periods 
from 2010 until 2100 (2011-2040, 2041-2070, 2071-2100). To 
simulate runoff driven by precipitation from the KNMI and 
MPI regional climate models in the Slovak basins selected, 
the conceptual rainfall-runoff (r-r) TUW model was chosen. 
The TUW model is a lumped model based on the structure of 
the widely used Swedish Hydrologiska Byrans Vattenbalansa-
vdelning (HBV) model. The model has recently been proven 
to be suitable for  analyses of the impact of climate change on 
water resources in several studies concerning Slovakia (e.g., 
Sleziak et al.,2016; Sleziak et al., 2018; Aleksić et al., 2021).

Sleziak et al. (2021) described three thirty-year periods 
(2011-2040, 2041-2070, and 2071-2100) separately and in de-
tail for each pilot river basin. Changes in the long-term mean 
monthly climatic characteristics (air temperature and precip-
itation) according to both climate models are expected to be 
similar for each river basin. An increase in precipitation can be 
expected during the spring, autumn, and winter periods. Pre-
cipitation is expected to decrease in the summer. Based on the 
KNMI model, the largest increase in precipitation is expected 
to be in September (2071-2100). Interestingly, the maximum 
of the long-term mean monthly precipitation could be shifted 
from July to September in all three future periods. The MPI 
model predicts the largest precipitation increase to be in March 
for the period 2071-2100. The long-term mean monthly air 
temperatures will rise steadily according to both scenarios.

2.2 Methodology

Total evapotranspiration in a catchment’s hydrological bal-
ance is the total amount of water in all its forms that evaporates 
from the catchment over a specified period of time. Several 
synonyms, such as actual evapotranspiration, climatic evap-
oration, territorial evaporation, and total evaporation are used 
(Keszeliová et al., 2021). Both “actual catchment evapotrans-
piration” and a total catchment or a basin evapotranspiration 
will be used herein. 

The relationship between the volumes of water entering 
and leaving the area of a catchment during a given time in-
terval Δt can be described as a conservation of mass by (e.g., 
Keszeliová et al., 2021):

	 (1)

where the individual symbols represent the following volu-
metric quantities:
Z	 – �vertical precipitation,
K	 – �horizontal precipitation (e.g., condensation of water va-

pour),
PP	 – �the natural influx of water on a surface into a catchment,
PR	 – �the anthropogenic transfer of water into a catchment,
PZP	 – �the natural groundwater inflow into a catchment,
OP	 – �the natural surface outflow of water from the catchment,
OPZ	 – �a natural underground outflow from a catchment,

Fig. 1 Topography of Slovakia and locations of the eight river basins 
selected
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OO	 – �abstractions of the surface and groundwater transferred 
outside the catchment,

V	 – �the total evaporation of water from the territory (actu-
al catchment evapotranspiration), which includes all 
forms of water evaporation and plant transpiration),

ΔR	 – �change in the water storage in the catchment over the 
time interval Δt considered.

The values of the variables of the balance equation can be 
expressed in volumetric units or units of depth for the given 
catchment (precipitation depth, runoff depth).

When assessing the hydrological balance of natural catch-
ments (without any anthropogenic effect on the budget) over 
a sufficiently extended period to ignore any change in storage, 
the equation may be simplified as:

(2)

where: Z, O, and V are the atmospheric precipitation, runoff, 
and actual catchment evapotranspiration, respectively; and Δt 
is a relatively long period of time (Duethmann and Blöschl, 
2018). By dividing both sides of the equation by the duration 
of the period under review (Δt), we can express its terms as the 
long-term average values of the river basin’s atmospheric pre-
cipitation, runoff, and actual evapotranspiration (e.g., Kesze-
liová et al., 2021).

As a central part of this case study, we are addressing the 
question of how climate change may affect the hydrological 
balance. To analyze changes in the behaviour of the elements 
of a balance, the linear trends of its components in the eight 
pilot basins were evaluated. We have tested the acceptance of 
the trends observed by the standard Mann-Kendall test (e.g., 
Ďurigová et al., 2019). We have used the calendar year as the 
basis of the balance.

The TUW rainfall-runoff model, which produced the data 
analyzed herein, uses the inputs of the average basin values 
of the mean daily air temperatures, daily precipitation totals, 
and potential evapotranspiration. The model has 15 parameters 
that need to be calibrated. The evolution strategy, known as 
differential evolution (Mullen et al., 2011; Ardia et al., 2016), 
was used for the parameter optimization. It is considered suc-
cessful in finding the global optimum of a real-valued function 
of real-valued parameters and does not need continuous or dif-

ferentiable objective functions. 
In Sleziak et al. (2021), the model was calibrated/vali-

dated consecutively for four 10-year periods between 1981-
2019. The objective function for the runoff was the average 
of the Nash-Sutcliffe coefficient (NSE), and the logarithmic 
NSE (Nash and Sutcliffe, 1970) was applied. For simulating 
the future runoff conditions, parameters from the most recent 
calibration period (i.e., 2011-2019) were selected because it 
was assumed that this period should be similar (mainly in 
terms of the mean daily air temperatures) to a recent/warmer 
climate. 

As seen in Fig. 2 below, it was decided that it was more 
acceptable to choose a period that could be similar in tempera-
ture to a future (i.e., warmer) climate. This consideration was 
also supported by a comparison of selected quality indicators 
of model simulations during the cross-validation in the periods 
1981-1990, 1991-2000, 2001-2010, and 2011-2019.

3 RESULTS

A comparison of the development of the hydrological bal-
ance in the coming decades for both scenarios simultaneously 
and separately for the individual pilot basins is presented; they 
are sorted according to their average elevation. In addition, we 
have compared changes in the long-term averages of the main 
elements of the hydrological balance between the simulated 
reference (baseline) period of 1981-2010 and the projection 
periods of both scenarios in Figs. 3, 4, and 5. An assessment of 
the direction and significance of the trends of the elements of 
the hydrological balance is also presented.

Due to the uncertainties associated with the scenarios and 
the rainfall-runoff modelling, it is not appropriate to describe 
the outputs from the projections for the individual basins in de-
tail.  Instead, it is more relevant to evaluate the overall picture 
of the possible changes expected in the long-term hydrological 
balance for particular periods and the directions of the differ-
ences between them and within them.

The most important finding is that the future predictions 
are practically the same for both scenarios. Both projections 
do not assume significant changes in the overall hydrologi-
cal balance compared to the baseline. It is essential that these 
scenarios allow for an increase in precipitation. The rising air 

Fig. 2 Changes in the hydroclimatic characteristics (long-term mean annual precipitation - P, air temperature - T, and runoff - Q) over 
four decades. The line represents the medians of these characteristics for each of the four periods (i.e., 1981-1990, 1991-2000, 2001-2010, 
and 2011-2019) for the eight river basins. The scatter (i.e., the 75th and 25th percentiles) indicates the variability between the basins.



Slovak Journal of Civil Engineering

DETECTION OF CHANGES IN EVAPOTRANSPIRATION ON A CATCHMENT SCALE UNDER... 59

Vol. 30, 2022, No. 4, 55 – 63

temperature, which is not disputed, increases the territorial 
evaporation, but the increase in precipitation also enables the 
growth of the (long-term) average annual runoff. However, in 
this respect, it should be considered that both scenarios are 
based on the boundary conditions of the German ECHAM5 
global circulation model.

The expected development of the long-term hydrological 
balance can be divided into two spatially divided groups of 
basins. These differ according to the share of runoff and terri-
torial evapotranspiration based on the precipitation and in their 
vertical zonality. This division appears to the be same in both 
scenarios, as indicated in Figs. 6, 7, and 8. 

The Myjava - Jablonica, Nitra – Nitrianska Streda, Turiec – 
Martin, and Váh – Liptovský Mikuláš basins show an increase 

Fig. 3 Comparison of changes in the values of elements of the hydrological balance for both scenarios (KNMI and MPI) in the pilot basins 
for 2011-2040 compared to the baseline period 

Fig. 4 Comparison of changes in the values of the elements of the hydrological balance for both scenarios (KNMI and MPI) in the pilot 
basins for 2041-2070 compared to the baseline period 

Fig. 5 Comparison of changes in the values of the elements of the hydrological balance for both scenarios (KNMI and MPI) in the pilot 
basins for 2071-2100 compared to the baseline period 

Fig. 6 Analysis of the vertical zonality of the long-term averages of 
the precipitation totals in the pilot basins in relation to the average 
altitude of the pilot basins
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in runoff and a decrease in territorial evaporation with in-
creased altitudes. This is the same tendency that the basins on 
the western side of the Carpathian arc indicated in Keszeliová 
et al. (2021). The second group is formed by the catchments 
of Laborec - Humenné, Topľa – Hanušovce nad Topľou (east), 
Hron – Banská Bystrica, and Poprad – Chmeľnica (centre). 
The vertical zonality is preserved between the basins in the 
east and the centre but is not manifested within the regions.

When evaluating the trends of the hydrological balance 
components in the individual basins, we must remember that, 
over the long term, trends from thirty years cannot be con-
sidered representative. Here, we have mainly evaluated them 
by looking at an assessment of their significance (using the 
Mann-Kendall test at the 95 % level of significance). Tab. 2 
contains an evaluative summary of the trends and their signif-
icance in the Váh catchment up to Liptovský Mikuláš for the 
baseline period (1981-2010) and all three thirty-year periods 
(2011–2040, 2041–2070, 2071–2100). Other basins were ana-
lyzed with the same approach too. 

From this point of view, the “insignificant” evaluation pre-
vails in Myjava - Jablonica, Laborec - Humenné, Hron – Ban-
ská Bystrica and Váh – Liptovský Mikuláš. On the other hand, 
significance prevails in the basins of Nitra – Nitrianska Streda 
and Topľa – Hanušovce nad Topľou, and there is a mixed pic-
ture in the basins of Poprad – Chmelnica and Turiec - Martin. 
As for the direction, we indicate that an increase in the range 
of average annual values prevails.

From a detailed analysis of the results of this study in an indi-
vidual calendar month, the nature of the intra-annual distribution 
of the runoff does not differ from the results of similar studies in 
the Slovak Republic; the latest results were published by Sleziak 

et al. (2021) for the same set of basins using the same data. The 
general picture can be characterized relatively simply. The runoff 
increases at the beginning of the calendar year compared to the 
baseline scenario (the first two to four months). A similar picture 
occurs towards the end of the year, but the increase is not so sig-
nificant (two to three months), and the flow is generally lower. In 
the rest of the year, a decrease in monthly flows can be expected 
compared to the baseline scenario. The difference between the 
rainfall and runoff shows a mirroring image of the fluctuations. 
However, when looking at the long-term balance, the two scenar-
ios only signal a redistribution in the seasonality of the monthly 
flows. The overall balance does not deteriorate. Moreover, even 
an increase in the annual runoff (and total evapotranspiration) 
through all three periods in the future is possible.

4 DISCUSSION

Impact studies are inherently burdened by a cascade of un-
certainties inherent in all steps of assessing the impact of climate 
change on runoff using hydrological modelling (e.g., Dankers 
and Kundzewicz, 2020), and their impact is linked. In the begin-
ning, the uncertainties are inherent in the climate scenarios and 
their downscaling; the problems associated with determining 
the inputs and parameterising the rainfall-runoff models follow. 
To better quantify the uncertainties in the modelling chain, sev-
eral authors have proposed to compare regional outputs from 
multi-scenario systematically and from multi-modelling simu-
lations (Vetter et al., 2015; Hattermann et al., 2017, 2018; Krys-
anova and Hattermann, 2017; Krysanova et al., 2016, 2017). In 
our country, such approaches are still lacking.

Fig. 7 Relationship between the long-term average annual specific 
runoff and the average elevation of the pilot watersheds

Fig. 8 Relationship between long-term average annual actual 
catchment evapotranspiration and the average elevation of pilot 
watersheds

Tab. 2 Trends (positive – arrow up, negative - arrow down) and their statistical significance (YES or NO) at the 95 % level from the Mann-
Kendall test in the series of the areal averages of the components of the hydrological balance (precipitation, air temperatures, runoff, actual 
catchment evapotranspiration) in the Váh catchment up to Liptovský Mikuláš for the baseline period (1981-2010) and all three periods in the 
future (2011–2040, 2041–2070, 2071–2100)

Scenarios Periods Component of the hydrological balance1981-2010 2011-2040 2041-2070 2071-2100

KNMI

↑ NO ↑ NO ↑ NO ↓ NO Precipitation (Z)
↓ NO ↑ YES ↑ YES ↑ YES Air temperature (T)
↑ NO ↓ NO ↑ NO ↓ NO Runoff (O)
↑ NO ↑ NO ↑ NO ↓ NO Actual evapotranspiration (V)

MPI

↑ NO ↑ NO ↑ NO ↓ NO Precipitation (Z)
↑ NO ↑ YES ↑ NO ↑ YES Air temperature (T)
↑ NO ↑ NO ↑ NO ↓ NO Runoff (O)
↑ NO ↑ NO ↓ NO ↑ NO Actual evapotranspiration (V)
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From this point of view, the study presented has several de-
fects. Regarding the structure and parameterization of the TUW 
model, we used conceptual rainfall-runoff modelling with a dai-
ly step. The use of the conceptual model is adequate because dis-
tributed r-r models that have proven themselves elsewhere in the 
region, such as WASIM and WETSPA, would bring about sig-
nificant complications with parameterization and its dependence 
on climate change. The choice of daily steps has also limited the 
selection of scenarios. Scenario data that are downscaled to pre-
cipitation and climate stations with a daily step was necessary. 
Such data are usually not available from the available RCMs 
for the territory of Slovakia. There is a deficit in multi-emission 
and multi-RCM climate scenarios downscaled to the individual 
climate stations in Slovakia. To cope with the problem, region-
al climate models were selected with expert assistance in co-
operation with specialists from the National Climate Program. 
The same applies to the SRES emission scenario. In doing so, 
the scope for evaluating the uncertainties of the outputs were 
consciously narrowed (but this applies to most imported studies 
from the recent past in the Slovak Republic). On the other hand, 
the selected models and the emission scenarios are considered 
to reproduce the climate of Slovakia’s instrumental period ade-
quately and were almost exclusively applied in the recent past 
in impact studies (e.g., Fendeková et al., 2018). However, the 
fact that new types of RCP emission scenarios are insufficiently 
applied in Slovakia could not be resolved.

Uncertainties associated with modelling runoff with con-
ceptual models have long been known and discussed in the 
literature (e.g., Uhlenbrook et al., 1999). Methodological 
progress has been directed towards verifying and quantifying 
uncertainties caused by the models’ structures and parameter-
ization. Here, we avoided the complexity of such a solution 
by assuming that a model calibrated in a warmer period from 
the recent past could be sufficiently characteristic of the cli-
mate conditions in the future. The study from which the runoff 
modelling results were used (Sleziak et al., 2021) analyzed 
the calibration and cross-validation of the TUW model over 
several periods and showed that the calibration from the last 
warm period did not indicate acceptable validation results in 
less warm periods in the past. A similar conclusion was also 

valid for the opposite procedure. Therefore, we indirectly as-
sumed that such a calibration would be suitable for a warmer 
future in our case.

5 CONCLUSIONS

From the point of view of the hydrological balance, the 
results signal the possibility of a change in the seasonal distri-
bution of runoff. However, the changes in the long-term bal-
ance between future periods and the baseline were insignifi-
cant. Rather, the overall long-term balance could remain at the 
current level. In the hydrological balance with an annual step, 
the shift of the increased runoff to the winter and early spring 
appearing in our results compensates for the decrease in run-
off and the increase in potential evaporation in summer. This 
is how the projections of both scenarios used appear, which 
to some extent, could increase the credibility of the findings. 
These results also support the plausibility of the downscaling 
and modelling. At the same time, however, they clearly show 
that since the common denominator of both scenarios is the 
same emission scenario and the same GCM, it will be neces-
sary to introduce a multi-scenario assessment containing both 
extremes of the possible development of emissions.

The phenomenon that the overall hydrological balance may 
not significantly change appears less often in discussions about 
the impact of climate change on Slovakia’s hydrological regime. 
Therefore, its confirmation or avoidance with a multi-scenario 
and multi-model approach would be more than necessary. For a 
viable proposal for climate change adaptation, it is essential to 
have a more comprehensive selection of emission and climate 
scenarios and parallel multi-model studies prevent our thinking 
from always being headed in the same direction.
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