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FOREWORD

It is our great pleasure to write this Foreword to the
Proceedings of the International Conference on Contemporary
Theory and Practice in Construction, XV - STEPGRAD. The
Conference was held on June 16 and 17 at the Lanaco
Technology Center in Banja Luka. As in previous years, the
Conference STEPGRAD XV continues a tradition of bringing
together researchers, academics, and professionals from all
over the world, experts in Civil Engineering, Architecture,
Geodesy, and related fields, so this year it brought participants
from fifteen different countries. The Conference enables the
interaction of research students, young academics and
engineers with the more experienced academic and
professional community to present and discuss current
accomplishments. Their contributions make these Proceedings
outstanding. The published papers provide the most recent
scientific and professional knowledge in the fields of
Computational mechanics, Structural engineering, Building
materials, Road planning, Energy efficiency, Urban planning,
Architecture, History of architecture, Surveying, Education of
engineers, etc.

Almost eighty manuscripts were submitted, while 70 of them
were accepted and categorized. Each contributed paper was
refereed by the two reviewers, members of the Scientific
Committee. The papers were refereed based on their interest,
relevance, innovation, and application to the broad field of
Construction. Invited lecturers this year were associate
professor Gordana Kaplan, PhD, from the Technical University
of Eskisehir in Turkey, associate professor Daniel Lordik, PhD,
from the Technical University of Dresden, associate professor
Ana Nikezi¢, PhD, from the University of Belgrade and Filip
Niketi¢, PhD, from the project company Nicolas Fehlmann
Ingénieurs Conseils SA in Switzerland.

These Proceedings will furnish the scientists and professionals
with an excellent reference book. We are certain it will give an
impetus for further studies in all subject areas.

We thank all the authors and reviewers for their valuable
contributions. Special thanks go to our sponsors and the
members of the Organizational Committee and Working team.

Snjezana Maksimovic¢
Sandra Kosi¢-Jeremic¢
Editors

MPEArOBOP

M3y3eTHO HaM je 3a40B0OsbCTBO Hanncat oeaj lNMpegrosop 3a
360pHWK pagoBa ca MehyHapoaHe KoHdepeHumje CaBpemMeHa
Teopwja v npakca y rpagutessctey XV — CTEMIPAL.
KoHdepeHuuja je ogpxaHa 16. n 17. jyHa y TeXHOMOLWKOM
LeHTpy KoMnanuje JlaHako y banoj Jlyun. Kao 1 npeTxogHux
roavHa, KoHdepeHumja CTEMMPAL XV HacTasma Tpaguumnjy
noBe3unBarba UCTParKMBaYa, HACTaBHWMKA M CTPYYHbaKa 13
umjenor ceujeTa, ekcrepara rpaheBnHapCTBa, apxXMTEKTYpE,
reogesuje n cpoaHUx 061acTu, Na je oBe roguHe oKynmna
Yy4YeCHMKe 13 NeTHaecT pasmumtix 3eMassa. KoHpepeHuumja je
omoryhuna uHTepakuuWjy cTyaeHata, MIaavx HKerwepa u
Hay4YHWKa Ca UCKYCHWjMM YNaHOBMMA aKafeMCKe U CTpyyHe
3ajegHviLe y UMby AMCKYCYje 0 caBpeMeHuM TeHdeHuumjama y
rpaanTesscTay. HbrxoB AONPUHOC je YYMHMO 0Baj 360pHMK
n3y3eTHMM. ObjaBrbeHn pagoBK NPYHKajy YBUA Y aKTyeNHo
Hay4HO M CTPYYHO 3HaHe U3 pPaYyHCKe MexaHuKe,
MHMKEHEPCKMX KOHCTPYKLUMjA, rpaheBMHCKMX MaTepujana,
caobpahajHnua, eHepreTcke edrKacHoCTH, ypbaH3Ma,
APXUTEKTYpe, UCTOpUje apXMTEKType, reoaesuvje, obpasoBara
WHXKerepa, UTa.

04 ckopo ocampeceT gocTaBrbeHux pykonuca, 70 je
npuxsaheHo 1 KaTeropucaHo. CBaku pag je bwo npernegaH o4
CTpaHe ABa peLeH3eHTa, YnaHa HayuHor ogbopa. Kputepujymm
3a 0gabvp pagoBa cy 6unn kKXoBa akTyesnHoCT, 3Havaj U
[O0MPUHOC LWMPOKOj 06nacTv rpaamTessctaa. Mo3veHM
npegasayn oBe roguHe 6mnm cy npod. ap NopaaHa KannaH ca
TexHuukor yHuBep3uteTa Eckumwexunp y Typckoj, npod. ap
Hannen Nopavik ca TexHuYKor yHmBep3uTeTa y [pe3aeHy,
npod. ap AHa Hukesuh ca YHuBep3auteTta y beorpaay v ap
Ounmn Huketnh 13 npojekTHe KoMnanuje Nicolas Fehlmann
Ingénieurs Conseils SA y LLBajuapcKoj.

OBaj 360pHMK pagoBa he NoCnyXMTM Kao KopucHa pedepeHua
CTpyYHsaLMMa 1 UCTParKMBaYMMa Te CMo curypHu aa he
NPYXMTN NOACTMLAj 32 Aa/bHba UCTPaXKMBaHa Y NMpeaMeTHUM
obnactnma.

3axBasbyjeMo CBUM ayTopvMa W peLieH3eHTMa Ha hUX0BOM
n3y3eTHOM JonpuHocy. MocebHy 3axBanHocT ynyhyjemMo Hawmm
CroH30pMMa Te CBUM 4YnaHoBiMa OpraHu3aumoHor ogbopa m
PagHor tmma.

ChoerkaHa MakcumoBuh
CaHgpa Kocvh-Jepemuh
ypeaHnun
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ApPXUTEKTOHCKM GaKynTeT, YHMBep3nTeT
y beorpaay

MPMA — NHCTUTYT 3a UCTparkmBare
Marepujana v npumjeHe, CrnoseHuvja

IpaheBUHCKM darynTeT, YHMBEp3UTeT y
beorpagy

IpaheBUHCKM darynTeT, YHMBep3nuTeT
LipHe lNope

Cs. impuno n Metoauje, YHnBep3uTeT y
Cronsby

Ceeyunnumwre CjeBep y BapaanHy
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npoo. ap CrexaHa Makcnumosuh
npoo.ap CaHgpa Kocuh-Jepemmh

YPEHVBAYKM OOB0P
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nou. ap Cama Tyumkewumh
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ON THE SELECTION OF A SUITABLE CONCRETE

Abstract

This paper aims to analyze the carbon footprint which the construction industry leaves on the global
GHG emissions. It focuses on understanding the sources of the embodied carbon in each stage of
the structure’s lifecycle. It also explores the ways of reducing the CO- costs, focusing primarily on
the RC structures. A comparative analysis of different types of cement as well as their corresponding
carbon signature is performed and explored. Finally, the ecological benefits of the appropriate
concrete and cement selection are presented though real-life examples.

Keywords: Construction industry, carbon footprint, CO, emission, concrete, cement

O OJABUPY AJEKBATHOI' BETOHA

Caxcemax

s oBor pana je aHann3a KOIWYMHE YTIBCH-AHOKCHIA KOju rpal)eBUHCKa HHIYCTpHja ociaobaha y
OKBHpY IJI00aJTHE eMHCH]je ITETHUX racoBa. Pajx ce hokycupa Ha pasymeBame H3BOPa IIOMEHYTOT
VTIbEHHUKA Y CBaKOj (ha3y KMBOTHOT ITHKITyca KOHCTpyKIHje. Takole ucTpaxyje HaunHe CMamemha
CO3, xoHmeHTpHUIIyhN ce MPBEHCTBEHO Ha OETOHCKE KOHCTPYKIHje. Bpmmm ce m KoMmapaTHBHA
aHaIM3a Pa3MYMTUX THUIOBA LIEMEHTa M mopeheme HHUXOBOI YTHIA] HAa JXMBOTHY CPEIUHY.
Exonomke npenHocTH oapeheHnx Bpcra OeToHa M IEMEHTa Cy NMpEeACTaB/beHe KPO3 IpHUMepe U3
CTBapHOT >KHBOTA.

Kwyune pujeyu: I'palhesuncka unoycmpuja, wimemiu 2acosu, ye/beH-0uoKcuo, bemon, yemenm



1. INTRODUCTION

During the United Nations Climate Change Conference held in Paris in 2015, 196 countries agreed
to undertake an ambitious goal to keep the average rise of the global temperature below 2°C, in order
to reduce the negative effects of the climate change. In 2021 the world witnessed massive floods in
Germany and Belgium, as well as the spreading of major wildfires in Turkey and Greece; both
disasters serving as reminders of what our future might look like unless immediate action is taken.
The Joined Research Center, part of the European Commission, has published in 2021 an extensive
rapport on the Greenhouse gases (GHG) emissions involving 213 world’s countries [5]. Based on
this report we see an overall reduction in CO; since 2019, but further efforts need to take place so
that the ambitious goal of “Net Zero carbon by 2050” can be archived (refer to Fig.1).
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Figure 1. Annual CO; emissions over the past 50 years per sector

Looking at the Fig.1, one can observe that the first major contributor to the CO; emission is the
industry sector which makes up for 58%, power industry being the leader of the sector with the
participation of 37%. The second major contributor is the transport sector that accounting for 22%
of the global carbon emission, followed by the non-industrial stationary combustion units often
found in residential buildings that contribute with 9% of annual CO,. Remaining 11 % are added by
the other industrial processing emissions involving non-metallic minerals, non-ferrous metals,
solvents and chemicals, agricultural soils and waste.

Focusing on the construction sector, according to the UN environment program [6], it represents11%
of the total CO, emission (in Fig.1 it is accounted for under the “other industry” category). This
sector is defined as an estimate of the overall production of the building materials such as cement,
steel, bricks and glass. Thus, the construction sector becomes the 3rd world’s major pollutants;
bringing a great responsibility to the engineers and the architects alike, to take a more proactive role
in this great challenge of our generation.

Transport of the raw components (steel, aggregates and cement), as well as the building materials
(re-bars and fresh concrete), translates into additional CO; that is directly related to the construction
industry. Providing the structures with heating, ventilation, suage and electricity broadens the carbon
footprint even further,-the initial 11% of the annual CO; caused directly by the construction sector,
is bumped to 39% according to the UN environment program [6].

Putting the emphasis on the carbon footprint of the construction industry is one of the objectives of
this paper. It also aims to analyze the structure’s emissions from the perspective of its lifecycle, as
well as to offer recommendations on how these emissions can be reduced through a critical material
selection, focusing primarily on the concrete structures.

2. LIFECYCLE AND CO:z2

As a response to the Net Zero 2050 policy, organizations such as The Institution of Structural
Engineers (UK) and London Energy Transformation Initiative (UK) have published design
guidelines [7,11], which provide the engineers and the architects with a better overall understanding



of how much embedded carbon is induced throughout each of the following stages of structure’s
lifecycle (refer to Fig.2):

e Products/materials phase (indicated in black in Fig.2)
e Constructing phase (indicated in gray in Fig.2)

e Exploitation/usage phase (indicated in red in Fig.2)

e End of life (indicated in white in Fig.2).
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Figure 2. Amount of embodied carbon in commercial and residential buildings induced in
different stages of the structure’s lifecycle

As seen in Fig.2 the carbon footprint of each stage depends on the type of the project. It is therefore
more important to focus on the optimization of the exploitation stage of commercial buildings
(where it contributes with 45% of the total CO2) than it is on the small residential buildings (where
it represents—only14%). Material optimization on the other hand is something which should
constantly be underlined, as it participates with 80%, 64% and 48% for the small, large & medium
housing units and the commercial spaces respectively. Building more with less has historically
always been a challenge of the construction industry, principally governed by the economic reasons.
Today it is even more relevant due to the added ecological criteria.
Looking closer at the material/product phase, one can distinguish between the CO, emissions related
to the:

e Superstructure (SuperSTR) — the load carrying part of the building

e Substructure (SubSTR) — the non-load carrying part of the building

e Facade

e Mechanical, electrical and plumbing (MEP)

e Internal finishes (IF)
Design of the superstructure is the main responsibility of civil engineers, and it alone uses up to 30%
of the total embodied carbon over the entire lifespan of a building (refer to Fig. 2). Combining this
with the data from Fig.1, means that at least 2.5 % of the entire worlds CO, emission is directly
dependent on the work of civil engineers and architects. Therefore, if the objective of the
construction sector is to set a benchmark for the other industries in reducing its carbon footprint,
then reducing the spans whenever possible, avoiding the structural misalignments, and designing
foundations based on non-conservative geotechnical rapports should be the way for the future
building [14,15]. Engineers should be included from the beginning in the decision-making process,
in order to find a good compromise between the architectural expression and the environmentally
responsible structure.



3. SELECTING THE ECOLOGICALLY RESPONSIBLE CEMENT

Let’s focus-on the material whose application in construction industry can hardly be overlooked: the
Reinforced Concrete (RC). Almost every modern structure created in the 20™ century, uses RC for
its foundations, if not for the entire superstructure, substructure, and facade. Combining high
compressive resistance with workability, durability, unique aesthetics, and an affordable price, has
helped reinforced concrete remain the most produced man-made material in the world, being second
in use to water [3,7].

~330 kg CO»/m’

Reinf. details
Min. reinf.

Concrete cover

Design straight

Early strength
Aggregate size

Exposition

Cement type

Figure 3. Amount of embodied CO; in 1m? of reinforced concrete (type NPKC) with CEM |
cement and 100 kg/m? of reinforcement

Fig.3 shows a breakdown of the embodied carbon in 1m? of RC type C30/37 that uses 300 kg of
CEM | cement and 100 kg of reinforcement. The vast majority (68%) of emitted CO; is associated
with the cement, additional 20% are related to the reinforcement and the remaining 12% are divided
between the aggregate, water consumption and the energy required to mix the components.
If one’s goal is to reduce the amount of emitted carbon of RC, their efforts should focus on:

e Choosing the type of the cement that is being used

e Choosing the minimal necessary design and early concrete strength,

e Choosing concrete based on its exposure,

e Putting the minimal reinforcement that corresponds to the exploitation of the element in

question,

e Minimizing the amount of reinforcement through accurate calculation,

e Minimizing the concrete cover in order to increase the lever arm,

e Maximizing the aggregate size in order to gain maximal shear resistance.
Even though all the points mentioned above can be discussed in detail, this article will focus solely
on the two points: the selection of the concrete based on its exposure and the impact of the cement
type on the overall amount of the embodied carbon in RC.
These two parameters, which are perhaps the most overlooked by the structural engineers in practice,
are some of the most important ones when it comes to the Net Zero carbon policy. The carbon
emissions of cement mainly come from the production of Portland Cement (PC) clinker. The total
amount of the carbon embodied in PC clinker comprises approximately of [8]:

e 10% of CO related to the kiln operations,

e 40% of CO; related that are thermal energy,

e 50% associated with the chemical decomposition of limestone (CaCOs) into lime (CaO), the

process that chemically releases the CO,.

Even though it is possible to reduce the carbon associated with kiln operations and substitute fuel in
the thermal energy to favor more green options; the release of CO; cannot be avoided in the
production of the clinker.
Tab.1 summarizes the types of cement that are being used for the construction of residential and
non-residential buildings.



Tab.1: Types of cement used in buildings according to SN EN 197-1

Tyne Notation PC clinker Primary Secondary
P [%] constituents* [%] constituents** [%]
CEM 1 CEM1 95-100 - 0-5
CEM 1I/A 80-94 6-20 0-5
CEMII
CEMII/B 65-79 21-35 0-5
Special CEM ZN/D*** 50-64 36-50 0-5

* Silica fume / natural pozzolan / calcified natural pozzolan / silica fly ash / calcium fly ash / calcined shale / limestone
** Secondary constituents of cement
**% Developed by HOLCIM

There are 2 basic types of cement (CEM | and CEM I1), whose type and composition of the primary
as well as the secondary constituents are directly given by the norm SN EN 197-1 [10]. The main
difference between the CEM | and the CEM Il cement is that the first one consists almost entirely
of PC clinker, whereas the second one employs a specific percentage of the primary constituents,
thus lowering the amount of PC clinker in the mix. Depending on the quantity of these constituents,
CEM I can be categorized as CEM II/A or CEM I11/B. CEM ZN/D, is a special (non-standard)
cement whose type of primary and secondary constituents is governed by the norm SN EN 197-1
[10], but their composition is not. Compared to the previous two types, CEM ZN/D has even a lower
content of PC clinker and has been developed with the Net Zero carbon policy in mind.

There is a number of products that can be used to substitute the PC clinker, some of them being
silica fume, silica fly ash and calcium fly ash. These products are classified as industrial waste, and
as such their carbon footprint has already been made. Therefore, replacing the PC clinker with the
industrial waste lowers the amount of the emitted CO,.

Regarding the strength of cement types indicated in Tab.1, both CEM | and CEM 11 exist in all three
strength classes (32.5, 42.5 and 52.5). CEM ZN/D however can only be ordered with the strength of
32.5 and 42.5 [10].

This article focuses primarily on concrete used for the construction of residential and non-residential
buildings, which does not require the application of the highest cement strength class. In order to
have a direct comparison of the emitted CO; related to different types of concrete, all the recipes
considered in the following chapter assume 42.5 cement strength class.

4. SELECTING THE ECOLOGICALLY RESPONSIBLE CONCRETE

Tab.2 shows 3 most used types of concrete in the building industry: NPKA, NPKB and NPKC [12].
These mixtures have different design strength, various exposure classes and cement quantities.
According to SN EN 206 [9], NPKA and NPKB types of concrete can be used for all internal RC
elements. NPKC however should be used for the elements that are exposed to atmospheric influence
as well as the elements that are in direct contact with the soil. Choosing the correct concrete for a
specific element directly influences the amount of used cement and choosing the right cement
directly influences the amount of embodied carbon. There is however a matter of price which varies
very little between NPKA, NPKB and NPKC concrete. If the costs are almost the same, then why
choose a less resistant material? Why complicate the execution of the project by having to change
concrete type for each element? The answer to these questions is simple: in order to help the climate.

Tab 2: Type of concrete SN EN 206

Exposition Type NPK A NPK B NPK C
Classes
(SN EN 206)
Design strength C20/25 C25/30 C30/37
B xc1,xc2
B XC4, XFI .
Exposition XCl, XC2 XC3 XC4,XF1
class

The aggregates that can be used in the concrete production are made from natural or recycled
construction materials (refer to Fig.4). The natural aggregates (shown in Fig. 4a) have a dense



microstructure which can be seen under the microscope (the image on the right). Recycled
aggregates (RA) on the other hand are much more porous by comparison (refer to Fig. 4b).

Figure 4. Aggregates used in concrete mixture: (a) natural aggregate; (b) recycled aggregate.
Source: https://www.holcimpartner.ch/fr/betonpraxis/beton-de-recyclage

Both concrete and clay-based materials (various types of bricks and building blocks for example)
can be crushed, turned into aggregates and revalorized as recycled concrete, thus saving natural
resources. In order for concrete to be recognized as recycled (RAC), it needs to contain at least 20%
or 25% of recycled aggregates depending on the standard considered (EC2 or SIA2030 [16]
respectively). Going further, the reference to RAC in the paper implies only mixtures containing
25% of concrete based RA.

As stated previously, such aggregates are more absorbing due to their increased porosity. Therefore,
it is to be expected that RAC needs more water compared to conventional concrete. Simply adding
more water into the mixture might reduce the final compressive strength. To prevent this from
happening suppliers often increase the amount of cement, therefore directly enhancing the carbon
footprint.

Tab.3 summarizes the amount of cement used in different types of concrete (NPKA, NPKB and
NPKC) made entirely with natural aggregates (conventional concrete) or containing 25% of recycled
concrete aggregates (recycled concrete).

Tab.3: Quantity of cement in various concrete types [kg/m’]

Conventional concrete Recycled concrete
Type According to According to According to According to
SN EN 206 NFIC* experience SN EN 206 NFIC* experience
NPK A 280 315 280 328
NPK B 280 315 280 328
NPK C 300 330 300 340

* NFIC - Nicolas Fehlmann Ingénieurs Conseils SA

The table shows a difference between the minimum quantity of cement recommended by the SN EN
206 standards and the average quantities that Nicolas Fehlmann engineering office (NFIC) finds on
the Swiss market. Furthermore, suppliers systematically use more cement in recycled concrete
mixtures compared to conventional ones.

Fig. 5 shows the amount of embodied CO; in 1m? of multiple types of concrete (NPKA, NPKB and
NPKC) made with cements indicated in Tab.1 and quantities from Tab.3. In other words, Fig. 5a
shows the minimum theoretical carbon footprint while Fig. 5b and Fig 5c present realistic carbon
emission of conventional and recycled concrete on the Swiss market. The amount of CO, was
estimated using the Data from the lifecycle assessments in construction developed in 2016 for the
Swiss market [1,2,4,13].

Looking at each individual graph, there is no major difference between the amount of embodied
CO; in NPKA and NPKB concrete, which is to be expected given the same amount of cement used
in both mixtures. The slight difference comes from the emitted carbon linked to aggregate, water
and energy consumption (indicated as “other” in Fig.3). NPKC however has constantly higher values
of CO- due to the additional amount of cement compared to the other two types. The main difference
nonetheless does not come from the amount of cement but from its type, and a direct impact of
reduced amount of PC clinker in the mixtures can be seen. In the most extreme case (NPKC with
CEM | vs NPKA with CEM ZN/D) this can add up to 76 kg/m*® of CO, saved in conventional
concrete, and 77 kg/m?® of CO; saved in recycled concrete.
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Figure 5. Amount of embodied CO; in 1m?® of multiple types of concrete using CEM I, CEM 11 A

& B and CEM ZN/D: (a) assuming the minimum theoretical amount of cement; (b) assuming a

realistic amount of cement used in the Swiss market for conventional concrete; (c) assuming a
realistic amount of cement used in the Swiss market for recycled concrete

Keeping in mind that the data is taken from Swiss market, it is important to underline that on average
additional 11% of CO, are emitted in reality compared to what it could be emitted respecting the SN
EN 206 standard. This comes from the fact that the concrete suppliers often add more cement in
order to achieve higher concrete compressive strength than the ones requested by the designers. This
leaves some room for the recipe optimization that most actors are reluctant to, due to increased risks
of having unacceptably weak concrete. Same thing applies to the recycled concrete where this
difference reaches 15% of CO, emitted due to increased porosity of RA.

5. PUTTING THINGS INTO PERSPECTIVE

In order to have a clear idea on how big of an impact the rigorous choice of concrete and cement
actually have on the carbon footprint, it is best to express it through some real-life examples.-For
this purpose, two very different projects, both developed by Nicolas Fehlmann Ingénieurs Conseils
SA (NFIC), are considered.



Project Sauges 30 (see Fig.6) is a residential medium sized building located in Lausanne (CH). The
load carrying structure is made from RC walls which are supported by a series of columns located
in the underground parking. All slabs are made from RC, and all the facade walls are precast
sandwich RC panels. The residential building has one ground floor with 5 stories and an attic, with
a total area of 5’120 m? of living space. Underground parking has 1’060m? of surface and consists
of a single floor. The overall theoretical volume of concrete used in Project Sauges 30 is 2’525 m®,
A portion of that concrete is used for the interior elements of type NPKB. The remaining part is the
NPKC type and it’s being used for the construction of exterior elements exposed to the atmospheric
influence and/or direct contact with soil. In other words, Project Sauges 30 is a typical medium
housing project which most structural engineers and architect have constructed multiple times in
their professional careers.

& Project SAUGES 30, Lausanne, Switzerland
Parking area 1’060 m?**
Re;idcntial arc; : 5120 m?*™*
Nur;ber of stories -01 +GF+6

Volume of concrete 2°525m? ™"

* DOLCI architectes, Atelier d'architecture et d'urbanisme Sarl
** Theoretical values

Figure 6. Residential building in Lausanne (CH) developed by DOLCI architecture
and NFIC civil engineering office

Substituting the CEM | with CEM ZN/D type of cement for the entire volume of concrete used for
the Sauges 30 project saves approximately 140 t of CO.. If we compare this to the pollution of an
average new passenger car produced in 2018 (see Fig.7a), this represents an equivalent of the CO;
released from circling the globe along the equator 29 times (see Fig.7b).
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Figure 7. Amount of embodied CO; saving potential through a responsible cement selection on
a mid-sized housing project:(a) Average CO; emission from new passenger cars; (b) CO,
savings of a responsible cement selection in the SAUGES 30 Project

Another project, which is currently being developed by the NFIC office, in presented in Fig.8. It is
a residential and commercial complex which is currently under construction in Lausanne. The entire
superstructure is made from concrete and it consists of RC slabs that are supported with pillars and
escalator/staircase cores. The complex consists of 5 buildings which are placed on 2 separate
underground parking lots.



Central Malley, Lausanne, Switzerland
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* Pontl2 architectes sa
** Theoretical values

Figure 8. Commercial/Residential building complex in Lausanne (CH) developed by Implenia
general contractor, Pont 12 architecture and NFIC civil engineering office

The total theoretical amount of residential surface is 59’656 m? with a total of 18’685m? of parking
area. The highest building has 26 floors and with the height of 79.7 m, it will be one of the highest
in the city of Lausanne. Total estimated amount of concrete used for this complex is 32°646m?,
Once again by substituting the CEM | with CEM ZN/D type of cement in the concrete mixtures,
approximately 2.3 million tons of CO; can be saved.

Amsterdam, Nederland

Population 17158°000
City arca 219.3 km?

CO, traffic emission™* 8407000 ¢

~ 1 day of traffic

Cement choice benefit induced CO, saved

Total CO, traffic emission in 2021

Figure 9. Amount of embodied CO, saving potential through a responsible cement selection on
a Central Malley project in Lausanne (CH)comparing with traffic in Amsterdam

Comparing that saving to the total amount of CO, emitted by traffic in the city of Amsterdam (refer
to Fig.9), one can realize that the saved amount of carbon represents an equivalent of 1 day worth
of traffic.

This only demonstrates that even though the reduction of CO, through a critical selection of concrete
and cement is significant, it is by far not the only consideration that will lead us to Net Zero carbon
by 2050. However, when taking into consideration the amount of effort required by the engineers
and architects to obtain these savings, this reflection is a paramount one.

6. CONCLUSIONS

Based on the facts presented in this paper, following conclusion can be drawn:

e Choosing the concrete type based on the exposure of the element has a direct impact on the
carbon footprint reduction

e The difference in the carbon footprint between the concrete with the lower exposition class
(XC1/XC2) and medium exposition class (XC3) is minor

e Choosing the cement type with the lowest content of PC clinker leads to a significant
reduction of the carbon footprint, while being very time efficient from the engineering point
of view

e Concrete suppliers often increase the amount of cement in their recipes in order to minimize
the risks of delivering material with insufficient resistance to construction sites

e Using recycled concrete saves natural resources and revalorizes materials obtained from
demolishing existing structures



e Concrete with recycled aggregates currently has an increased amount of cement compared to
conventional concrete due to higher water absorption

e Usage of simple load-carrying mechanisms (superposed beams and pillars with little to no
eccentricity) has the biggest potential to minimize the ecological impact on the environment
and therefore they should be favorized

e The correct choice of material represents only one step towards achieving the Net Zero
carbon policy.
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Abstract

When it comes to doubly curved surfaces in construction, especially shell structures, the skew ruled
surfaces play a prominent role, because they are statically efficient and relatively easy to produce
[1]. However, in order to fully exploit the design potential of this class of surfaces, conventional
CAD programs do not provide adequate tools. From the priority program 1542 by the German
Research Foundation (DFG) named Concrete light, an add-on is presented [2] that facilitates
parametric design with ruled surfaces on the basis of line geometry and also enables a connection to
finite element methods.

Keywords: Line Geometry, ruled surface, interpolation algorithms, parametric design

KOHCTPYKIMNJA 3AKPUB/bEHUX ITPABOU3BOJHHUX ITOBPIIN
MAHUITYJAINMJOM KOHTPOJIHUX JIMHUJA

Caxcemax

Kama je pmjed o0 JBOCTPYKO 3aKpWBJGEHHUM IIOBpIIMMa y TpaljeBHHApCTBY, MOCEOHO O
KOHCTpYKIIHjaMa JbyCKe, 3aBOjHE IMPABOM3BOIHE MOBPIIH MMajy 3HAUYajHY YJIOTY, jep Cy CTaTHUKH
epuKacHe W pelaTUBHO Jlake 3a m3pany [l]. Mehyrtum, ma Ou ce y HMOTHYHOCTH HCKOPHCTHO
NOTEHIMja]l TpOjeKTOBamba OBE TIpyle IoBpiiM, yobudajenn mnporpamu CAD He mnpyxajy
onrosapajyhe anare. 13 npuopurerHor nporpama 1542 bemauke ucrpaxuauke ponaanuje (ADI)
nox HasuBom Concrete light, mpeactaBben je momatak [2] Koju onakimiaBa mMapamMeTapcko
MPOjEKTOBaLE ca MPABOW3BOJHUM MOBPIIMMA Ha OCHOBY JIMHH]jCKE reoMeTpuje u Takohe omoryhasa
MIOBE3UBAME Ca METOZaMa KOHAYHUX eJieMeHara.

Kwyune pujeuu: aunujcka ceomempuja, npagou3eo0Ha noeput, UHMepnoIayUOHU ai2opummu,
napamemapcko npojekmosarse.



1. RULED SURFACES

1.1. RULED SURFACES AS A SUBSET OF NURBS SURFACES

In common CAD programs, ruled surfaces occur as a subgroup of Non-Uniform Rational Basic
Splines (NURBS). A NURBS surface is a ruled surface if the parameter curves (isocurves) in at least
one direction have the algebraic order 1 (degree 1, linear), i.e. if they are straight line segments and
thus the generators (rulings) of the ruled surface. This can be achieved in two ways: Either one
generates the NURBS surface by connecting exactly only two profile curves with a loft, or by placing
the loft surface through a set of exclusively straight lines.

But, ruled surfaces are by no means unambiguously and traceably defined by this procedure. In the
first case, the generators always connect corresponding parameter points on the profile curves.
However, the distribution of the parameter points depends on the parameterization of the profile
curves and is therefore largely arbitrary. This degree of freedom reflects the fact that ruled surfaces
are only uniquely determined by three curves. Two curves allow for an infinite number of ruled
surfaces and the CAD user initially has no control, which surface the NURBS algorithm offers. To
obtain a desired ruled surface, additional processing is essential. For example, it may be required
that all generators be parallel to a directional plane, which leads to a conoidal surface. It is then
necessary for the user to draw a set of such generators and to loft the surface through these straight
lines as described above.

If, on the other hand, a set of straight lines is given, the shape of the ruled surface depends strongly
on the number of given lines. The NURBS algorithm interpolates the distances as if control points
for the second set of parameter curves were given. The result is in general not predictable. In order
to approximate the boundary curves of the surface to the first profile curves again, the generators
must be placed sufficiently close to each other.

1.2. RULED SURFACES FROM A LINE GEOMETRY PERSPECTIVE

We are used to understand and handle our three-dimensional space by defining points with three
coordinates in the Cartesian coordinate system. However, if we consider the straight lines as basic
elements instead of the points, we find out that at least four coordinates are needed to define a straight
line: if you first define a starting point in the x-y-plane, this binds two coordinates. A further
coordinate gives - for example with an angle - the direction in the x-y-plane and a fourth one the
gradient. The manifold of all straight lines in the three-dimensional space is therefore four-
dimensional. This makes the handling of straight lines considerably challenging.

From a mathematical point of view, one approach is to embed the four coordinates again as points
in a model space of higher dimension. In the present case, the so-called Study sphere is used for this
purpose, which, among other things, is also suitable for describing the motions of six-axis robots
[3]. Now, each point on the four-dimensional Study sphere corresponds to an oriented straight line
in three-dimensional space. The Study sphere can be thought of as a unit sphere where each point
on the surface signifies a straight line direction. Attached to the point of the sphere is another vector
tangential to the sphere, which encodes the distance of the straight line to the origin of the
coordinates. This point model can now be used for elegant calculations based on dual numbers. A
detailed description can be found in [4].

The calculations on the Study sphere were adapted for civil engineering under the aspect of
lightweight constructions in the research project "Force-adaptive discretization of lightweight
concrete elements by means of line geometric modeling™" at the TU Dresden and applied in the
follow-up project together with Mike Schlaich at the TU Dresden under the title "Lightweight
Concrete Structures Based on Line Geometry". In particular, the task was solved, how, after the
interpolation algorithms on the Study sphere, the actually infinitely long straight lines can be
reasonably restricted to the relevant area in three-dimensional space. One realization is:

2. THE ADD-ON LINEGEOMETRY

LineGeometry is an add-on for Grasshopper, which in turn serves as a plug-in for the CAD software
Rhinoceros 3D. In recent years, Grasshopper has become an extremely popular tool for parametric
modeling of three-dimensional objects. LineGeometry fits seamlessly into this working
environment.



2.1. INSTALLATION

The add-on is available for free download with additional material here: [5]. In the package you will
find the add-on file with the extension *.gha, which can be dragged and dropped onto the workspace
of Grasshopper (canvas). Then the functions can be called via the LineGeometry tab. The website
also provides sample files and additional information.

Grasshopper
File Edit View Display Solution Help

M S C
Generators

Figure 1. The LineGeometry add-on in Grasshopper.
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The functions of LineGeometry are distributed over two blocks. The first block (Generators)
contains the tools for creating ruled surfaces as a set of generators. The second block (Util) contains
auxiliary functions.

2.2. GENERATION OF RULED SURFACES (GENERATORS)
e

Bezierdike algorithm for lines
Interpolation algorithm for lines
Offset lines

Regulus

NLAEP

Figure 2. Generators in the LineGeometry add-on.

The starting point for the generation of ruled surfaces with LineGeometry is always a selection of
oriented control lines. The orientation of the straight lines is given by the parameterization during
drawing, where the end point drawn first is also the start of the parameterization. In case of problems,
the orientation of individual lines can be corrected at any time with the tools of Rhinoceros or
Grasshopper (e.g. with the Grasshopper component Flip Curve). For the following illustrations, four
mutually skewed lines have been drawn in Rhinoceros and are available in Grasshopper via the
Curve component (not Line!) under the name Crv - four oriented lines. The control lines are labeled
with the numbers 0 to 3. In the illustrations of the Grasshopper canvas, the components from the
LineGeometry add-on are each highlighted by a green background.

4 Crv - four oriented lines P

[ Number of generators

Figure 3. BezLines in the LineGeometry add-on.

The first component is called Bezier-like algorithm for lines (BezLines) (Fig. 3). It transfers the
Bezier algorithm for splines to the Study sphere and calculates a set of generators from the given
control lines. The generators belong to a ruled surface interpolating the control lines. In general,
only the first and the last control line are contained in the ruled surface. The remaining straight lines
are control lines in the same way that for splines the vertices of the control polygon control the
spline. The input L (Control lines) accepts the control lines as a list and the input t (Range of



parameters) accepts any number of values between 0 and 1 (Domain D: 0 To 1, also in the following,
if not stated otherwise). Each value t corresponds to one generator. The values 0 and 1 coincide with
the first and the last control line. At the output L (Resulting generators of the ruled surface) are the
generators of the ruled surface (Fig. 4).

2

Figure 4. Ruled surface from four control lines with BezLines.

If the value domain 0 to 1 is exceeded, the surface is extrapolated with more or less reasonable
results. If only two control lines are passed at input L, the result of the interpolation is a helicoid
(Fig. 5). The helicoid is the only ruled surface which at the same time is a minimal surface (apart
from the trivial case of the plane). In this case, the contrast to the loft functions of Grasshopper and
Rhinoceros becomes obvious, because there a loft between two skew lines always results in a

hyperbolic paraboloid.

0

1

Figure 5. Helicoid as interpolation of two control lines, that is, two points on the Study sphere.

Figure 6. IntLines in the LineGeometry add-on.



The second component is called Interpolation algorithm for lines (IntLines) (Fig. 6). For this
component, the Aitkin algorithm for drawing splines was transferred onto the Study sphere. The
difference to BezLines is that now the control lines are actually contained in the interpolating ruled
surface (Fig. 7).

Figure 7. Ruled surface from four control lines with IntLines.

The additional input h (Enable piecewise linear interpolation) offers the possibility to connect the
control lines piecewise with helicoids (Fig. 8). Linear interpolation thus means that geodesic
("shortest™) paths are chosen between those points on the Study sphere, which correspond to the
control lines. The BezLines component could be used to accomplish the same thing by feeding the
control lines in pairs. Here, piecewise interpolation is easily achieved if h is 1 or True. With 0 or
False IntLines provides the smooth interpolation with the algorithm derived from Aitken.

Figure 9. OffLines in the LineGeometry add-on.

The third component is called Offset lines (OffLines) (Fig. 9). As is well known, the parallel surface
of a skew ruled surface is not a ruled surface any more. However, especially in civil engineering it
is often required, to define both sides of a structural element as ruled surfaces. OffLines provides an
alternative to the standard surface offset by generating a "parallel” ruled surface from a ruled surface
(Fig. 10). The component requires as input in L (Lines) a discrete set of generators of a ruled surface



and for each generator the desired distance in d (Distance value for each line). It is therefore
necessary, if the distance is to be the same everywhere, to duplicate the desired value with the
Grasshopper component Duplicate Data (Dup) a corresponding number of times. Again, the ruled
surface created with OffLines does not have the same distance from the original surface everywhere.
Depending on the curvature of the surface, the distance of the generators in the center of the surface
is significantly smaller than at the edge. For the calculation of the offset lines, only the end points
of the generators are offset normal to the initial surface and then connected again with a straight line.
By the way, as a special feature, the component allows a different distance value to be taken into
account for each generator. Thus, functions for manipulating the distances can be used here, for
example depending on possibly existing load cases.

2

Figure 10. "Parallel” ruled surface to Fig. 4 using OffLines (in green).
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Figure 11. Regulus in the LineGeometry add-on.

The fourth component is called Regulus (Fig. 11). With it, the ruled surfaces of second order can
be generated, whereby the term Regulus emphasizes that only one set of generators is created.
Remember, on every ruled surface of second order there are two reguli. Explicitly, this component
can generate the hyperbolic paraboloid and the one-sheet hyperboloid (Fig. 12). Three generators
are required as input. These are connected individually to the inputs L1 to L3 (Line 1 to Line 3),
which determines the sequence. At input t (Range of parameters) a parameter is passed for each
desired generator. Somewhat unusual is the parameter range from -1 to 1. The first generator at L1
corresponds with -1, the second with 0 and the third with 1. Here it is again possible to extend the
parameter range. However, then it must be reckoned with the fact that the generators are not evenly
distributed in the Euclidean sense.
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Figure 12. Regulus through three straight lines (one-sheet hyperboloid).

2.3. AUXILIARY TOOLS (UTIL)
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Figure 13. The Util block in the LineGeometry add-on.

The auxiliary tools (Util, Fig. 13) of LineGeometry are intended to support the work with ruled
surfaces and the approximation of freeform surfaces with ruled surfaces.

Figure 14. AsympCrv and PCC in the LineGeometry add-on.

On non-elliptic surfaces (Gaussian curvature not positive), the first function Asymptotic curve
(AsympCrv) (Fig. 14, upper half) determines the asymptotic curves, i.e. those curves with vanishing
normal curvature, passing through a point with certain u-v-coordinates, which are present at the
input uv (Point uv) (Fig. 15). It is useful to activate the input function Reparameterize at the input S
(Surface), so that u and v can be selected in the domain between 0 and 1. Since there are generally
two asymptotic curves through each point with negative Gaussian curvature, the desired one can be
selected at input D (Direction) with 0 or 1. The asymptotic curves of a freeform surface are a good
orientation for how the surface could be approximated by straight lines, i.e. by patches of ruled
surface. For example, the function could be followed by a curvature analysis to determine the
"better" (less curved) of the two sets of curves.



Figure 15. AsympCrv to a point on a hyperbolic paraboloid yields two generators.

The second function Principal Curvature Curve (PCC) (Fig. 14, lower half) determines the
principal curvature curves through the point with the coordinates u and v (Fig. 16). This is of
particular interest for the discretization of doubly curved surfaces with planar quadrilateral facets
(PQ-meshes) [6].

Figure 16. PCC to a point on a HP surface yields parabolas in the principal curvature directions.

The third function Ruled surface loft (RuleLoft) (Figs. 3, 9, 6, 11) is an alternative to Grasshopper's
own loft function. The problem with the on-board component is that it becomes very slow when the
number of curves is comparatively high, and this is exactly what is useful to approximate the ruled
surfaces well. Ruled surface loft avoids this problem in a very simple way: the endpoints of the
generators are interpolated with curves and then only these two curves are lofted. Since the endpoints
determine the parameterization on the curves, the result is identical to the standard loft function -
but with much better performance.

The fourth function Striction points (Striction) calculates the central point on each generator, i.e.
the point that is closest to the (infinitesimal) next generator. Striction points are only meaningful on
skew surfaces. There they fulfill a significant curve, the striction curve, along which the ruled surface
has its strongest curvature. The curve is also relevant from a structural point of view, since the
highest stiffness can be expected there (Fig. 17). The striction points are calculated approximately
and are more accurate the more generators in L (Generators of the ruled surface) are passed. Striction
points can also lie outside of the represented surface regions.



Figure 17. Striction curve of the surface of Fig. 08, which, contrary to the illustration, is not
continuous. The three discrete striction lines of the three helicoidal segments coincide inevitably
with their respective axes.

3. APPLICATIONS AND CONCLUDING REMARKS

The add-on LineGeometry was used in the development of the demonstrator "Shell Bridge with
Ruled Surface Geometry" in SPP 1542, funded by the German Research Foundation (DFG) [7].
There, line geometric modeling was combined with finite element methods in an optimization
process. Furthermore, the add-on was the starting point of projects during the summer school "Line
Geometry for Lightweight Structures” in September 2018 at TU Dresden [8]. In these projects, the
add-on was particularly convincing in that the mathematical superstructure makes the ruled surfaces
appear more elegant and smoother than could be achieved with the usual methods. In this respect, it
pays off that the interpolation algorithms are in a natural way based on the helicoid, i.e. a minimal
surface.
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EVALUATING MACHINE LEARNING MODELS FOR SOIL SALINITY
ESTIMATION USING SATELLITE IMAGERY

Abstract

Salinity is one of the most critical problems for agricultural lands. Soil salinity should be monitored
with fast, economical and accurate data and methods. In this study, soil salinity was estimated using
remote sensing data and machine learning algorithms, where five different methods were used, and
the results were compared. As a study area, Alpu, Turkey has been selected. Within the scope of the
study, on-site measurements were made in cultivation areas where there are different agricultural
products such as beets, wheat, tomatoes, and corn in the district. The results show that machine
learning algorithms and Planetscope images successfully determine soil salinity. Future studies will
evaluate the methods by taking samples from different product classes and wet/arid lands.

Keywords: Remote Sensing, Soil salinity, Machine learning, PlanetScope.

OIJEHA MOJIEJA MAIIIMHCKOI' YYEIBHA 3A ITPOIJEHY
CA/IMHUTETA TJIA KOPUIITEIBLEM CATEJIMTCKUX CHUMAKA

Caxicemax

CanmHUTET je jemaH Ol HajBAXXHHjUX IMpoOieMa 3a MOJbONpHUBpeNHa 3emubHInTa. CaaiMHATET
3eMJbUIITA Tpeba NPaTHTH Op3UM, €KOHOMHYHMM M TayHUM IOAAllMMa M MeTojama. Y OBOM
HUCTPaXMBakby, CAIMHATET 3EMJBHIITA j€ IIPOLIH]CHhEeH KOPUIITEHEM I10/1aTaKa JaJbUHCKE JISTEKII]e
W aJropuTamMa MallnHCKOT y4ema, TAje jé KOPHIITEHO HET PasIMYuTHX METoJa, a Pe3yiTaTH Cy
ynopelhenn. 3a mozxpyuyje ucrpakuBama onabpat je rpag Anmy y Typckoj. Y OKBUPY UCTpaKHBamba
U3BpLICHA Cy Mjepema Ha JIMIy MjecTa y HOApYyYjuMa y3roja pas3iM4uTHX IOJHONPHUBPEIHUX
MpOM3BOJIa Kao IITO Cy pera, MIIeHUIa, napaaaj3 U KyKypy3. Pedynratu moxasyjy Aa aaropurMu
MAIIMHCKOT yuYeha W CHUMKE CcaTelIUTCKe KoHcrenaruje PlanetScope ycmjemno oapelyjy
caJuHHTET 3eMibnmiTa. bynyha wcrpaxkuBama hie OIMjEHUTH OBE METOJC Y3UMAmbEM Y30paka M3
Pa3IMYUTHX TPyIa NPOU3BOAA U BIAKHUX/CYIIHUX 3E€MJBHIIITA.

Kmwyune pujeyu: damsuncka demekyuja, carunumen 3eMmuima, MauuHcko yuewe, PlanetScope



1. INTRODUCTION

Soil salinity is considered one of the most critical environmental problems, especially in arid and
semiarid regions, as it causes land degradation and desertification [1,2]. This dynamic phenomenon
can occur due to natural processes or human activities and can significantly threaten soil productivity
and agricultural land [3]. Additionally, minimizing the risk of soil salinity decreases environmental
issues and agricultural economic losses [4]. Due to the harmful effects of soil salinity on soil fertility
and agricultural production, various practices are required to protect soil quality. The first step of
these applications is to monitor the severity of soil salinity [5].

Salinity parameters, critical for ensuring soil sustainability, are often determined through on-site
measurement and laboratory analysis. Electrical conductivity (EC) is used to determine soil salinity.
It is measured using a saturated paste of soil samples, extracted in various water ratios, and on-site
measuring methods. Collecting soil samples and conducting laboratory examinations is expensive
and time-consuming [6]. Furthermore, using these approaches to detect salinity in large areas,
dynamically monitor the temporal and spatial change of the salting process, and determine the salted
zones is difficult [7]. Fast and cost-effective remote sensing technologies for determining and
evaluating salinity-affected areas' geographical and temporal distribution have been developed in
recent years [8,9].

Various salinity indices have been developed in recent years to detect salt-affected areas using
satellite images, most of which are based on the spectral characteristics of soil salinity in various
bands of satellite data [4,10]. With creating a regression model between these spectral indices and
EC values, soil salinity maps can be obtained from satellite images. Traditional regression analysis
methods and machine learning methods are the two primary regression approaches used to estimate
soil salinity. Traditional regression analysis methods consist of least squares regression and partial
least squares regression (PLSR) methods [11]. Machine learning methods are algorithms that learn
solutions from data for decision-making and prediction about real-world problems. The most
important feature that distinguishes it from traditional methods is that machine learning algorithms
use a large amount of data to train the model and learn how to achieve tasks from the data [12].
Several attempts have been made to produce soil salinity maps using machine learning. Wang, et al.
[13] have proposed a new spectral index and have used a neural network to produce soil moisture
and salinity inversion. Similarly, Habibi, et al. [14] have investigated the quantitative assessment of
soil salinity using remote sensing data based on the artificial neural network. Wang, et al. [15] have
evaluated three different machine learning algorithms (Support Vector Machine (SVM), Random
Forest (RF), and Artificial Neural Network (ANN)) for soil salinity mapping with Sentinel-2 MSI
data. In another study, Taghadosi, Hasanlou and Eftekhari [5] have used SVM to retrieve soil salinity
from Sentinel-2 MSI images. Wu, et al. [16] have compared the SVM and RF methods for salinity
mapping from a combined dataset consisting of Landsat 5 Thematic Mapper (TM) and ALOS L-
band radar data. Wang, et al. [17] have integrated remote sensing and landscape characteristics to
estimate soil salinity using machine learning methods. Wang, Chen, Wang and Li [11] have
compared the performance of different machine learning algorithms for estimating the soil salinity
of salt-affected soil using field spectral data.

In these studies, Landsat-8 OLI and Sentinel-2 MSI sensors have been used. However, since these
sensors have medium spatial resolution and do not give frequent temporal data, the success of
sensors with higher spatio-temporal resolution in determining soil salinity should be tested.
Commercial satellite images, such as the PlanetScope, may be utilized to produce greater spatial
resolution soil salinity maps. Daily high-resolution (3 m) Planetscope images can generate daily
salinity indices because of their great geographical and temporal resolution. There has been no
detailed investigation of soil salinity mapping from Planetscope images using different machine
learning algorithms. This study set out to investigate the usefulness of different machine learning
methods for soil salinity mapping from Planetscope images.

2. METHODS

2.1. STUDY AREA AND DATA

Eskisehir province is located northwest of the Central Anatolia Region of Turkey. This study was
carried out in the Alpu district of Eskisehir Province, which has an area of 1,059.13 km? and an
altitude of 700 m. When we examine the land distribution of the district, it is analyzed that 37.8% is
agricultural land, 36.8% is forest land, 20.8% is meadow/pasture land and 4.6% is non-agricultural
land. 37.8% of the study area is irrigated agricultural land and 62.5% is arid. The district's climate
is a continental climate typical of the Central Anatolia Region, with hot and dry summers, rainy and



cold winters, rainy and warm spring months, and deep and dry autumn months. The average annual
precipitation is 398.1 kg, while the temperature in the district ranges from 30 to 38 °C in summer
and -5 to -2 °C in winter (https://www.bebka.org.tr/admin/datas/sayfas/198/alpu-ilce-
raporu_1568787633.pdf). The district has high agricultural crop productivity with its productive
soils, and agricultural activities form the economic basis of the region [18,19].

Within the scope of the study, on-site measurements were made in cultivation areas where there are
different agricultural products such as beets, wheat, tomatoes, and corn in the district. On 6 and 7
October 2020, the measurement was carried out using a random sampling method at soil surface in
cultivated and harvested areas. By taking three different soil samples in the same point, the effects
of the irrigation process on the electrical conductivity (EC) value were evaluated. During the
measurement process, the coordinates of each measurement point were recorded using a handheld
GPS device. The electrical conductivity values, which provide us with information about the salinity
of the study area, were measured with the PNT 3000 COMBI+ device at the surveying points.
Planetscope consists of more than 120 nano-satellites manufactured by Planet Labs, Inc. The
Planetscope system provides satellite images daily, high resolution (3 m) and 4-band (red, green,
blue, and near-infrared).

2.2. METHODOLOGY

Soil samples of soil salinity were taken from different agricultural area types in the study area. The
study made use of a PlanetScope imagery from October 7, 2020. Planetscope is a collection of more
than 120 nano-satellites built by Planet Labs, Inc. The Planetscope system produces daily satellite
photos with very high resolution (3 m) in four bands (red, green, blue, and near-infrared). Several
spectral indices have been developed in the literature using remote sensing data for detecting and
mapping salinity. Table 1 lists the spectral indices utilized in this research. While there are many
salinity indices in the literature, because of the limitation of the spectral resolution of PlanetScope,
we used the ones that only include RGB and NIR bands.

Table 1. Details of the used salinity indices

Salinity Index (SI) Formula Reference
SI-1 SI=VvB xR [20]
SI-2 SI=VG xR [20]
SI-3 SI =vVG? + R + NIR? [21]
SI-4 SI =G + R? [21]
SI-5 g1=£& [22]
R

SI-6 gl = 2% [22]

B+R

SI-7 g = GxFk [22]
B

S1-8 g| = BxR [23]
G

SI-9 g = MRxR [23]

G

Machine learning has been widely used in remote sensing application [24]. Decision tree algorithm
have been resulted successfully in different studies. Decision tree learning is an approach often used
in data mining. The objective is to develop a model that predicts the value of a target variable based
on a number of input factors. Thus, this study aims at evaluating several decision tree algorisms for
soil salinity prediction. Five tree algorithms have been evaluated in this study, namely, Decision
Stump (DS), RF, M5P, Alternating Model Tree (AMT), Rapid Decision Tree (REPTree). Here we
give a brief explanation of the used techniques.

DS are one-level decision trees primarily intended to be poor learners for boosting techniques. They
are commonly called "one-rule” classifiers since they only predict class membership using a single
characteristic. However, because the underlying metric for "best split” differs, executing these two
methods will almost certainly result in somewhat different classifiers. The RF comprises many
individual decision trees that work together as an ensemble. Each individual tree in the random forest
produces a class prediction, and the class with the most votes becomes the prediction of our model.
The M5P model tree reconstructs the M5 method [25], which is based on the standard decision tree
but includes a linear regression function at the leaves nodes. The decision tree represents the
algorithms in the form of a tree that has been educated using data to produce nodes [26]. In a single




tree structure, alternating decision trees give the predictive capability of decision tree ensembles.
They are a type of option tree, which are decision trees that have been enhanced with option nodes
and produced via boosting [27]. RepTree is a rapid decision tree learner that constructs a
decision/regression tree using information gain as the splitting criteria and prunes it with the reduced
error pruning technique [28].

The five algorithms have been applied to our dataset. In order to investigate the classification
algorithms, five statistical parameters have been evaluated, Correlation Coefficient (CC) indicating
the specific measure that quantifies the strength of the relationship between the variables in a
correlation analysis, Mean absolute error (MAE), errors between paired observations, Root mean
squared error (RMSE), is the square root of the mean of the square of all of the error. RMSE is a
good measure to compare prediction errors of different models, Relative absolute error (RAE) which
is the magnitude of the difference between the exact value and the approximation, and Root relative
squared error (RRSE) that is relative to what it would have been if a simple predictor had been used.
The data in the dataset have been randomly divided into 70% training and 30% testing.

3. RESULTS

The results of the investigation are given in Table 2. According to the results, M5P resulted in the
highest CC, while REPTree was most successful in the other parameters. The M5P was followed by
AMT, DS, RF, and REPTree in the CC. Figure 2 and Eq (1) present the tree models of M5P and
REPTree. While REPTree uses SI — 8, SI — 1, and SI — 5 in the tree decision, M5P uses SI — 3, SI —
5, and SI — 7 in the model equation, where SI — 5 has the highest weight. Using the two models, soil
salinity prediction can be made and visualized.

Table 2. Results of the investigated tree algorithms

Method CC MAE RMSE RAE RRSR
RF 0.83 3.23 4.27 70.56 83.31
AMT 0.88 3.72 4.05 81.39 79.04
M5P 0.92 3.44 3.73 75.29 72.81
REPTree 0.82 241 2.97 52.70 57.97
DS 0.84 3.40 4.43 74.28 86.33
/ 4753 =4753
13.05(7/60.76)[4/33.7] @
/ 6141 =6141
6.69(2/0.42)[0/0] @
4753 =4753
2.8(3/0.49)[1/3] 0.51(3/0.34)[3/0.07]

Figure 1. Results of REPTree; tree construction

The values on the lines connecting nodes reflect the splitting criterion depending on the parent node
feature values. The value before the parentheses in the leaf node represents the categorization value.
In addition, the first value in the first parenthesis represents the total number of cases from the
training set in that leaf. In contrast, the second value represents the number of instances improperly
categorized in that leaf. The first value in the second parenthesis, on the other hand, is the total
number of occurrences from the pruning set in that leaf. The second value is the number of instances
in that leaf that were mistakenly categorized.

The M5P model uses a smoothed linear model. With one rule, the results showed a significantly
high correlation. The rule is presented in Eq. 1. Using Eq. 1, a soil salinity prediction map has been
produced, shown in Figure 3.

EC = —0.0027 xSI3 — 68.8814 xSI5 + 0.0033xSI17 + 80.1276 (1)
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Figure 2. Soil salinity prediction map

4. DISCUSSION

Salinity is one of the most critical problems for agricultural lands lost due to wrong operations in
our world. Especially in arid and semiarid regions, approximately half of the irrigated agricultural
lands have salinity problems of varying degrees—good protection of limited resources and
especially agricultural lands against the rapidly increasing world population. Therefore, soil salinity
should be monitored with fast, economic and accurate data and methods. The fact that on-site
measurements require much time and are not economical makes monitoring salinity with remotely
sensed data advantageous.

In this study, soil salinity was estimated using remotely sensed data and machine learning
algorithms, and the method with the best results was determined. In this direction, five different
machine learning algorithms were used. Results show that the REPTree and M5P methods gave the
best results. In other studies in the literature, it is seen that these algorithms give very successful
results [29]. t is also stated that it is an advantage in that it is a flexible method and gives the best
results in estimation processes in different fields [30].

In addition, it has been noticed that the SI5 index is used for estimation in both methods. SI5 can be
used to estimate salinity in terms of both ease of calculation and performance. It is seen that this
index, which is calculated by the ratio of the blue and green bands of the Planetscope satellite, also
gives successful results in salinity studies calculated by statistical methods [31].

The results show that machine learning algorithms and Planetscope images successfully determine
soil salinity. The methods will be evaluated in future studies by taking samples from different
product classes and wet/arid lands.

5. CONCLUSION

Soil salinity caused by global climate change, which the Paris Climate Agreement often raises, has
reached dangerous levels. In addition to its environmental effects, soil salinity has become a factor
that causes soil fertility to decrease and restricts the economic gain obtained from agricultural
activities. Accordingly, the studies conducted to determine, monitor, manage soil salinity in the
Central Anatolia Region of Turkey, the economy based on agricultural activities, and restore the
regions affected by soil salinity have gained significant importance. For this reason, it is very
advantageous to monitor soil salinity with the use of remotely sensed data in a fast, economical, and
not very time-consuming. In this study, soil salinity was estimated using machine learning
algorithms with remotely detected data of agricultural areas of the Alpu district, where agricultural
activities are carried out intensively in the Central Anatolia Region, and the methods that give the



algorithms with remotely detected data of agricultural areas of the Alpu district, where agricultural
activities are carried out intensively in the Central Anatolia Region, and the methods that give the
best results were selected. Five different machine learning algorithms were used to determine soil
salinity. Among these five algorithms, it has been determined that the REPTree and M5P methods,
which have given very successful results in the literature, give the best results. In addition to the fact
that the methods give better results in estimating soil salinity in different areas, they are also quite a
flexible method. Additively the SI5 index, which is common to both methods used to estimate soil
salinity, supports its availability both for the convenience of estimating and for performance. As a
result, it was determined that machine learning algorithms and Planetscope images were successfully
used to determine the soil salinity.

Further research is needed to test the potential of machine learning algorithms in estimating and
mapping soil salinity. Also, machine learning algorithms used to estimate soil salinity should be
studied in vast areas with different climates, geology, geomorphology, land use, and vegetation to
evaluate their potential for use in different areas.
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RESISTANCE TO CRACK PROPAGATION OF HIGH-PERFORMANCE
CONCRETE

Abstract

This paper discusses the results of investigations on the resistance to crack propagation carried
out as part of a large-scale project to develop high-performance concretes (HPCs) for the
secondary lining of a low and intermediate level waste disposal shaft. Four HPCs were
investigated, in which the quantity of the binder component and the proportions of the two
cements and the silica fume in it were varied. We have also added steel fibers to one HPC. The
wedge splitting test method was used to determine the resistance to crack propagation. The
results obtained show that all the HPC investigated achieve good resistance to crack
propagation. The addition of steel fibers further improves this resistance.

Keywords: resistance to crack propagation, high performance concrete, wedge splitting test

OTPORNOST BETONA VISOKIH PERFORMANSI NA SIRENJE
PUKOTINA

Casicemax

Y oBOM paly ce pa3Mmarpajy pe3ylTaTH HCTPaKHBamba OTIOPHOCTH HA IIMPEHE MYKOTHHA
CIPOBEJICHUX Yy OKBHPY OOMMHOI TpojekTa pa3Boja OeToHa Bucokux mnepdopmancu (bBII)
3a CeKyHAapHy oOJlory miaxTa 3a OJJarambe HHCKO M Cpelle pPaJAuOaKTUBHOI OTHAja.
UctpaxuBanu cmo uetnpu cactaBa bBII, y kojuMa cMo yriaBHOM Bapupajid KOJUYUHY BE3HBHE
KOMIIOHEeHTe U MelycoOHe ofHOce 1Ba IleMEHTa M CHJIMKAaTHe mpamuHe. Takohe cMmo momanu
uenMuHa BIakHa y jenad BBIL. 3a oapehiBarme 0THOPHOCTH Ha MIMpEH-E MyKOTHHE KOPHIILEHA je
METO/la MCIIMTHBAma lienama KIMHOM. JloOMjeHn pesynratm mokasyjy JAa CBH HCIIUTUBAHU
BBII mnoctwxy mnoOpy OTIIOPHOCT Ha HIMpeme MyKnTHHE. Jlogarak 4YenMyHWX BJakaHa
JIOZIATHO 100O0JBIIABA OBY OTIIOPHOCT.

Kmwyune pujeuu: omnopnocm na wiuperse nykomuna, 6emon 6UCOKUx nep@hopmancu, UCRUMuearse
Yenaroa KIuHOM



1. INTRODUCTION

High performance concrete (HPC) differs from normal concrete in at least one individual property
(compressive strength, permeability, workability or other), and in structure, composition, and
production [1]. Research during the 1970s, highly effective plasticizers or superplasticizers for
concrete, introduced the possibility of significantly reducing the value of wi/c ratio and achieving,
regardless of the moderate content of cement, a high degree of workability. The low value of the
w/c ratio, with good compaction, has a significant contribution to high strengths. Strength was an
important parameter in distinguishing HPC from normal concrete.

In the 1950s, the compressive strength of concrete was considered to be 35 MPa high strength [2].
In the 1960s, concretes with compressive strengths of up to 40 and 50 MPa were used. The European
Standard for Concrete EN 206:2013 defines in clause 4.3.1 “Compressive strength classes” in Table
12 “Compressive strength classes for normal and heavy concrete”, ending at compressive strength
class C 100/115, and Table 13 “Compressive strength classes for lightweight concrete”, ending at
compressive strength class LC 80/88. The tables are identical to those in the previous edition of EN
206-1:2003. Neither of the two editions of the concrete standard gives any rules for high strength
concretes. It should be noted that the old edition of EN 206-1:2003, among the definitions in Chapter
3 “Definitions, symbols and abbreviations”, clause 3.1.10 defined that high strength concretes are
normal concretes of strength class C 55/67 and above and lightweight concretes of strength class LC
50/55 and above. This definition is not in the new edition of EN 206:2013.

Strengths up to 150 MPa were a sensation [3]. Using special technologies and materials, in
laboratories and in experimental productions, compressive strengths of 230 MPa and 460 MPa [2]
and up to 800 MPa and more have been achieved [4], so-called concretes with reactive powder RPC
(Reactive Powder Concrete) [5, 6]. The first applications of high - strength concretes were recorded
during the construction of highly loaded columns of tall buildings (skyscrapers) [7, 8].

Over time, it became known that high-strength concrete improves other properties, such as abrasion
resistance, capillary absorption, gas permeability and water permeability, diffusion resistance,
resistance to freezing-thawing in the presence of de-icing salts, etc. Due to these improvements, the
term high performance concrete (HPC) [9] was introduced. The HPC concept has been extended to
fresh concrete, so that self-consolidating concrete (SCC) [10] is also considered HPC.

High strength concrete is achieved by maximizing the densification of the structure of the hardened
cement paste and the densification of the transition zone of the interfaces between the hardened
cement paste and the aggregate grains. First, we need to achieve a good "packing™ of the aggregate
grains [11], or a compacted aggregate structure that is "glued"” with cement paste.

Mineral admixtures as well as polymers are very often used to achieve the densest structure of the
hardened cement paste and the most dense transition zone. In this case, we are not talking about a
water-cement (w/c) ratio, but a water-binder (w/b) ratio. By increasing the quantity of mineral
admixtures and decreasing the w/b ratio, higher concrete strength is achieved. But often, increasing
the quantity of mineral admixtures increases the need for water. In such a case, when the critical
quantity of a given mineral admixture is exceeded, the strength of the concrete is reduced because
the w/b ratio is increased. Therefore, when mineral admixtures are used, highly effective plasticizers
are added to the concrete to evenly distribute the fine particles of the mineral admixture and reduce
the amount of water, thus increasing the strength of the concrete. In any case, the amount of mineral
admixtures is also limited for other reasons, which were discussed at much more detail at the 22"
Slovenian Colloquium on Concretes: Use of mineral admixtures in cement and/or concrete [12].
Typically, the w/b ratio values of high-strength concretes are between 0,25 and 0,40. At such low
w/b ratios, not all the binding component (cement and mineral admixtures) hydrates. The lower the
w/b ratio, the more non-hydrated particles there are, the density increases and the strength of the
concrete increases [13]. Non-hydrated cement and mineral additive particles act as a mineral filler.
Hardened cement paste binds the aggregate grains together. Physical interactions are mainly
dominant and chemical bonding is rare. On the surfaces of the aggregate grains, crystals grow from
the highly saturated solution, i.e., calcium-hydroxyl lamellae. Investigations show that conventional
cement paste produces a porous layer with a crystalline orientation on the surfaces of the aggregate
grains, with a thickness of about 40 um. This layer has a lower hardness and strength than hardened
cement paste. Investigations show that the thickness of the transition zone is difficult to influence
by varying the wic ratio, like the average aggregate grain spacing in concrete, which is
approximately 75 to 100 um [14]. As a consequence, the mechanical properties of concrete are
highly dependent on the transition zone. SEM photos [15] show that there is a dense, irregular zone
with a thickness of 1 um on the surface of the aggregate grains. This zone is followed by a porous
transition zone about 10 pum thick.



It can be observed that the porosity of the transition zone decreases as the concrete hardens, while
that of the compact cement paste remains relatively constant. However, the transition zone can be
significantly densified by adding mineral admixtures. Silica fume is the most effective because the
small particles increase the volume around the cement particle and, due to their large specific surface
area, hydrate significantly faster than fly ash or slag. In addition, CH is transformed into CSH,
reducing the amount of CH crystals at the interface between the hardened cement paste and the
aggregate grains.

The reduction of porosity, or densification of the transition zone by mineral admixtures, greatly
reduces the possibility of cracks forming during the application of external loads at the interface
between the hardened cement paste and the aggregate grains. This increases the strength of the
concrete.

The influence of the good bond between the hardened cement paste and the aggregate grains, or the
densified transition zone due to the addition of silica fume, can be seen in the photographs in Figure
1, which show the surfaces of the concrete test specimens (cubes) after the wedge splitting test [16].

Figure 1. Surface photographs of concrete cubes after wedge splitting test: (a) concrete without
mineral admixture, (b) concrete with added silica fume [16].

The addition of silica fume (7,5 % w/w of cement) to the concrete - right picture (b) in Figure 1 -
has densified the transition zones and they no longer represent the weak or porous regions in the
concrete that would be the cause of the crack initiation and propagation. Also, the addition of silica
fume makes the cement paste denser, which means that there are far fewer weak regions in the
concrete where cracks would start to form. As the external load continues to be applied, these cracks
join to form a single dominant crack, which ultimately leads to the concrete test specimen collapsing.
In general, the propagation of cracks can be said to depend on the magnitude and duration of the
stresses that caused their formation and the external loads. Concrete resists this expansion by
bridging the cracks with aggregate grains and additionally, if present, with fibers or polymer. We
are talking about the resistance of concrete to crack propagation, or the ability of concrete to absorb
as much energy as possible up to a certain (chosen) crack width.

The method for determining the resistance to crack propagation (RCP) of concrete and the results
of extensive RCP investigations of high-performance concretes (HPC) are presented below.



2. METHOD FOR DETERMINING THE RESITANCE TO CRACK
PROPAGATION

The resistance to crack propagation of concrete is determined by the following equation:

Rcp =L )
few

where:
RCP - resistance to crack propagation,
fet - ultimate splitting tensile strength (MPa),
few - equivalent splitting tensile strength up to the selected crack width (MPa).
In practice, the equivalent splitting tensile strength up to a crack width of 0.2 mm (fo2) is most used
to calculate the resistance of concrete to crack propagation, and equation (1) takes the following
form [21]:

RCPp = Let )

fo,2

where:
RCP - resistance to crack propagation,
fo - ultimate splitting tensile strength (MPa),
fo - equivalent splitting tensile strength up to the crack width of 0,2 mm (MPa).
From the load - CMOD (Crack Mouth Opening Displacement) diagrams, the ultimate splitting
tensile strength (fe;) and the equivalent splitting tensile strengths up to crack widths CW = 0,1, 0,2,
0,3 and 0,4 mm (fcw) are determined or calculated. The load - CMOD diagram was obtained during
the wedge splitting test of concrete. The wedge splitting test (WST) method, which produces a load
- CMOD diagram, is one of many test methods that have been developed to determine the behavior
of cement-based composites in the cracked state. The WST method we use was developed by
Tschegg and Linsbauer [17-20] and is briefly described below.
A test specimen (cube) with a rectangular groove and a notch at the bottom of the groove is placed
on a flat linear support in a compression testing machine (Figure 2). The two transfer pieces inserted
in the groove cause the test specimen to split by pushing the wedge in.
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Figure 2. Individual components of the wedge splitting test device.

The force F (Figure 3) caused by the compression testing machine is transmitted by the wedge to
the test specimen by dividing it into two components. The larger horizontal component F splits the
test specimen.



Figure 3. Principle of the wedge split test method.

The smaller vertical component Fy helps to control the direction of crack propagation in the plane
connecting the support and the notch. As the wedge angle is small, the Fv component does not affect
the test results. The deformation is determined by measuring the Crack Mouth Opening
Displacement (CMOD) in the line of action of the Fn component during splitting of the test
specimen.

During the application of a load to the test specimen, small individual cracks within the concrete
begin to appear at a given load. These cracks join to form a continuous crack that can be seen on the
surface of the test specimen. At this point in the load - CMOD diagram, the slope of the diagram
increases sharply. The load and CMOD at this point are referred to as the load at the first crack Fg
and the Crack Mouth Opening Displacement at the first crack CMODy, respectively.

There are difficulties relating to precise determination of the location of the first crack (FC). ASTM
C 1018 defines first crack as the point on the load — CMOD diagram at which the form of the curve
first becomes non-linear. Determination of the point of FC has been proposed [22, 23] as the point
at which the slope of the curve departs from linearity by more than 5 % and lasts for an interval of
more than 0,01 mm.

At our Institute (IRMA), computer program has been developed, which works in graphical form, for
automatically drawing load - CMOD curves, for calculation of parameters for evaluation of concrete
behavior, and for determination of the point of FC [24].

At the moment when the point FC is reached, the crack width begins to propagate with further
loading. From the point FC, the fracture zone of the concrete begins to form. In the fracture zone,
all further fracture processes proceed until the final separation of the test specimen.

3. EXPERIMENTAL BASIS

3.1. SHORT INTRODUCTION TO THE PROJECT

The project that we are briefly reviewing here is entitled "Study on the production, placeability and
characteristics of final concrete mixtures for the construction of secondary reinforced concrete lining
of the silo of the LILW repository" [25]. The project was carried out at the Institute for Research in
Materials and Applications (IRMA), in the laboratory and in the test field. The implementation was
carried out by the laboratories of the Slovenian National Building and Civil Engineering Institute
(ZAG), the Faculty of Civil and Geodetic Engineering of the University of Ljubljana, the Geological
Survey of Slovenia, Salonit Anhovo and the Faculty of Civil Engineering of the University of
Zagreb. HSE Invest and IBE, the designer of the LILW repository, worked together on specific areas
of expertise. During the implementation of the project, we worked closely with the project sponsor,
the Agency for Radioactive Waste (ARAO).

The project was implemented in three phases. The results and findings of each phase served as a
basis for the continuation of the project in the next phase. So, in the first phase, we selected the basic
materials and carried out preliminary tests on the concretes. Based on the results obtained, four
optimum concrete mix-proportions were identified and tested in the laboratories as part of the second



phase. We investigated the properties of fresh and hardened concretes relevant for achieving
extremely high concrete durability and service life of the secondary lining and, indirectly, of the
entire LILW silo. These results were confirmed by measurements and investigations in the test field
during the first part of the third phase of the project. The measurements and investigations in the test
field also provided new results and findings, which were used to develop the basic technological
parameters for the construction of the secondary reinforced concrete lining of the silo of the LILW
repository. These were prepared as part of the second part of the third phase of the project.

3.2. SELECTION OF BASIC MATERIALS AND IDENTIFICATION OF CONCRETE
MIX-PROPORTIONS

3.2.1. Binder

The selection of the binder was based on the key required characteristics of the concrete:

e high compressive strength,

e low development of hydration heat,

e low permeability,

e sulphate resistance,

e extremely high durability of the concrete and the service life of the completed structure.
There is no such binder on the market that meets the above requirements. Therefore, we selected a

binder component consisting of two cements (CEM 1 42,5 N SRO and CEM I11/B 32,5 N - LH/SR)
and Silica Fume (SF).

3.2.2. Aggregate

The gravels from the Lower Sava separations, which are located close to the LILW disposal site, are
not an option due to the presence of coal grains. Dolomite or limestone crushed aggregate have been
proposed as possible aggregate types. Based on a literature review of the findings of several studies
of concretes with dolomite and limestone aggregate, we chose limestone aggregate, mainly because
of the potential for an alkali-dolomite reaction in concrete with dolomite aggregate at high concrete
ages. The concretes investigated in this project were prepared using crushed quarry aggregate of
carbonate origin with more than 96% limestone or calcium carbonate.

3.2.3. Chemical admixtures

The selection of the chemical admixtures was carried out in the framework of preliminary tests of
the concretes regarding workability and air content of the fresh concrete.

3.2.4. Steel fibers

To obtain the optimum concrete mix-proportion according to the given criteria, the mix-proportions
were modified by the addition of steel fibers. To minimize the effect of the fibers on the workability
of the fresh concrete and to maximize the uniform distribution of fibers in the fresh concrete mass,
short (16 mm long) and thin (0,4 mm thick) steel fibers with anchors at the ends were selected to
allow good anchorage in the hardened concrete matrix.

3.2.5. Concrete mix-proportions

Based on the results of the preliminary investigations, four mix-proportions of concrete or High-
Performance Concrete (HPC), respectively (Table 1) were determined, which were investigated in
the laboratories during the second phase of the project, placed in the test field and investigated during
the first part of the third phase.

Table 1. Mix-proportions of High-Performance Concrete (HPC)

Parameter Unit Designations of HPC

PP-1 PP-1-JV PP-2 PP-3
Binder (CEM | + CEM Il + SF) (kg/m?) 405 405 405 425
CEMI/CEM I - 0,43 0,43 1,00 1,00
Hyper-plasticizer (% m/m) 0,47 0,47 0,47 0,78
Antifoaming admixture (% m/m) 1,00 1,00 1,00 1,00
(W/D)efr design - 0,38 0,38 0,38 0,38
Steel fibers (% viv) - 0,77 - -
Dmax of limestone aggregate (mm) 32 32 32 32
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3.3. OVERVIEW OF THE RESULTS OF SOME PROPERTIES OF HARDENED HPC

In this section, we would like to provide additional information on only some of the properties of all
four HPCs that sufficiently represent their characteristics.

3.3.1. Compressive strength

The compressive strength according to SIST EN 12390-3:2009 of the hardened HPC was tested at
ages 1, 2, 3, 7, 28, 56 and 154 days. Figure 4 shows the average compressive strength results as a
function of the age of the HPC.
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Figure 4. Average compressive strength values as a function of HPC age.

The project requires a compressive strength class of C60/75 at 90 days. As we have not been able to
determine the compressive strength of the HPC at 90 days of age, we give an estimate of the
compressive strength class achieved at 56 and 154 days of age. The assessment (according to SIST
EN 206:2013, Appendix A) shows that all HPCs meet the criteria of the required compressive
strength class C60/75 at 56 and 154 days of age, which means that they also meet this criterion at
90 days. PP-1-JV and PP-3 also meet the criteria for the higher class C70/85 at 154 days of age.

3.3.2.  Static modulus of elasticity

Static modulus of elasticity tests was carried out according to DIN 1048-5:1991 at HPC ages of 7,
28, 56 and 90 days. Figure 5 shows the average results of the static modulus of elasticity as a function
of the age of the HPC.
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Figure 5. Average static modulus of elasticity as a function of HPC age.



The average test results of all HPC at 28 days of age meet the criterion (Estat,2s < 50000 MPa). At
ages 56 and 90 days, the Est.: values increase only slightly and are slightly greater than 50000 MPa
for PP-1, PP-1-JV and PP-3. For PP-2, the Esa is < 50000 MPa even at age 90 days.

3.3.3.  Resistance to water penetration

Water penetration tests according to SIST EN 12390-8.2009 were carried out at HPC ages of 7, 28,
56 and 90 days. Figure 6 shows the average results of the water penetration tests as a function of the
age of the HPC.
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The following project requirements are given;

e maximum average allowed depth of water penetration: eaverallow = 10 mm,

e maximum individual allowed result: emaxaiiow = 15 mm.
As HPC increase in age, their resistance to water penetration increases. PP-1-JV already meets the
required criterion at 28 days of age, PP-1 and PP-3 at 56 days of age and PP-2 only at 90 days of
age.
3.3.4. Internal freeze/thaw resistance
The internal freeze/thaw resistance test is performed at HPC ages 56 and 90 days according to SIST
1026:2016, Appendix ND. In Table 2, we report the average and minimum relative dynamic
modulus of elasticity after n freeze/thaw cycles of all four HPC mixtures that we started testing at
ages 56 and 90 days.

Table 2. Average and minimum relative dynamic modulus of elasticity after n freeze/thaw

cycles.
Relative dynamic modulus of
Age of HPC at | Number elasticity
HPC start of test | of cycles —
Average Minimum
(days) n
(%) (%)
PP-1 56 375 95,8 92,1
90 325 97,4 97,0
56 375 98,1 97,7
PPV e 300 98,8 98,5
56 375 96,8 92,1
PP-2 : :
90 300 97,4 95,5
PP_3 56 350 99,9 98,9
90 275 99,0 98,4

Although the required criterion for internal freeze/thaw resistance is up to 200 cycles, all HPCs were
tested up to n cycles (see Table 2). Even after n cycles, all HPCs met the criterion: average relative



dynamic modulus of elasticity > 80% and minimum relative dynamic modulus of elasticity > 75%.
Based on these results, it can also be roughly estimated that all four HPCs have a quality structure
that can assure the long service life of the LILW repository.

3.3.5. Resistance to chloride diffusion

The resistance to chloride diffusion test according to the method given in NT BUILD 492:1999 was
carried out at HPC ages 56 and 90 days. Table 3 gives the results of the average chloride diffusion
coefficients.

Table 3. Average coefficients of chloride diffusion.

Dnssm, X 1022 m?/s Dnssm, X 1012 m?/s
HPC

Age of HPC 56 days | Age of HPC 90 days
PP-1 0,77 +£0,28 0,55+ 0,05
PP-1-JV 1,48 £0,23 1,01+0,18
PP-2 1,16 £ 0,13 0,71+ 0,05
PP-3 0,86 + 0,09 0,68+0,10

All HPCs meet the criterion for coefficient of chloride diffusion Dussm < 9,0 10712 m?/s.

4. RESULTS OF RESISTANCE TO CRACK PROPAGATION TESTS
AND DISCUSSION

All four HPCs were tested by the WST method described in section 2 at 3, 7, 28, 56 and 90 days of
age. For each test specimen, we first determined the load — CMOD diagram. From the shape of the
diagram, we can already assess the behavior of the test specimen during the application of the
splitting load. As an example, we give in Figure 7 the typical load - CMOD diagrams determined
for PP-1, PP-1-JV, PP-2 and PP-3 at their age of 90 days.
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Figure 7. Typical load - CMOD diagrams of PP-1, PP-1-JV, PP-2 and PP-3 at 90 days of age.

We can immediately estimate that much more energy was absorbed during the PP-1-JV test
compared to the other HPCs. This is understandable, of course, because PP-1-JV contains steel
fibers, while the other HPCs are without fibers. A similar assessment can be made based on a visual
inspection of the test specimens after the WST (Figure 8a, b, ). The cracks on test specimens PP-1
(a) and PP-3 (b) run more or less vertically to the lower edge - the cubes have split into two parts.
While the cracks on the PP-1-JV (c) specimens are very branched and do not reach the lower edge
of the cube. The cube does not break because the fibers bridge the crack and offer great resistance
to crack propagation.
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Figure 8. Crack shape and course after completion of WST on PP-1 (a), PP-3 (b) and PP-1-JV (c)

specimens at 90 days of age.

The estimate described above is rough and relative. However, if we want to have a more accurate
and measurably comparable estimate, we need to determine and calculate the parameters from the
load - CMOD diagrams, as we have already described in section 2.

These parameters are:

fe - ultimate splitting tensile strength,

frc - splitting tensile strength at the first crack,

fcw - equivalent splitting tensile strength up to the crack width CW = 0,1, 0,2, 0,3 and 0,4
mm,

RCP (Resistance to Crack Propagation) = fo o/fc.



For all HPCs, we summarize the resulting parameters in Table 4 for PP-1, Table 5 for PP-1-JV,
Table 6 for PP-2 and Table 7 for PP-3. For each table, the corresponding equivalent splitting tensile

strengths fcw versus crack width CW are given in graphical form.

Table 4. Results of the wedge splitting test for PP-1.

5 é ultll_m_ate spllt_tlmg equivalent splitting tensile strength up to the |resistance to
§8 | aeor [E0° |ironghar crack width (mm) crack
e 2 PP-1 " strength - |first crack | 0.1 0.2 03 04 gggﬂa“;n
§ f foe - fr. fou fo,2 fos foa o
s (days) (MPa) (MPa) (MPa) (MPa) | (MPa) (MPa) -
PP-1/19 3,47 3,33 2,72 2,03 1,60 1,36 0,59
PP-1/20 5 3,78 3,54 3,28 2,51 2,01 1,67 0,66
PP-1/21 3,39 3,09 2,81 2,36 1,93 1,61 0,70
average 3,55 3,32 2,94 2,30 1,85 1,55 0,65
PP-1/22 4,22 3,94 3,64 2,69 2,00 1,60 0,64
PP-1/23 8 4,08 3,61 3,28 2,58 2,00 1,62 0,63
PP-1/24 4,38 4,15 3,46 2,88 2,36 1,97 0,66
average 4,23 3,90 3,46 2,72 2,12 1,73 0,64
PP-1/25 4,90 4,78 4,07 3,21 2,40 1,90 0,66
PP-1/26 28 4,94 4,78 4,36 3,40 2,60 2,11 0,69
PP-1/27 4,64 3,53 3,55 2,84 2,21 1,78 0,61
average 4,83 4,36 3,99 3,15 2,40 1,93 0,65
PP-1/28 571 5,32 4,68 3,92 3,03 2,34 0,69
PP-1/29 56 5,84 5,63 4,36 3,61 2,65 2,08 0,62
PP-1/30 5,45 5,16 4,65 3,81 2,85 2,25 0,70
average 5,67 5,37 4,56 3,78 2,84 2,22 0,67
PP-1/88 6,91 6,23 5,27 4,22 3,09 2,41 0,61
PP-1/89 90 6,35 5,74 4,36 3,93 2,85 2,24 0,62
PP-1/90 572 5,29 4,53 3,67 2,69 2,11 0,64
average 6,33 5,75 4,72 3,94 2,88 2,25 0,62

After the first crack, and as the crack width increases, the equivalent strengths decrease (Figure 9).
This is known as softening. The increase in equivalent strengths at a given crack width is more
moderate compared to the increase in f (third column in the table 4) up to the age of PP-1 56 days.
Thereafter, the equivalent strengths increase only slightly up to 90 days of age.
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Figure 9. Equivalent splitting tensile strengths fCW and splitting tensile strength at first crack ffc
of PP-1 as a function of crack width.



In the light of the above observation, a moderate increase in resistance to crack propagation RCP up
to the age of PP-1 56 days is understandable, and then decreases at the age of 90 days (last column
in Table 4). RCP > 0.60 at all ages PP-1.

Table 5. Results of the wedge splitting test for PP-1-JV.

5 é ::)tllirtTt]?rt]Z ?:r'];titl':g equivalent splitting tensile strength up to the |resistance to

c E ;

% §_ p?:giojfv tesnile strength at crackwidth (mm) crack i

S o 7V |strength - |firstcrack | 0.1 0.2 03 04  [Propagation

_q:) f foe - fr. fou fo,2 fos foa RCP=fo /T

s (days) (MPa) (MPa) (MPa) (MPa) | (MPa) (MPa) -

PP-1-JV/1 3,50 3,01 3,15 2,87 2,72 2,59 0,82
PP-1-JV/2 3 3,99 3,49 3,55 3,39 3,20 3,15 0,85
PP-1-JV/2 3,63 3,27 3,05 2,72 2,50 2,43 0,75
average 3,71 3,26 3,25 2,99 2,81 2,72 0,81
PP-1-JV/2 6,07 5,81 4,79 454 4,13 3,97 0,75
PP-1-JV/2 8 5,54 4,49 4,83 4,37 3,83 3,60 0,79
PP-1-JV/24 4,86 3,72 4,07 3,87 3,51 3,37 0,80
average 5,49 4,67 4,56 4,26 3,82 3,65 0,78
PP-1-JV/2 5,36 4,34 431 4,70 4,73 4,82 0,88
PP-1-JV/2 28 4,79 4,14 4,01 4,30 4,32 4,29 0,90
PP-1-JV/2 4,82 4,25 4,18 4,42 4,28 4,25 0,92
average 4,99 4,24 4,17 4,47 4,44 4,45 0,90
PP-1-JV/2 5,79 4,36 5,05 4,63 4,16 3,97 0,80
PP-1-JV/2 56 6,01 4,42 4,93 4,54 4,06 3,86 0,76
PP-1-JV/3 6,24 5,00 4,96 4,68 4,38 4,28 0,75
average 6,01 4,59 4,98 4,62 4,20 4,04 0,77
PP-1-JV/8 541 4,13 4,62 453 4,46 4,41 0,84
PP-1-JV/8 90 5,95 511 5,00 4,67 4,60 4,32 0,78
PP-1-JV/9 6,10 5,22 4,94 4,83 2,69 2,11 0,79
average 5,82 4,82 4,85 4,68 3,92 3,61 0,80

The ultimate splitting tensile strength f.; increases unevenly with the age of PP-1-JV (third column
in the table 5). After the first crack, and as the crack width increases, the equivalent strengths
decrease moderately (Figure 10. Softening is moderate. For a given crack width, the equivalent
strengths increase significantly from PP-1-JV age of 3 days to 8 days. Thereafter, the equivalent
strengths increase relatively less and rather unevenly up to the age of 90 days.
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Figure 10. Equivalent splitting tensile strengths fCW and splitting tensile strength at first crack ffc
of PP-1-JV as a function of crack width.



The RCP also varies in a similar way at different ages of PP-1-JV; average RCP values from age 3
to 90 days are around 0,80 (last column in Table 5). Regardless of the heterogeneity, all individual
RCP results > 0,75, which means that PP-1-JV shows good resistance to crack propagation.

Table 6. Results of the wedge splitting test for PP-2.

E é s:Jtlli;rt]?r:; f:rlmlstitllgg equivalent splitting tgnsile strength up to the |resistance to
% g’_ age_of tesnile strength at crackwidth (mm) c:zcl; ation
S o PP-2"|strength - [first crack | 0.1 0.2 0.3 04 |Propag

o O RCP:fO Z/fct
3 ; fct - ffc f0,1 f0,2 f0,3 fo,4 '

s (days) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) -
PP-2/19 3,42 2,41 2,58 2,20 1,86 1,59 0,64
PP-2/20 4 3,55 2,67 2,94 2,48 2,10 1,80 0,70
PP-2/21 3,20 2,18 2,78 2,19 1,92 1,70 0,68
average 3,39 2,42 2,77 2,29 1,96 1,70 0,68
PP-2/22 4,89 3,78 3,99 2,94 2,30 1,88 0,60
PP-2/23 7 3,81 2,63 3,07 2,25 1,75 1,44 0,59
PP-2/24 3,90 3,06 3,44 2,72 2,18 1,78 0,70
average 4,20 3,16 3,50 2,64 2,08 1,70 0,63
PP-2/25 5,65 5,11 4,61 3,54 2,75 2,25 0,63
PP-2/26 97 4,74 3,45 4,03 341 2,51 1,99 0,72
PP-2/27 4,96 4,82 4,18 3,18 2,34 1,87 0,64
average 512 4,46 4,27 3,38 2,53 2,04 0,66
PP-2/28 5,43 4,20 4,36 3,75 2,87 2,30 0,69
PP-2/29 56 6,04 4,40 4,81 3,98 2,97 2,39 0,66
PP-2/30 5,97 5,94 4,56 3,66 3,09 2,62 0,61
average 5,81 4,85 4,58 3,80 2,98 2,44 0,65
PP-2/88 6,26 5,61 4,81 3,55 2,57 1,89 0,57
PP-2/89 90 5,85 4,59 4,76 3,79 2,81 2,23 0,65
PP-2/90 6,45 4,92 5,35 4,39 3,29 2,59 0,68
average 6,19 5,04 4,97 3,91 2,89 2,24 0,63

The ultimate splitting tensile strength fe: increases uniformly with the age of PP-2 (third column in
the table 6). After the first crack, and as the crack width increases, the equivalent strengths decrease
(Figure 11). Softening occurs. The equivalent strengths at a given crack width increase more rapidly
from 4 to 27 days of age than from 27 to 90 days.
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Figure 11. Equivalent splitting tensile strengths fCW and splitting tensile strength at first crack ffc

of PP-2 as a function of crack width.




The RCP decreases moderately from age 27 to 90 days (last column in Table 6). All average values
are > 0,60.

Table 7. Results of the wedge splitting test for PP-3.

b é :;Jtllir‘::?rtlg f:rlllstitllgg equivalent splitting tensile strength up to the |resistance to
c o= .

% § age_of tesnile strength at crackwidth (mm) C:‘;Cl; ation
g 2 PP-3 " lstrength - |first crack |01 0.2 03 04 |Propag

g = f - f fou fo.2 fos foa RCP=fo /e
% © ct fc ) , ) )

s (days) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) -
PP-3/19 3,20 2,78 2,73 2,03 1,64 1,37 0,63
PP-3/20 3 3,27 2,81 2,68 2,28 1,82 1,50 0,70
PP-3/21 3,21 2,03 2,90 2,50 2,19 1,95 0,78
average 3,23 2,54 2,77 2,27 1,88 1,61 0,70
PP-3/22 5,01 4,14 4,23 3,39 2,59 2,09 0,68
PP-3/23 7 4,61 3,46 3,60 2,94 2,35 1,95 0,64
PP-3/24 5,16 3,92 4,31 3,29 2,47 1,98 0,64
average 4,93 3,84 4,05 3,21 2,47 2,01 0,65
PP-3/25 541 4,45 4,49 4,03 3,40 2,72 0,74
PP-3/26 28 5,78 4,40 4,62 3,95 3,06 2,40 0,68
PP-3/27 5,83 3,68 4,47 4,33 3,89 3,01 0,74
average 5,67 4,18 4,53 4,10 3,45 2,71 0,72
PP-3/28 5,78 4,03 4,62 3,71 2,67 2,06 0,64
PP-3/29 56 6,03 5,37 4,77 3,81 2,82 2,23 0,63
PP-3/30 5,92 4,85 4,74 3,93 2,85 2,25 0,66
average 591 4,75 4,71 3,82 2,78 2,18 0,65
PP-3/88 5,80 4,07 4,67 3,83 2,85 2,20 0,66
PP-3/89 90 5,33 4,42 4,56 3,73 2,74 2,14 0,70
PP-3/90 5,72 4,49 441 3,69 2,83 2,25 0,65
average 5,62 4,33 4,55 3,75 2,81 2,20 0,67

The ultimate splitting tensile strength fe: increases uniformly with the age of PP-3 up to 56 days of
age (third column in the table 7). After the first crack, and as the crack width increases, the equivalent
strengths decrease (Figure 12). Softening occurs. The equivalent strengths at a given crack width
increase from 3 to 28 days of age and then decrease so that the values at 56 and 90 days are of the
same magnitude, but less than those of 28-day old PP-3.
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Figure 12. Equivalent splitting tensile strengths fCW and splitting tensile strength at first crack ffc
of PP-3 as a function of crack width.



The resistance to crack propagation varies at different ages of PP-3; average RCP values from age
3 to 90 days are around 0,68 (last column in Table 7). All individual results are > 0,60.

In Figure 13, we give the results of the ultimate splitting tensile strength f: as a function of age for
all HPC (PP-1, PP-1-JV, PP-2 and PP-3).
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Figure 13. Ultimate splitting tensile strength fct as a function of age for all HPC tested.

There are relatively small differences between the ultimate splitting tensile strengths fc; at all HPC
ages. There is also a significant dispersion of results.

However, there is a larger difference between the RCPs of PP-1-JV, which deviates in magnitude
from the RCPs of the other three HPCs (Figure 14).
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Figure 14. Resistance to crack propagation as a function of age of HPC (PP-1, PP-1-JV, PP-2 and
PP-3).

This figure also shows that there is no correlation between RCP and HPC age; the RCP values of all
HPCs do not change much on average with the age of the HPC, there is a slight trend of decreasing
average RCP values with the age of the HPC.

The RCP results of all HPCs meet the required criterion of RCP > 0,60, which means that all HPCs
show resistance to crack propagation. The RCP results obtained from PP-1-JV are relatively highest,
around 0,80. All results for all ages PP-1-JV are greater than 0,75.



5. CONCLUSIONS

All the High-Performance Concretes (HPC) investigated in the project achieved very high durability
in addition to high compressive strength due to their high-quality structure. However, to achieve a
long service life of the structure, it is important that good resistance to crack propagation has been
achieved in the HPC. The required RCP > 0,60 was achieved at all HPC ages. The added steel fibers
further improve the resistance of the HPC to crack propagation. The RCP = 0,75, which is often
required in practice for Fiber Reinforced Concrete structures, was easily exceeded.
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THE INFLUENCE OF CONCRETE VISCOUS DEFORMATIONS
DURING BEHAVIOR CALCULATION OF CABLE-STAYED BRIDGES

Abstract

On the calculation example of a cable-stayed bridge with oblique cables, it was pointed out the
shrinkage and creep of concrete significantly affects the distribution of stresses and deflections of
the span beam over time. The segmental type of bridge construction is considered, which implies
the successive introduction of concrete rheology, for cases of controlled and free beam deflections
during construction, i.e. with or without cable tightening on previously performed segments. The
phenomenon of reduced sensitivity of the span beam to the effects of concrete rheology is pointed
out, in case of controlled deflections by cable tightening, while without cable tightening the
deflections increase over time and can negatively affect the usability of the structure. The analyses
were performed using an appropriate algorithm (developed by the author) which introduced
composite layered finite elements with viscous properties into the calculation.

Keywords: cable-stayed bridges, concrete creep and shrinkage, finite elements.

YTUIAJ BUCKO3HUX JE®@OPMAIINJA BETOHA IIPU ITPOPAYYHY
INOHAINAIBA MOCTOBA CA KOCUM 3ATET'AMA

Casicemax

Ha npumjepy npopauyHa oBjemeHor Mocra (ca KocuM KaOJOBMMa) yKa3aHO je Jja CKyIUbambe H
Teuewe OeTOHa 3HAYajHO YTHYE HA pacHojjely Hampe3ama M yruba paclioHCKe Ipejie TOKOM
BpeMeHa. Pa3marpaH je CerMeHTHH THII IpaJilbe MOCTa, LITO MOJIpa3yMHjeBa CyKIIECHBHO YBOhEHme
peonoruje OeToHa, 3a Clly4ajeBe KOHTPOJMCAHUX W CIOOOAHUX yruba rpene TOKOM Tpajbe,
OJTHOCHO ca miu 0e3 JoTe3ama KadJioBa Ha MPETXOAHO M3BEJCHUM CErMEHTHMa. YKa3aHo je Ha
(eHOMEH CMameHE OCjeTJBMBOCTH pPAclOHCKE rpeie Ha edekre peojioruje OeToHa ako ce
KOHTPOJHUINY YIHOM JoTe3ameM KabjoBa, JOK ce 0e3 morezama KaOlloBa YIHOM TOKOM BpeMEHa
rmoBehaBajy ¥ MOTYy HETaTHBHO YTHIATH Ha YHOTPEOJPHMBOCT KOHCTpYKIHje. AHanm3e cy ypaheHe
kopumhemeM onrosapajyher anroputMma (pa3BHjeHOT OJ CTpaHE ayTopa) KOjHM Cy y HpopadyH
YBEJICHH CIIPETHYTH CJI0jeBUTH KOHAYHH €JIEMEHTH Ca BUCKO3HHM CBOjCTBUMA.

Kmwyune pujeuu: ogjewienu mocmogu, meuere u CKynabarbe 6emond, KOHAUHU eleMenmu.



1. INTRODUCTORY REMARKS

It is known that the shrinkage and creep of concrete in time can have a significant impact on the
changes in stress and strain in composite structures [1] [2] [3] [4]. These deformations can be two
to three or even several times larger than elastic deformations, which is why it is very important to
perform adequate analysis when designing structures, taking into account the degrees of
indeterminacy of the structure and different time intervals of inclusion of individual elements/layers
in stress activity (segmental construction).

To solve such and similar problems, a computational algorithm with layered finite elements was
developed (by the author) within the broader work on the analysis of the influence of rheological
properties of concrete and prestressed reinforcement in complex (statically indeterminate)
composite structures. To gain the stiffness matrix of finite element (FE), the layer method in cross-
section was applied, and influences due to viscous properties of the material were introduced via
fictitious load [1] [2]. By applying an incremental form of stress-strain relation for individual
materials it is enabled to generalize the procedure for discontinuous and continuous changes by
introducing the required number of fictitious (At,=0) and finite time intervals (At,#0). This reduces
the overall calculation procedure to solving algebraic equations (in matrix form), which enables the
calculation automatization, thus an appropriate software algorithm is formed, suitable for application
in practice when it comes to controlling the serviceability limit states.

In general, the calculation model includes rigidly composed layered elements, and applies the
Bernoulli hypothesis of flat cross-sections and the linear theory of concrete creep. The expressions
introduce the following labels for common materials: a-structural steel, c-concrete, s-reinforcement,
and p-prestressing cables. In the general case, for the deformation of the observed fiber in the
composed cross-section in the current time interval Aty, the equality is given [1]:

Agk:Agr,k-'-AKk'y (1)

where:

Ag, - deformation increment of the observed fiber in the cross-section in k-th time interval,

Ag - deformation increment at the level of the reference axis of the cross-section r (y=0),

Ax, - cross-sectional curvature,

y - distance of the observed fiber from the reference axis r.

According to the linear distribution of deformations, the stresses along the height of the composed
cross-section are also distributed linearly. However, unlike deformations, the stress increment for
each layer/material of the composite cross-section is defined with a separate pair of parameters Aoy
and A, following the constitutive stress-strain relations for individual materials, whereby abrupt
changes occur at the contacts of different materials. If the expressions are written in vector form,
equations for individual materials in the current time interval At, have the following forms:
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The vector of the free deformations increment in concrete, when the shrinkage deformation is equal
for all points along the height of the cross-section, has the form:
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The basic equation of the composed FE [1] in the local coordinate system for the current time interval
Aty is:

[K]k'{Aqr}k:{AQ}k_{AQ*}c,k_{AQ*}ka ©)

where:
[K]x - stiffness matrix of the composed FE,
{Aqr}k - vector of nodal displacements from the reference axis r,



{AQ} - vector of external nodal forces,
{AQ*}C . - vector of fictitious nodal forces due to creep and shrinkage of concrete,

{AQ*}p . - Vector of fictitious nodal forces due to relaxation of prestressed reinforcement.

Forming a system of equations for a total FE mesh of structure, requires the prior formation of the
basic equations for each FE. Thereby, it is necessary to transform the stiffness matrix and force
vectors for each FE from the local to the global coordinate system. The equilibrium equation of the
system (matrix shape) is obtained when the stiffness matrices and force vectors from expression (6)
for each FE are superimposed in accordance with the connection criterion for system nodes. By
setting the stiffness matrix coefficients and the FE force vectors at the appropriate positions, a
generalized equilibrium equation is formed for the whole composite system, for the current time
interval Aty:

K], (a0}, =(a0}-{aQ} -{aQ} ™

The system of algebraic equations (7) includes the elastic and rheological properties of the applied
materials by layers, for all individual FEs in the construction system. Visco-elastic changes are
included in finite time intervals (At,#0), while elastic (discontinuous) changes are included in
fictitious time intervals(At,=0). The connection between the displacement vector and the force
vector in the system nodes is established via the stiffness matrix. By solving the system of algebraic
equations (7) the vector of nodal displacements of the system for the current time interval At is
determined with the previous introduction of boundary conditions. After the transformation of the
displacement vector into local coordinate systems, the component deformations for each FE are
determined [1]:

A
(o) =Baa) {40 ] ®
where:

Agyy - part of deformation resulting from averaging of fictitious normal forces ANy of the
observed element,

Ay - the part of the curve originating from the external distributed load in the middle-span of the
element introduced through the equivalent nodal forces, where the moments AMy, , appear, which
do not exist,

[B,] - interpolation matrix (shape function) for the reference axis in the nodes of the element.

The parameters of total stresses and strains for the discrete moment are determined by the
superposition of the previous state and the change of state in the current time interval (step-by-step

procedure: t, =t ;+At):
(A R R 4 B S e R

Stresses in the cross-section of individual layers change linearly by the height, while at the contacts
jumps in diagram appear as a result of different material properties. More about that in

[21[3][41[51[6][7]
2. CABLE-STAYED BRIDGE CALCULATION EXAMPLE

An example of calculation using the formed algorithm is given for a cable-stayed bridge with steel
cables and a concrete girder, with a span 120+120 m. The bridge structure is inhomogeneous and
statically indeterminate, with multiples degrees of indeterminacy, where layered viscoelastic
elements have been used for the concrete main beam, while elements with elastic properties have
been used for the concrete pylon and steel cables. The pylon was considered to have great rigidity
and to be rigidly clamped in the ground. The method of cantilever construction was applied, where
segments of concrete beams (slabs) are poured on-site and hung with a pair of oblique steel cables
on the pylon. This is in accordance with the usual procedures for the construction of suspended
structures of medium and large span bridges.

A constant change of the static system during construction is present, and also the changes of
concrete in time caused by the shrinkage and creep. This is reflected primarily in the changes in
forces in the cables, and in the deflections and stress redistribution in the concrete beam. Thus, it is
necessary to estimate the changes in stress and strain, as well as the changes in deflection from the



relevant load, as realistically as possible, to prevent negative effects on the load-bearing capacity
and serviceability of the bridge.

The analysis of the bridge structure with the introduced rheology of concrete was conducted for a
period of 10.000 days (27,4 years), for two different stiffness levels of oblique stay cables. In the
first case, the actual stiffness of the cables was taken (no forced deflection/displacement retention,
ie s = 0%), which corresponds to the case without the subsequent tightening of previously installed
cables when adding each new beam (slab) segment. In this case, the vertical movement (deflection)
of the main beam occurs under the actual stiffness of the concrete beam and steel cables. In the
second case, the high stiffness of the cables is used in the calculation (s = 100%), ie the horizontality
of the bridge beam is maintained by preventing vertical displacements (eg constant
tensioning/loosening of cables). In this case, a more realistic assessment of the impact of cable
tension on the effects of reduction of concrete deformations in time is possible.

A similar example is analyzed in the paper Sassone and Casalegno [5] in which the significant
contribution of concrete rheology to the changes of stresses and deformations in the bridge structure
over time is pointed out, and the calculation algorithm is implemented in a software environment
Matlab 7 together with a commercial software TNO Diana 9.4.

For the example analyzed herein, a schematic model of a suspension bridge with concrete beam,
pylon, and steel cables is given in Figure 1. Segmental construction of cantilever beams (slabs) is
performed symmetrically starting from the pylon, left and right, by casting on site. At the end of
each performed segment, a pair of steel cables are attached, which are used to hang the segments on
the pylon. The time of completion of the two symmetric segments is assumed to be 28 days. The
length of each segment of the beam (slab) is 24 m, and the height of the pylon at the place of hanging
the cables is 50 m. Five segments of beams on each side of the pylon, suspended with five pairs of
steel cables were considered.
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120m 120m
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tldays] t=0  t=28 t=56 t=84 t=112 t=140

Figure 1. The scheme of the suspension bridge with oblique cables

The material characteristics, the predicted loads, and the geometry of the elements are given in
Figures 2. Figure 3 shows approximate static systems and loads at characteristic intervals (for easier
understanding), while in the calculation model all elements and loads are preicisely entered, and
then the activation of loads and stiffness by segments is regulated in accordance with the real
conditions of the applied construction technology.
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Figure 2. The cross-section of the main beam of the bridge
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The rheological characteristics of concrete of the main beam were taken following EC2
recommendations, for all relative time relations between discrete moments, and the calculation was
carried out by successive application of the AAEM (Age Adjusted Effective Modulus) method. The
deformations of the rigid concrete pylon were neglected in the calculation, and also the effect of
relaxation within high-grade steel cables over time. A homogeneous concrete beam (slab) with the
constant creep and shrinkage properties over beam height was considered. However, as stated, the
different ages of concrete for individual beam segments during construction and the stress
activations were not neglected, which is very important for this type of bridge construction.
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Figure 3. Static systems and loads for considered time intervals

The discretization of the total time was carried out in accordance with Figure 4. The total time is
divided into 12 intervals following the adopted technology of construction of the main structure of
the bridge. The calculation does not neglect different ages of concrete at the time of loading, ie the
construction of the next beam (slab) segment includes the load from that segment, and it consideres

the contribution of concrete rheology in previously constructed concrete segments according to the
time scale.

28 56 84 112 140 365 1000 10000
t() t1 t2 t3 t4 t5 t6 t7 t8 t9 t10 t11 t12
A0 A, A0 AL A A, At A Ay At Aty At, t[days]

Figure 4. Time discretization in accordance with the planned construction of the bridge
2.1. ANALYSIS OF CALCULATION RESULTS

After the calculations, the characteristic stress diagrams in steel cables are given (Figures 5 and 6),
as well as the diagrams of deflections (Figures 7 and 8) and bending moments (Figures 9 and 10) of
the main concrete beam for the cases with and without cable tensioning.
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Figure 5. Stresses in steel cables
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Figure 6. Stress change in steel cables over time
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Figure 8. Vertical displacement of concrete beam segments in time
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Although some of the assumptions introduced in this example do not apply for all common cases of
similar bridges in practice, significant impacts and their change in characteristic moments can be
seen through successive design analyses of the bridge structure, with the emphasis on the main
concrete beam, thus, through these analyses, useful conclusions can be drawn, when it comes to the
contribution of the viscous properties of concrete in cable-stayed bridge structures [5]:

e Tightening of cables during segmental construction of the bridge, to continuously maintain
the horizontality of the span beam, ie the projected elevation of this beam, has a beneficial
effect, because it maintains the desired level of the main beam, and thus reduces the
sensitivity of concrete to shrinkage and creep. This condition is achieved in the case of fixed
suspension points (cable stiffness s=100%) in the calculation, which means that the diagram
of bending moments along the main beam is fairly uniform and has a shape typical for a
continuous beam (Figure 10). Due to the rheology of the concrete, this diagram moves
slightly upwards over time, thus the beam in the middle area of the span is somewhat
unloaded, and in the support zones it is additionally stressed by the approximately same
absolute value of the moment.

e In the case of actual numerical stiffness of cables (s=0%), where, in fact, during the
construction of each new segment of the main beam, the cables of previously constructed
segments are not tightened, that is, beam deflections depend on the real stiffhess of cables
and on the load in each calculation interval (they grow), the creep and shrinkage of the
concrete cause significant changes in the stress of the main structure (beam) over time. In
this case, the bending moments of the main beam decrease over time, and the deflections
increase. However, it should be noted that the initial bending moments are quite unfavorable
for this type of bridge construction. Namely, these bending moments, unlike in the previously
analyzed state (s = 100%), have a high intensity and are negative along the entire length of
the beam, except in the last segment where the positive values in absolute are significantly
lower than the negative moments.

¢ In general, the rheology of concrete causes a more favorable distribution of the bending
moments in the main beam and reduces the amplitudes of the moments over time for this
type of structure and the construction technology. This relative change (reduction) of
moments, compared to the initial values, is much more pronounced in the case when the
cables are not tightened during construction (s=0%), while in the case of tightening the cables
(s=100%) the initial moments are much smaller, and they change very little over time, so the
contribution of concrete rheology, in this case, can be neglected.

3. CONCLUDING REMARKS

In general, based on the analyzed example and remarks, it can be concluded that the presented
calculation model, within the assumed assumptions, can be used for analysis of different cases in
engineering practice, when it comes to controlling serviceability limits with the considerration of
time deformations of concrete through appropriate layered elements of structure. The generalized
calculation model also includes statically indeterminate, where the impacts change in the cross-
sections without changing the external load, which is a great contribution of this calculation model.
It is also important to point out that more complex cases can be analyzed in practice, such as e.g.
subsequent interventions due to the strengthening and rehabilitation of existing structural systems,
and various construction methods (cantilever systems, continuation of prefabricated elements with
additional concrete or prestressing cables, etc).

The conclusion is that in the calculation of most structures it is necessary to include viscoelastic
properties of materials, primarily shrinkage and creep of concrete, because stresses and deformations
can change significantly over time [6]. Pressed concrete layers are in principle unloaded, and
additional impacts are taken over by steel elements (reinforcement). It is also very important that
these impacts are observed in the real conditions, during the applied construction technology through
all characteristic time intervals. Considering the analysis of the serviceability limit states, any
redistribution of impacts and changes (increment) in deflection should be reduced to an acceptable
measure, thus possible negative effects in the building operation should be prevented.

The example of the suspension bridge analyzed herein indicates the need to tighten the cables of the
previously built concrete segment of the main beam when adding each new segment. This achieves
uniformity of the stresses and deflections along the entire length of the main beam, and the impact
of concrete rheology is reduced to a minimum. Otherwise, if the cables are not tightened, the stresses
and deflections along the beam are notably uneven, with the rheology of concrete in these conditions
reducing the ultimate stresses and increasing deflections.
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THE EFFECT OF THERMAL TREATMENT ON MECHANICAL AND
DEFORMATION PROPERTIES OF STEEL REINFORCEMENT

Abstract

Presented research was intentioned to clarify the effects of thermal treatment (ageing) of reinforcing
steel products on their mechanical and deformation properties. In order to determine the effect of
temperature, samples were exposed to room temperature (reference samples) and a temperature of
100 °C in duration of 30, 60 and 120 minutes, respectively. Tests were conducted on bars, coils and
welded fabrics. After the thermal treatment, samples were exposed to tensile testing. The duration
of the ageing treatment did not significantly affect measured properties of the tested products. Still,
longer ageing process increased the yield stress of samples taken from coils by 7%, while the welded
fabrics reached optimum values of yield stress and elongation after ageing of 60 minutes.

Keywords: steel reinforcement, o-¢ diagram, yield stress, maximum stress, elongation.

UTICAJ POSTUPKA STARENJA NA MEHANICKO-DEFORMACIONA
SVOJSTVA CELIKA ZA ARMIRANJE BETONA

Caxicemax

HctpaxuBame je UMano 3a Wb Aa CE€ MCIUTA YTHIA] ITOCTYIKA CTaperma YelIMKa 3a apMHUpambe
OeToHa Ha FEroBa MexaHW4Ka u JAedopmarinona cBojctra. Jla 6u ce ogpenno edexat remmeparype
Ha IpeJIMETHA CBOjCTBA apMAaTYPHOT YEIIUKA, Y30PIHU Cy H3JIaraH! COOHO] TeMITepaTypH (KOHTPOIHHU
y3opiwm) win temreparypu ox 100°1] y Tpajamy ox 30, 60 u 120 muH, peciektuBHO. cniutuBama
cy o0aBJheHA HA IIKIKaMa, KOTYpOBAMA apMAaTYPHUM MpekaMa. Y30pIU Cy U3JlaraHu aKCHjaTHOM
3are3amy. Tpajambe TpeTMaHa CTapema HUje 3HAYajHO YTHUIANO HA KAPAKTCPUCTHKE UCTIUTUBAHHUX
npousBona. Mnak, ayxe Tpajame crapema KOTypoBa JI0OBOIH /10 NoBehama HaroHa Teyema o 7%,
JIOK Cy KOJI apMaTypHUX Mpexa ONTHMAalHE BPEJHOCTH HalOHa Teuelma M U3yKeHha U3MepeHe
HAKOH cTapema oj 60 MUH.

Kmwyune pujeyu: apmamypnu uenux, o-¢ oujazpam, HanoH mederbd, MaKkCUMAIHU HANOH,
usoyoicerve.



1. INTRODUCTION

Among all steel products used in construction, the steel reinforcement represents a very important
group of products, since it is one of the mostly used materials in the world (as a part of reinforced
concrete).
Important properties of reinforcing steel, such as tensile strength, yield stress, hardness, ductility
and plasticity can be improved with changes in the chemical composition of steel, through alloying,
changing of the size of the metal grains, etc., but also through different treatments in the secondary
production phase (thermal treatments, rolling, drawing, extruding, and so on) [1].
Thermal treatments are defined as processes that include heating of products up to the critical
temperature, holding this temperature for a defined period of time, and then cooling the product in
a prescribed way and velocity. One of the mostly applied ways of improvement of properties is
thermal treatment of steel, usually referred to as ageing. In simple terms, cold deformation controls
the number of dislocations, as well as the size and the number of polycrystal grains in the metal,
while thermal treatment and alloying influence the size and the shape of the grains, number of spot
defects, as well as the fineness and distribution of different phases of metal alloys. These methods
for steel improvement are mutually intermixed and can give similar effects.
After the production in the steel mill, the steel is reshaped through rolling and/or drawing into wires,
coils and bars (smooth or ribbed) with different diameters. Bars or coils prepared in this way, may
be used as final products, that are shipped directly to the construction site, or as half products that
are further used in production of welded fabrics (steel meshes) and lattice girders. Standard SRPS
EN 10080 recognizes the following products for concrete reinforcement [2]:

e Bars, coils (rod, wire) and de-coiled products,

e Sheets of factory-made machine-welded fabric, and

e Lattice girders.
Standard SRPS EN 10080 (Steel for the reinforcement of concrete - Weldable reinforcing steel —
General) defines the testing methods for different reinforcement products, as shown in Table 1. Most
of the tests should be performed on the samples exposed to ageing. Ageing is defined as heating of
the specimens to the temperature of 100 °C, holding this temperature £10 °C during one hour £ 15
minutes and then cooling in still air to room temperature, with no air flow.
Having in mind that the European norm EN 10080 was accepted in Serbia as active standard in 2008
and that for the reinforced steel used on domestic construction sites there are no published data on
the effect of ageing on steel properties, large experimental testing regarding this topic has been
conducted.

Table 1. Conditions of testing the mechanical properties [2]

Manufacturing and delivery conditions of the product Conditions of testing (test pieces)
Produced in straight lengths by hot rolling As delivered ¥ or aged
Produced in straight lengths by cold working Aged ?

Produced as coil and delivered de-coiled Aged ?

Produced and delivered as coil Straightened and aged
Welded fabric Aged 200

Lattice girders Aged 9.9

3 Aged, in case of dispute.

b) Aged means: Heating of the test piece to 100 °C, maintaining at this temperature + 10 °C for a
period of 1 h = 15 min and then cooling in still air to room temperature. The method of heating
is left to the discretion of the manufacturer.

% Or as delivered when the constituents are produced in straight lengths by hot rolling.

2. LITERATURE REVIEW

Elghazouli at al. [3] have tested properties of reinforcing bars with 6 mm, 8 mm and 10 mm in
diameter, exposed to the tensile stresses in different temperatures and stress conditions, with special
attention paid to the temperature influence on ductility of steel. These tests were performed in order
to analyse the behaviour of reinforced concrete slabs exposed to fire.

The types of the tested reinforcing bars are shown in Table 2.



Table 2. Types of the tested reinforcing bars [3]

Applied production procedure Sample mark Description
P10 Smooth bar @ 10 mm
Hot rolling D10 Ribbed bar @ 10 mm
P6 Smooth bar @ 6 mm
Cold rolling D6 Ribbed bar @ 6 mm
D8 Ribbed bar @ 8 mm

The following test conditions were applied:

e Tensile test at room temperature,
e Tensile test at the constant (increased) temperature and raising stress,
e Tensile test at the raising temperature and constant stress,
e Testing of retained properties (laying of samples on constant temperature in duration of at
least 30 min, slow cooling to the room temperature, and then tested with increasing stress).
Stress-strain diagrams of all samples tested at room temperature are shown in Figure 1. Bars acquired
through hot rolling production process show clearly detectable yield stress, which is not the case for

the cold rolled bars.
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Figure 1. Results of tensile test in room temperature [3]

In the case when samples were aged (heated up to the determined temperature with holding the
temperature for duration of 30 min, and then slowly cooled down to the room temperature), and then
tested using tensile test, the stress-strain diagrams presented in Figures 2 and 3 were recorded.
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Figure 2. Stress-strain diagram for sample P6 exposed to ageing on different temperatures [3]

As it can be noticed in Figure 2, hot rolled bar P6 had clearly detectable yield stresses. Apart from
the case when samples were exposed to the temperature of 600 °C, the increase in temperature led
to the reduction of tensile strength, while yield stresses and elongation at maximum force were



unchanged. Large increase in total elongation at maximum force was noted only for sample aged at
the temperature of 600 °C.
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Figure 3. Stress-strain diagram for sample D6 (a) and sample D8 (b) exposed to ageing on
different temperatures [3]

Different behaviour was noticed for cold shaped bars. Yield stresses of these bars were clearly
detectable only on samples aged at the temperature of 600°C (Figure 3). This is a consequence of
the loss of the cold deformation effects at very high temperatures, when these bars tend to behave
similarly as hot rolled products. At the temperature of 600°C, the increase in total elongation at
maximum force values was noticed for all the samples. At temperatures up to the 400°C, no
significant changes in strength, ductility and stiffness of these samples were noted.
In another research conducted by Ahmad [4], the reinforcing bars of nominal diameter @20 mm
were exposed to tensile tests, after ageing on the temperatures of 200 °C, 300 °C, 400 °C, 500 °C,
600 °C and 700 °C in duration of 30 min, 1 hour and 2 hours. After ageing, the samples were cooled
to room temperature, and then tested.

The results of this study are shown in Table 3.

Table 3. Tensile tests results on reinforcing bars [4]

Type of Temperature Duration Yield strength Ultimate tensile Elongation

specimen (°C) (hours) (MPa) strength (%)
(MPa)

Control 25°C 0 684.2 764.3 25
0.5 573.0 726.1 25
Heated 200 °C 1 573.2 745.2 28
2 573.2 738.8 32
0.5 554.1 719.8 35
Heated 300 °C 1 567.0 719.8 33
2 560.5 7325 28
0.5 579.6 745.2 28
Heated 400 °C 1 579.6 745.2 29
2 560.5 7325 25
0.5 600.0 758.0 18
Heated 500 °C 1 598.0 764.3 29
2 579.0 732.5 28
0.5 541.4 719.8 20
Heated 600 °C 1 560.5 719.8 26
2 573.2 726.1 30
0.5 465.0 598.7 32
Heated 700 °C 1 484.1 595.1 33
2 452.2 582.2 35




It was shown that large scale reduction of mechanical properties (yield stress, tensile strength) was
noticed only for samples tested on temperature of 700°C [4]. The length of the ageing process did
not affect the obtained results.

Topcu and Karakurt [5] have tested hot rolled smooth reinforcing bars designated as S220 and ribbed
bars designated as S420. Samples were aged at temperatures of 20 °C, 100 °C, 200 °C, 300 °C, 500
°C, 800 °C and 950 °C in duration of 3 h. After the exposure, samples were cooled down in air, to
the room temperature, and then exposed to the tensile test.
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Figure 4. Stress-strain diagram for reinforcing steel S220 aged on different temperatures [5]

It was shown that the temperatures up to 500°C did not have greater influence on mechanical
properties of steel S220. Significant reduction in strength and yield stress, and increase in ductility,
were noticed at temperatures of 800°C and 950°C in both types of reinforcing steel products (as
shown in Figure 4).

3. METHODOLOGY

The goal of the presented research was to determine the influence of the ageing defined according
to the relevant standard SRPS EN 10080, on the mechanical and deformation properties of different
reinforcing steel products. Having in mind that this standard defines that ageing of the samples
should be performed at the temperature of 100£10°C, in duration of 1 h + 15 min, this was one of
the methods applied. In order to understand the influence of the duration of ageing process on the
same properties, additional ageing methods in duration of 30 min and 2 hours were considered. The
testing was conducted on the reinforced steel bars and coils (declared quality B500B) and reinforcing
welded fabrics (declared quality BSO0OA). Bars and coils were produced by hot rolling, while fabrics
were prepared by spot welding of cold drawn bars.

Three samples for each type of reinforcing steel were chosen (bars, coils, fabrics), designated as ,,a“,
»b* and ,,c*, every sample 1000 mm long. Each of the samples was cut in 4 parts, making new
samples of 250 mm in length. Parts obtained in this way were marked as 1, 2, 3 and 4. All the parts,
marked with number 4, are shown in Figure 5. Bars and coils were tested in diameter of 10 mm,
while fabric type Q221 had 6.5 mm bars in both directions.

All the samples for one type of product were taken from the same heat, in order to avoid differences
in chemical composition and treatment of the samples. Each of the 4 parts marked 1-4 was exposed
to one of the treatments, as shown in Table 4.

All the samples were tested using the tensile test with measurements of force and elongation until
breakage. In this way, it was possible to form stress-strain diagrams for all the tested samples. These
diagrams were used for analysis of the ageing effects on the values of yield stress, tensile strength
and total elongation at maximum force. The testing was performed in the Laboratory of building
materials, Faculty of Civil engineering University of Belgrade, using universal testing machine
produced by ,,Shimadzu®, with range 0-300 kN and electrical extension meter produced by EDX,
with maximum opening of 25 mm, and base length of 100 mm.



Table 4. Designation of the testing samples

Treatment Marking of the samples
Bars Coils Fabrics
No ageing §-a-1, §-b-1, §-c-1 k-a-1, k-b-1, k-c-1 m-a-1, m-b-1, m-c-1
30 min at T=100°C §-a-2, §-b-2, §-c-2 k-a-2, k-b-2, k-c-2 m-a-2, m-b-2, m-c-2
1 hat T=100°C §-a-3, §-b-3, §-c-3 k-a-3, k-b-3, k-c-3 m-a-3, m-b-3, m-c-3
2 hat T=100°C §-a-4, §-b-4, 5-c-4 k-a-4, k-b-4, k-c-4 m-a-4, m-b-4, m-c-4

Figure 5. Samples of bars, coils and welded fabrics that were prepared for the ageing at the
temperature of 100°C in duration of 2 h

4. TESTING RESULTS AND DISCUSSION

Measured values of stress (o) and strain (g) acquired on the samples exposed to tensile testing are
presented in Figures 6-8. It can be seen that o-¢ diagrams of reinforcing bars and coils, obtained by
hot rolling, have clearly detectable yield stresses. However, stress-strain diagrams of welded fabrics
(obtained through cold drawing) show that yield stress is not clearly defined for these products.

As it was expected, due to their ductility classes, elongation at maximal force was significantly lower
for the samples taken from wired fabrics. Depending on the thermal treatment, elongations for the
bars were between 10.3 and 10.7%, for coils between 9.8% and 9.9% and for fabrics between 2.6%
and 3.1%. This is the consequence of the different production technologies. Cold drawing leads to
uniform direction of the crystal grains and irreversible changes in crystal lattice, that influences
increase in tensile strength and hardness of steel, and decrease in its ductility [6].

Ageing of the bar and coil samples at the temperature of 100°C in duration of 1 h and 2 h, led to
mild increase of tensile strength and yield stress, when compared to the untreated samples, and
samples aged in the duration of 30 minutes. For samples taken from coils, the highest influence of
the treatment was noticed on the yield stress, which was increased by 7%, while tensile strength
remained unchanged. The ductility of these samples (total elongation at maximum force), was
reduced with the prolongation of the thermal treatment (see Table 5). However, if individual results
of measured elongations are observed, for the samples designated as ,,a“, ,,b* and ,,c*, both for bars
and coils, the correlation between these values and the duration of the ageing process could not be
determined.

When samples taken from the welded fabrics are considered, the differences in yield stresses and
tensile strengths were very small. The lowest values of these stresses (Ren=612.9 MPa and R,=638.8
MPa), together with the highest values of total elongation at maximum force (Ag=3.1%) were
reached on samples aged for one hour. On the contrary, samples aged for 2 hours showed the highest
values of measured stresses (Rew=632.4 MPa and Rn=655.4 MPa) and lowest elongations.

For coils and fabrics, the ratio between tensile strength and yield stress decreased with the
prolonging of the thermal treatment. For reinforcing bars, it was not possible to determine correlation
between these two parameters.
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Figure 6. Stress-strain diagrams for reinforcing bars tested after different thermal treatments

The highest discrepancy of results, regarding all the measured parameters, was obtained for the
samples taken from the welded fabrics. This may be the consequence of their production method,
but this could be confirmed only after testing of larger number of samples for this type of product
in the future.
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Stress-strain diagrams for reinforcing coils tested after different thermal treatments
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Figure 8. Stress-strain diagrams for welded fabrics tested after different thermal treatments



Table 5. Average values (standard deviations) of measured stress and strain on tested

samples
Sample treatment Ren (MPa) Rm (MPa) | Rm/Ren Agt (%)
No treatment 555.2 (2.99) | 641.4 (2.49) 1.155 10.68 (0.23)
Ageing for 30 min at 100°C 550.2 (3.99) | 639.5(4.11) 1.162 10.45 (0.31) bars
Ageing for 1h at 100°C 554.9 (4.25) | 642.7 (4.17) 1.158 10.57 (0.33)
Ageing for 2h at 100°C 557.9 (2.70) i 645.0(3.23) 1.156 10.30 (0.21)
No treatment 569.1 (5.38) | 712.9(2.69) 1.253 9.83(0.42)
Ageing for 30 min at 100°C 576.9 (5.77) | 710.5(3.69) 1.232 9.92 (0.45) coils
Ageing for 1h at 100°C 590.3 (4.05) i 715.6 (3.57) 1.212 9.80 (0.32)
Ageing for 2h at 100°C 587.6 (8.97) i 713.2(3.10) 1.214 9.79 (0.70)
No treatment 619.6 (17.23) | 644.3 (14.85) 1.040 2.93(0.57)
Ageing for 30 min at 100°C 619.5 (27.40) | 643.2(26.02) i 1.038 2.58 (0.91) fabrics
Ageing for 1h at 100°C 612.9 (21.79) | 638.8(20.49) i 1.042 3.14 (0.72)
Ageing for 2h at 100°C 632.4 (15.43) | 655.4 (11.71) i 1.036 2.85 (0.51)

5. CONCLUSION

The presented research was planned and performed in order to discuss the requirement of the
standard SRPS EN 10080, prescribing that the reinforcing steel samples should be exposed to
thermal treatment (ageing at the temperature of 100°C in duration of 1 hour). The duration of the
ageing treatment was varied (30 min, 1 h and 2 h), as well as the type of the product treated (bars,
coils and welded fabrics). After the treatment, samples were exposed to the tensile testing. Based on
the acquired results, the following conclusions can be drawn:

The most noticeable effect on the stress-strain diagram shape, was influenced by the
production technology of the final products. Bars and coils were produced using the hot
rolling procedure and thus showed pronounced yield stress and higher ductility, when
compared to cold drawn wires applied in the welded fabrics production.

Different duration of the thermal treatment at the temperature of 100°C did not show
significant influence on the stress and elongation values. When compared to the reference
samples, measured differences were not significant. This is in accordance with the findings
in the literature, that greater changes in mechanical and deformation properties are noticeable
when samples are exposed to temperatures higher than 400°C.

Nevertheless, it was noticed that longer ageing process increased the yield strength of
samples taken from coils. This parameter was increased by 7% when the ageing lasted for 1
h and 2 h. For welded fabrics, ageing in the duration of 1 hour, gave the optimal results for
this type of product, reducing their mechanical properties and increasing their ductility. This
is important due to the fact that production procedure of this steel reinforcement type
generally has the opposite effect.
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EXPERIMENTAL INVESTIGATION OF SCC WITH RECYCLED
RUBBER AND RECYCLED CONCRETE AGGREGATE

Abstract

The replacement of natural aggregates (NA) with alternative aggregates in concrete can contribute
to the sustainable development of the construction industry. This paper aims to present research
investigating the effects of recycled concrete aggregate (RCA) and crumb rubber (CR) utilization
on the performance of Self-Compacting Concrete (SCC) mixtures in both fresh and hardened states.
For this purpose, SCC mixtures with three different replacement levels of CR - 0%, 20% and 30%
by volume for fine aggregate and 100% coarse RCA were prepared along with the reference mixture
containing NA only. To assess the effects of NA replacement, the physical and mechanical tests
were conducted on prepared SCC mixtures and corresponding results were analysed and compared.

Keywords: Self-Compacting Concrete, rubber aggregate, recycled concrete aggregate

EKCIIEPUMEHTAJIHA UCITUTUBAIbA CAMOYT'PABYJYRET
BETOHA CA PEHUKJINPAHOM I'YMOM H PEHUKJINPAHUM
BETOHOM Y CBOJCTBY AI'PEI'ATA

Caxcemax

3amena npupoguux arperara (NA) anTepHaTUBHMM arperatiMa y OETOHY MOXeE JONPHUHETH
OJIPXKMBOM Da3Bojy rpaheBUHCKE MHIYCTpHje. Y pajay je NpPe3eHTOBAaHO HCTPAXHMBAMmE YTHIIAja
permkiupasor 6eronckor arperata (RCA) u mapo6ssene ryme (CR) Ha mepdopmaHce MerraBrHa
camoyrpahyjyher 6erona (SCC) y cBexxeM u ouBpciioM ctamy. [Ipumpemibere cy SCC memaBuHe
ca Tpu pasnnanTa HuBoa 3ameHe CR - 0%, 20% u 30% 3anpemuHe cutHO3pHOT arperata u 100%
kpymHOT RCA 3ajemHo ca KOHTPOJIHOM MEIIaBHHOM Koja caap:ku camo NA. Jla Ou ce mporeHnn
epextn 3ameHe NA, H3BpIICHa Cy HCIHTHBamAa (U3HMUKHX M MEXAaHWYKHX KapaKTepPHCTHKA
npunpemsbeHuX SCC MemaBrHa U oaroBapajyhu pe3ynraTti aHanu3upanu U ynopehern.

Kmwyune pujeuu: camoyepahyjyhiu bemon, cymenu azpecam, azpezam 00 peyukiupanoz bemoua



1. INTRODUCTION

The construction industry is characterised by a considerable demand for energy and natural
resources. In addition, the environmental impact is increased by the waste originated in the processes
of construction and demolition. With more than a third of the total amount of the waste produced,
construction and demolition waste (CDW) is the largest waste stream in the EU [1]. Bearing in mind,
in addition to the environmental effects, the economic and social impact of the construction industry,
achieving sustainability in this sector is crucial.

Concrete is the most widely produced and used construction material. The rapid growth of
population and urbanization is reflected in the construction at an accelerating rate. Constantly
increasing concrete production puts an immense strain on material resources such as natural
aggregates (NA), leading to their depletion and causing damage to the environment. In addition to
the rapid expansion of the built environment, an increased number of structures that are no longer
serviceable has resulted in a huge amount of construction and demolition waste worldwide.
Although the data presenting a composition of CDW vary depending on the source, it is
unquestionable that concrete contribution is among the major. One of the sustainable and
environmentally friendly solutions that address both waste disposal and natural aggregate depletion
is the recycling of waste concrete as aggregate in recycled aggregate concrete (RAC).

The apparently unrelatable environmental concern involves the management of end-of-life rubber
tyres. Most of the worn-out tyres are discarded or buried in landfills, left to decompose on their own
over many decades or sometimes even burned. Discarded tyres are a type of harmful solid waste
known as “black pollution”. Rubber tyres are not readily biodegradable and their burning releases
poisonous smoke that stays in the air for a long period of time, with a hazardous effect on living
creatures. Moreover, residue leftover in form of powder contaminates the soil. As a result of the
growing demand for vehicles, the number of waste tyres is continually increasing, making them a
global environmental eyesore. A potential solution to this issue and previously mentioned natural
aggregate depletion is using recycled rubber as aggregate in concrete.

Recycling of CDW and waste tyres as a partial or total replacement of natural aggregate in concrete
is in accordance with circular economy principles, offering a potential way for making the
construction industry more sustainable. In addition to beneficial environmental impacts, it provides
significant job creation possibilities [2].

Recycled concrete aggregates are fine or coarse aggregates produced by crushing and processing
waste concrete originating from demolished old concrete structures. Due to its production process,
RCA is a two-phase composite material consisting of original NA and residual cement paste. High
porosity and the presence of micro-cracks in old cement paste significantly affects the physical and
mechanical properties and performance of RAC. In addition to that, the production process of RAC
can potentially contribute to internal cracking [3]. As the main consequence of the above-mentioned
aspects, RCA has higher water absorption (WA), causing problems when designing RAC mixtures.
Thus, fast and reliable measurement of WA is a highly significant part of the assessment of RCA
properties before the production of a new concrete mixture [4, 5]. The amount of water that RCA
absorbs during mixture preparation reduces the water-cement ratio, causing workability problems.
This should be solved by presoaking RCA in water before mixing all ingredients or adding an extra
amount of water calculated based on WA measurements [6]. Because of that, an effective water-
cement ratio was conducted, taking into account only the amount of water available for cement
hydration, ie the difference between the total amount of water in the mixture and water absorbed by
RCA. Recycled aggregate concrete can be described as three-phase material, with the presence of
two interfacial transition zones (ITZ) —the “new” between recycled aggregate and cement paste and
the “old” within RCA — between residual mortar and original NA (Figure 1). High WA of RCA
reduces the water available to react with the cement, affecting the quality of the new ITZ, leading to
a decrease in mechanical properties. Tam et al. [7] proposed a new mixing approach in which the
whole process is divided into two phases with half of the total water amount introduced in each of
them. It was experimentally confirmed that the two-stage mixing approach (TSMA) improves the
quality of the new ITZ, enhancing the mechanical properties of RAC.
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Figure 1. Micro structure of the recycled aggregate concrete

Rubber from recycled tyres can be used as a partial replacement of fine or coarse natural aggregate
to produce the so-called “rubberized concrete”. Depending on the particle size, rubber aggregate can
be classified as chips, crumb rubber and powder rubber [8]. Both fresh and hardened state properties
of rubberized concrete are highly affected by the presence and the amount of rubber content.
Hydrophobicity, surface roughness, and interlocking among rubber particles lead to higher porosity
and entrapped air content in the mixture, potentially causing a workability problem [9]. Introduction
of rubber in concrete mixture decrease compressive, flexural tensile and splitting strengths as well
as modulus of elasticity, limiting structural application of crumb rubber concrete (CRC) [8-11].
Rubber particles are much more deformable than surrounding cement paste, which results in the
development of microcracks in concrete under load. Because of the poor chemical interaction, the
adhesion between rubber aggregate and the surrounding cement matrix is weak [8]. Porous ITZ with
a lack of bonding reduces the strength values of CRC. The negative effects of NA replacement with
rubber aggregates can be mitigated by optimizing the mix ratio and pretreatment of rubber particles
with an aim to improve the ITZ. Along with previously mentioned negative effects, using the rubber
aggregate can increase the sound insulation, frost resistance, ultimate strain, fatigue life, toughness
and enhance the dynamic performance of concrete structures [8-11].

Self-compacting or self-consolidating concrete (SCC) is considered to be the concrete of the future
[12]. SCC can be described as high-flowable concrete that is able to completely fill the formwork,
encapsulating reinforcement even in congested arrangement, placed and consolidated under its own
weight and without segregation or bleeding. Therefore, SCC doesn’t need vibration after pouring,
improving the productivity and working conditions during construction. In comparison with
normally vibrated concrete (NVC), SCC possesses higher strength and enhanced durability and
provides an increasing degree of architectural freedom to carry out more complex geometries in
structural design. One of the key factors enabling the development of SCC was the advancement of
highly efficient cement dispersants - superplasticizers. The advancements of superplasticizers based
on polycarboxylate technology provided the achievement of new capabilities in terms of the
production, placement, and service life of high-quality SCC mixtures. Replacing materials from
natural resources with industrial by-products can make SCC more sustainable. One of the examples
is replacing NA with sustainable alternative aggregates such as RCA and CR. In this paper, the
feasibility of such replacement is studied in terms of the performance of SCC mixtures in both fresh
and hardened states.

2. EXPERIMENTAL CAMPAIGN

2.1. SCOPE AND OBJECTIVE

The aim of this study is to provide an overview of the ongoing insights in research exploring the
influence of the recycled concrete aggregate and crumb rubber on physical and mechanical
properties of self-compacting concrete mixtures. In order to examine the feasibility of natural
aggregate replacement with recycled aggregate, several concrete mixtures with different
replacement levels were prepared.

Aggregate was divided into three standard fractions: | (0/4 mm), 1l (4/8 mm) and Il (8/16 mm).
Natural fine aggregate (fraction I) was replaced by CR at three levels of volumetric replacement -
0%, 20% and 30%, while natural coarse aggregate (fractions Il and I11) was replaced by RCA with



replacement ratio of 0% and 100%. A total of four SCC mixtures were defined and their designation
and content of aggregate fractions are presented in Table 1.

To compare the impact that combinations of various RCA and CR replacement ratios have on SCC
properties, testing of fresh and hardened concrete was carried out and determined properties of
studied mixtures were compared to reference concrete.

Table 1. Labels of studied mixtures
REF | RoCi00 | R20Ci00 | R30Ci00
CR % 0 0 20 30
RCA% | O 100 100 100

2.2. MATERIALS

Three types of aggregate were used in the concrete mixtures (Figure 2):

o Natural river aggregate separated in three fractions: 0/4 mm, 4/8 mm, 8/16 mm

o Coarse recycled concrete aggregate separated in two fractions - 4/8 mm and 8/16 mm

e Crumb rubber as fine aggregate - 0/4 mm.
Separation of aggregate into fractions was done according to EN 933-1:2012 [13].
Recycled concrete aggregate used in this study was obtained by crushing a 30-year-old base structure
for tram tracks. Based on the results of performed tests it was concluded that the original concrete
satisfied the conditions for class C35/45 at the moment of crushing. The RCA composition was as
follows: 98% base concrete, 1.2% asphalt and 0.8% brick debris. High water absorption of RCA has
a negative impact on SCC workability and strength that might be considerable. This is especially
the case with fine RCA which has led to it being largely not recommended. According to the above
mentioned, only coarse RAC was used in mixtures considered in this experimental campaign with
WA values of 3% for fraction Il and 4.1% for fraction I11.
Crumb rubber - a recycled rubber produced from scrap tires was used as fine aggregate. CR particles
were not pre-treated before incorporation into the concrete mixture.
The cement used in this study was Portland-composite cement CEM I1/A-M(S-L)42,5R, consisting
of 80-94% Portland cement clinker, 6-20% ground slag and limestone and 0-5% gypsum and
mineral fillers.
Powder type SCC mixtures were prepared using the fine-grained limestone filler with particle size
under 0.125 mm, superplasticizer and water from the city water-works.

RCAIII

Figure 2. Constituents of studied SCC mixtures — limestone powder (LP), natural aggregate
fractions I, 11 and 111 (NA I, NA 11, NA 111), crumb rubber (CR) and recycled concrete aggregate
fractions Il and 111 (RCA 11, RCA I11)



2.3. MIXTURES

Four SCC mixtures were defined with the equal effective water-cement ratio — w/cess = 0.45. Due to
the higher water absorption of recycled concrete aggregate, mixtures containing RCA had an
additional amount of water in comparison with reference concrete. All mixtures are classified as
powder type SCC as they were made with high powder content and low water-powder ratio. The
quantities of powder materials were kept constant - 630 kg/m3 of which 380 kg/m® of cement and
250 kg/m?® of filler. Superplasticizer was also applied in the same amount for all mixtures, so similar
values of slump flow were expected. The composition of studied mixtures is presented in Table 2
and illustrated in Figure 3.

Table 2. Composition of mixtures (kg/m°)

Mixture REF | RoCi00 | R20C100 | R20C100
Cement 380
Limestone powder 250
. NA | 860 860 688 602
Fraction | (0/4 mm)
CR 0 0 71,3 107
. NA | 530 0 0 0
Fraction 11 (4/8 mm)
RCA 0 530 530 530
. NA | 310 0 0 0
Fraction 111 (8/16 mm)
RCA 0 310 310 310
Water 171,0 | 199,6 | 199,6 | 199,6
Superplasticizer 4,4

Figure 3. Specimen fracture surface of SCC mixture made with CR as partial replacement of fine
aggregate and 100% coarse RCA

2.4. CONCRETE MIXING AND SPECIMEN PREPARATION

Porosity and water absorption capacity of RCA have significant impact on SCC mixture
performance in fresh and hardened states.

The presence of attached old mortar in the RCA consumes more water leading to a lack of water
required for hydration of new cement, affecting the quality of ITZ between RCA and new cement
paste. In order to improve the new ITZ, two-stage mixing approach (TSMA) was conducted. In
TSMA, as the name suggests, the whole mixing process is divided into two parts and the required
water is split accordingly into two parts that are added at different timing (Figure 4). At the
beginning, fine and coarse aggregates are mixed for 60 seconds. After that, half of the required water
is added and mixed for another 60 seconds. In the next stage, the total quantity of cement is
introduced into the mixture and mixed for 30 seconds before the remaining half of water is added
and final mixture mixed for 120 seconds. The water incorporated in the first stage can generate a
thin layer of cement slurry on the RCA surface that penetrates and fills up the pores and cracks in



the residual mortar, resulting in denser and stronger ITZ and therefore enhanced mechanical
properties of concrete made with RCA. Limestone filler was introduced in the first stage, along with
aggregates.

50% 50% super-
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Figure 4. Mixtures preparation using two-stage mixing approach (TSMA)
2.5. TESTING METHODS

Performance of four prepared SCC mixtures, both in fresh and hardened state, was evaluated and
compared [14].

The filling ability and stability of studied mixtures in the fresh state was determined according to
three tests. Flowability and viscosity were quantitatively evaluated by the slump flow and t500
slump time test [15] and V-funnel test [16], while the L-box test [17] was used to measure the passing
ability of mixtures.

In hardened state, the following mechanical properties were determined by tests carried out:
compressive strength [18], flexural tensile strength [19], static and dynamic modulus of elasticity
[20, 21], ultrasonic pulse velocity [22].

Influence of different aggregates on durability of prepared mixtures was assessed based on depth of
penetration of water under pressure (concrete water impermeability) [23].

3. RESULTS AND DISCUSSION

3.1. FRESH MIX PROPERTIES

Results of conducted fresh concrete tests are summarized in Table 3.

Bulk density of fresh SCC [24] ranged between 2207 kg/m® (mixture R3oCioo With the highest
aggregate replacement ratio) and 2405 kg/m? (REF - reference mix). All presented mixtures satisfied
both filling ability and passing ability of SCC. However, it was observed that the replacement of
coarse NA with RCA (mixture RoCig0), as well as additional replacement of fine NCA with crumb
rubber (mixtures R20Ci00 and R30Ci00), decreased the concrete fresh state performance.

Table 3. Properties of mixtures in fresh state

Slump flow V-funnel | L-box

Mixture | diameter | t500 | time PA
(mm) | (s) () 0]
REF 840 2,2 9,3 0,99
RoC100 790 2,4 12,4 0,88
R20C100 770 3,1 13,4 0,88
R30C100 730 3,5 16,6 0,85

The slump flow test [15] was performed to assess flowability and flow rate of prepared SCC
mixtures in the absence of obstructions. Based on the slump flow diameter values (varied between
730 mm and 840 mm), mixtures were classified in terms of flowability - R3pCi00 mix was classified
as SF2, while all the other mixtures as SF3 class. The plastic viscosity is associated with speed of
flow, and therefore can be assessed by the t500 slump time. Time t500 ranged between 2,2 s and 3,5
s, S0 all mixtures are categorized as VS2. V-funnel test [16] results were correlated with t500 values
- all mixtures satisfied VF2 class requirements. To notice, with the increment of RCA and CR
content flowability showed decreasing trend, while trend of increase was observed in the case of
viscosity.

Ability of SCC mixes to flow through tight openings between obstructions like reinforcing bars
without segregation or blocking was estimated using the L-box three bar test [17]. Passing ability of



studied mixtures was classified as PA2 and no blocking effect was observed. The highest PA value
was estimated for REF mix, while mixtures with 100% coarse RCA had similar values, meaning
that the decrease of passing ability showed negligible for CR replacement levels up to 30% of fine
aggregate volume.

3.2. HARDENED CONCRETE PROPERTIES

Testing on hardened concrete was conducted for all four mixtures after 28 days to determine the
compressive and flexural strength, static and dynamic modulus of elasticity, ultrasonic pulse velocity
(UPV) and impermeability.

Compressive strength tests were performed on 150 mm cube specimens in accordance with EN
12390-3 [18]. The relationship between mixtures and estimated compressive strength is presented
in Figure 5. Mixture RoCio had slightly lower compressive strength than reference (3%), while
mixtures R2oCigo and R3oCig0 had 26% and 45% lower values respectively.
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Figure 5. Compressive strength and flexural tensile strength of prepared SCC mixtures

Tensile strength of concrete was indirectly measured by three-point-bending test on prismatic
specimens (120x120x360 mm, 300 mm span) [19]. Mixture containing natural aggregate only had
highest strength, while the total replacement of coarse NA with RCA decreased strength value by
6%. Additional partial replacement of fine NA with CR had much bigger impact on flexural strength
— the reduction was up to 36% for mixture with 30% fine CR and 100% coarse RCA.

It is well known that there is general correlation between compressive strength and modulus of
elasticity of concrete [25]. Therefore, in accordance with previously presented results, it is expected
that the replacement of NA with RCA and CR has significant impact on the elastic modulus of SCC.
Static and dynamic modulus of elasticity were obtained for prepared mixtures. Static modulus of
elasticity test was carried out in accordance with EN 12390-13 [20], while dynamic modulus was
determined based on resonant frequency method [21]. As can be seen from the Figure 6, dynamic
and static modulus of elasticity showed similar decreasing trend with the increase of CR and RCA
content. In comparison with the reference mixture, mixture RoCigo had 12% lower static modulus
and 10% lower dynamic modulus, while R3gCi00 had decrease of 40% and 35% respectively.
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Figure 6. Static and dynamic modulus of elasticity of studied mixtures



In order to assess the quality and homogeneity of mixtures containing recycled aggregate, ultrasonic
pulse velocity (UPV) test [22] was carried out. The UPV value is very sensitive to the presence of
discontinuities in concrete like cracks and voids. As said before, recycled concrete aggregate
contains old mortar which has high porosity. Therefore, it is expected that mixtures with replacement
of natural aggregate with recycled concrete aggregate have lower values of UPV. The crumb rubber
aggregate has a low value of elastic modulus and the addition of CR to mixture increases the air
content, which all leads to pulse velocity reduction. The results of UPV measurement conducted on
specimens made of considered mixtures are in line with previous considerations (Figure 7). The
UPV values varied between 4073 m/s and 4639 m/s; the control mixture had the highest UPV value
that decreased by 4% for mixture RoCi, 10% and 12% for mixtures R20Cioo and R3oCigo
respectively. In accordance with the UPV classification criterion for concrete quality grading given
in Table 4, the REF mixture was classified as “excellent”, while the rest fell within the range of
“good”.

Table 4. Classification of concrete quality according to UPV [26]

UPV (m/s) Concrete quality
Above 4500 Excellent
3500 - 4500 Good
3000 - 3500 Medium
Below 3000 Doubtful

Ultrasonic pulse velocity (m/s)
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Figure 7. Ultrasonic pulse velocity (UPV) of prepared mixtures

The water permeability is a significant indicator of concrete performance regarding durability —
increased water tightness is of critical interest for freeze-thaw and chemical attack resistance. The
influence of NA replacement with RCA and CR on water permeability of SCC mixtures was
assessed on cylindrical specimens (150 mm x 150 mm) based on the depth of penetration of water
under pressure. Porosity and high water absorption of RCA have a substantial influence on
permeability, making it directly related to the RCA replacement level [3, 6]. However, in the case
of the TSMA, the cement gel surrounding the RCA reduces the porosity of old adhered mortar and
provides impermeability improvement [27]. The incorporation of crumb rubber as aggregate
increases water permeability [8]. Because of the weak bond between CR and surrounding cement
paste, voids and micro-cracks in ITZ, the depth of pressurized water penetration into the concrete
increases. The conducted testing (Figure 8) showed that coarse RCA and fine CR aggregates usage
increases penetration depth. Based on these results, mixtures were classified with respect to their
water permeability (SRPS U.M1.206 [28]): the reference mixture belongs to highest class — “V-I1117,
RoC100 and R20C1go to class “V-I1”, while the average value of penetration depth for R3gCago slightly
exceeds the 30 mm threshold, classifying it as “V-1”. Despite the decrease in water permeability, all
mixtures had penetration depths of less than 50 mm which classifies them as “impermeable”, while
RoC100 and R2Cigo can be classified as “impermeable under aggressive conditions” thanks to depths
under 30 mm [25].
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Figure 8. Water permeability test — depth of penetration of water under pressure

4. SUMMARY AND CONCLUSIONS

This study was aimed to investigate the influence of coarse recycled concrete aggregate and
untreated crumb rubber as a partial fine aggregate replacement on SCC properties. The series of tests
was conducted on specimens made from four different SCC mixtures: the reference mixture
prepared with only natural aggregates and three mixtures with 100% coarse RCA and volumetric
replacement of fine NA with CR at three levels — 0%, 20% and 30%. The mixtures were made using
the two-stage mixing approach (TSMA), with the addition of limestone filler in premix and the equal
effective water-cement ratio of 0.45 and the maximum aggregate particle size set at 16 mm. To
compare the impact of two natural aggregate substitutions on fresh as well as hardened concrete, a
range of measurements were carried out on prepared mixtures in fresh and hardened state. Based on
the results and discussion presented in previous chapter, the following conclusions can be drawn:

By replacing the coarse NA with RCA and with the increment of CR content, the flowability
decreased while viscosity increased. Mixture R3oCigo reached SF2 flowability class, while
the other mixtures were classified as SF4. According to flow time values measured during
the slump flow and V-funnel tests, all mixtures belonged to VS2/VF2 class.

In terms of passing ability, the replacement of NA had an acceptable impact - all mixtures
achieved the PA2 level. The mixture with coarse RCA had passing ability decreased by 11%,
while the incorporation of CR had negligible results on the performance.

The coarse RCA replacement had a minor effect on the values of compressive and flexural
tensile strength. Contrary to that, untreated rubber aggregate considerably decreased both
strength values.

The static modulus of elasticity decreased with RCA and CR content increment up to 40%.
Similar decreasing trend was observed in case of dynamic modulus of elasticity.

According to UPV values, all three mixtures containing replacement aggregate showed
quality graded as “good” with velocities high above the threshold, while the reference
mixture had “excellent” quality.

The usage of RCA and CR significantly increased the water permeability — up to 167% for
highest level of replacement. The biggest change was obtained for mixture with 100% coarse
RCA — penetration depth increased by 125%. Therefore, in terms of water permeability, RCA
and CR can negatively impact the durability of concrete. However, mixtures with CR
replacement levels up to 20% were classified as “impermeable under aggressive conditions”
and R30Ciqp as “impermeable”.
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Abstract

The subject of this analysis is the selection of the road alignment of Route 2a on the section Krupa
- Boc¢ac (Republic of Srpska). The complexity of the problem is reflected in the fact that a number
of conflicting criteria of different stakeholders should be taken into account; i.e. criteria that are
important from the aspect of road managers, criteria from the aspect of users and criteria society as
a whole. The PROMETHEE method was used to determine compromise solution. Detailed
comparative analysis of all parameters showed that variant O of the Krupa - Boc¢ac section is a first
ranked compromise solution. Sensitivity analysis has shown that the first place is stable by most
criteria. Decision support framework presented in this paper can help future researchers and decision
makers with similar problem.

Keywords: MCDM, Route 2a, Criteria, Road alignment.

BUIIEKPUTEPUJYMCKA AHAJIM3A KOMITPOMUCHOTI PEHIEIBA
TPACE IIYTA 3A PYTY 2A - IEOHHUIIA KPYIIA - BOYALL

Caxcemax

IIpenmer oBe ananmze je u3dop Tpace pyre 2a Ha geonnin Kpyma — bouar (Pemy6mika Cprcka),
Ha OCHOBY Jle(pMHUCAaHHNX BapHjaHTHUX pellemha. KoMmiekcHoCT mpodiiemMa oriena ce y YHHBEeHNIH
na Tpeba y3ern y o03up OpojHe KOH(DJIMKTHE KpUTEpHjyMe Pa3IMYMTHUX WHTEPECHHUX rpyrna —
KpHUTEpUjyMe KOjH Cy Ba)KHM KaKO ca acleKTa yrnpasjbada IyTa, TAKO U ca acleKTa KOPUCHHKA M
JpYyLITBA Yy LIEJIMHU. 3a periaBatme oBor npobdnema xopuuthen je PROMETHEE metoa. [lerassHoM
aHAITM30M CBUX MapameTtapa yTBpleHo je na je Bapujanta 0 neonure Kpymna - bodary koMImpoMHCHO
NPBO PaHTHpPAHO pellele. AHannu3a OCET/BMBOCTH j€ IMOKa3aja Ja je MPBO MECTO CTaOHMIIHO IO
Behuan kputepujyma. OKBUP 3a MOAPIIKY OIYIHBaky MPUKA3aH y OBOM paay MOXKE HMOCITYKUTH
HCTpaXMBAaYNMa U TOHOCHOIIMMA OJUTyKa IPIINKOM pelllaBara CIMIHAX MpodiieMa.

Kwoyune pujeuu: MCDM, Pyma 2a, Kpumepujymu, Tpaca nyma.



1. INTRODUCTION

1.1. GENERAL DATA ON THE EXISTING ROAD NETWORK

The main road network in the Republic of Srpska (RS) covers about 4,200 km of roads, of which
about 3,600 km are roads with modern asphalt pavement. Roads are classified as main roads
(approximately 1,900 km) and regional roads (approximately 2,300 km). About 320 km of the main
road network are part of the European road network. This basic road network is also increased by
227 km of local roads, which were declared important for the functioning of the total traffic on the
territory of the Republic of Srpska by special decisions of the Government of the RS, and handed
over to the PE "Roads of the RS" for management.
In terms of importance for network from the transport aspect, there are two main routes in the
Republic of Srpska, where most of the transport takes place. These are the northern direction that
runs from the borders of Croatia, Novi Grad, through Prijedor, Banja Luka, Derventa, Modrica,
Brcko and Bijeljina to the border with the Republic of Serbia and the eastern direction that runs from
Bijeljina through Zvornik, Vlasenica, Han Pijesak, Istocno Sarajevo, Rogatica, Novo Gorazde, Foca,
Gacko to Trebinje, from where it separates towards the borders of Croatia and Montenegro. The
total length of the north route is about 335 km, while eastern route is about 390 km.
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Figure 1. Road network of Republic of Srpska

The route of the subject road is located on the area between two local communities, the town Banja
Luka and in smaller part, municipality Mrkonjic Grad. SECTION I, Il and Il of the route Banja
Luka — Mrkonjic Grad represent an alignment of the main road M-16 (according to new road
classification MI1-101), that is at the same time defined within the European road network as E-661.
These particular sections of the main road are located on the territory of the Republic of Srpska and
therefore are under direct jurisdiction of PE ,,Roads of RS* from Banja Luka. The road E-661 (M-
16) extends in a north-south direction and it is one of the most important corridor in RS, which
connects Banja Luka with Corridor X in the north in Croatia and with the Adriatic Sea in the south.
The road E-661 also provides very important regional connection in the RS, Boshia and Herzegovina
(BiH).

The main goal of project is to improve traffic capacity and service levels on the north-south corridor
in the RS by reconstructing the existing road M-16 Section Il “Krupa — Bo¢ac” which overlaps the
part of the road section 189 of the main road M-16, from KM 22+546.50 to KM 35+427.66. The
reconstruction of this section would increase level of service for road users.



Such development of road infrastructure in RS will contribute to significant investments in this part,
so it will become one of the more competitive areas in the region of the Western Balkans. The
development and construction of transport networks will significantly contribute to and influence
the achievement of the goals of social, economic and overall functional development of the RS.
The main task of this multicriteria analysis is to evaluate all relevant criteria and to select the most
suitable (appropriate) route. On the basis of a quantitative-qualitative analysis of various relevant
characteristics of the variant solutions and the evaluation of the significance of these characteristics,
the overall rating was done as well as the ranking of alignment variants. The assessment was done
using the PROMETHEE method.

When selecting the criteria, the team took care to meet the economic, infrastructural and social goals
of the project realization as well as environmental impact. Under the given circumstances, the
criteria were chosen as to encompass and represent all relevant and available criteria that determine
the main impacts.

In this context, 5 criteria groups were selected and further subdivided into 19 sub-criteria. Weighting
values of individual criteria were calculated based on the significance and intensity of differences
between individual criteria, as well as on the basis of previous research.

The individual evaluation of sub-criterion weight values was preceded by a joint consultation of the
assessment team, which explained the multicriteria analysis procedure, presented the results of the
variant analysis, and adopted the basic principles of weight assessment.

1.2. DESCRIPTION OF THE VARIANTS

Based on the analysis of planning documents of the republic and municipalities, as well as the
analysis of spatial conditions with an emphasis on topographic, administrative, geo-political and
economic conditions, the corridors of the future Krupa - Boc¢ac route were selected.

The considered route is a result of the previous analysis and phases of the project. As a result of the
previous phases of the project, variants 0, 3 and 4 are envisaged for further elaboration (Table 1).

Table 1. A comparative overview of the considered variants lengths

Variant Variant ,,V0* Variant ,,V3* Variant ,,V4*
Length (m) (L=12,529 km) (L =12,505 km) (L=12,881 km)
VARIANT 0

The length of this Variant 0 is 12,529km. Variant O represents improvement of the existing road and
have the same alignment as old road. This is completely suburban route.

VARIANT 3

The length of this Variant 3 is 12,504km which starts at KM 22+546.50 and ends at KM 35+051.31.
This is completely suburban route.

The route of Variant 3 could be divided in three logical part in accordance of the type of intervention.
First part is reconstruction of the existing main road through the settlement Krupa. This part is
3059.37 m long. The second part is completely new road by the river bed (on the right side of the
river Vrbas). The length of this part is 5895 m. And finally, the third part represents the existing
main road in length of 3550.44 m. For this part the route the reconstruction is predicted.

The route of the variant 3 is designed with the certain number of horizontal curves which are equal
or bigger than predicted within ToR. The value of the grades is in the range between 0.5 and 1.5%.
VARIANT 4

The Variant 4 represents the route of the suburban road that passes by the settlements: Krmine,
Agino Selo and Boc¢ac. The length of this section is 12 881.16 m. The route starts at the station: KM
22 + 546.50, and ends at the station: KM 35 + 427.66. The major part of the terrain in which the
route extends is hilly. The degree of restriction is significant and it is equal Il1. In accordance with
the calculation speed (Vr=70km/h), the boundary elements are chosen.

From Krupsko polje at the beginning of the section on the elevation of 205 m above sea level, the
route climbs to the zone of Krmine settlement, on the elevation of 380 m above sea level. After that,
the route continues along the plateau towards the settlement Agino Selo. On this part of the route
elevation is between 430 m and 480 m above sea level. After the passing of Agino Selo, the route
starts to descend towards Bocac and the existing bridge over the river Vrbas. On this point altitude
is 230 m above sea level.
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Figure 2. Alignment of the route 2a variants
2. METHODOLOGY

MCDA is often concerned with ranking a number of concrete alternatives from the best to the worst
based on multiple criteria [1-2]. For example, Kuzovic et al. [3] applied the Multi-criteria analysis
in evaluating of the road designs. Glavi¢ et al. [4] used MCDA for cycling investment prioritization,
while Milenkovic et al. [1] implemented MCDA for selecting the optimal road toll collection system.
The PROMETHEE (Preference Ranking Organization Method for Enrichment Evaluations) method
is one of the most recent (most current) MCDA methods developed by J.P. Brans in 1982 and further
expanded (further upgraded) by Vincke and Brans [6]. PROMETHEE is an outranking method for
a finite set of alternative actions (activities, procedures) that need to be ranked and selected among
the criteria, which are often conflicting. PROMETHEE is also a fairly simple method of ranking in
conception and application compared to other methods for multicriteria analysis [6].

The PROMETHEE family of methods, including PROMETHEE | for partial ranking of alternatives
and PROMETHEE 11 for complete ranking of alternatives. The basic principle of PROMETHEE Il
is based on a comparison of pairs of alternatives for each selected criterion. The alternatives have
been evaluated against different criteria, which must be maximised or minimised. The
PROMETHEE Il implementation requires two additional types of information: weighting
coefficients and preference functions.

The procedure begins by determining the deviations based on pairwise comparisons (Equation 1).
This is followed by the use of an appropriate preference function for each criterion in step 2
(Equation 2), the calculation of a general (comprehensive) preference index in step 3 (Equation 3),
and the calculation of positive and negative flows (rankings) for each alternative, and a partial
ranking in step 4 (Equation 4 and Equation 5). The process is completed by calculating the net flow
(ranking) for each alternative and a complete ranking (Equation 6).

Step 1. Determining deviations (differences) based on pairwise comparisons

d;(a,b) = gj(a) - g;(b) €3]

Step 2. Application of preference function
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Step 3. Computation of a general preference index
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Step 4. Computation of flows/PROMETHEE 1 partial ranking.
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Step 5. Computation of the total net flow /PROMETHEE Il complete ranking
() = 9" (a) — ¢ (a) (6)

2.1. DEFINITION OF LIST AND WEIGHTS OF CRITERIA’S

The MCDM analysis defined 19 indicators that are used to implement a procedure of selection of
the planned Krupa — Bocac alternative routes. These 19 indicators were classified into the following
5 criteria groups.
1. Criteria group from the spatial and urbanistic aspect:
(1) Characteristics of variants from the aspect of expropriation and demolition of buildings
and other structures/facilities;
(2) Characteristics of variants from the aspect of better traffic connection;
(3) Characteristics of variants from the aspect of relation to urban agglomerations (centres,
cities and settlements);
2. Criteria group from the aspect of environmental protection and preservation:
(1) Characteristics of variants from the aspect of the impact of air pollution and noise
emissions on the population;
(2) Characteristics of variants with regard to usurpation of agricultural and forest areas;
(3) Characteristics of variants with regard to the degradation of landscape, ambient and
natural values;
3. Criteria group from the aspect of technical solutions:
(1) Length of road (km);
(2) Geological and hydrogeological conditions;
(3) Total share of structures in the alignment;
(4) Maximum slope of vertical alignment;
(5) Curvature characteristic;
(6) The complexity and duration of construction;
4. Characteristics from the traffic-exploitation aspect:
(1) Level of Service;
(2) Travel time;
(3) Road safety;
5. Criteria group from the economic aspect:
(1) Project implementation costs CapEx (€);
(2) Vehicle operating costs (€);
(3) Tunnel operating costs OpEX(£);
(4) Maintenance costs RepEx (£€);
For the determination of the criteria weights MDL (Modified Digital Logic) method is applied. MDL
method is based on the pairwise criteria comparison [7]. Decision makers use a scoring scheme with
values {1, 2 and 3} to represent less significant (1), equally significant (2), or more significant (3)
criteria. After all, pairwise comparisons, MDL weights are calculated as follows:
k=1
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2.2. FORMATION OF A MATRIX WITH SCORING AND WEIGHTING OF THE
CRITERIA, AND PREFERENCES

The scoring for all 19 indicators were quantified by using the existing documentation for a number
of indicators, as well as by doing adequate calculations, analyses and experts' assessment for other
indicators.

Formation of a matrix with scoring and weighting of the criteria, and preference functions was done
in PROMETHEE business edition software and given in table below.

Table 2. Matrices with scoring and weighting of the criteria, and Preference functions by
alternative road solutions

Eriilr?s: mg(/ Weight Pfrj;eczfg:e q p S Variant3 | Variant4 | Variant0
X11 min 4.00 V-shape n/a 2.00 n/a 1.00 1.00 1.00
X12 max 4.00 V-shape n/a 2.00 n/a 3.00 3.00 3.00
X13 max 4.00 V-shape n/a 2.00 n/a 4.00 5.00 4.00
X21 min 4.00 V-shape n/a 2.00 n/a 4.00 3.00 3.00
X22 min 4.00 V-shape n/a 2.00 n/a 1.00 3.00 1.00
X23 min 5.00 V-shape n/a 2.00 n/a 3.00 3.00 1.00
X31 min 6.00 V-shape n/a 0.20 n/a 1251 12.88 12.53
X32 max 4.00 V-shape n/a 2.00 n/a 1.00 3.00 5.00
X33 min 4.00 V-shape n/a 5.00 n/a 10.20 0.46 0.00
X34 min 4.00 V-shape n/a 4.00 n/a 1.60 7.00 1.50
X35 min 4.00 V-shape n/a 5.00 n/a 123.20 120.20 142.98
X36 min 5.00 V-shape n/a 2.00 n/a 5.00 3.00 1.00
X41 max 5.00 V-shape n/a 2.00 n/a 3.00 4.00 3.00
X42 min 5.00 V-shape n/a 2.00 n/a 017 0.16 017
X43 max 7.00 V-shape n/a 2.00 n/a 3.00 4.00 3.00
X51 min 8.00 V-shape n/fa | 1000000 | n/a 23400000 14014000 | 5530000
X52 min 7.00 V-shape n/a 0.01 n/a 1.00 1.04 1.00
X53 min 7.00 V-shape n/a 2.00 n/a 5.00 0.00 0.00
X54 min 7.00 V-shape n/a 0.01 n/a 1.00 1.03 1.00

3. MCDM ANALYSIS RESULTS

3.1. PROMETHEE I AND Il RANKING

There are two PROMETHEE rankings based on the calculation of preferential flows that are based
on the calculation of preferential flows:

e PROMETHEE I Partial ranking

e PROMETHEE Il Complete ranking
PROMETHEE Il complete ranking means that all alternatives were compared and that ranking does
not include a possibility of non-comparison when comparison is difficult. The result of ranking thus
can be questionable, especially in the presence of strong conflicting criteria. Ranking is based on the
net preferential flow. It combines two other preferential flows into one in the summary result. Thus,
the alternative a has an advantage over the alternative b in PROMETHEE |11 ranking if and only if
the advantage over b is based on the net preferential flow. In this specific case it is:

aP!'p if and only if ®(a) > @(b)



Based on the PROMETHEE | ranking given in figure 3 we can see that Variant 0 is having
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Figure 3. PROMETHEE I and Il ranking

advantage over variants C3 and V4 by both positive and negative flow.

Based on the PROMETHEE Il ranking given in figure 3 we can see that Variant 0 is the first ranked

by the net flow.

PROMETHEE Table shows Phi, Phi+ and Phi- results. Alternatives are ranked according to the
PROMETHEE Il complete ranking.

Table 3. Ranking of alternatives by applying the Promethee model

Rank Alternative Phi Phi + Phi-
1 Variant 0 0.3812 0.4565 0.0753
2 Variant 4 -0.1423 0.2575 0.3998
3 Variant 3 -0.2389 0.1669 0.4058

According to the previously presented PROMETHEE rankings (Figure 3), as well as Table 3, the
compromise ranking of variants for route 2a on the Krupa Bocac section is:

e Variant0

e Variant4

e Variant3

3.2. SENSITIVITY ANALYSIS

Sensitivity analysis was conducted to see the stability of the results, and to give all the answers to
possible variations of the individual weights of the criteria in the range from 0% to 100%, relative
to the weights determined in this study.

In the graphs below, the horizontal dimension corresponds to the weight of the selected criterion,
and the vertical dimension corresponds to Phi net flow. For each alternative, the line is drawn to
show net flow as a function of the criterion weight. On the left and right edges of the figure, the
criterion weight is 0% and 100%, respectively, and the alternatives are ranked according to that one
criterion.

The position of the vertical green and red lines corresponds to the current weight of the criteria. The
section of the action lines with the vertical line gives PROMETHEE Il complete ranking. Two
dashed vertical lines show the weight interval in which PROMETHEE Il complete ranking remains
unchanged (WSI - weight stability interval).

The figures below show a sensitivity analysis using stability intervals for all criteria.
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Figure 4. Sensitivity analysis for criteria
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Figure 1. Sensitivity analysis for criteria
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Figure 8. Sensitivity analysis for criteria
usurpation of agricultural and forest areas
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Figure 11. Sensitivity analysis for criteria
geological and hydrogeological conditions
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Figure 14. Sensitivity analysis for criteria
curvature characteristics

Figure 6. Sensitivity analysis for criteria
relation to urban agglomerations (centres,
cities and settlements)
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Figure 9. Sensitivity analysis for criteria
degradation of landscape, ambient and
natural values
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Figure 12. Sensitivity analysis for criteria
total share of structures in the alignment
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Figure 15. Sensitivity analysis for criteria
complexity and duration of construction
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Figure 22. Sensitivity analysis for criteria
maintenance costs

Sensitivity analysis presented on Figure 4 to 22 leads to a conclusion that the first ranked varinat
has very prominent stability according to all criteria, and one can conclude that the ranking is stable
by most criteria.

4. DISCUSSION AND CONCLUSION

The previously performed analysis includes a detailed comparative analysis of all parameters that
have an impact on the proposed alignment of route 2a on the section Krupa-Bocac. Based on the
MCDM analysis using the PROMETHEE method according to the given list and weight of criteria,
it can be concluded that variant 0 of the Krupa - Bocac section is the compromise first ranked variant.
If we analyse preferential flows Phi, Phi+ and Phi we can conclude that variant 0 is best solution
according to all 3 flows, while variants 3 and 4 have negative Phi net flow and both V3 and V4
variants represent two least bad solutions. The main disadvantage of variant V3 is the high
construction costs. The disadvantage of variant 4 is the high longitudinal grade.

Sensitivity analysis has shown that the first place has very prominent stability according to most
criteria and that the first place is stable by most criteria. However, it is important to point out that
the proposed compromise solution is based on defined weights of criteria. In other words, if there
are significant changes in some criteria weights, there may be changes in the ranking.

Decision support framework presented in this paper can help future researchers and decision makers
in solving similar problems of road alignment selection.
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PRELIMINARY QUANTITY ESTIMATION IN CONSTRUCTION USING
MACHINE LEARNING METHODS

Abstract

This paper analyses the problem of estimating the required quantities of major work items in the
construction of residential and residential-commercial buildings using machine learning algorithms.
The goal is to form a model that will provide a fast and sufficiently accurate estimate of the quantities
of major work items, based on a small amount of known information on the technical characteristics
and the environment of future residential and residential-commercial buildings. The case study
included 71 projects of residential and residential-commercial buildings construction realised on the
territory of the Republic of Serbia. Several models have been developed, and the paper presents
those models that had the best performances. The models developed in this way can significantly
contribute to resource planning and the accuracy of cost estimates in the early project phases.

Keywords: quantity estimation, cost estimation, machine learning, artificial intelligence

HNPEJIUMHNHAPHA ITPOLIHEHA KOJIMYUHA Y TPABEBUHAPCTBY
IMPUMEHOM METOJA MAIINHCKOI' YUYEIbA

Caxcemax

VY oBoM paxy je aHamu3upaH pobieM mpeaBulama MOTPEOHNX KOJIMYMHA TIABHHUX PajgoBa KOJ
U3rpajibe CTaMOEHUX M CTaMOEHO-TIOCIOBHHMX O0jeKkaTa KopuinhemeM alropurama MallnHCKOT
yuewa. [{usb je popmupame mozena koju he Ha ocHOBY Manor Opoja Mo3HaTHX HH(pOpMAILHja O
TEXHUYKHM KapaKTEepUCTHKaMa M OKpyxKewy Oynyhnx craMOeHnX u cTaMOeHO-1I0CTIOBHHUX 00jekara
MIPYKUTH Op3y M JOBOJFHO NpELM3HY TPOLEHY KOJWYHMHA IMaBHUX panoBa. CTyauja ciydaja je
yKJbyuuBaina 71 mpojexar urpajime craMOeHUX M CTaMOCHO-TIOCJIOBHUX 00jeKara pealn30BaHuX Ha
tepuropuju Peryonuke Cpouje. Pa3sujen je Behu 6poj Mojena, a y paay cy NpUKa3aHd OHU MOJIEIIH
KOju cy mMaiu Hajoosbe mepdopmance. OBako pa3BHjeHH MOJEIH MOTY 3HA4ajHO IOTIPHHETH
IUIAaHUpamy Pecypca U TAYHOCTH MPOLICHA TPOLIKOBA Y PaHUM IIPOjeKTHHM (ha3ama.

Kwyune pujeuu: npoyena xonuuuna, npoyena mpowkosa, MauuHCKo yuerbe, eumayixd
uHmenu2eHyuja



1. INTRODUCTION

The construction industry in the Republic of Serbia has recorded significant growth in recent years,
and this is mostly due to the increase in the number of residential and residential-commercial
buildings that represent the dominant type in the field of building construction, both in the world
and in our country. According to the data from the Statistical Office of the Republic of Serbia, the
number of apartments built in the Republic of Serbia increased several times in the period from 2015
to 2020 (Figure 1) [1]. Since there has been a constant growth in this branch of construction in the
last few years, the question is whether the process of quantities and cost planning in the early stages
of project development can be improved and accelerated. Additionally, many investors who finance
the construction of residential buildings do not have the technical knowledge in the field of
construction to be able to plan their resources in the early stages of investment. Therefore, the
question arises as to how this problem can be overcome.
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Figure 1. Number of apartments built in the Republic of Serbia by years [1]

In addition to the construction industry, the area that has encountered substantial growth in the world
in recent years is the development of artificial intelligence systems. The main goal of artificial
intelligence is to develop a system that will solve a problem in an intelligent way. Such systems are
suitable for application in areas where a large amount of data is available, and as construction is one
of the areas in which each project consists of a multitude of data, the collaboration of artificial
intelligence and the construction industry is completely justified. Artificial intelligence finds great
application in overcoming numerous problems in construction project management [2] [3] [4] [5].
There are a number of cost estimation models developed using different methods of artificial
intelligence. Two different terms can often be found in this field, namely artificial intelligence and
machine learning. Machine learning is an area of artificial intelligence in which conclusions are
based on previous experience.

Garcia de Soto et al. [6] developed a methodology for estimating material quantities in the early
project stages using MRA, ANN, and CBR. The authors point out that the developed methodology
can increase the accuracy of cost estimates and provide estimates in a shorter time. Beljkas et al. [7]
developed an ANN model that showed a high level of accuracy, with a mean absolute percentage
error of 8.56% and 17.31% for concrete and reinforcement consumption, respectively. Chou et al.
[8] developed a cost estimation system based on estimating the quantity of individual cost items in
highway construction projects based on information known in the early project stages. The main
objective for the quantity estimation on the item-level instead of estimating at the project level is to
improve accuracy by separating unit prices from the quantity estimation. Quantity estimates have
been developed for the major work items in the WBS. A statistical parametric model for quantities
estimation was developed for each major work item. The developed models are integrated into the
cost estimation model in order to estimate the costs of individual work items and the total costs of
the project. Petroutsatou et al. [9] used neural networks to estimate the cost of tunnel construction.
The development of the neural network model consisted of two steps. In the first step, the quantity
of works is estimated, while in the second step, the final costs are estimated based on the quantities
that are the result of the first step, and which now represent the input parameters. Models were
developed using MLFN and GRNN. The application of GRNN gave better results in terms of model
accuracy.

This paper analyses the problem of predicting the required quantities of major work items in the
construction of residential and residential-commercial buildings by using machine learning
algorithms. The goal is to form a model that will provide a fast and sufficiently accurate estimate of



the quantities of major work items based on a small amount of known information on the technical
characteristics and the environment of future residential and residential-commercial buildings.
Estimated work quantities can provide a preliminary cost estimate by multiplying them by
corresponding unit prices and final summirising. This approach, which is based on a work
breakdown structure, is more useful for decision makers because it can separate uncertainties related
to quantities from uncertainties related to cost, but also uncertainties related to different types of
work.

2. METHODOLOGY

The methodology of the work (Figure 2) consists of four phases:

Data collection and analysis

A4

Data preparation

A4

Model development

A4

Analysis of results and selection of the
best models

Figure 2. Methodology of the model development

3. DATA COLLECTION AND ANALYSIS

In the first phase, data on the realised projects for the construction of residential and residential-
commercial buildings were collected. Data were collected by contacting contractors and design
firms. The requested data included a technical description of a building, architectural design, and
bill of quantities, and estimates of works. The total number of collected projects was 71, and the
projects were implemented on the territory of the Republic of Serbia in the period from 2012 to
2020. In machine learning, the quality and size of the database are crucial for the success of
prediction [10] so data collection was approached with special care.

After the data collection, there was an analysis of them and their limitations. The amount of data
available in the early stages of project development is limited. For this reason, at the beginning of
the research, the information and limitations available to the investor and the contractor in the early
stages were analysed. These data represent the parameters on which the future cost and quantity
estimates are based.

The first step in data processing is the analysis of the physical characteristics of the building such as
the measures of the plot area, gross and net building area, and the vertical projection area of the
building. The gross floor area ranges from 600 to 25,000 m2, the number of underground floors
ranges from 0 to 2 while the number of above-ground floors ranges from 2 to 9. Another parameter
that has been taken into account is the population density in the area in which the building is situated.
The population density parameter is classified into three categories: medium density, dense, and
very dense. The buildings analysed have five different types of facades: plastered, demit, demit-
stone, demit-ventilated, and aluminum facades. There are two types of slabs on the buildings: FERT
system slabs and reinforced concrete slabs. As for the method of foundation, buildings differ in
whether they are built on piles or without them. It was also taken into account whether a building
has an underground garage or not.

Quantity data were analysed only for those types of works that have standardized units of measure,
namely earthworks, concrete works, reinforcement works, ceramic tiles works, hardwood floor
works, and insulation works. Quantities for earthworks and concrete works were calculated in cubic
meters, quantities for ceramic tilework, hardwood, and insulation work in square meters, and
quantities of reinforcement work in tons.

In machine learning, data that significantly deviates from the other data are called outliers and can
be removed automatically using the algorithm called Isolation Forest, but in this case, the use of this
algorithm is not necessary due to a small amount of data and projects representing outliers are



manually eliminated. Outliers can significantly influence the outcome of machine learning model
training, so this step is extremely important for further work.

The physical characteristics of the building were analysed in more detail in order to see their
distribution and identify possible extreme values. Projects with a gross floor area of more than
15,000 m2 and a net floor area of more than 13,000 m2 are extreme values in terms of the area
measurements. Also, extreme values include projects whose plot area exceeds 4,000 m2 and whose
vertical projection exceeds 2,000 m2. This data can affect the accuracy of the future model and is
therefore eliminated.

After the elimination of outliers, the final number of projects for model development was 52.

4. DATA PREPARATION

4.1. INPUT AND OUTPUT VARIABLES IDENTIFICATION

The first step in creating a model is to define input (independent) and output (dependent) variables.
The quantities of major works were adopted as the output variables. Parameters that define the
location and technical characteristics of the building were adopted as input variables of the model.
The input and output variables are shown in Table 1.

Table 1. Input and output variables

Input variables Output variables
. Number of above-ground
Object type floors Earthworks quantity (m%)
Plot area Number of underground
floors Concrete works quantity (m®)
- Reinforcement works
Gross area of the building Slab type quantit_y (F) |
Net area of the building Facade type (Cm‘*g;" mic tile works quantity
Floor area Vertical projection surface Hardv_vood f3|oor works
quantlt_y (m3) _

Occupancy of the plot City Erﬁglatlon works quantity
Foundation type Density of population
Underground garage

4.2. CORRELATION ANALYSIS

For the successful development of a prediction model, it is of great importance to know the
correlation between the input and output variables of a model, but also the correlation between
different input variables. For this correlation to be described by an adequate mathematical function,
it is necessary that the variables between which the correlation is described have numerical, not
categorical values. Table 2 shows the correlation between certain variables that have numerical
values. The higher the value in the table cell, the greater the correlation between the two quantities,
i.e. as one measure increases, so does another one. Correlations between all examined variables have
positive results, which means that with the increase of the area of the building or plot the quantities
of works also increase.



Table 2. Correlation between input and output variables

Gross area of | Net area of Earthworks Quantity of [Reinforcement Qeramlc Hardwood Insulation
Plot area . - Floor area - concrete works tileworks floor works works
the building | the building quantity N ; . -
works quantity quantity quantity quantity
Plot area 1 0,92 0,93 0,98 08 0,91 09 0,88 0,85 0,87
Gross area of
. 0,92 1 1 0,94 087 0,95 0,93 0,93 0,93 0,85
the building
Net area of the 093 1 1 094 0,88 0,95 0,94 0,92 0,93 0,86
building
Floor area 0,98 0,94 0,94 1 084 0,91 0,91 0,86 0,86 0,86
Earthwiorks 08 087 088 084 1 088 088 078 074 073
quantity
Quantity of
concrete 091 0,95 0,95 091 0,88 1 0,95 09 0,86 0,85
works
Reinforcement
works 09 0,93 0,94 091 0,88 0,95 1 0,87 0,86 0,87
quantity
Ceramic
tileworks 0,88 0,93 0,92 0,86 0,78 09 0,87 1 0,89 0,89
quantity
Hardwood
floor works 0,85 0,93 0,93 0,86 0,74 0,86 0,86 0,89 1 0,85
quantity
Insulation
works 0,87 0,85 0,86 0,86 073 0,85 0,87 0,89 0,85 1
quantity

Figure 3 shows an example of the correlation between the input variables the gross area of the
building and the area of the plot and the amount of earthworks.
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500 1000 1500 7000 2000 4000 6000 8000 10000

Figure 3. Correlation between the quantity of earthworks and: a) the plot area, b) the gross area
of the building

4.3. ENCODING CATEGORICAL VARIABLES

Data such as the measures of the area or the number of floors are numerical data, so as such they
can be passed directly to the model. However, data such as location, type of foundation, or facade
type are categorical data, and as such must be encoded before being forwarded to the model.
Categorical data that has only two values, such as an underground garage (yes or no) or a type of
foundation (with or without piles), can be easily encoded by replacing the category with a numeric
value (1 or 0). However, data that contains more categorical values cannot simply be encoded with
numbers because the question arises as to which value will get the higher score. In this case, the
values of the categorical data are converted into columns, and the value of the data in the column
corresponding to a certain categorical value will be 1, while in other columns representing the
categorical values it will be 0 (Table 3).



Table 3. Encoding the categorical variables

Density of Medium-
Type of slab | Type of slab population density Dense Very dense
RC 1 Medium- 0 0
density
FERT 0 Dense 0 1 0
FERT 0 Very dense 0 0 1
RC 1 Dense 0 1 0
RC 1 Medium- 1 0 0
ensity

4.4. FEATURE SCALING

The input parameters based on which the model will perform prediction can be quite different in
terms of the size of numbers. Thus, for example, the parameter representing the number of above-
ground floors ranges from 1 to 9, while the parameter representing the gross floor area of the building
ranges up to 14,000. This difference in size can contribute to reducing the accuracy of the model, so
the size of the input parameters must be scaled. Only numerical quantities are scaled, such as gross
and net area, plot area, etc., and categorical quantities such as the type of facade are not scaled.
The most common types of data scaling are:

e standard scaling (scales sizes between -1 and 1 so that the average value is 0),

e robust scaling (scales sizes between two default values with eliminating outliers),

e normalisation (scales the sizes so that they tend to adapt to the normal distribution, i.e.,

Gaussian function),

e scaling between two quantities (scales sizes between two setpoints, usually 0 and 1).
In practice, there is no clearly defined instruction on which type of scaling to be used but in most
cases, all four types of scaling are examined, which will be the case in this paper as well.

5. MODEL DEVELOPMENT

The total number of input parameters after encoding columns that contain categorical values is 15.
Before the parameter values are passed to the model to begin model training, it is necessary to
determine which combination of parameters will give the greatest accuracy. This problem is solved
by iteration, which is automated using the Recursive Feature Elimination (RFE) function, and is
available in the Scikit-Learn library, which is specialised in creating machine learning models.

The goal of RFE is to select the parameters that give the highest accuracy by recursively considering
smaller and smaller sets of parameters. The model is first trained with one parameter from the set of
all parameters and the accuracy of the model is determined through cross-validation. Then the
number of parameters is increased and the combination of parameters that gives the highest accuracy
of the model is sought. The disadvantage of this method is a large amount of time used due to
numerous iterations. The number of input parameters that give the highest accuracy to the model
varies from model to model.

The models were created and tested in the Python programming language with the help of the Scikit-
Learn library, which specialises in machine learning, and the Keras library, which specialises in
creating neural networks [11]. As it is not possible to know in advance which model will give the
best performance, a total of 28 models were examined, so only those models that gave the best
results will be considered in the following text. The following models were used (Table 4):



Table 4.

Examined prediction models

15. K-Neighbors Regressor with K=2

1.  Lasso Regression

2. Linear Regression 16. K-Neighbors Regressor with K=3

3. Passive Aggressive Regressor 17. K-Neighbors Regressor with K=5

4.  Ridge Regression 18. K-Neighbors Regressor with K=7

5.  SGD Regression 19. K-Neighbors Regressor with K=9

6. Decision Tree Regression 20. Ada Boost Regressor

7. Random Forest Regression 21. Ada Boost Regressor with Lasso

8.  Support Vector Regression with 22. Ada Boost Regressor with Linear
linear kernel Regression

9.  Support Vector Regression with 23. Ada Boost Regressor with Decision Tree
polynomial kernel Regression

10. Support Vector Regression with 24, Bagging Regressor with Extra Tree
sigmoid kernel Regression

11. Support Vector Regression with 25. Bagging Regressor with Random Forest
RBF kernel Regression

12. Extra Trees Regressor 26. Bagging Regressor with Lasso Regression

13. Gradient Boosting Regressor 27. Bagging Regressor with Linear Regression

14, K-Neighbors Regressor with K=1 28. Baggmg_ Regressor with Decision Tree

Regression

In addition to the above models, there was an examination of neural networks with a combination
of different parameters such as:

e Number of hidden layers (between 2 and 8),

e Number of neurons (increased by 5 in the range up to 50-200),

e Type of activation function (ReLU, Softmax, and Tanh).
Finally, by comparing all the examined models of machine learning, both those that do not include
neural networks and those that are based on neural networks, it can be concluded which models give
the best results in terms of estimating the works quantities. The models that showed the best
performance for estimating the required quantities are presented in Table 5.

Table 5. Quantity estimation models with the best performances

Required Model Activation Type of Hidden Number of | Train Test MAPE
Quantity Function scaling layers neurons Score Score (%)
Earthworks Neural Standard
quantity Network Relu Scaler 5 100 0.96 0.824 17,6
Concrete
Neural Standard
work_s Network Relu Scaler 5 150 0.927 0.883 11,7
quantity
Reinforcem
ent works Neural Relu Standard 7 150 0902 | 0871 | 12,9
- Network Scaler
quantity
Ceramic Neural Standard
tile wo'rks Network Relu Scaler 7 150 0.862 0.837 16,3
quantity
Hardwood
floor works | Neural Relu Standard 7 150 0941 | 0.902 98
A Network Scaler
quantity
Insulation K-Nearest
Neighbors Robust
work_s Regressor / Scaler / / 0.821 0.711 28,9
quantity K=3




6. RESULTS AND DISCUSSION

By analysing the results, it can be concluded that the highest accuracy in estimating the required
quantity of work was achieved by applying neural network models with the Relu activation function
to estimate the quantity of earthworks, concrete, reinforcement, and hardwood works, while the use
of classical models and neural networks achieved satisfactory accuracy in terms of predicting the
quantity of ceramic and insulation works.

The evaluation of the accuracy of the models in this paper was examined by applying the measure
MAPE for the mean absolute percentage error. MAPE is one of the most commonly used measures
to assess the accuracy of the prediction [12] and has been used in a large number of studies related
to the estimation of costs and quantities in construction (e.g. [13] [14] [15]). The mean absolute
percentage error is defined by the following formula:

n
1
MAPE=—*Z
n

t=1

At_Ft

t

* 100

1)
where A represents the actual value and F; is the predicted value.
The quantities of individual works do not depend on the quality of works or on the fact whether
subcontractors are engaged, but mostly on the type of construction, building area, number of floors,
etc., so models for estimating the quantities can give good results in the early stages of planning.
Cases in which the quantity decreases with increasing dimensions of the building is practically
impossible, and a larger difference in the quantity of individual works for two buildings that are
similar in area and number of floors can be attributed to different types of construction (e.g., RC
slab and FERT slab). Very poor performance of the model for estimating the quantity of insulation
works can be attributed to the fact that there are different types of insulation products so, due to the
quality of materials in some cases, higher than average consumption is required. This is one of the
rare types of work in which the quality of the material can significantly affect the required quantity.

7. CONCLUSION

Suggested models showed high levels of accuracy, with MAPE ranging from 9,8% to 28,9%.
According to PMI (Project Management Institut) [16], the accuracy of cost estimates in early phases
of project development ranges from -25% to +75%, while with project progress through life cycle
phases accuracy increases and can range from -5% to +10%.

After all the results presented in this paper, the question arises as to how they can be improved.
Based on the prediction of the proposed models, decision-making on starting the project
implementation in the early stages of project development can be significantly accelerated and
improved, and further improvement can improve future planning steps. The very principle of
machine learning is based on learning from a large number of data based on which it is necessary to
draw conclusions. To create the previously mentioned models, data from 52 construction projects
were used, which represents a minimum amount of data in the field of machine learning, and
especially in the field of neural networks (deep learning). In neural networks, unlike classical
models, in most cases, there is an increase in accuracy with the increasing of the dataset, so it can
be concluded that increasing the number of projects would contribute to improving the performance
of created models.

The source of data for creating the model in this research was the technical description and bill of
quantities and estimates of works but they provide a limited amount of data. In order to get a realistic
insight into the quantities of works, instead of data from bill of quantities and estimates, it is
necessary to use data from the project of the constructed object. The bill of quantities and estimates
of work is an assessment, which in itself carries a certain level of error, while the project of the
constructed object contains actual data on the quantities and money spent, and as such is a much
more relevant source of information.

Finally, it must be mentioned that the data for 52 objects based on which the analysis was performed
were collected from more than 40 companies, which represents a big problem in terms of creating
models due to high variability. Each design firm has its own design style but the project itself dictates
the way the work is performed and that can lead to poorer model performance, especially if there is
a small amount of data. If the predictions were made based on more than 500 projects carried out by
20 to 30 companies, the fact which company performed them would significantly affect the result.
However, as there is no universal model that would have good performance for all types of projects,



the best performance of a model would be achieved if the model were created only based on the data
provided by one company, i.e., if the model were made specifically for a particular company. This
can substantially limit the application of such a system, especially in the Republic of Serbia, because
the number of companies that have built more than 50 residential or residential-commercial
buildings (which were the subject of research) is very small.
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Abstract

It is assumed that the porous material is based on the principle of conservation of mass and the
principle of conservation of energy. The validity of both principles relies on experimental
observations. Experimental results of different metals were used to compare the Poisson ratio as a
function of porosity. A comparison is made between the theory of percolation and the model
proposed in this paper based on the rheological-dynamic analogy (RDA). The results show that there
is an excellent agreement between percolation theory and the RDA model. Finally, a new
relationship between the creep coefficient and porosity was proved for all analyzed metals by
defining their damage variable in the range of measurable porosities.

Keywords: Porous materials; Mass and energy conservation; Percolation theory; RDA model,
Metals.

MOJEJI IOPO3HUX MATEPHUJAJIA PEOJIOIIKO-ITMHAMNUYKOM
AHAJIOI'NJOM TIPUMEHOM ITPUHIIMIIA OYYBAIBA MACE U
EHEPI'NJE

Caxcemax

[IpertmocraBsea ce a je MOPO3HN MaTepHjajl 3aCHOBAH HA MIPUHIMIIIMA OYyBamba Mace U eHepruje.
Baspanoct 00a mpHHIMIA ce 3aCHUBA Ha EKCIEPHMEHTAHUM 3ana)kamiMa. ExcriepuMeHTaHu
pe3yiTaTH pa3iMuMTHX MeTaja kopuinhenn cy 3a mopeheme IloacoHoBor koedpunmjeHTa Kao
¢dyHkmje o mopo3HocTH. YropeleHa je Teopuja nepkosanmje ca MoASIOM NPEUIOKEHUM Y OBOM
pany KOju ce 3aCHHBa Ha peoIOIIKo-1nHaMuuko] ananoruju (PJIA). Pezynratu nokasyjy aa nmocroju
OJUIMYHO crarame u3Mely teopuje nepkoianuje u PJIA monena. Konauno, nokasana je HoBa Be3a
n3mely koedunmjeHTa Teuemha n MOPO3HOCTH 3a CBE aHAIM3MpaHe MeTalle Ie(HUHUCAKEM HUXOBE
Bapujabie omrehema y orncery MepJbUBHX MOPO3HOCTH.

Kwyune pujeuu: Ioposnu mamepujanu; Ouysarve mace u enepeuje; Teopuja nepxonayuje; P/JA
Mmooen, Memanu.



1. INTRODUCTION

So far, significant work has been done to connect the mechanical properties of the material with its
microstructure. In particular, relationships have been established between porosity and key
mechanical properties such as strength and modulus of elasticity. However, the usefulness and
physical significance of many of these relationships are often unclear as most theoretical models are
based on some idealized physical microstructure, and the resulting correlations often cannot be
applied to actual materials and practical applications, [1].

Spriggs' empirical equation for Young's modulus of porous materials [2], and the similar
Ryshkewitch-Duckworth equation for the strength of porous materials [3], have long been accepted
from the literature. Also, Phani and Niyogi derived a semi-empirical equation to describe the
porosity dependence of Young's modulus of brittle solids [4]. Further, Wang theoretically obtained
the relationship between porosity and Young's modulus for porous materials made by powder
metallurgy, [5]. The dependence is applicable to the entire range of porosity and is able to treat the
transition of the pore structure from interconnected to isolated. However, later, advances in
predicting the elastic properties of porous materials over the entire porosity range were closely
related to the semi-empirical relationship to Phani and Niyogi, [4].

Porous metals are preferably prepared from powder, the size, and shape of which can vary
considerably. During powder consolidation, different porosities can be achieved by varying
technological parameters such as temperature, external pressure, or time. Compaction begins only
by touching the powder particles and goes to a lower porosity by creating and growing a throat
between the particles. Subsequent closure of the pore channels leads to the elimination of the pores.
Analyzing these metallic materials, Kovacik concluded that the Phani-Niyogi equation is identical
to the equation of percolation theory for Young’s behavior and the shear modulus with porosity, [6].
Kovacik determined the percolation threshold for porosity at which the effective Young and the
shear modulus become zero. However, the theory of percolation is beyond the content of this paper.
This paper only uses the results presented by Kovacik [7] for comparison with the results of the
RDA model.

The topic of this paper is related to the RDA model. Taking into account the RDA, the rheological
behavior of the sample can be characterized by only one parameter, i.e., the dynamic time of

retardation TP =1/w, where @ is the natural angular frequency of the discrete dynamic model.

The RDA model has the same phase angle as the discrete dynamic model with damping in the steady
state vibration, so from that fact the coefficient of viscous damping was obtained by MilaSinovi¢,
[8]. MilaSinovi¢ has already explained the RDA model of material behavior for axially cyclically
loaded bars on a macro scale in order to predict their fatigue behavior, [9]. The efficient numerical
implementation of RDA and its practical application was also studied by Milainovi¢ for the visco-
elasto-plastic behavior of metallic bars where the load function for the Hencky theory is derived,
[10]. The main goal of this paper is to predict the relationship between creep coefficient and porosity
of materials. It is considered that the principle of conservation of mass and energy is valid during
the wave movement between two cross-sections of the sample, regardless of how the bar material
behaves in terms of size and arrangement of material particles.

2. POISSON RATIO OF POROUS MATERIALS USING RHEOLOGICAL-
DYNAMICAL ANALOGY

Mechanical disturbance (deformation) propagates in an elastic sample at phase velocity Vo, Thus,
the deformations, which are initiated at the moment b of the wave source, reach an arbitrary point
M of the sample at the moment B . The larger the path I of the wave that travels from its source

t

to the point M | the greater the difference _to. Accordingly, the vibration at the point M lags

behind that at the source of the wave. If l is the distance between the two ends of the sample,
follows

TD=t—tO:|l. (1)



During a small time interval TP the total strain energy density will move so that the fictitious area
A of the cross section 1 will have moved a short distance A4l; . In the same time the cross section

area A, will have moved a greater distance 4I, such that

Al = A Al =V @)

where V is the fictitious volume.
Energy has passed through a fictitious volume without physically transferring material from the

source by any cross section in time TP . Thus, the continuity equation derives from the principle of
mass conservation

AV = AgV, @)
where v; and v, are the velocities.
Therefore,
A
Vo =—=Vy. 4)
Ay

The energy equation is the result of applying the principle of energy conservation to a stable energy
transfer. Thus, the reduced area A, can now be found by applying Bernoulli's energy theorem

1 1
0'1+E,0V12 =03 +E'OV§' ()

where o; and o, are the stresses and p is the mass density.
Due to (4), equation (5) becomes

2
1 2 1 (A 2
o +t=—pVf =0, +—p| — | V{. 6
1 2/31 2 ZP(AJ 1 (6)
Since the velocity Vv, is the phase velocity

E
Vi =Vo = [, )

Yol

where E,; is the Young modulus, (6) and (7) imply

Ay = ————, )

where o; = o is the elastic stress.
2.1. RELATIONSHIP BETWEEN POISSON RATIO AND CREEP COEFFICIENT

Milasinovi¢, [9], defined the endurance limit o, (R) where the ratio of minimum and maximum

stress is R . In the symmetrical cycle (R = —1) follows

01

o, =0, (R) : 9

1+¢"
where ¢ is the structural-material creep coefficient. Taking o, = o, (R) , the reduced area A, is

A = A : (10)

20 ¢ 1
EH 1+ ¢)*




Experiments show that under tension, the length of the cylindrical sample increases by Al , while
its diameter @, decreases. Longitudinal strain can be found by applying Hooke's law

_OE

& = E_ (11)
H

If the bar is subjected to tensile or compressive stress in a given direction, not only strain occurs in
that direction (longitudinal strain), but also strains in directions perpendicular to it (transverse
strains). Within the range of elastic action, the relationship between transverse and longitudinal
strain under uniaxial loading conditions is called the Poisson ratio. The transverse strain is

& = Ho# (12)
where 44 is Poisson's ratio of solid material.
On the other hand the transverse strain is
D -0
& = 1 72 . (13)
D
@, is the sample diameter while @, is the reduced diameter.
Hence,
« O -D, E
@ o

The reduced sample diameter @, for all 0{p(p" can be obtained using equation(10),

@1
J2oe( @ ) 4
Ey 140

so the relationship between the Poisson's ratio and the creep coefficient is

D, = , (15)

ulg)=|1-——2 |5 (16)

O
4 ﬁ L +1 E
Ey 1+
The assumption of incompressibility is supported by the fact that the bulk modulus is three orders
of magnitude larger than the shear modulus. As a result, compressibility can significantly affect the

stress distribution, especially when the Poisson ratio, i.e., yg approaches 0.5. Generally speaking,

it is difficult to experimentally determine the bulk modulus, and only a few special experiments can
be found in the literature. For most structural materials, the Poisson ratio has values ranging from
one-third to one-fifth; therefore, with ordinary measuring devices, the accuracy of lateral
deformation measurements is not as high as with the corresponding axial strain measurements. This

discussion of the relationship between variables shows that we can also use E,; and s, as constants
and get the following expression for the creep coefficient ¢, which is a new characteristic of the
strain state

4 4
1 E 1 E
= -1|H 1- -1]" 17
o (u) | uoe 20, | uoe 20, (17)

The function ¢ () is shown in Figure 1.
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Figure 1. Creep coefficient versus Poisson’s ratio

The general approach to the analysis of the problem of the influence of the Poisson's ratio on the
development of the creep coefficient must be based on Eq.(17). Assuming that, at the limit of

elasticity o /E,; =0.001, it follows

1Y 1 LY .
¢(”)=[[1—0.001J ‘1}2.0_001/{1_[(1—0.001;,) _1}2-0.001} ()

Assuming that /f(; is 1/3 for metals, we get " = 2. The semi-brittle material is determined by the

linear dependence of log @ on log x, as shown in Figure 1. According to this criterion, the upper

limit value of the Poisson's ratio for semi-brittle materials is 0.25.
The relationship given by Eq.(18) can be simplified by neglecting the products of second-order
exponents, [11]:

SR Y S
1-0.001u)  [2-0.001

1 1

[1—0.002;1+(0.001;1)1[1—0.002;1—1—(0.001;1)2} 0.002 9
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(1-0.002,)(1-0.002) ~ |0.002 1-0.0044 +(0.0021) 0.002
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so the relationship between the creep coefficient and the Poisson's ratio is

2u
= ) 20
Y= on (20)
If the creep coefficient is a known value, follows
%
= . 21
H () (1)

2.2. RELATIONSHIP BETWEEN CREEP COEFFICIENT AND POROSITY

Creep can occur in metals, plastics, rubber, glass, concrete and many other materials. Copper, iron,
nickel and their alloys will exhibit creep at high temperatures. When a constant force is applied,
some materials gradually deform over time and the result is an increase in length. However, in the



study of material fatigue [9], a very short time TP was used (TP represents the time delay that a
wave of velocity v, takes to traverse the length ), due to which the creep coefficient was converted

into a quotient of two modules
* EH
=—, 22
@ E, (22)
where E, isthe modulus of viscoelasticity. The creep coefficient is a linear function of both p and
Ey ., while Ey is independent of porosity and constant of the material, as a consequence of the
principle of mass conservation. Figure 2 shows the linear dependence of the creep coefficient on the
porosity. ¢ is the creep coefficient at zero porosity while ¢ is the creep coefficient at the end of

the porosity range pg. Pgis a known value as well as p,,,,, which is defined at zero creep
coefficient. Considering the points (0,(/)* ) and (pg ¢ ). the linear dependence can be expressed
by
N p<(ﬂ* _(PE)
p(p)=¢ T (23)
E

On the other hand, due to points (pg,@g ) and ( pyay.0) . the linear dependence is

o(p)=¢ (1— P J (24)

Prmax

.pE ) ‘ Pmax P
Figure 2. Creep coefficient versus porosity
2.3. POISSON RATIO OF POROUS MATERIALS

The relationship between the Poisson ratio and the porosity follows on the basis of Eq.(21)

. Plo —oc . Plo —oc
TSR PP e | PO A0 | R
Pe Pe
where
«_ 2
- _ 26
® 24 (26)

1y is the measured value.
The creep coefficient of the porous material at the end of the porosity range pg is

2Ug

=—, 27
o (27)

Pe



where g must be defined.

2.4. CRITICAL DAMAGE VARIABLE OF POROUS MATERIALS

Since the development of micro voids leads to a decrease in the stiffness of the material, Miladinovi¢
characterized the state of damage of isotropic materials with a critical scalar damage variable, [11],
Figure 3.

p=_2%_, (28)
1+¢
where 0<D<1.
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Figure 3. Critical damage variable versus creep coefficient

In the case of porous materials, follows
D(p): Qp ——— I+|¢p ——|¢. (29)

Mot and Rondal, [12], found that all actual materials have a Poisson ratio between 0.2 and 0.5, so
for these boundaries are 0.66 <@ <o and 0.4 <D <1. The critical state of elastic parameters of
brittle elastic solids containing slits-critical, was also investigated by Kraj¢inovi¢ et al., [13].
Acording to Lemaitre, [14], the critical value of the damage variable corresponds to the breaking of
elements into two parts, where 0.2 < D <0.8 is for metals. According to the RDA model, the critical

damage variable for porous materials in the porosity range 0< p < pg is

*

? >p>_% (30)
1+(0 1+(pE

3. POISSON RATIO OF POROUS MATERIALS USING PERCOLATION
THEORY

Phani and Niyogi have developed the power exponent correlation for describing the dependence of
Young's modulus and porosity of brittle solids [4]

E=E(1-ap)", (31)

where E and E, are the Young's moduli at porosity p and zero, respectively, a and n are material

constants. The expression has been derived semi-empirically for describing the porosity dependence
of Young's modulus of brittle solids. The equation satisfies quite well the exact theoretical solution
for the values of Young's moduli at different porosities for model systems with ideal and non-ideal



packing geometry, where parameters a and n provide information about the packing geometry and
pore structure of the material.

According to [6] and [15], Eq.(31) is identical with the percolation theory equation for the behavior
of Young's and shear modulus with porosity:

f
E =E, (1— P ) for P < P (32)
pmax
fo
G =G, (1— P ] for  p< Pray. (33)
pmax

where fg is the characteristic exponent for the Young's modulus while fg is the characteristic
exponent for the shear modulus of the porous material.

Pmax 1S the percolation threshold [16], i.e. the porosity at which the effective Young's E and shear
modulus G become zero. From Eq.(22) it follows that ¢(p,,,) is zero when E(py.y) is zero,
which means that the adopted percolation threshold p,,,, also corresponds to the RDA model.
After substituting Egs. (32) and (33) in the equation

E
=— -1, 34
1= (34)

the correlation between Poisson's ratio and porosity from the percolation theory was obtained by
Kovacik in [7] as

fe—fs
/‘PT(p):<:u; +1)(1— P j -1, (39)
pmax
where
* EO
Ho =E— : (36)

Poisson's ratio ,u; of solid material corresponds to the calculated value using the velocities of P and
S waves, [17].

4. MODEL VERIFICATION AND DISCUSSION

A systematic study of the variation of elastic moduli and Poisson's ratio of sintered iron compacts
of porosity up to 21.6% has been carried out by measuring longitudinal and shear ultrasonic
velocities, [18]. The variation of these parameters with porosity was compared with predictions of
elasticity and scattering theories. Using these results, Kovacik [7] presented the results of the
correlation of Poisson's ratio and porosity by percolation theory.

According to Table | from [7], for sintered iron are:

to =0.303, Py =041, pe =022, fz—f;=0.09.

Hence,

spr (0) = 1y =0.303,

fe—fs 02200
ﬂpT(PE)=(ﬂS+1)[1— Pe j —1:(0.303+1)[1—mj ~1=0.21585.

max

According to the RDA model are:
. 2w 2-0.303
Y 104 T1-2.0303

2upr (Pe) 2.0.21585
® 1 2up; (pg) 1-2-0.21585
Hence,

=1.53807,

=0.75965.
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Figure 4 shows the comparison between the percolation theory and the RDA model in the analyzed
porosity range for sintered iron.
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Figure 4. Graphical comparison of Poisson's ratio versus porosity according to the percolation
theory and the RDA model for sintered iron from Figure 1 in [7]

The curve of the function of difference spr (P)- 1rpa (P)for the interval [0, pg] is shown in
Figure 5. It can be concluded that the differences are very small, i.e., insignificant in this example.
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Figure 5. Differences between the percolation theory and the RDA model for sintered iron from
Table I in [7]

At the limits of the porosity range, both models always give the same results. However, the theory
of percolation gives the limit value of the Poisson's ratio -1 at the percolation threshold, while the
damage variable of -2 is not a real value.

On the other hand, the RDA model gives the Poisson ratio close to zero at the percolation threshold

(0* _ Prmax ((0* _¢7E)

0.41(1.53807 — 0.75965
1.53807 — ( )
/URDA(p )= Pe = 0.22 _
" p (¢*—¢ ) 0.41(1.53807 —0.75965)
14— \T TE) 1 2/1+1.53807 -
i 0.2
Pe
Hence,
2.0.04
== -0.087,
#(Pnax) 1-2.0.04
0.087
D =——"""_-0.08.
(Pra) 1+0.087

The damage variable of 0.08 is within the prescribed range of 0 <D <1, but is not in the range of
critical values according to the RDA model, where 0.606 > D >0.43.

Although the negative Poisson's ratio for solid materials is not a measurable quantity, it is
theoretically provable. According to the Cauchy-Hooke law for isotropic materials and as a
consequence of the second law of thermodynamics, the following inequality must hold for isotropic
materials, —1{1(0.5 . However, in some older literature, the prevailing opinion was that the Poisson's

ratio should always be positive for isotropic materials, which means that the results of the RDA are
closer to reality.

On the other hand, the negative Poisson's ratio implies a negative damage variable, which is a very
little researched theoretical case. Furthermore, the negative damage variable implies a negative crack
density in the part of the range, [19]. In the appropriate regions, the actual cracks are replaced by the
stiffening-rigid lamellae. These solid elements are referred to in the literature as negative cracks or
anti-cracks, [20].

The differences in the results between the percolation theory and the RDA model depend primarily
on the choice of the percolation threshold p,,,,, but also on the characteristic exponents fz and

fg that are in the percolation formulas.

It is generally accepted that the value of the percolation threshold is a function of powder size, shape,
size and distribution of shapes, and methods of preparation, [21]. In this paper, the RDA model is
related to percolation theory in order to compare the results. The connecting parameter is the

Poisson's ratio #E calculated according to the percolation theory at the limit PE of the predicted
porosity range. It is then included in the formulas according to the RDA model to obtain the creep



coefficient ?E . The obtained differences for all analyzed metals are small and different, but they are

a consequence of the choice of percolation threshold and exponents fe and fo .

The curves of the critical damage variables as a function of porosity for all analyzed metals in [7],
but based on the RDA model, are shown in Figure 6. In the case of porous ZnO, the results show
that the critical damage variable is probably independent of porosity.
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Figure 6. Graphical comparison of the critical damage variable as a function of porosity for all
analyzed metals [7] according to the RDA model

5. CONCLUDING REMARKS

Percolation theory and the RDA model are based on completely different physical principles, so
comparing their results with experimental ones is extremely important. Based on the principles of
conservation of mass and energy during the wave movement between two cross sections of the
sample, a new linear relationship between the creep coefficient and porosity is defined. The validity
of this relationship is confirmed by comparing the dependence of the Poisson ratio on porosity
according to the RDA model with the correlation results obtained according to the percolation
theory.

It is obvious that the RDA model can be applied independently of the percolation theory, but it is
first necessary to determine the limit of the porosity range pg and Poisson ratio at that limit.
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ISOGEOMETRIC ANALYSIS OF A SPATIALLY CURVED BERNOULLI-
EULER BEAM SUBJECTED TO MOVING LOAD

Abstract

Dynamic analysis of a spatially curved Bernoulli-Euler beam subjected to the moving load is
considered in this paper. The isogeometric approach is used for the spatial discretization of the weak
form of the equation of motion. Both the reference geometry and the solution space are represented
using the same NURBS basis functions that guarantee an accurate description of beam’s centerline.
The time integration is done by the explicit technique. The presented formulation is validated by the
comparison with the existing results from the literature for the curved beam subjected to the constant
load moving with the constant velocity.

Keywords: isogeometric approach, Bernoulli-Euler curved beam, moving load

N30TEMETPUJCKA AHAJIM3A YTUIIAJA ITIOKPEHTOI'
OIITEPEREIHLA HA ITPOCTOPHOJ KPUBOJIMHUJCKOJ BEPHYJIU-
OJJIEPOBOJ I'PEIN

Caxcemax

VY oBoM paay je mpHKazaHa JUHAMHYKa aHalIu3a NPOCTOpHE KpuBoJuHUjcke beprymu-Ojnepose
rpesie MojA yTHIajeM HNOKpeTHOr onrepehema. M30reoMeTpujcky MPUCTYI je NPUMEHEH Y LHIbY
MPOCTOpPHE JUCKpeTH3anuje ciaabe hopMme jeHaunHa KpeTama rpee. OBaj mpuctyn ce 0asupa Ha
npumenn wuctux Oasamx NURBS ¢yakmmja 3a ommcuBame reoMeTpuje W KHHEMaTHKE
KPHBOJHMHHjCKE TpeAe, yuMe je oMoryheH TadaH NpHKa3 CHCTEMHE JHHHjE rpene. BpemeHcka
MHTETpaIyja jeHaYrHa je U3BPIICHAa IPUMEHOM eKCIUTHIMTHE MeTone. [Iprukazana gopmynarja
je BanmmupaHa TopelemeM ca pe3yiITaTUMa W3 JITEpaType 3a Cilydaj KPUBOJIHWHHU]CKE Tpele
omnTepehieHe MOKPETHOM CHIIOM KOHCTaHTHOT HHTCH3UTETA U Op3nHe.

Kwyune pujeuu: uzoceomempujcxu npucmyn, bepnynu-Ojneposa kpusa 2peda, nokpemua cuna



1. INTRODUCTION

Beam-like structures are often subjected to dynamic loads during their lifetime. Therefore, the
dynamic analysis of beam elements is necessary for an accurate prediction of their real-life behavior.
One type of the dynamic loads is the mass that moves along the structure, which is the standard load
case for cranes and bridges. The moving mass is usually modeled as a moving force with constant
magnitude and direction. Such approach gives a moving load model where the inertial term of the
moving mass is neglected. Majority of the research in this field is related to the analysis of a mass
moving along a straight beam. One of the earliest investigations was carried out by Stokes in 1849
[1], where the influence of the moving mass on the plane straight Bernoulli-Euler beam was
considered analytically using the moving load model.

Due to the aesthetic and functional requirements in the design process, curved spatial beam elements
cannot be avoided. Geometrical model of the curved spatial beam requires the spatial curve, which
can be obtained using computer-aided design (CAD) software packages. To accurately describe the
free-form curves and the curves of conic sections such as circle, ellipse, parabola and hyperbola,
CAD packages utilize the NURBS (Non-Uniform Rational B-Spline) basis functions.

In order to conduct the general dynamic analysis of complex spatially curved beams subjected to the
moving load, numerical methods are essential. Nowadays, the Finite Element Method (FEM) is
implemented in most software packages for structural analysis. A direct relation between CAD and
FEM has not yet been established [2], leading to costly and time-consuming iterative design process.
The isogeometric approach establishes a direct relationship between the geometry and the unknown
fields of the structure [2]. This is enabled by using the NURBS functions as basis functions of the
numerical model’s reference and solution spaces. Therefore, the same basis functions are applied
for the geometry and kinematics, which eliminates the errors due to the geometric approximation in
a spatially discretized model. In order to improve the mesh, three types of mesh refinement are used
in the isogeometric approach, denoted as H-, P-, and K-methods [2].

A dynamic analysis of an arbitrarily curved spatial beam subjected to the moving load is studied in
this paper. A short review on the NURBS basis function is given in Section 2 and followed by the
beam’s geometry representation. The governing equation of motion of the Bernoulli-Euler
isogeometric beam element is briefly given in Section 4, while more details can be found in authors’
previous paper [3]. The moving load model is presented in Section 5 and followed by the numerical
example of spatially curved beam subjected to the moving load in Section 6. At the end, the main
conclusions have been drawn.

2. BASICS OF NURBS

The exact shape of an arbitrary curve C(¢) in Euclidean 3D space can be represented as:

c©) =Y R, ()G
(1)

where Ri,p(&) is the i-th NURBS basis function, p is the function degree, Ci is the position of the
control point i, while n is the number of basis functions and control points. NURBS functions are
derived from the B-spline functions:

. Ni,p(é:)’Wi
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where w; is the i-th function weight. In order to define B-spline functions, Cox de Boor algorithm is
often applied [4].
For the case of a zero degree (p = 0), the B-spline functions are defined as:

L ifgels gl

Nio(&) = {0, otherwise (3)

while for the polynomial degree greater than zero (p > 0):
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The B-spline functions are polynomial functions defined in parametric domain (£) using the knot
vector. This vector represents a set of non-decreasing real numbers, the knots.

Important properties of the B-spline function, as well as the NURBS functions, used in the following
derivations, are the non-negativity and the partition of unity over the parametric domain. More about
the B-spline and NURBS basis functions can be found in [4].

3. BEAM GEOMETRY

Due to the assumptions of beam theories, all kinematic and stress quantities of a beam can be given
as a function of beam’s centerline. In general, the beam’s centerline has an arbitrary shape in the
Euclidean three-dimensional space, forming a curved line. The formulation of a curved beam is
conducted using the curvilinear coordinate system attached to the beam’s centerline.

Figure 1. Centerline of a curved beam with corresponding control points

Using the NURBS parameterization, the position vector of a curved line is defined as:

r(&) =2 R, (),

i=1 (5)
where r; is the position of the i-th control point, Figure 1. To fully define the beam continuum, a
unique triad must be attached to each point of a curve. Here, this triad is aligned with the Frenet-
Serret frame. The basis vectors are defined using the well-known relations of differential geometry
[5] and relations between the arc-length and NURBS parameterizations:

_dr _drds tds_
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where t, n and b are orthonormal basis vectors of beam’s centerline obtained using arc-length
parameterization (Frenet-Serret frame of reference), while g1, g2 and gs form orthogonal vector basis
with respect to the parametric coordinate. The vector g is collinear with the tangent t, while the
vectors g, and gs are in the beam’s cross- section plane. In the previous relations, K is the modulus
of curvature, while g1 is the component of the metric tensor of the beam’s centerline:

g9, 0 0
g =0 10 dEt(giJ):gH:g
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By using the well-known Frenet-Serret relations and Eq. (6), the derivatives of the basis vectors with
respect to the parametric coordinate are:

0.1 Fil gK 0 9,
0,1 |= -gK 0 \/ET 9,
Os1 0 —Jgr 0 |9 ®

where ()1 represents the derivative with respect to the parameter & I'y; is the Christoffel symbol of
the second kind, and ris the torsion of the beam’s centerline.

In this paper, the beam cross-section principal axes coincide with the basis vectors g, and gs. If this
condition is not satisfied, the basis vectors g and gz need to be rotated around the basis vector g; to
align them with the principal axes, forming a new moving frame of reference [6].

Using the introduced basis vectors, the position vector of an arbitrary point of the beam can be
defined as:

F=r+ng,+{g, )

where # and ( are the coordinates along the principal axes. Consequently, the first basis vector of an
arbitrary point is defined as:

N r
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ds (10)
Due to the assumption of the rigid cross-section, the vectors g2 and gs are translated from the beam’s

centerline to an arbitrary point. By observing the metric tensor of an arbitrary point, it is evident that
the basis vector g, is not perpendicular to the vectors g, and gs. To keep the same orthogonal vector

basis over the whole cross section, a new parameterization is performed by introducing &, coordinate.
More about this new frame of reference can be found in [6].

4. ISOGEOMETRIC BERNOULLI-EULER BEAM FORMULATION

Due to the external impact, the beam’s centerline has a new position defined with the current position
vector:

r=r+u (11)

where u represents the displacement vector of the beam’s centerline. Using the isogeometric
approach, the displacement vector can be represented as:

u@é) = z Ri,p(é:)ui = Z Ri,p(g)uimim
i=1 i=1 (12)
where u; is the displacement vector of the i-th control point. As can be noticed, the displacement
vector and the reference geometry of beam’s centerline are represented using the same basis
functions, which is the fundamental property of the isogeometric approach.
Formulation of the spatial Bernoulli-Euler isogeometric beam is conducted by applying the
convective coordinate system, therefore the position vector of an arbitrary point of a deformed beam
is:

P =F+ng; +{0, (13)
The basis vectors of the deformed configuration can be expressed as:
g; = gm + um (14)

where un represents the increment of the m-th basis vector.
Using Egs. (9), (13) and (14), the displacement vector of an arbitrary point of a beam is defined as:

U=u+nu,+<u, (15)

Using Eq. (15), the acceleration vector of an arbitrary point is obtained as the second material
derivative:



é:(d)=U+nU2+§U3

(16)
In addition, the variation of displacement of an arbitrary point is obtained from Eq. (15) as:
6l =du+ndu, +<su, (17)
The components of the Green-Lagrange strain tensor in convective coordinate system are:
O 1/ .
.,_E(g. ,_gi'gj):E( i ij) (18)
In the case of beams, the non-zero components of strain tensor are:
~ Ll 4
ey = E(gn - gn)
~ Ll .
&= _(912 - glz)
2 (19)

“;13 = %(61*3 - 613)

By substituting the Bernoulli-Euler assumptions into the previous equations, the required kinematic
relations are obtained. Degrees of freedom of the isogeometric Bernoulli-Euler beam are the
displacements of the beam’s centerline and the torsional rotation of the beam’s cross-section. The
derivations of the kinematic relations can be found in detail in [3].

Assuming the linear elastic material behavior, the constitutive relations can be written as:

Si_ 9,4 jam
S! =2us! + 15/ ¢, (20)

where §} represents the mixed components of the second Piola-Kirchoff stress tensor, while 4 and

/. are Lame’s constants.
In order to obtain the equations of motion, the principle of virtual work is used:

[ pa-50dV, + [ 5 5edv, = [ fsiav,
Vo Vo Vo (21)

where p is the mass density, while f is the external load. By substituting Egs. (16), (17), (19) and
(20) into Eq. (21), the governing equation of motion of Bernoulli-Euler isogeometric curved beam
subjected to the moving load is obtained:

where M is the mass matrix, K is the stiffness matrix, Q is the vector of equivalent control forces,
while g is the displacement vector of the control points. Solution of this equation requires application
of a time integration procedure. The explicit step by step integration has been applied using the finite
differences method [7]. The reduced integration has been applied in Eq. (21) [8], and implemented
into the original MATLAB code [9].

5. MOVING LOAD

A mass moving along the structure generates a dynamic response. This load can be modeled as a
single load with constant magnitude and direction, fo, that moves along a beam with the constant
velocity:

f(t)=f,-5(£-V.t)

y 4o _dsde V.

23
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where V: and V are the magnitudes of velocity with respect to the parametric and arc-length
coordinates, respectively.
The vector of equivalent forces of the i-th control point in the case of a point load is:

Q= Jf'Rivp(é)\/gd‘f:f'Ri,p(ém)\/g

(24)

where &y is the position of the moving load on a beam.

6. NUMERICAL EXAMPLE

The validation study of the proposed formulation is given in this section. The horizontally curved
arch with the length L = 24 m and the subtended angle « = 30° is subjected to the out-of-plane and
the in-plane moving load with constant speed V = 40 m/s. The displacements and the torsional
rotations at both ends of the beam are restrained. The beam’s geometry has been modeled with the
cubic NURBS, as given in Figure 2.

P,(23.73,0,0)
wy =1

P,(7.82,2.00,0)
wy = 0.977
-9~

T;
£ = 2400 kg/m?

o

E=2322 GPa

Figure 2. The arch subjected to the moving load

The material is homogeneous and defined using the Young’s modulus E = 32.2 GPa, the Poisson’s
ratio v = 0.2 and the mass density p = 2400 kg/m?, while the cross-section is rectangular with the
dimensions b/h = 5/1.8 m. The beam is subjected to the out-of-plane load Fy = -293.32 kN and the
in-plane load F, = 1043.71 kN directed towards the arch center. The displacements of the beam’s
midpoint obtained using the isogeometric approach have been compared with the semi-analytical
results from the literature, applicable only for the simply supported arches [10]. It is important to
point out that the beam model presented in [10] is based on the Timoshenko beam theory. In this
example, the validation study is conducted as well as the convergence study using the P- refinement
procedure.

The in-plane (u) and the out-of-plane (w) displacement components of the midpoint obtained using
the P-refinement procedure are presented respectively in Figure 3 and Figure 4.

In addition, the same example is used to calculate the influence line of the beam’s midpoint
displacement components by neglecting the inertial part of the beam in the principle of virtual work.
By comparing the results of the beam’s midpoint displacements obtained using the dynamic and
static analysis, significant difference can be observed, especially for the case of the out-of-plane
displacement.
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Figure 3. Comparison of in-plane displacement component (u) of the beam’s midpoint
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Figure 4. Comparison of the out-of-plane displacement component (w) of the beam’s midpoint

7. CONCLUSIONS

The dynamic analysis of spatially curved Bernoulli-Euler beam subjected to the moving load is
briefly presented. Spatial discretization is performed by the isogeometric approach, while the
explicit procedure is used for the time integration. To validate the proposed method, the numerical
study of the curved spatial beam subjected to the point load has been carried out. Satisfactory
agreement has been observed between the results obtained using the proposed method and the results
from the literature. In addition, the influence line of the beam’s midpoint has been calculated, and
the difference between the static and dynamic results is shown. The accurate modeling of the moving
load has significant influence on the response of a beam. In future work, the inertial part of the
moving load will be taken into account, modeling the moving mass more accurately. Also, implicit
procedures and effects of the higher-order metric will be considered [11, 12].
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FREE VIBRATION ANALYSIS OF SINGLY CURVED CLAMPED
SHELLS USING THE ISOGEOMETRIC FINITE STRIP METHOD

Abstract

A hybrid method for the spatial discretization of two-dimensional domains is recently derived and
applied to the problem of free vibrations of simply-supported singly curved shells. This new method
follows from a tensor product of NURBS functions and a carefully selected series that satisfies
boundary conditions a priori. The formulation unifies spatial discretization schemes of the semi-
analytical Finite strip method and the 1sogeometric analysis. In this paper, the method is improved
by implementing the capability to deal with clamped-clamped boundary conditions. The numerical
analysis shows that the method has favorable accuracy per DOF, in comparison with the standard
finite elements.

Keywords: Isogeometric analysis, finite strips, singly curved clamped shells, free vibrations

AHAJIN3A CJIOBO/IHUX BUBPAIIMJA JEJHOCTPYKO
3AKPUB/bEHUX YK/BEHITEHUX JbYCKH ITPUMJEHOM
N30TEOMETPUJCKOI' METOJIA KOHAYHUX TPAKA

Caxcemax

XuOpHIHU METO/] 32 IPOCTOPHY AUCKPETH3ALN]y IBOANMEH3HOHAIHUX JJOMEHA j€ HETaBHO U3BEJICH
U TpHMHUjeleH Ha HpoOiieM clI000JHMX BHOpanuja jeJHOCTPYKO 3aKPHUBJBEHUX CIIOOO0IHO
ocnojbeHNX Jpyckd. llocTymak je 3acHoBaH Ha TeH30pckoM mpom3Bonxy HYPBC ¢ynkmmja n
MaXJPUBO OFa0paHUX peloBa KOjH a TPHOPH 3aJ0BOJbaBajy TpaHWYHE ycioBe. Popmymanuja
o0jequmyje IBa MPUCTYIA MPOCTOPHE JUCKPETH3AIIN] € TOMEHA: MTOyaHAIUTHYKHA METOJT KOHAYHUX
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Knyune pujeuu: uzoceomempujcka anaiusa, KOHauHe mpaxe, jeOHOCMPYKO 3aKPUBDHEHE
VK/beumene bycke, ci0600He subpayuje



1. INTRODUCTION

Singly curved shells are readily found in engineering structures in the form of thin-walled beams,
roofs, storage tanks, etc. Due to their specific geometric properties, the application of general doubly
curved shell models is inefficient in comparison with the reduced models, specifically designed for
singly curved shells.

One of the well-established methods for the analysis of such structures is the finite strip method
(FSM) which discretizes cross section with polynomials and approximates fields in longitudinal
direction with trigonometric series [1], [2]. Recently, the isogeometric analysis (IGA) is combined
with the FSM in a way to discretize the cross section with the NURBS functions, which returned the
finite-strip isogeometric (FSIGA) formulation [3]. The method is successfully applied in [4] for the
analysis of singly curved shells that are simply supported on both ends.

In this paper, the FSIGA is improved so that it can model clamped-clamped boundary conditions.
To avoid classic free-vibration mode shapes of a clamped-clamed beam which consist of hyperbolic
functions, a different series is utilized, employing only trigonometric functions [5], [6]. In this way,
the numerical issues, inherent for the hyperbolic functions, are avoided.

Brief review of the FSIGA and its application to thin singly curved shells is given in the next section.
The numerical analysis and conclusions are delivered in the last two sections.

2. FINITE STRIP ISOGEOMETRIC FORMULATION FOR A SINGLY
CURVED SHELL

2.1. METRIC OF THE MIDSURFACE

The present analysis is conducted using the convective frame of reference while the complete shell
kinematics is defined by the Cartesian components of translation of midsurface.

The boldface lowercase and uppercase letters are used for vectors and tensors/matrices, respectively.
The asterisk symbol designates a deformed configuration while the overbar indicates an equidistant
surface. The quantities measured with respect to the local, curvilinear, coordinates are labeled with
the caret symbol. The Greek index letters take values of 1 and 2 while the Latin indices take values
of 1, 2, and 3. The covariant and partial derivatives with respect to the m™ coordinate are designated
with ()m and (),m, respectively.

The displacement vector of the shell midsurface is r={x=x%, y=x?, z=x%}, Fig. 1, which is here
expressed as a tensor product of two families of lines:

r=r(én)= ink :ZR| (f)z_ F (77)r|J’ x“ :ZR| (g)z_ ka(ﬂ)XrJ, Iy :XIkJik’ 1)

where R;(&) is NURBS basis function of 1 control point. F;(7) is J term of a series, which for the
approximation of reference geometry of singly curved shells reduces to the ones used in the semi-
analytical FSM, [6]:

Fy={f), {}, 7}={Ln3. )

riyis the position vector of the I™" control point for the J™ series term, N is the total number of control
points along the & direction while M is the total number of series terms. in are the base vectors of

the Cartesian coordinate system and o' = & is local curvilinear coordinate, see Fig. 1.



0=
Physical space ® Parameter space
g3

: )
0= 8 .
2 =
- (= ==
=y - §8
= O
= L
=T
= 5
==
i 89
=/
\ 5
01234 lox =
1 | .
_ NURBS
. ) basis functions
x=x(6%) xX=z I3 x'=x : L.. 3

I
23d

g'=[0000%3331111]

Figure 1. An isogeometric finite strip model. The mapping between the reference and deformed
configurations in physical space (left), and parameter space (right). An example of general basis
functions is shown next to the parameter space.

The base vectors of the midsurface are:

g, ={x;,0,x3}, 9,={0,10}, g, ={x;,0,x3}, 3)

where X' are the partial derivatives of the midsurface position with respect to 0" coordinates.
For the adopted description of geometry, components of the base vector g; are:
k ohS k k
X; = ZZ[RIJ €3] fJ (m] Xy (4)
1=1J=1
Since the second and the third coordinates, 6° = n and 0° = ¢, are straight lines, the base vectors
g2 and gs, and its reciprocal counterparts g? and g° are the same and have unit length. The third
coordinate 6° = ¢ is orthogonal to the 8“ coordinates and the base vector gs represents the normal
of a midsurface:
S . Y

m - 1 .
g3:g3:n:\/6(gl><g2)zxy3lm, X3 =X :_X,ix,lzeklm:_x,31|1+x,1 3 ®)

m,3 \/6

where emnk is the permutation symbol and g is the determinant of metric tensor of midsurface:

00

10} g:detgij:gll' (6)
01

X

m
X
1 *m,1
ke
9 =Xi%;=| 0
0

The reciprocal metric tensor of midsurface is:

. 1 0 O g* 0 0
9'=9,"= 0 6, 0|=/ 0 10| detg'=1/g, @)
0 0 g, 0 01
and the reciprocal tangent vector g is:
1 1 1:n 1 1 mk 3 1
g :ﬁ(gzxgs)zxnl v Xq :ﬁx,zx,semkn:X,3|1_x,3|3' )

The derivatives of the base vector g; are calculated as:



n

) XmaX gk :ra gk
Q10 = erlnal m= { ;m )r(nkg = Fl” kg = F;a = gnkrlak! (9)
la ™ mIn T 1laIn

where T, and I}, are the Christoffel symbols of the first and the second kind, respectively. For
the introduced tensor product, Eq. Error! Reference source not found., these derivatives are, [3]:

N M M
O, = Z[éi R|,11 &) Z F,(mr, + 502( R, 1 (f)z FJ,Z (mry, 1. (10)
1=1 J=1 J=1
The Christoffel symbols I;3, are the components of the curvature tensor and we will mark them as
F‘SB = b(lﬁ
950 = T30, =—0,9,, by =9"D,, (11)

a a

where b2 and b, are the mixed and covariant components of the curvature tensor, respectively,
[3]. For singly curved shells, components of the curvature tensor at initial configuration are, Fig. 1:

by #0, b =b, =b =0. (12)
2.2. METRIC OF THE EQUIDISTANT SURFACE

The position vector of an equidistant surface is:

T=r+4g;, (13)
while its base vectors are:
— aF v v v ~Vv ~1 1 ~?2
gl:ﬁ:gl_é’blgv:(é‘l _é’bl)gvzclgv’ Clzl—é'bl, Cl =0, (14)
gz =0, 63 =0,

where the only non-zero component of the shift tensor which is C_Zlv [7]. The covariant metric tensor
at an equidistant surface is:

< m
X,l m

X,p 00

e _ o 2

9; = X,:(Xk‘j = 0 10,9 =detgij =0n =(1_§b1l) On~ 0Oy —2¢by,  (15)
0 01

In the previous equation the quadratic term with respect to ¢ coordinate is neglected, which is often
for thin and moderately thick shells, [8].

2.3. KIRCHHOFF-LOVE THEORY OF A SINGLY CURVED SHELL

The deformed midsurface is defined with the position vector:
r=r+u, (16)

where the displacement u is approximated with the tensor product of the NURBS functions and a
series which satisfies boundary conditions for z=const. Here, this series is the same as that used for
the description of the geometry, Eq. (1):

M

u=u"i_ = Z R (g)z F,(u,, u"= Z R (&)Y " (muy. (17)

J=1

uyy is the vector of displacement components of the I'" control point for the J" series term. It can be
written as:

u=Nq (18)

where N is the matrix of basis functions defined in [4].
The acceleration field is obtained as the second material derivative of the displacement field:



u=u"i, =Ng (19)

According to the KL hypothesis, the expressions for the reference strains of the midsurface for singly
curved shells within the scope of the linear theory are, [4]:

&y = Xk,lu,lj. = X1,1u,11 + X3,1ui’

Ep = Xk,zu,kz = u,221

26, = Xk,zu,ﬁ + Xk,lu,kz = ui + X1,1u,12 + Xa,lu,sz’ (20)
K = X3 (u,l;l _Fflu,ky) = X1,3u,111 + X3,3u,311 - ril(xl,iiu,ll + X3,3u,31)’

Ky = X3 (u,kzz _rgzu,:) = X1,3u,122 + X3,3u‘322!

2Ky, = 2%, 5 (uiz _rfzu,kﬂ) = 2(X1,3U,112 + X3,3u,312)-

while the relations between the equidistant and reference strains are:
_ 1. _ 1, . . )
Ep =E45(C) :E Uop — o) ® E(gaﬁ =045) =6 by —byy) =&, =K,y (21)

The stress-strain relation is defined with the classic Saint Venant-Kirchhoff material model for the
plane stress and plane strain conditions:

o =2u(9" 9" + -7 9")z, = D5, , (22)
where D" are the components of the constitutive tensor while . and v are Lamé constants.
2.4. PRINCIPLE OF VIRTUAL WORK
The principle of virtual work, when the external effects are neglected, can be written as:
SW = [557,dv+ [ pli'Tdv = [G: 58 dv+ [ pii-dudv =0, (23)
where ¢ is the Cauchy stress tensor, € is the strain tensor, and ii is the vector of accelerations.
After integration of Eq. (23) along the thickness, the internal term reduces to:
[56z, v = [(N"3¢,, + MK, )da, (24)
v a

where NV and M#¥ are the stress resultants and stress couples which are energetically conjugated
with the reference strains of the midsurface, ¢, and «,, .

14

By assuming that the material is homogenous and that the effect of rotational inertia is negligible,
the inertial term of virtual work reduces to:

[ pii‘stdv = ph 'su,da. (25)

Now, Eqg. (23) can be written in matrix form as:

oW = [f7deda+ ph[i"suda =0, (26)

where fT and e are the the vectors of generalized section forces and reference strains of the shell
midsurface:

fT:|:N11 sz N12 I\/IM Mzz M12:|
: (27)
€ = [511 € 2512 Ky Ky 2K12 ]

The constitutive relations between the energetically conjugated section forces and reference strains
can be represented in a compact form as:

f = De, (28)



where D is the constitutive tensor:

D 0 D%
D=| ™ = M g ®g,®09.®q,. 29
{ 0 DB} { 0 Dsm”}g“ %29, 20 9

2.5. DISCRETE EQUATION OF MOTION

The relation between the reference strains and the displacements of control points for one
isogeometric finite strip can be represented with the strain-displacement matrix B, defined in [4]:

equzLqu (30)
and Eq. (26) can be written as:

oW = [e"Ddeda+ ph[i"suda=q' [B'DBdadq+ phg’ [N'Ndadq =0,  (31)

or:
Mg +Kq =0,
K =[B'DBda, M=ph[N'Nda, (32)

where K and M are the stiffness and mass matrices of one isogeometric finite strip, respectively.
Solving the equation (32) yields a well-known eigenvalue problem:

(K-o’M)g =0, (33)

with 3NM nontrivial solutions of eigenpairs of eigenfrequencies a and corresponding eigenvectors
q;-
2.6. SERIES PART OF BASIS FUNCTION

The presented FSIGA, applied to the analysis of singly curved shells, uses series only for the
kinematic field. This is analogous to the semi-analytical FSM that enables modeling of all types of
classic boundary conditions, [2, 6]. Here, only the clamped-clamped boundary conditions are
considered.

It is convenient to utilize two different series. One approximates the two components of a
displacement vector in a transverse plane of a shell while the other series approximates the
longitudinal (along the #-axis) component of a displacement vector, Fig. 1 [6]. If the longitudinal
ends of a strip are clamped, a simple choice for the basis functions f* and f is suggested in [5]:

fy=1fS =sin(Jzp/L)sin(zn/L), J=12,.M, (34)

which  satisfies boundary  conditions:  G'(&,0)=G'(&,L) =0°(&,0)=0°(£,L) =0  and
0%, (£,0) =0, (£,L) =0%(¢,0)=0%(&,L) =0. Regarding the approximation of displacement
component along the longitudinal direction, a simple sine series is considered:

fi=sin(Jzp/L), J=12.M, (35)

Let us simplify the notation with: fi=f°=Z_, f2=Y__In this way, the thirteen integrals with
respect to the series terms which should be solved in the Eq. (32) are:
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L
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0

1mn
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L

|
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I8mn = ijYndU: I9mn = J.Zm,zzzn,zdn' IlOmn = J‘Zm,ZZYn,ZdU’

0 0 0

L L L
Illmn = jzm,ZYn,Zdn' I12mn = J.szndn' I13mn = jzm,ZYndn'

0 0 0

The integration of trigonometric functions is here done analytically, cf. Appendix.
3. NUMERICAL EXAMPLES

The aim of the present numerical analysis is to verify and validate the developed FSIGA regarding
the singly curved shells with clamped-clamped boundary conditions, and to examine its convergence
properties. The numerical reference solutions obtained with highly refined FSIGA meshes are
utilized in each experiment. A designation for an IGFSM mesh is mh-np-ik-jt, where m, n, i, and j
are the number of strips (knot spans), the order of NURBS, the interstrip continuity, and the number
of series terms, respectively.

The validation tests are done by the comparison with the results found with dense uniform meshes
of STRI3 shell elements. This element is the only one in the Abaqus library which imposes KL
constraints analytically, [9].

Additional comparison is made with the standard flat shell finite strips LO2 and HO3 [1, 6].

3.1 AN OPEN CIRCULAR CYLINDER

An open circular cylinder as in Fig. 2 is studied first. The reference FSIGA frequencies for the first
eight modes are calculated with 80h-4p-1k-40t mesh and given in Table. 1 The results obtained with
a smaller number of degrees of freedom are presented only for the purpose of comparing with the
results found with Abaqus. Excellent accuracy per DOF of the FSIGA is evident. Regarding the
mode shapes, they are virtually indistinguishable from those in Abaqus, and only the FSIGA results
are visualized, Fig. 3.

The results of h-refinement tests are given in Fig. 4. They imply that an increase in the NURBS
order and interstrip continuity significantly increases the order of convergence. The convergences
of LO2 and HO3 strips are displayed in Fig 5. These flat shell strips have inferior orders of
convergence in comparison with the curved NURBS strips of similar order.

The results of t-refinement tests for cubics and quartics NURBS with the lowest and the highest
continuities are given in Fig. 6 and Fig. 7. Similar orders of convergence are detected for both
models, near 2. The same influence of odd and even series terms as in [4] is observed.

#=0.001 m
E=210 GPa
v=0.3

p=7800 kg/m’

Figure 2. The open circular cylinder.
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Table 1. The open circular cylinder. Comparison of the lowest eight eigenfrequencies [Hz].

Abaqus STRI3 Present
Mode 1680 167200 20h-2p-1k-10t  80h-4p-1k-40t
elements elements
(nDo|:=5412) (nDo|:=505260) (nDop=660) (nD0F=29040)
1 523.81 505.62 509.58 506.09
2 577.03 569.19 572.10 569.41
3 1011.7 984.35 989.97 984.84
4 1101.3 1070.7 1079.70 1071.84
5 1555.6 1549.6 1562.99 1550.83
6 1587.3 1564.5 1577.03 1565.26
7 1662.2 1632.1 1655.80 1637.02
8 1689.5 1650.5 1665.76 1652.28

a) =25 b)
-3
-3.5
- =
é: é:
] g
3.1 32 33 3.4 35 36 23 2.4 25 2.6 2.7 28
log,y(npor) log;y(npor)

Figure 4. The open circular cylinder. Convergence of the relative error for the lowest eight
eigenfrequencies using the h-refinement: a) mh-3p-2k-40t; b) mh-4p-1k-40t
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Figure 5. The open circular cylinder. Convergence of the relative error for the lowest eight
eigenfrequencies using the h-refinement and forty series terms: a) LO2 strip; b) HO3 strip.
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Figure 6. The open circular cylinder. Convergence of the relative error for the lowest eight
eigenfrequencies using the t-refinement: a) 80h-3p-1k-jt; b) 80h-3p-2k-jt
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Figure 7. The open circular cylinder. Convergence of the relative error for the lowest eight
eigenfrequencies using the t-refinement: a) 80h-4p-1k-jt; b) 80h-4p-3k-jt



3.2 AQUARTIC CYLINDER WITH SYMMETRIC CROSS SECTION
In this example we consider a shell with symmetric circumferential profile, described with the
quartic NURBS, Fig. 8. Its parametric equations are:

0.08-0.32 £+1.2 £ -1.76 £ +0.88 &*
02+08&-1.8¢&7+2&° ¢
—0.45 £2+0.1 £ +0.25 &*
—02-08¢&+1.8&2-2&%+¢&%

x(&) = :

@37)
2(8) =

The reference mesh is the same as in the previous example, 80h-4p-1k-40t. The lowest eight
eigenfrequencies are scrutinized with respect to the results obtained with STRI3 elements in Table
2 while the mode shapes are displayed in Fig. 9.

The convergences of eigenfrequencies with respect to the h-refinement are presented in Fig. 10 and
Fig. 11. An astonishing improvement of accuracy per DOF is obtained for meshes with increased
smoothness. The t-refinement results are given in Fig. 12 and Fig. 13. The orders of convergences
are similar to those estimated in the previous example, close to 2.

h=0.005 m
E=210 GPa
v=0.3

p=7800 kg/m*

x4=0, z,=0.5 x5=0.4, z;=0.5 yd
Wwy=2 ws=1 ’Q//'
0.4 7e 5
x=0.4, z;,=0.25 V7
W3:] 5 //'
// ZhA ¥
L L’,
.,’CEZO, ZZ=0 _Y|:0.4, Z]=0 X
wy=2 wi=1

Figure 8. The quartic cylinder. Geometry and material properties. The weights of control points
are designated with w;.

Table 2. The quartic cylinder. Comparison of the lowest eight eigenfrequencies [Hz].

Abaqus STRI3 Present
Mode 1608 89000 20h-4p-1k-10t  80h-4p-1k-40t
elements elements
(nDOF:5304) (nDOF:27054O) (nDOF:186O) (nDOF:29O4O)
1 32.74 32.87 32.89 32.87
2 35.97 33.57 33.93 33.64
3 37.78 36.98 37.04 36.96
4 47.38 44,15 44.30 44,10
5 56.41 54.15 55.24 54.81
6 58.95 55.79 56.42 55.89
7 61.51 56.29 56.47 56.33
8 64.16 63.83 63.99 63.82



122

STEPGRAD2022 PROCEEDINGS OF INTERNATIONAL CONFERENCE ON CONTEMPORARY THEORY AND PRACTICE IN CONSTRUCTION XV

Sﬂl L

IOng"")}:"‘wll—]I

loglo|mglm“- 1|

. IS .

wn wn ey
/

10g10|(ﬂ1}:/(1)“-1|

n & s

wn w n
//

Figure 9. The quartic cylinder. Mode shapes of the lowest eight modes.
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Figure 10. The quartic cylinder. Convergence of the relative error for the lowest eight
eigenfrequencies using the h-refinement: a) mh-4p-1k-40t; b) mh-4p-3k-40t.

-3.5 b) 25

0

355 36 365 37 375 38 385 39 325 33 335 34 345 35 355 36

logy(npor) log,(npop)

Figure 11. The quartic cylinder. Convergence of the relative error for the lowest eight
eigenfrequencies using the h-refinement: a) mh-5p-1k-40t; b) mh-5p-4k-40t.
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Figure 12. The quartic cylinder. Convergence of the relative error for the lowest eight
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Figure 13. The quartic cylinder. Convergence of the relative error for the lowest eight
eigenfrequencies using the t-refinement: a) 80h-5p-1k-jt; b) 80h-5p-4k-jt.

4 CONCLUSIONS

The recently developed FSIGA hybrid metod is revised and improved by implementing the clamped-
clamped isogeometric finite strip. A pure trigonometric series is used and the numerical issues with
hyperbolic functions are avoided. As in the previous work, excellent results are obtained in
comparison with the finite element method.

The presented method provides improved orders of convergence and allows the analytical
integration of trigonometric functions. Additionally, an arbitrarily curved reference geometry can
be exactly represented by the NURBS functions. These properties make the FSIGA well-suited for
the analysis of singly curved shells.
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Appendix A.

Closed-form solutions of the thirteen integrals in Eq. (36) are given here.
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SETTING THE REAL-TIME FLOOD FORECASTING MODELS IN
UKRINA, TINJA AND BRKA UNGAUGED BASINS

Abstract

Flood forecasting (FF) is one of the most challenging problems in Hydraulic Engineering. It is also
most important due to tremendous contribution in reducing economic and life losses that usually
occurs during flooding. Major part of the FF system is hydrologic and hydraulic model that simulate
runoff and corresponding water levels in rivers, based on the input data that are results from the
meteorologic forecasting model. Major uncertainty of the FF systems that operates in real time
usually stems from combined hydrologic-hydraulic model, apart from the large uncertainty that
comes from the meteorological model. This uncertainty significantly rises when the catchments of
interests are ungauged. In this paper, methodology of setting hydrological and hydraulic model that
operates in real time FF and early warning system is presented. Case study are ungauged basins of
Ukrina, Tinja and Brka, tributaries of Sava River.

Keywords: flood forecasting system, hydrologic model, hydraulic model, ungauged basins

YCIHHOCTABJ/BAIBE MOJIEJIA 3A ITPOT'HO3Y NIOIIJIABA Y
PEAJIHOM BPEMEHY HA HEU3YYEHUM CJIMBOBUMA YKPHUHE,
THUIBE U BPKE

Caxcemax

[IporHosa nomasa je jenan o]l Haj3aXTjeBHUjUX 33/1aTaka y XUAPOTEXHHIM, alM U HajBOKHHUJUX
003UpOM Ha BEIIMKY YJIOTY y CMamely MaTepHjajHe IITeTe W I'yOUTaKa JbYJICKUX KHMBOTa KOjH
0o0nyHO mpate ()eHOMEH MNoIulaBa. | JTaBHM AMO NPOTHO3HHMX MOJENA Y PEaHOM BPEMEHY YnHE
XHUJPOJIOIIKH U XUAPAYJIMYKH MOJEIN KOjH Jla]y CUMYJalije OTullaja U OAroBapajyhnx HuBoa Boje
Yy BOJOTOLIMMA Ha OCHOBY pe3yiITaTa CHMYyJallfja METCOPOJIOIIKOT IporHO3HOT Monena. Hajseha
HEHM3BjECHOCT PE3yNTaTa NMPOTHO3HMX MOAENA IMOTHYE YIpPaBO O] KOMOMHOBAHOT XHJPOJIOIIKO-
Xuapaynmmakor mopaena. OBa HEW3BjeCHOCT IocTaje Beha YKONMHMKO ce pagd O XHUAPOJIOMIKH
HEM3Y4EHNM CIIMBOBUMA. Y OBOM pPajy NMpHKa3aHa jeé METOAOJIOTHja YCIIOCTaBIbakha XU IPOIOLIIKOT
U XUAPayJUYKOT MoJieNla 3a MoTpede CHcTeMa 3a paHy HajaBy M NPOTHO3Y MOIUIaBa y PEaHOM
BpEMEHY Ha MpUMjepy HEM3YYeHHX ClMBoBa YKpuHe, Tume u Bpke Koje Cy IMpEKTHE NPHUTOKE
pujexe Casge.

Kmwyune pujeuu: cucmem 3a npoernosy noniasa, xuoporowKu Mooe, Xuopayauiku Mooer,
HeusyueHu caueosu



1. INTRODUCTION

Floods are the most impacting natural disaster in terms of economic damages [1]. Floods also result
in thousands of casualties globally each year (4500 in 2019 for example). Flood early warning
systems are one of the most efficient measures to reduce the impact of floods, especially when time
and budget is limited. Research by JRC[2] illustrates a damage reduction of about 25% for European
countries when early warning systems are in place. Besides providing timely warning to the public,
flood early warning systems also provide flood managers insights and tools to better understand the
water system and communicate in an objective science based manner with other experts and disaster
managers.

After the devastating floods in the Sava basin heavily affecting amongst others Boshia and
Herzegovina, several flood early warning systems were developed to timely warn people about
potential floods. One of these systems covers the Bosna, Ukrina, Brka and Tinja river catchment in
Bosnia and Herzegovina. While Bosna River catchment covers many hydrological and
meteorological stations to calibrate and run models that feed the forecasting system, hydrological
and meteorological stations on Ukrina, Brka and Tinja basins are sparser. Especially hydrological
stations and historical observations are missing essentially making these basins ungauged.

In the flood forecasting systems, hydrological and hydraulic models are vital tool for forecasting
current flood condition. These models are usually calibrated upon observed meteorological and
hydrological data. When basins do not have any monitoring system, establishing reliable FF system
becomes extremely challenging. One of the solutions include regionalization of model parameters
[3] with certain basin classification [4] included to consider similarity of two or more basins [5], [6].
Other authors rely on physically based hydrological models [7] but even for them, some kind of
calibration/adjustment of model parameters is needed.

This paper presents methodology used in setting up the flood forecasting and early warning system
for ungauged basins Ukrina, Tinja and Brka (UTB) in Bosnia and Herzegovina. Integral part of this
FF system was Bosna basin also, which is gauged. Data from Bosnha subbasins are used to calibrate
hydrological NAM model parameters and establish a regression models between calibrated
parameters and certain physical and morphological basin’ characteristics. Using these regression
models, values of NAM parameters are determined for ungauged basins of UTB. Resulting
simulation data are compared with regional flow duration curves in order to validate the
methodology. Proxy data collected on site during flood in 2010. are also used to check results of
combined simulation od hydrologic and hydraulics models. This data served for models’ re-
calibration, where observed water levels didn’t agree with simulated one.

2. MIKE MODELS

2.1. GENERAL RAINFALL-RUNOFF MODEL

The NAM model [8] is a deterministic, lumped and conceptual rainfall-runoff model accounting for
the water content in up to four different storages: (1) surface storage, (2) lower ground layer — storage
of vegetation roots zone, (3) storage of underground water and (4) snow. Different components of
rainfall-runoff process continually calculate amounts of water in those storages that are different but
intercommunicating vertical components of ground [9].

Surface reservoir is a cultivated top layer of soil with vegetation and surface depressions that hold
water. Amount of water in this layer changes in dependence of evapotranspiration, surface runoff
and interflow, i.e. water offset from surface into lower layers. In this layer parameter Umax (mm)
plays a role of maximum amount of water that can be held in this layer. Root zone is next storage in
vertical direction in which water comes from the surface layer and offsets to transpiration, interflow
to groundwater reservoir, amount of water for filling up groundwater and also smaller part for
shallow subsurface runoff. Maximum amount of water in this layer is defined with parameter Liax
(mm). Underground reservoir is deepest layer of ground in which amount of water comes from
previous layer, root zone. Amount of water fulfilling these resources depends on amounts of water
in root zone and is regulated with parameter TG (-). NAM has a possibility of adding next, deeper
layer whose capacity is controlled by two additional parameters but this addition increase number
of model free parameters which usually does not improve model performance [10]. Snow module
in NAM model behaves as another storage, in which precipitation (snow) is stored during cold days
and gradually discharged in form of melted water during warmer days. For snow module NAM
requires just temperatures in same resolution as given precipitation. There are two ways of snow
calculation: general - averaged on whole basin and distributed in vertical direction (height zones).



Aside from above mentioned components of model and belonging parameters, there are also
parameters which control surface flow as well as amounts of water that set off into lower layers i.e.
interflow. Complete list of NAM parameters is shown in Table 1.

Table 1. NAM model parameters

Parameter{Description Measure | Typical

unit values
Surface layer and root zone
Umax Maximum capacity of soil humidity in surface layer mm 10-20
Lmax Maximum capacity in root zone mm 50-150
CQOF Coefficient of surface flow — divides surface water capacity on ) 0,1-0.99

surface runoff and lower laver infiltration.
CKIF Time constant for mid-runoff, runoff between surface layerand | .« 5001000
root zone. It defines amount of surface water settina off in mid-
'Time constant for surface and mid-runoff. Defines the shape of
hydrograph.

Threshold value for surface flow — there is no surface flow if

TOF relative humidity of lower soil layer is smaller than this value. i 0-0,7

TIE Threshold value for mid-runoff, similar as previous, regarding ) 0-0,99
surface layer.

CK1,2 hours 3-48

Underground layer

'Time constant of basic runoff — defines shape of hydrograph in

periods without precipitation.

TG Threshold value in root zone for growth of runoff in ) 0-0.99
underground (similar as TOF) '

Growth in lower underground layers — defines growth in

CQLOW - ; -
underground reservoir that goes into lower layers by

CKLOW -rlljlrr:(l)if constant of linear reservoir that is used to model basic hours

Part of basin that contributes to neighboring basin or part of
Carea . . . . . - n/a
neighboring basin that seeps into modelled basin.
Maximum depth to underground water level — measured from
GWLDbf0 . . o -

average basin height to minimal recipient level
Sy Specific growth in underground water - 0,1

Depth to the level of underground water that defines capillary

CKBF hours  |500-5000

m 10

CWLTIL ascend from lower to higher ground layers upon humidity off m

Snow storage
Csnow  [Snow meltdown coefficient mm/C/day 2-4
TO Basic temperature that defines precipitation as snow or rain C 0
Crain Rain coefficient — defines snow meltdown speed mr%rg}r/n/C

2.2. HYDRAULIC MODEL MIKE 11

For all three tributaries of Sava River, MIKE 11 hydrodynamic models are used to predict water
levels and discharges along the river courses during the simulated flood events. The MIKE11
software solves “full” 1D unsteady flow equations but quasi 2D approach can be used by connecting
1D river reaches (parallel branches) [11]. The mass transfer between main channels and floodplains
are modelled using so called link channels (Link structure in Figure 1). The link channel is a short
branch that usually represents embankment geometry but can also be a model object that represents
imaginary (“arbitrary” defined) boundaries between main river and inundations (Figure 2) or even
the boundaries inside floodplains when more than one (parallel) river branches represent flow along
the same floodplain. The parameters that “control” the dynamic of water mass exchange between
main river and floodplains are width-depth relationship, length, slope and Manning n value for link
structure.
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Figure 1. Representation of a Link Channel [12]
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Figure 2. Quazi 2D schematization of river flow [13]

A numerous type of boundary and interior conditions can be set in the hydrodynamic model. User
can define hydrographs, stage/discharge relationships or other relationships (or values of their
parameters) that represents flow conditions at the outer boundaries or inner parts of the
computational domain. The influence of different type of inline or lateral structures (weirs, culverts,
sills, etc.) or “outer” water bodies (tributaries and main rivers, storage areas, etc.) on the river flow
conditions can be taken into account in 1D flow simulations.

3. BASINS AND DATA

The real-time FF system comprises of the four basins, namely Bosna River Basin, Ukrina, Tinja and
Brka (Figure 3). Bosna basin is not in focus in this paper, only the results of hydrological model
calibration of Bosna sub-catchments, more specifically the optimized parameters for regionalization.
Ukrina, Tinja and Brka (UTB) are right tributaries of Sava River, all three located in BiH. The total
areas of UTB are 1500km?, 950 km?and 233.2 km?, respectively.

Hydrometeorological data collected for the area are mainly precipitation values. Analyzing positions
of the stations over the study area with Thiessen polygons it is concluded that polygons around five
stations cover the basins area providing dominant areas of point data distribution (see Figure 4).
Auvailable data for those stations are summarized in Table 2.

For the basins of Ukrina and Brka, there were no recent observations from monitoring hydrological
stations. On Ukrina, daily flows for Derventa station are available only in period between 1964-
1983, with gaps. However, those data were used to develop flow duration curves and compare them
with simulated ones after the calibration.
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possibly be used for the areal distribution of precipitation and temperatures



Table 2. Review of available precipitation (P) and temperature (T) data

Meteorological station | Daily P Daily T Hourly P Hourly T

Banja Luka 2008-2018 - 2008-2018* | 2008-2017
Doboj 2008-2018 2008-2018 | 2008-2018* | 2015-2018
Gradacac 2008-2015 2008-2014 | - -

Tuzla 2008-2018 2008-2018 | 2008-2018* | 2008-2018
Srbac 2008-2018 2008-2018 | 2016-2018* | -

*no data from November through March
For Tinja basin there is only one hydrological station (HS Srebrenik) in the upper and mountainous
part of the basin. For this HS, hourly water levels for the period 2008-2018 were available as well
as rating curves obtained during measurements in period 2010-2016. Upon this data, hourly flows
are determined. The only missing period of water level data was the period during and after flood in
May 2014, specifically between 15.05.2014-23.06.2014.

4. GENERAL METHODOLOGY FOR SETTING THE HYDROLOGICAL
AND HYDRAULIC MODEL

4.1. HYDROLOGICAL MODELLING - MODEL SETUP, CALIBRATION AND
SENSITIVITY ANALYSIS

At the initial stage of modeling, Tinja catchment is divided in two sub-catchments at HS Srebrenik.
Since there was observed runoff at the Srebrenik station, that part of the catchment is calibrated
automatically using autocalibration tool given in NAM [15]. Rest of the basin, as well as whole
Ukrina and Brka basins, are calibrated using proposed methodology. For the purpose of combined
hydrological and hydraulic modeling, these basins needed to be divided in several sub-catchments
— where the inflow is needed in hydraulic reaches. The division of the basins is shown on Figure 5.
Ukrina is divided on 14, Tinja on 5 and Brka on 8 sub-catchments. Simulation time step for all
models is one hour. Where available, hourly data are used. Otherwise, daily data are interpolated
assuming uniform distribution of precipitation within the day. Basic NAM model setup is used,
without interflow (CK; coefficient) and lower groundwater reservoir, with total of 9 parameters.

Table 3. List of NAM parameters and respective value ranges used in parameter sensitivity

analysis

Parameter | Units Description Range
Umax mm Maximum water content in surface storage 5-20
Lmax mm Maximum water content in lower zone/root | 20-300

storage
CQOF - Overland flow coefficient 0.1-1
CKIF hrs Interflow drainage constant 200-1000
CK1 hrs Timing constant for overland flow 0-50
CK2 hrs Timing constant for interflow 0-50
TOF - Overland flow threshold 0-0.99
TIF - Interflow threshold 0-0.99
TG - Groundwater recharge threshold 0-0.99
CKBF hrs Timing constant for baseflow 1000-4000
CQlow mm Recharge to groundwater 0-100
CKlow hrs Time constant for routing lower baseflow 1000-30000

Prior to ungauged basins calibration procedure, model parameter sensitivity analysis is conducted
with full version (all parameters) of NAM model. Sensitivity is analyzed on the gauged Tinja basin
part, up to HS Srebrenik by keeping 11 parameters constant while the one for which sensitivity is
analyzed is changed by 20% from their respective range (Table 3). For each parameter change,
simulation is run and efficiency calculated. When this efficiency is plotted against each parameter
value from the predefined range, impact of parameter value change on model performance is well
observable. If efficiency is changing little or nothing no matter which value parameter takes, those
parameters are insensitive. This means that they do not influence model results i.e., no need to be
calibrated. Conversely, when small parameter change induces quite model efficiency change —



impacts heavily on model simulation results, parameter is sensitive. This means that they are
important for modelling process and must be calibrated.

Gauged part of the Tinja basin is calibrated upon the available hourly runoff observed at the HS
Srebrenik using an automatic optimization algorithm Shuffled Complex Evolution Metropolis —
University of Arizona (SCEM-UA, [16]) embedded within the model. This optimization algorithm
has a goal to find a single best parameter set in the feasible parameter space (instead of many
different sets that give similar model performance). Objective functions used for model calibration
are chosen to cover all aspects of hydrograph, i.e., dynamic (root mean square error RMSE), volume
(overall volume balance) and matching of the peak flow above certain threshold (RMSE for high
flow). The model warm-up period (period that is excluded in objective functions calculation) is set
to one year (365 days). After automatic calibration, manual fine-tuning of parameters is performed
in order to refine model results to match specific needs of simulation of high flows.
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Figure 5. Division of Ukrina (upper left), Tinja (upper right) and Brka (down left) into sub-
catchments in NAM [14]

According to data available, period for calibration and validation is only 2008-2014, where 2008 is
a warm-up year. General recommendation for calibration length is at least 5 years, so calibration
period is 2008-2013, while year 2014 is used for model validation (validation of results in the
independent year outside the calibration period).

To calibrate ungauged basins, their behavior in terms of runoff generation mechanism is transferred
from gauged catchments by means of regionalization process. In this process, catchment similarity
plays great role assuming that nearby catchments behave in hydrologically similar way. The basic
approach in catchment similarity is spatial proximity that emerges from the assumption that rainfall-
runoff relationship varies smoothly in place or are uniform in the specific (predefined) region. Some
studies [17] showed that spatial proximity yields much better prediction results in ungauged basins
than with any other catchment characteristic, while best results are obtained by combining spatial
proximity approach and catchment attributes, which is applied here.

In this study, several catchment’s attributes are chosen for regionalization of optimized parameters
in the Bosna River basin sub-catchments: (a) catchment area, (b) average catchment slope, (c)
drainage length (sum of all watercourses on the basin), (d) density of drainage length (drainage



length divided with basin area), (e) forest coverage, (f) mean index of drainage density (GIS tool
line density, density of linear feature in the neighborhood of each output raster cell [18]), (g)
catchment shape length, (h) catchment shape (difference between min and max basin elevation
divided with area) and (i) percent of basin under hypsometric curve between two elevations (for
example 450-500 m.a.s.l.).
Regression is based on these catchment attributes and optimized parameter sets for the Bosna River
sub-catchments. Prior to that, pool of sub-catchments is grouped by their similarity according to
each attribute.
After hydrological model parameter determination, general simulation results are checked upon
regional relative flow duration curves (presented as ratio to mean flow) constructed of available data
from the hydrological stations on Bosna River Basin. At the end, modeling results are verified using
available proxy site data. For this purpose, additional spatial data that were available are areas under
potential significant flood risk (APSFR) and maximum inundation zones along the Ukrina river
based on 2010 flood. The latter one is used for models’ re-calibration.
With all of above, general framework for setting up the RR model for ungauged basins consists of
following steps:

e Collect data from the nearby catchments,

e Extract catchment similarity indices, both for donor catchments (from which parameters will
be transferred) and ungauged catchments,

e Calibration of the similar gauged catchments,
¢ Regression analysis, i.e., correlation between each optimized model parameter and catchment
characteristic,
e Estimation of ungauged model parameters from the regression model (choosing only the one
with strong correlations),
e Assessment of simulation results with respect to regionalized runoff characteristics (flow
duration curves) and proxy data,
e Fine-tuning of parameter estimates to produce simulations consistent with the regionalized
runoff characteristics,
¢ Validation of coupled hydrological and hydraulic model with additional parameter fine-
tuning.
It is clear that results of sensitivity analysis are dependent of the analyzed basin. Since no data are
available for the Ukrina and Brka basins, sensitivity analysis could not be performed. To overcome
the potential issue of having different sensitive parameters for different basins, correlation between
all NAM parameters and all basins are analyzed before final conclusion. If some of the insensitive
NAM parameters (according to performed sensitivity analysis) show significant correlation with
some of the catchment characteristics, it will be employed in the calibration procedure.

4.2. HYDRAULIC MODELLING

The quasi 2D approach is applied to simulate unsteady flow along Ukrina, Tinja and Brka rivers.
Numerous river branches and consequently link channels along with several type of boundary and
interior conditions, are used to simulate a complex flow pattern during the flood events. In this paper,
only few key aspects of hydrodynamic modelling using quasi 2D approach implemented in MIKE
11 models for Ukrina, Tinja and Brka are presented.

In Figure 6, small portion of computational domain of Ukrina river that covers the town of Derventa
is shown. Several branches are connected with link channels (blue lines with arrows at the one end)
to simulate flows in urban environment. The link channels connect the branches separated mainly
by road embankments (also, it can be said that cross sections are separated). In that case, the link
channels simulate flow over the embankments. The boundary with link channels can also represent
high terrain or even bank lines in the absence of levees. Branches can be also “latteraly” separated
by fictional boundaries in the case of wide inundations to better predict inception of flooding.

As can be seen in Figure 6, branches are not only separated laterally. At the location of bridge
embankments, floodplain centerlines are disconnected and longitudinal conveyance is omitted. It is
clear that this method can be applied only if overtopping conditions are out of considerations. If
overtopping occurs, interior boundary condition should be defined on the single branch to represent
inline structures.
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Figure 6. Elements of 1D model for Ukrina River in the city of Derventa (Flow-path centerlines,
Cross-sections and Link channels)

One of the most challenging tasks in modelling process was to include the effects of Drenova
reservoir (Drenova river — tributary of Ukrina river) on flood wave attenuation. Due to the fact that
geometry of the reservoir was not available, fictitious cross section was created to resemble the
Volume-Elevation curve of Drenova reservoir (Figure 7). The cross sections are defined on the
standard (1D) river branch. It means that “full” 1D unsteady flow equations are applied for this
portion of domain to simulate flood wave propagation along the reservoir.

The dam of Drenova reservoir is represented in the model with predefined Q-H relationship for its
spillway and outlet structures. Therefore, structures are included in the model through one interior
boundary condition meaning that two Q-H relationships for each structure are combined into one -
single family of curves.

The NAM and hydrodynamic models are linked by defining input hydrographs computed in NAM
model as inflows used in hydrodynamic models. The hydrographs are converted to uniformly
distributed inflows along the river reaches. The input hydrographs used in Tinja model are shown
in Figure 8.

At the downstream ends of Ukrina, Tinja and Brka rivers, stage hydrographs are defined. The water
surface elevations at those locations are obtained by interpolating stages measured at corresponding
gauging stations along the Sava River.
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Figure 7. Cross-sections along the Drenova reservoir (left) and corresponding Volume-Elevation
curve
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Figure 8. Hydrological inputs along the river network for Tinja River

5. APPLICATION IN UNGAGED BASINS - RESULTS AND DISCUSSION

5.1. HYDROLOGICAL MODEL SENSITIVITY ANALYSIS

Results of sensitivity analysis show that model output (assessed through model Kling-Gupta
efficiency-KGE [19]) is highly dependent on CQOF, CK1 and CK2. Less sensitive are Umax and
Lmax While for TOF rapid change in model performance is observed when TOF value are higher than
0.5. This indicate that dominant processes in this particular catchment is related to overland flow
(parameters CQOF, CK1 and TOF), partly interflow (parameter CK2) and upper soil storage water
capacities (surface and root storage, parameters Umax and Lmax)-

The insensitive model parameters do not influence model performance and in the plot (not shown
here) are characterized with the straight horizontal line which means that no efficiency change is
made no matter which value parameter takes from the parameter space. Small sensitivity is
observable to TG parameter, but only when its value is below 0.5. It seems that interflow, baseflow
and groundwater component of water balance are not dominant processes for Tinja up to Srebrenik
catchment.



5.2. REGIONALIZATION OF THE MIKE NAM PARAMETERS - MODEL
CALIBRATION

Between optimized model parameters for all Bosna sub-catchments and all analyzed catchment
characteristics, no correlations above 0.2 (which is very low and insignificant) was found. This was
subject to further refinement of the catchment choice based on catchment similarity and particular
catchment characteristic. This means that donor catchments that have quite different characteristic
from the ungauged catchments were removed from the pool of catchments and correlations are
analyzed again. This step is repeated for each characteristic individually.

Regarding catchment area, no significant correlations were found. For the average catchment slope,
significant correlation is found only with CK1,2 parameter (timing constant for overland flow)
including only 10 relatively low-land catchments with slopes between 6-15%. From this pool of
catchment, ones with very small areas are removed and significantly better results are achieved.
Correlation coefficient is 0.76 while regression model is two-degree polynomial, as shown on Figure
10, left. Somewhat weaker correlation is found between catchment drainage length and CQOF
(overland flow coefficient) parameter, R?=0.66. However, this parameter is highly correlated with
the drainage density, as shown on Figure 9, right.
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Figure 9. Regression models average catchment slope and CKy, parameter

According to the percentage of forest coverage on catchments, 12 catchments was found similar to
the ungauged catchments. As was expected, parameters related to the surface storage and root zone
was correlated with this characteristic. Correlations are shown on Figure 10.

30 400
'y
25 350 .
300
L0 L 250 | y=0.87x2-77.34x +1,749.79
E 15 £ 200 R*=0.94
> ~ 150
10 “® ®
0.07x-5.90x + 135.09 100 - T
=u. X -2, X + . .
> R? =0.90 - ‘:‘. 50 ”. e ®
0 . 0 -
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Percentage of forest coverage Percentage of forest coverage

Figure 10. Regression models for forest coverage percentage and root zone model parameters

Parameter of threshold for overland flow TOF is correlated with the drainage density index, as
shown on Figure 11.
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Figure 11. Regression model for drainage density index and TOF model parameter



In summary, all sensitive model parameters are explained (with their correlations) with some of the
catchment characteristic. Insensitive parameters are not, which was expected, since their role in
modelling process is of little important because they do not interfere with the model efficiency. This
obviously is true for all Bosna sub-catchments, not only for gauged part of the Tinja catchment for
which sensitivity analysis is performed.

From the analysis above, parameter values for ungauged basins and their sub-catchments can now
be easily determined, knowing their characteristics employed in above regression models. However,
in the situations where regional model gives irrational parameter values (for example, CQOF larger
than 1, or Lmax larger than recommended 300), values are kept at the maximum/minimum of the
recommended parameter range.

5.2.1. Similar catchments and flow duration curves

After previous analysis, it became clear which catchments are similar by one or more characteristics
with the ungauged catchments under this study. From the complete list of similar catchments, the
ones with very small observation period (i.e., few years only, because of the bias of the optimized
parameters values) and the ones with very small area (correlation analysis with catchment area
showed that the results from the catchments smaller than 100km? deviate from the scatter the most)
are removed. That left 18 sub-catchments from the Bosna River Basin to be used for validation of
the models.

Figure 12 shows standardized (divided with mean flow) flow duration curves for the 18 catchments
that are similar by its attributes with catchments Tinja ungauged part, Ukrina and Brka. On the plot,
two curves are highlighted: the one for Tinja-Srebrenik sub-catchment obtained from observed flows
(black dashed line) and one for Ukrina catchment up to Derventa station formed with historical
observational data in period 1964-1983 (thick red line). From these FDCs, range is formed (showed
as grey range on Figure 13) and used to validate results for sub-catchments of Ukrina, Tinja and
Brka.

Results showed that modelled FDC are within the defined range of the regional FDC so there is no
need for further refinement of model parameters (plots not shown here due to space limitation of the

paper).
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Figure 12. Relative flow duration curves (to mean flow) for the sub-catchments of Bosna River
Basin that are similar to ungauged basins of Ukrina, Tinja and Brka

5.3. HYDRAULIC MODEL CALIBRATION

It was concluded that the most significant parameters of HD models for Tinja, Ukrina and Brka,
beside the hydrological inputs, are Manning’s coefficients and the parameters related to the link
channels. Due to lack of available data that can be used to predict inception of flooding or lateral
momentum and mass transfer between main river and floodplains, parameters of the link channels
are estimated by expert judgment and only Manning’s coefficients for regular branches (floodplains
and main rivers) are subject to calibration.

The initial guess for Manning’s coefficients is based on land cover data. Afterwards, the Manning’s
coefficients and inflows are varied until the historical APSFR boundaries and observed peaks of
stage hydrographs were reproduced in numerical simulations of historical flood events.



Variation of adopted Resistance value (ratio between local and base value of Manning’s coefficient)
across the one cross section of Ukrina river is depicted in Figure 13.
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Figure 13. Variation of Resistance value across one cross section of Ukrina River

5.4. COUPLED HYDROLOGIC-HYDRAULIC MODEL RESULTS AND MODEL RE-
CALIBRATION

The calibration (re-calibration) of coupled models is made through iterative process depicted in
Figure 14. Parameters of previously calibrated NAM model are tuned in order to get satisfactory
water levels according to historical flood zones from 2010 and known APSFR limits. The process
is repeated in several iterations.

Q(t) NyNg,Ns... Z(x,t)
NAM — HD — Q(t,X)

e

Figure 14. Scheme of re-calibration process of NAM and HD models

Validity of the runoff simulation is cross-referenced with the proxy data (recorded water level during
2010 flood that occur in the area of UTB basins). Hydraulic model run showed need for some of the
sub-catchments parameters refinement in order to increase runoffs. As previously stated, parameters
that are the most influential to runoff increase are CQOF and CKi, and Lmax to some extent.
Therefore, these parameters are fine-tuned for all sub-catchments located downstream of the HS
Srebrenik of Tinja basin until simulated water levels are closer to the extent of the APFSR.

Upon results of the hydraulic models and known data from Drenova reservoir during the 2010 flood
as well as APFSR extent, water levels should be higher in the areas of Ukrina River tributaries
Vijaka and LiSnja. Therefore, CQOF, CK1, and Lmax parameters of these sub-catchments are also
tuned so to meet the recorded 2010 flood extent. For Brka basin, small increase of high flows was
also needed.

With these new parameters, resulting FDC are compared with regional range. Modelled FDC again
show good matching with regional ones, especially in the range of high flows, which is extremely
important due to purpose of the hydrological model results. Figure 15 shows those results for Ukrina
sub-catchments.

In Figure 16 the comparison between calculated and observed hydrographs at location of Srebrenik
gauging station is shown for different phases (iterations from a) to d)) of calibration process. As
explained earlier, both NAM and HD models are tuned to obtain satisfactory results. Compliance
with second criteria for calibration is being checked by visual comparison of APSFR limits and

calculated flood zones. In Figure 17 calculated flood zones for final step of calibration process are
shown.
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Figure 15. Comparison of flow duration curves from gauged catchments (grey range) and
simulated for Ukrina model sub-catchments
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different phases of re-calibration process
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Figure 17. Calculated flood zones (areas filled with various colors) and APSFR limits (red lines)
for Tinja River

6. CONCLUSIONS

In this study, methodology for hydrological and hydraulic modeling of ungauged basins that can be
used in flood forecasting and early warning systems is presented. Due to lack of observed data on
the basins, hydrological model is calibrated using regionalized regression models established
between calibrated model parameters on nearby Bosna River sub-catchments and distinctive
catchment characteristics, while parameters of the hydrodynamic model are assumed by expert
judgement. Validation of the methodology was possible with historical areas under potential
significant flood risk observed during the flood in 2010.

With applied methodology, it is observed that simulations of coupled hydrological and hydraulic
models somewhat underestimated flood peaks on Ukrina, Tinja and Brka Rivers. The discrepancy
in simulations could not be considered as error per se, since the simulations are compared to only
one historical flood event. However, flood underestimation is consistent for all subbasins. The
validation would be better if several floods were available, since flood mechanism varies from event
to event due to storm characteristics and antecedent soil wetness, above other factors.

In general, proposed methodology proved to be worth of future development and upgrading. One of
the upgrades to the proposed methods are further and in more detail exploration of catchments
similarity in regression analysis in order to improve model’s parameter estimation. Also, models
validation should be extended to more flood events and with the results of flood forecasting system
that operates in real-time in order to detailly validate the proposed methodology.
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COMPARATIVE ANALYSIS OF AN UNGAUGED BASIN MODELLING
RESULTS BY THREE CONCEPTUAL HYDROLOGICAL MODELS

Abstract

The hydrometeorological data availability is the main issue for hydrological modeling, especially
pronounced in ungauged basins. The research presented in the paper attempts at overcoming the data
availability issue by applying three different hydrological models, and observing the most acceptable
basin response from an ungauged basin. The calibration and validation of models is performed on
flow duration curves from nearby gauged catchments, and the agreement of simulated and 'observed’
flows is compared visually and quantitively for characteristic flows. An annual distribution of
monthly to mean flow ratio is also observed. The best performing model is HBV light, although the
studied annual flow ratio and the ratio pattern cannot be achieved by any of the applied models in
the periods of calibration and validation.

Keywords: Flow duration curve, ungauged basin, HEC-HMS, HBV light, GRJ4.

UPOREDNA ANALIZA REZULTATA MODELIRANJA NEIZUCENOG
SLIVA POMOCU TRI KONCEPTUALNA HIDOLOSKA MODELA

Caxcemax

PacnosioxuBOCT XUAPOMETEPOIONIKHX MOJATaKa je jeJaH OJ MIaBHUX NpodieMa y XUAPOJIOIIKOM
MOJIETIMPaky, HAPOYUTO Ha XUPOJIOMIKY HEM3YYEeHHM CIMBOBMMA. McTpaxknBame MpeacTaB/beHO
y OBOM WIaHKY MMa 3a IWJb Ja npeBasulje mpobieM pacrioyioKUBOCTH MoJaTaka yrnoTpeOoM Tpu
pa3nuuuTa XUIPOJIONIKAa MO/IeNa U YOUaBamheM HajIpUXBATJbUBHjEr OJIrOBOpa HEM3YUEHOT CIIMBA.
Kanubpauuja u Banuganuja Mojena je M3BpIIEHA KOpUIIhemeM KPHBHX Tpajamba IPOTOKa
(dbopMHpaHNX M3 MOJAaTaKa OKOJHUX M3Y4EHHX ciauBoBa. Clarame CHMYIHpaHHUX M mocrojehnx
KpPMBUX Tpajamba je OLMWjeHEeHO BU3YEIHUM IPETJICIOM W KBaHTHTATUBHO 32 KapaKTepUCTHYHE
MIPOTOKE ca KpUBE Tpajama. YHYTapTrOAWIIkHA PACIIOljea OJHOCA MjeCeIHHNX M CPebUX IPOTOKa
je takohe aHammupaHa. XbB maurxT mMomen maje HajooJpe pe3yiTaTe MAaKO OAHOC MjECEUYHUX H
CpelbuX TOAMINBHMX IIPOTOKA Kao ¥ IHXOBA YHYTAproJMIEkba pacnojjesia Huje Ioopo
penpoayKoBaHa HU Ca jeJHUM MOJEIIOM Y NIepHouMa KaTHOpanyuje 1 Baliaanije MoJena.

Kwyune pujeuu: kpuse mpajaroa npomoxa, neuszyuen caue, HEC-HMS, HBV light, GRJ4.



1. INTRODUCTION

Hydrological modeling as a scientific discipline is introduced in the 1960s. Hydrological models
provide insight to the temporal and spatial variability of water resources essential for a variety of
water-related fields including effective management of these resources, and preventing risk
disasters. Transformation of precipitation into runoff is a complex natural process per se, therefore
demanding for hydrological modeling. Simulating runoff and/or assessing flows has always been a
key task in hydrology, especially in the hydrologically ungauged basins where statistical methods
cannot be applied due to the absence of flow observation data [1]. Besides the lack of runoff data in
the desired period or absence of these data at all, another modelling issue is insufficient quality of
the runoff data that can be present in the gauged catchments. Such a situation increases already
existing uncertainty of modelling both in the model calibration and validation periods. One of the
questions regarding calibration (and validation) strategy is: What should be the main object of
calibration?

Costa et al. [2] performed the parameter calibration of the large basin model consisting of several
smaller catchments, having flow duration curves (FDCs) as the main object of calibration. The
research goal was production of the ranked flows through a set of parameters, regardless of runoff
serial structure. Through the evolution of rainfall and evaporation over the simulation period, this
structure is retrieved indirectly. This approach reduces regionalization to the FDC parameters.

By using the HBV runoff model that only requires daily temperature, precipitation and monthly
potential evaporation as input, Pool et al. [3] investigated the choice of a sampling strategy for
individual runoff measurements when taken at strategic points in time during one year. They have
found that FDCs were generally better simulated when strategies captured low and mean flows.
The approach Westenberg et al. [4] used for regionalization of FDCs accounted for runoff and input-
output data uncertainties in FDC and rainfall-runoff model regionalization, while Westenberg et al.
[5] developed a new calibration method using FDCs. The method addresses issues found in
calibration with traditional performance measures such as the Nash-Sutcliffe model efficiency.
The research goal in this paper is to find out which model structure can be considered an appropriate
hypothesis of the mean daily flows in an ungauged catchment through calibrating a hydrological
model, as recommended in [5]. The object of calibration is FDC, while indirect validation also
includes reproducing an annual distribution of monthly to mean flow ratio.

The motivation for the research is a demand for a water reservoir operation management plan in an
ungauged basin in a poor data environment, emphasized by the data gap typical in Bosnia and
Herzegovina for the period 1991-2000 and later.

2. METHODOLOGY

2.1. HYDROLOGICAL SIMULATION MODELS

Three hydrological models for continuous hydrological simulations were used in this research: HEC-
HMS, HBV light and GR4J.

The HEC-HMS model is primarily intended for modeling runoff from isolated rainfall episodes such
as design storms, but also allows for continuous hydrological simulations [6]. It consists of several
components intended for modeling effective precipitation, direct and base runoff and runoff
transformation. In this research, two variants of HEC-HMS model were considered: model A, with
snow in its structure in addition to the input data on precipitation, temperature and
evapotranspiration. Model B has no snow in its structure, therefore it uses precipitation and
evapotranspiration as the input data. A total of 8 parameters were used when calibrating the model.
The HBV light model is based on the water balance equation [7]:

P—E—Q == (SP+SM+UZ + LZ + lakes) @)

where P — precipitation [mm], E - evapotranspiration [mm], Q — runoff [mm/day], SP — snow pack
[-], SM — soil moisture [mm], UZ — upper groundwater zone [mm], LZ — lover groundwater zone
[mm], lakes — lake volume [-].

The model simulates daily discharge using daily rainfall, temperature and potential evaporation as
input. A total of 19 parameters were used when calibrating the model [8], [9].

The GR4J model is a water balance hydrological model with four parameters developed by Perrin
et al. [10]. It is an empirical model but its structure is similar to the conceptual
models. It takes into account the humidity and contains two reservoirs (production and
routing). Unit hydrographs are also associated with the hydrological behavior of the basin.



Figure 1 shows the structure of the hydrological models used.
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Figure 1. Structure of hydrological model: HEC-HMS (left) [7], HBV light (center) [9], GR4J
(right) [10]
2.2. THE STUDIED CATCHMENT AND INPUT DATA

The Drenova Reservoir was established by the construction of the Drenova concrete dam on the
river Vijaka, the largest left tributary of the Ukrina river, a direct right tributary of the Sava River.
The research treated the catchment area up to the location of the Drenova dam, with a basin area of
68 km?. The elevation range of the catchment is from 161 m above sea level (masl) at the dam
location and 594 masl at the highest catchment point. The hydrographic river network comprises of
four small rivers: Vijaka, Topolova, Lisnja and Drenovica with their tributaries [11].

The main river is the Vijaka river, 14 km long with an average slope of 1.25%. The catchment is
considered hydrologically ungauged basin, regardless of the short period of flow and precipitation
observations in the vicinity, due to unreliable hydrological data for the Vijaka river [12].
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Figure 2. Digital elevation model (DEM) and river network of the studied Drenova catchment [11]

Data on daily precipitation and air temperatures from the meteorological station (MS) Banja Luka
were used as input data for hydrological modeling of the Drenova dam basin, according to the spatial
analysis results where MS Banja Luka, MS Doboj and MS Slavonski Brod were considered [11].
In the HEC-HMS and HBV light models, a monthly evapotranspiration is assessed by the
Thornthwaite method, while in the GR4J model, daily evapotranspiration input data is determined
by the Hamon method.

The time step for all hydrological models is one day.

2.3. CALIBRATION OF MODEL PARAMETERS

The choice of strategy for calibration of model parameters and validation of simulation results is
complex when it comes to gauged basins. Usually split-sample test (SST) [13] is used to determine
period for calibration on which model is trained and period of validation (different from calibration
period) on which model will be tested in means of capability to simulate runoff outside of the training
period. Nowadays, calibration is performed using some of the many automatic optimization



algorithms which exclude subjectivity incorporated in the process of manual calibration and
recommended use of more than one calibration criteria [14], [15].

For ungauged basins, a special model calibration and verification strategies are used. The basic
strategy, also applied here, is the division of the available observed data period into periods for
model calibration and verification, and using a dimensionless flow duration curve (FDC) instead of
flows. A FDC formulated in this way, links the ratio of the characteristic flows of a given duration
to the mean annual flow.

To obtain the dimensionless FDCs at the Drenova ungauged basin in the calibration and verification
periods (Figure 3), FDCs from the eight hydrological stations (HS) are averaged. The obtained two
dimensionless FDCs are considered the reference FDCs for the Drenova ungauged catchment. In
the HS selection process, the main criterion is hydrometeorological data availability, while other
criteria are data completeness, the catchment area and the distance (as crow flies) from the Drenova
catchment, as shown in Table 1. In Figure 4, the map of selected HS and MS is presented.
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Figure 3. The reference dimensionless averaged FDC in the model calibration and validation
periods [11], [16]

Table 1. The set of HS used for calibration and validation of the Drenova basin model [16]

No. HS River [ﬁ‘:ﬁ% Available data records Blrsetr?g\Sae {Ii?nn]l
1 Hrustovo Sanica 348 1966-1990; 2006-2008 74
2 Rmanj Manastir Unac 1010 | 1961-1990; 2007-2008 125
3 Blazuj Zujevina 155 1966-1990; 2006-2008 118
4 Dobrinje Bosna 2677 1961-1990 93
5 Kalosevi¢ Usora 633 1961-1990; 2006-2009 27
6 Karanovac Spreca 1828 | 1961-1990; 2006-2008 52
7 Merdani LaSva 950 1961-1990; 2006-2008 80
8 Modrac Spreca 1176 1961-1990; 2006 77
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3. RESULTS AND DISCUSSION

3.1. FLOW SIMULATION BY THE THREE MODELS

The daily flows simulated by the three studied models is shown in Figure 5 for one year. In this year,
HBYV light model exhibits the highest flow responses to precipitation, GR4J the lowest, while HEC-
HMS model A with snow, results in higher flows than model B without snow.
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Figure 5. Simulation results for the year 1975 in the calibration period
3.2. FLOW DURATION CURVES IN CALIBRATION AND VALIDATION PERIODS

The reference dimensionless FDCs used for calibration (Figure 6) and validation (Figure 7) are
shown with the achieved FDCs generated from the modelling results. These two sets of FDCs behave
differently in the calibration and validation periods, i.e. their shifts compared to the reference FDC
are more pronounced in the flood to mean flow range durations (<30%) in the validation compared
to calibration periods. In the mean to low flow durations (>50%), the gap between FDCs is similar
in these two periods.



dd
o

- - - - Flow duration curve - Calibration periods
HEC-HMS model (model A)
HEC-HMS model (model B)

o
o

=40 HBV-light model
(5]
2 GR4J model
& 3.0
>
©
o
O 20
1.0
0.0

Duration [%]

Figure 6. The reference FDC and FDCs generated from flow modelling results in the calibration

periods
7.0
-------- Flow duration curve - Validation periods
6.0 HEC-HMS model (model A)
HEC-HMS model (model B)
5.0 HBYV light model
= GR4J model
S 4.0
—
S
©
o 3.0
o
20
1.0
0.0

0 10 20 30 40 50 60 70 80 90 100
Duration [%]

Figure 7. Observed and simulation FDC and FDC for validation periods

The fit between the reference FDC and the simulated FDC was determined for six characteristic
durations: 1, 5, 30, 50, 70 and 95%. The absolute errors per model and duration are shown in Table
2.

In the model calibration period:

— HEC-HMS model (model A) is the best fit for durations of 1%, 5%, 50% and 70%, while
HBYV light is the second best;

— HEC-HMS model (model B) and GR4J are best fit for the duration of 30%;

— HBV light model is best fit for the duration of 95% where GRJ4 is the second best.

In the model validation period:

— HEC-HMS model (model B) is the best fit for durations of 1%, 5% and 50%, while HBV
light is the second best for all durations but 30% and 70%, where it is the best performing
model.

— HEC-HMS model (model A) is the best fit for duration 95%.

Overall, HBV light is the best performing model, ranked first in the validation, and second in the
calibration period.



Table 2. Absolute error of the dimensionless FDCs for characteristic durations
HEC-HMS model HEC-HMS model

Periods Duration (model A) (model B) HBYV light model GR4J model
1% 0.096 0.482 0.120 0.202
5% 0.099 0.267 0.155 0.231
Calibration 30% 0.012 0.007 0.062 0.008
(1961-1990) 50% 0.010 0.035 0.022 0.055
70% 0.015 0.058 0.035 0.091
95% 0.086 0.106 0.067 0.074
1% 1529 1.073 1.368 1.624
5% 0.333 0.065 0.324 0.548
Validation 30% 0.151 0.128 0.093 0.130
(2005-2008) 50% 0.085 0.005 0.039 0.044
70% 0.033 0.053 0.002 0.078
95% 0.071 0.109 0.091 0.075

3.3. ANNUAL FLOW DISTRIBUTION

The ability of models to replicate flow dynamics is assessed in this research via the annual flow
distribution. Again, the ratio of monthly to mean annual flow is considered, but for calendar months.
This merely visual comparison of annual flow patterns is done for the set of diagrams constructed
for the HS used for generating the Drenova ungauged basin reference FDC, and HSs on the direct
river Sava tributaries in BiH. The source of the latter background diagram is the analysis of water
balance of Republika Srpska [12].

3.3.1. Annual flow distribution in calibration period

The annual distribution of runoff is similar in the HS shown in Figure 8, when it comes to the periods
of high and low flow, except for the river Spreca and the river Unac, where the wettest month is
February. The results of the simulation in the HEC-HMS package for model A and model B, indicate
that the model is not able to reproduce the annual distribution of runoff both in the terms of dynamics
and flow variability [16]. The same stands for the HBV light and the GR4J model in the calibration
period, although HBV light model shows better variation in runoff between the high and low water
periods, compared to the other models.
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Figure 8. Calibration period: Annual flow variability at HS used for model calibration and
variability achieved by modelling the ungauged catchment of the Drenova
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Figure 9. Calibration period: Annual flow variability for the direct tributaries to the river Sava
[12] and variability achieved by modelling the ungauged catchment of the Drenova

A more pronounced differences are found in the comparison with the immediate Sava River
tributaries in Figure 9 for the calibration period. The diagram shows the dimensionless annual flow
distribution in the river basins of the rivers Ukrina, Tinja and Gomjenica, and the HS in the Kolubara
river in Serbia. The applied models were not able to produce flows that would lead to a realistic
annual distribution both in the period of flood and low flows and the variability of flows. GR4J
model performs worst in both comparisons shown in Figure 8 and Figure 9.

3.3.2. Annual flow distribution in validation period

The dimensionless annual flow distribution diagram achieved by the three investigated models in
the river Drenova catchment is plotted on the corresponding diagrams shown in Figure 10 and Figure
11. The validation period of three years (2006-2008) used for validation of FDCs is short for reliable
insight to annual flow distribution. Therefore, the diagrams are used to observe if models are able
to produce any variability in annual flow distribution, and match periods of high and low flows.
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Figure 10. Validation period: Annual flow variability at HS used for model calibration and
variability achieved by modelling the ungauged catchment of the Drenova in the same period

The obtained variability of monthly flows is better in the validation period in all models compared
to the calibration period. All of them exhibit primary maximum in March, that corresponds to
general behavior of HSs shown in Figure 10. The months of June, August and September in the river



Drenova catchment show higher flows than expected in the validation period by all models. A
similar situation is in comparison to the direct tributaries to the river Sava, shown in Figure 11: The
most noticeable mismatch appears in the low flow period August-September where modelled flows
point out to the secondary flow maximum. Such a case is most pronounced for the GRJ4 model
according to timing.
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Figure 11. Annual flow variability for the direct tributaries to the river Sava [12] and variability
achieved by modelling the ungauged catchment of the Drenova in the validation period

3.3.3. Annual flow distribution in the climatic data availability period

The best performing model according to the dimensionless FDC replicability, HBV light, is used
here in posterior analysis to test the model adequacy for daily simulations in longer period. While
flow gauge records at HSs were available for two separate periods with the data gap between the
years 1991 and 2005 (Table 1), daily precipitation and air temperature data from the MS Banja Luka
were available without gaps. A monthly evapotranspiration required for input data in HBV light
model is assessed by the Thornthwaite method.

The red line in Figure 12 shows annual flow variability obtained by processing daily flow simulation
results of the HBV light model in the period 1961-2008. Both flow variability and line shape
resemble the pattern shown at the locations in closest proximity to the Drenova river catchment.
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Figure 12. Annual flow variability for the direct tributaries to the river Sava [12] and variability
achieved by modelling the ungauged catchment of the Drenova in the period 1961-2008

The thick black line denoting averaged annual flow distribution in the direct right tributaries to the
river Sava in BiH only (in the river basins of the Ukrina, Tinja and Gomjenica river) shows the



situation prior to the year 1980 in different sampling periods, ranging from 14 to 50 years. It is not
known if there were record gaps and in general, there is a question regarding the quality of runoff
data in previous period. It is also not possible to differentiate lines by colour between catchment
locations in the original diagram [12] for more detailed analysis. Nevertheless, the results achieved
by the HBV light model daily flow simulations for this long period are generally acceptable in all
annual periods but for the month of May where it seem underestimated, and in the low flow period
(August and September), potentially overestimated.

4. CONCLUSION

The paper investigates the potential for calibrating and verifying three hydrological models for
simulation of daily flows using dimensionless FDCs. The prevailing calibration and verification
periods are uneven: 30 years (1961-1990) for calibration and 3 years (2006-2008) for the verification
period. Among the hydrological models, HEC-HMS models with snow (model A) and without snow
(model B) have 8 parameters each, HBV light model 19 parameters and the GR4J model 4
parameters. Both HBV light and GR4J model are applied without snow in their structure.

Based on the flow simulation results by the three models for the studied Drenova ungauged basin,
the following may be concluded:

1. According to the fit of six characteristic duration flows of the FDCs, the HEC-HMS
model A with snow and HBV light perform better in the calibration period, while in the
validation period, HBV light as well as HEC-HMS model B without snow perform well.

2. Inthe calibration and validation periods, annual flow pattern is not matched by any of the
models both in the terms of dynamics and flow range. However, simulations by the HBV
light model in the longer period (1961-2008) show significantly improved annual flow
pattern when calibrated model is run on the fully available sets of climatic data.

3. The best performing model overall is the HBV light, the model with the most parameters,
while the worst performing is GRJ, with the least parameters. The GRJ model has shown
poor results in the similar input data environment [17].

4. When modelling ungauged catchments, it is recommended that at least two different
models are used for better perception of simulation results. The HEC-HMS model A with
snow is also worth further consideration according to the results of this research.

5. Models calibrated by the FDCs should undergo additional testing of the simulation
results. One of possible means of the result verification shown in this research is by the
achieved annual flow pattern, while some authors focus on reproducing the observed flow
frequency distribution rather than the exact hydrograph [5].

6. Using the three present models with different calibration strategies/objects (e.g. using
other flow characteristics beside FDC) might produce different results in the terms of
model adequacy for ungauged catchments.

The recommendation for future research is to spatially extend the set of HSs for generating FDCs to
the locations in broader region, and include HSs that would have a longer or at least even period for
calibration and validation of the models. The catchment similarity should also be checked beyond
homogeneity presumption based on proximity and catchment area range.

Regarding the HBV light model, further improvement of the catchment representation should be
considered by increasing the number of elevation zones and subcatchments. The HEC-HMS model
A with snow should also be considered in the future research. The structure of these two models
seems the most appropriate in the studied case.
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ANALYSIS AND EVALUATION OF THE THERMOPHYSICAL
PROPERTIES OF VENTILATED FACADE TYPOLOGIES

Abstract

The energy efficiency of the construction sector is denoted by the European energy and
environmental policies, by international standards and national legislation. Ventilated facades can
contribute towards more efficient buildings, hence this paper focuses on the evaluation of ventilated
fagade construction typologies and the impact of thermal radiance exposure. The selected scenarios
were evaluated in terms of thermophysical analysis and laboratory measurements, and based on the
results useful conclusions can be derived. Nevertheless, there is need of further investigation towards
alternative configurations of the facades, such as implementing alternative ventilation configurations
and patterns as well as more innovative and technical efficient construction materials.

Keywords: thermophysical analysis, ventilated facade, construction typologies, radiance exposure

AHAJIN3A 1 OIIJEHA TEPMO®U3NYKHNX CBOJCTABA
THUITOJIOTMJA BEHTUJIMCAHHUX ®ACAJTA

Caxicemax

Eneprercky eduxacHOCT rpal)eBHHCKOT ceKTopa 00MIbeKaBajy eBpOIICKAa EHEPreTcKa M eKOJIOMIKa
MOJIUTHKA, Mel)yHapOJHU CTaHAApAM M HaMOHAJHO 3aKOHOAABCTBO. BeHTmicane ¢acane mory
JONPUHHMjETH eUKACHUjUM 3rpajiaMa, CTora ce oBaj paj (oKycHpa Ha OILjeHy THIIOJIOTHja CJIojeBa
KOHCTPYKIIMje BEHTHWJIMCAHUX (acaja M YTHIA] M3JI0KEHOCTH TOILIOTHOM 3pauemy. Onabpane
CHUTYyallyje Cy NpOLHjemheHe Y CMUCTY TepMo(U3NUKe aHaU3e U J1a00paTOPUjCKUX Mjeperha U Ha
OCHOBY pe3yJiTaTa ce MOTYy M3BECTH KOPHUCHM 3akjbyuld. Mmak, mocroju morpeba 3a nasbe
UCTpaXXMBakhe y NpaBly alTepHATHMBHUX (acaJHUX CHUCTEMa, Kao IITO je HMIUIEMEHTalHja
ITCPHATHBHUX BEHTHJIALMOHMX CHCTEMa M IIa0JIOHA, Ka0 M WHOBAaTHBHHJUX M TEXHUYKH
epuxacHujux rpal)eBUHCKHUX MaTepujaia.

Kmwyune pujeyu: mepmoghuzuuxa ananusza, 6eHmuiucana acaod, munonozuje KOHCmpyKyuja,
U3TI0JCEHOCT 3PAYUEIb).



1. INTRODUCTION

The EU's energy and environmental strategy has set clear objectives for improving energy
efficiency, reducing greenhouse gas emissions and fostering the use of renewable energy sources.
The first goal of 20-20-20 has practically been achieved, and there are optimistic indications that the
goals for 2030 will also be achieved, whilst there is the promising vision of a carbon neutral Europe
by 2050 [1]. Nearly Zero Energy Buildings (nZEBs) are a pivotal instrument in that direction and in
order to rise up to this challenge one has to utilize the full array of technologies: energy efficient
building envelope elements, high efficiency heating, ventilation and air-conditioning systems,
renewable energy systems and of course smart technologies and automations to run all these
systems, along with smart metering. The use of automation and smart system technologies, in
particular, proves a challenge and, at the same time, the only answer for achieving the goals of the
energy strategy for buildings in the current building stock.

Effective thermal protection of the envelope is a prerequisite for efficiency, in order to prevent
unwanted heat fluxes, while also managing the internal temperature and achieving efficient HVAC
operation and building energy efficiency in the usage phase. This research focuses on the operation
of ventilated facade building typologies in the presence of thermal radiation.

Finally, increasing the share of Renewable Energy Sources (RES) is necessary to meet the reduced
requirements and lower CO2 emissions, hence mitigating climate change. It goes without saying,
that financial aid instruments are needed to help in implementing rules and regulations and achieving
the goals stated, whilst taking into consideration social factors, affordability and maintenance of
living standards should not be left out of sight [2].

A number of research studies [3] have been carried out on the thermophysical study of building
sections in order to determine their influence on interior thermal comfort [4], performance [5], and
even energy conservation [6]. In our situation, the key focus is their performance study in an in vitro
experiment, employing heat radiation sources. In this line of approach, more research into the
functioning of construction typologies will lead to a greater knowledge of them before they are
implemented on the envelope of an existing building. Hence, the novelty of the paper is the
assessment of the the impact of mechanical ventilation on the thermal response of the ventilated
facade.

2. METHODOLOGY

The methodology focused on in vitro measurements considering the thermophysical parameters
examined in a number of selected scenarios. The scenarios selected describe three ventilated facade
construction typologies and the goal of the study is to evaluate their thermophysical characteristics.
In order to evaluate the thermal response of the ventilated facade typologies, a wall was constructed
in the laboratory which the various elements of the sections of the ventilated facade were mounted.
. The laboratory is in the Department of Civil Engineering of the Aristotle University of
Thessaloniki. The laboratory in not heated or cooled, in order to have free floating temperature
conditions. Thessaloniki has, according to Koppen-Geiger’s climate classification, humid
subtropical climate (Cfa) and semi-arid climate (BSk) [7], [8].

The under evaluation construction sections of the building envelope consist of brickwork, stone
wool insulation and a variety of materials regarding the ventilated fagade part (Fig. 1). The ventilated
facade construction is presented in figure 1 and a short description of the sections is given on table
1. As far as it concerns the insulation, the thermal conductivity coefficient (A) of stonewool, is 0.035
W/mK, and induced thermal resistance (R) for 5cm width of material is 1.4 m2K/W. The thickness
of the insulation was determined so as to achieve optimal insulation for different building elements
based on different climatic conditions.
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Figure 1. Floor plan of the under evaluation ventilated fagade construction.
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Table 1. Scenarios under thermophysical evaluation.

Scenarios Description

Gypsum board

section Mineral wool insulation (5cm) and gypsum board facade

PV section Mineral wool insulation (5cm) and PV panel mounted on facade

PCM section Mineral wool insulation (5cm) and PCM sandwich on the external part of facade

3. CONSTRUCTION TYPOLOGIES’ EVALUATION IN TERMS OF
THERMOPHYSICAL ANALYSIS

The three different construction typologies are evaluated in terms of thermophysical analysis. Figure
2 presents the different typologies during the construction process and also the finished final
configuration. Part of the experiment is using mechanical ventilation of the facade’s cavity. For this
purpose a cross flow fan is used (Figure 3) [9].

@) (b)

Figure 2. Presentation of under evaluation ventilated facade, (a) construction phase and (b) final
configuration, PV mounted, radiation lamp and automation installed.

Figure 3. Cross flow fan under the PCM section.



The construction sections under evaluation are typical masonries with stone wool insulation and a
width of insulating material of 5¢cm. The ventilated fagade sections lay one next to another mounted
on the same wall.

Based on their layer structure as presented in Fig. 2, the thermal transmittance values for the gypsum
board and PCM facade sections were determined. The calculations were performed without
considering the thermal conductivity of the air space, as there are not enough data in order to
calculate it according to 1SO 6946-2017 [10]. Ri and Ra are not considered either, as the experiment
is conducted in an indoor space and air is practically stagnant. The phase change material used is
the salt based inorganic PCM SP26E created by Rubitherm [11]. In table 2, are presented the lower
U value is noted on the PCM facade construction section, while the gypsum board facade has a little
higher U value.

In order to conduct the thermophysical analysis two HOBO UX120 data loggers were used to
capture the surface temperatures of different parts of the under evaluation construction as indicated
in figure 1 [12]. Moreover, the two out of three construction sections were exposed to a thermal
radiation lamp of 1200 Watt. The part of the wall covered with the gypsum board was evaluated
under a four days’ schedule test, while the PCM section was evaluated according to a 3 days’
schedule respectively. The schedule for each section is presented in table 3 and table 4 respectively.
The construction section where the PV panel is mounted was not tested, because a large number of
sensors and a different process is required for this type of evaluation. So, test schedule is not defined
for the PV section and its thermophysical properties are not calculated, because the section was not
directly tested. Still the temperature of every section during the testing period is presented.

Table 2. Ventilated facade layers description and thermophysical characteristics.

Section Layer Th'c[l:;]]e ssd cOIﬁcrgv?ty A [Ld\;yrs;f]
[W/mK]
Coating 0.02 0.9
Rockwool 0.05 0.035
Plain Masonry 0.15 0.45
gg/g;?(rjn Air space 0.15 Variable 0.537
facade Gypsum board 0.0125 0.225
Coating 0.02 0.9
Total 0.4025 -
Coating 0.02 0.9
Rockwool 0.05 0.035
Masonry 0.15 0.45
Air space 0.1125 Variable
fzcca'\(fe Gypsum board 0.0125 0.225 0.508
Encapsulated PCM 0.025 0.5
Gypsum board 0.0125 0.225
Coating 0.02 0.9
Total 0.4025 -

Table 3. Operational schedule of thermophysical analysis of gypsum board section.

Section | Day1 Day 2 Day 3 Day 4
c c c o
S S S S
@ [=3 E @ =3 § @ [=3 E %) [=3 E
IS £ 2 IS EQ IS £ Q £ £ Q
| S6| E 56| £ | 836 | & 58
Plain 1215 | Off
gypsé’m 1215 | On 1215 | off | 1215 | Off
oar 20.15 | On
facade




Table 4. Operational schedule of thermophysical analysis of PCM section.

Section | Day 1 Day 2 Day 3
o oy o
2 =] 2
@ =3 E @ =3 § @ =3 E
S EQ £ E @ £ IS
E | S6| £ |S6| £ | 36
14.10 | On 14.10 On
fPC'\g 22.10 | Off
acade | 2210 | Off 2210 | Off

The operational schedule is separated into two parts: thermal charging and discharging, during which
the thermal radiation lamp is turned on and off, respectively. The radiation lamp is positioned first
in front of the gypsum board section according to a four-day schedule and then in front of the PCM
section according to a three-day schedule. Also, the surface temperature sensors that monitor the
front and back surface temperatures are moved to the corresponding section. For the gypsum board
section, the adopted approach consists of a 24-hour circle of charging, then an 8-hour circle of
discharging, a 16hour circle of charging and a final 24hour circle of discharging. For the PCM
section an 8hour circle of charging, then a 24-hour circle of discharging, an 8-hour circle of charging
and a final 24-hour circle of discharging are applied respectively. During the first cycle of charging
of the PCM section the installed cross flow fan is in operation mode, while on the second cycle off
charging it is powered off. Main goal of the applied schedules is the assessment of the thermal
performance of the fagade typologies under exposure to thermal radiation.

The conducted analysis in case of the gypsum board indicated (Figure 4) that during the 1st 24hours
operation of the thermal radiation lamp, the temperature difference from for back surface and front
surface reaches almost 8K with the front surface temperature ranges from 17.5°C to 18.1°C and the
back surface temperature ranging from 9.5° Cto 10.7° C. The surface temperature of the masonry
in contact with the air space of the fagade, is also presented for every section. Those surface
temperatures constantly change and the temperature difference between those surface temperatures
and the front surface temperature is constantly decreasing. The PV and gypsum board sections
temperatures are almost reaching the front surface temperature at the end of the 24 hours
(approximately 2K difference), while the PCM temperature is maintained at low levels and follows
the trend of the back surface temperature line. During the second stage (8 hours on non-operation of
the thermal radiation lamp) all the measured temperatures are similar varying from 10.8° Cto 12.5
° C. The 16-hour operation of the thermal radiation lamp and 24-hour non-operational day follow,
with the same profile as the first 24-hour set and the first 8 hours on non-operation, respectively.
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Figure 5. Analysis of experiment on PCM fagade section.

The results of the experiment conducted on the PCM section indicate (Figure 5) that, during the 1st
8-hours operation of the thermal radiation lamp, the temperature difference between back and front
surface reaches almost 10 K with the front surface temperature ranging from 21.2° Cto 22.1° C
and the back surface temperature ranging from 11.5° Cto 12.1° C, respectively. For each segment,
the surface temperature of the brickwork in contact with the air space of the fagade is also shown.
The difference in temperature between those surface temperatures and the front temperature is
continually reducing as the surface temperatures fluctuate. The temperatures of the PV and gypsum
board sections kept rising during the 8-hour period, reaching 14.9° C and 13.5° C, respectively.
The temperature of the PCM part increases at the start of the 8-hour period and then nearly stays
constant. The results for the other sections indicate that temperatures constantly change and the
temperature difference between those surface temperatures and the front surface temperature is
constantly decreasing. During the second stage (16 hours of non operation of the thermal radiation
lamp) all the measured temperatures are similar varying from 11.7° C to 13.0° C. Following that
is an 8-hour thermal radiation lamp operation and a 24-hour non-operational day, with the same
profile as the first 8-hour set and the first 16 hours of non-operation, respectively. The results for the
PCM section indicate (Figure 5) that during the 2nd 8hours operation of the thermal radiation lamp,
the temperature continues to rise till 13.6° C, but still at smaller rates compared to the gypsum board
and PV sections.

Comparing the results between mechanical ventilation on and mechanical ventilation off the
temperature difference is relatively small. However, one can easily observe the stabilization of
temperature that the mechanical ventilation offers.

4. CONCLUSIONS

The energy efficiency of buildings is still a major focus of EU energy and environmental policy.
Furthermore, the Energy Performance of Buildings Directive's standards, in conjunction with
progress toward new Nearly Zero-Energy Buildings (NZEB), establish measurable CO2 emissions
and energy efficiency targets. In the thermophysical investigation of the ventilated facade sections
using thermal radiation sources, all of the sections under consideration respond to the high
temperatures induced by the thermal radiation, recording temperature variations of up to 10 K. The
study found significant difference on the performance of the PCM versus the gypsum board facade
sections. Most specifically even though there is only slight difference between the U-value of the
two sections, the PCM helps keeping both the ventilated cavity and the back surface of the wall at
more stable low temperatures. Based on the findings of the measurements, more research into
alternate facade layouts and ventilation patterns is required, in order to identify and better quantify
the increase of the energy efficiency of the buildings that can be accomplished.

The installation and evaluation of such ventilated facade typologies in real buildings will be the
subject of future research. According to the results of this research, ventilated facades might help



improve the performance of buildings by reducing the impact of high external temperatures in the
Mediterranean area during the summer by charging the building envelope with reduced radiation
and temperature loads. Those circumstances can help improve the structure's inside atmosphere,
making it more pleasant and comfortable for the residents and even enhancing their productivity
despite the hot Mediterranean summer. The influence of the energy profile improvement, on the
other hand, should not be neglected, since combining the aforementioned typologies on a vented
facade might reduce cooling loads and building energy consumption. Given the worldwide
significance of the major study findings in terms of different climates, it's critical to establish the
climatic factors and outdoor circumstances that influence energy consumption, environmental
impact, and thermophysical characteristics of architectural typologies. Nonetheless, significant
progress has been made in the construction sector, especially when we consider that, in addition to
the severe economic recession, the construction sector has to deal with unexpected circumstances
such as covid-19, which have an impact on the real economy and add to an already unstable
economic framework. It is self-evident that, in addition to sustainability, construction should
prioritize resilience by developing and implementing systems, materials, and structures that can
adapt to vulnerabilities, catastrophes, and extreme events while also protecting users and providing
consistency.
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Abstract

The paper presents the methodological approach for improvement of energy performance of public
buildings in the process of partial refurbishment, having in mind the constrains that are originating
from existing technological, material and stylistic characteristics. Being the carriers of wider social
and historical connotations, these buildings are often under the certain level of protection as the parts
of the cultural heritage making the process of improvement a complex one. For this reason, an
improvement path algorithm has been defined and consequently tested on two representative cases
investigating the boundaries, possibilities and outcomes of the energy refurbishment procedures.

Keywords: refurbishment, methodology, energy efficiency

EHEPTETCKA OBHOBA JABHHUX 3I'PAJIA - TPAJACKHUX OINIITUHA
Y BEOI'PAY, CPBUJU

Caxcemax

OBaj pax mpencTaB/ba METOAOJOIIKK TPHUCTYN yHanpehemy eHepreTCKUX mepGOopMaHCH jaBHUX
3rpaja y mpoliecy napimjaiHe oOHoBe, y3uMajyhu y 003up orpaHmuerma yCIOBJbEeHa IMOCTOjehnm
TEXHOJIOIIKMM, MaTepHjaHUM M CTWICKHM KapakTepHcTHKama 3rpane. Kao Hocnonu Impux
JPYLITBEHUX ¥ HCTOPHjCKUX KOHOTAIH]ja, OBU 00jEKTHU Cy YECTO I10J1 OJjpel)eHNM CTEerIeHOM 3aIThTe
Kao KyJlITypHa J100pa, ITO MMpolec BUXoBe 00HOBE YMHU BeoMa KOMIUIeKCHUM. M3 oBor pasiora,
neduHuCcaH je ceT kopaka yHamnpelema, Koju je MOTOM TeCTHUpaH Ha JiBa penpe3eHTaTUBHA Clly4aja
ucnutyjyhu rpanune, MoryiHOCTH U HCXO/Ie ITpolieca eHepreTcke caHanuje oojexara.

Kwyune pujeuu: obnoea, memooonozuja, enepeemcka eqpukacHocm



1. INTRODUCTION

Existing public buildings are representing a specific portion of the building fund marked by high
diversity in typological, structural and material characteristics as defined by the design principles
and available technology of the time of construction. Many of these structures were not purposely
designed for the function they now serve and have undergone various alterations and modifications
which have largely changed their original state.

As they provide socially significant services, these buildings are frequently visited by the general
public which presents a potential for a strategically different approach in the process of
refurbishment - introducing not only the functional and technological elements into design process
but also educational and demonstration ones. In that sense, these building represent a role-model for
the people to see and other buildings to be like.

Starting from these considerations, process of refurbishment requires the specific case-sensitive
approach, especially with the aim of improving the overall energy performance. Even more so when
the considered building is under a certain level of heritage protection, which municipality buildings
often are. Such an approach has previously been taken by researchers when considering energy
efficient refurbishment of housing building stock built before 1919. in Serbia [1] and even
considering of the most prominent public buildings in Belgrade from the aspect of energy
refurbishment and constraints when buildings are under cultural heritage protection [2]. This paper,
however, considers the constraints and possibilities in energy refurbishment process of a specific
section of public buildings, that are the city municipality buildings, and offers findings gathered
from conducting this process on two such buildings in Belgrade.

2. REFURBISHMENT METHODOLOGY

Methodology is developed in several main steps: initial investigation of the existing state,
identification of individual improvement measures suitable for the specific case, formulation of
improvement packages in accordance to the design conditions given by the institute for the
protection of architectural heritage, valorization of different variants and production of design
documentation. These main steps can be further divided into smaller steps in the following order:

e Data collection: architectural and other technical building data, on the basis of archival
material, is collected and analyzed. Then, "In situ" research of building envelope's
characteristics is performed by conducting an energy audit procedure. The thermal
characteristics of the envelope are also determined by the method of thermal imaging of the
building to see where the greatest energy losses are;

e Model formulation: a digital thermal model of the building is made by using Rhinoceros® 3D
modeling software. The geometry of the building is divided into thermal zones, clearly
distinguishing which zones and areas are heated, and which are not heated - such as
basements, archives and technical rooms. Thermo-physical properties of the building are
defined - structure of the envelope, parameters for natural ventilation, etc. The simple
calculation of building physics is done in the program "KnaufTerm2 Pro"?, which is a
software package, intended for calculating the energy performance of buildings in
accordance with applicable legislation in the Republic of Serbia, simulated for typical
climatic conditions of Belgrade. The same model can be used for more complex, dynamic
calculations, but they are not used, because they are not required by the current legislation.

e Assessment of possible energy efficiency and architectural measures in the scope of local
construction practices, materials, financial feasibility and professional experience. Proposed
measures need to take into account restrictions arising from the type, purpose and
architectural characteristics of the building in terms of the need to preserve the existing
condition and its architectural characteristics.

e Scenario definition; improvement scenarios were defined in three levels by incorporating
energy efficiency measures in succession, starting from the same methodology that was used
in previous research [3]. The first improvement scenario implies the improvement of the
building for one energy class, for such is the obligation prescribed by the Rulebook on
Conditions, Content and Method of Issuing Energy Performance Certificates [4] when
refurbishing an existing building. The second level of improvement involves improvement
of all thermal envelope elements to meet the standards (Umax) prescribed by the Rulebook

! Rhinoceros https://www.rhino3d.com/
2 Knauf Insulation: http://knaufinsulation.rs



on Energy Efficiency in Buildings [5] and the third level of improvement includes maximal
feasible improvement of the thermal envelope. Since this paper is based on real-life project,
some modifications to this improvement methodology had to be made, in accordance to
project task and existing situation. In first improvement, the most needed interventions and
those easiest to carry out are implemented. In second improvement, parts of the thermal
envelope that are difficult to access and/or have very small surface area and/or minimal
impact on building's performance were not improved due to the cost of such works would
outweigh the benefits. In all three improvement scenarios, individual elements of the thermal
envelope have their thermal characteristics improved just to the point prescribed by the
Rulebook [5] and not more. There is also a fourth improvement scenario which would be
redesign - a total functional, structural and aesthetic overhaul of the building making it better
suited for use in present time. This scenario however is not part of this paper.

e Simulation, calculation and valorization: determining the best scenario based on the analysis
of energy required annually for heating, primary energy and total CO, emissions. When
calculating the required energy, only the energy required for heating in the defined heating
period, through the methodology of heating degree days (HDD) was taken into account, in
accordance with the Serbia's Rulebook on energy efficiency of buildings [5]. The energy
needed for lighting was not the topic of this study, or the energy needed to cool the building
during the summer months, but as the proposed measures improve its thermal characteristics,
it is assumed that the ratio of energy needed for cooling would be proportional to space
heating, with minor changes due to higher solar gains.

Described methodology has been used in real case scenarios and has been finalized in the form of
technical documentation required for the execution of the Energy refurbishment procedure of two
Belgrade city's municipality buildings.

3. CASE STUDY

The case study consists of two buildings - Palilula municipality building and Zemun municipality
building, which make a good basis for comparison on account their many similarities. Apart from
the climate they share, both being located in Belgrade, Serbia, they are both public buildings, serving
the same function of administrative, city municipality buildings. Although one was built at the end
of nineteenth and the other in the middle of the twentieth century, they are made out of the same
materials with very similar construction techniques and are roughly the same size. Both buildings
have had multiple interventions during their exploitation in terms of their geometry and function -
additional spaces have been added, attic spaces turned into offices, windows changed etc. They only
differ in facade design as Zemun municipality building's street facade is treated in typical neo-classic
style (See Figure 3) while Palilula municipality building, as an example of Belgrade's modern
movement, has somewhat reduced ornamental expression (See 0).

3.1. PALILULA MUNICIPALITY BUILDING

3.1.1. Existing condition of the building

The building of the City Municipality of Palilula was built as an endowment according to the project
made in 1938. After the abolition of the endowment in 1954, the building was nationalized and later
turned into an administrative building. After the Second World War, an intervention was made in
the form of adaptation of the attic into a useful office space, i.e. upgrades on the flat terraces of the
courtyard, also in the form of office space.

The building has a basement, ground level and six floors, with its dominant axis being northeast -
southwest, i.e. the courtyard part to the southeast. The yard part is uneven in relation to the street
part and it has the same number of floors.

The building is built in a massive structural system with load-bearing masonry walls of various
thicknesses and various brick formats, so that in the composition we find walls 51 cm, 38 cm and
25 cm thick, going from the basement level to the upper floors.

In the period after the Second World War, the building was upgraded with the addition of reinforced
concrete slabs above the 6th floor (6th floor of the courtyard), above which a sloping wooden roof
covered with sheet metal was constructed.

The street facade is characterized by relatively reduced facade plastic in the form of vertical grooves
in the zones between the window openings and stone decorative slats around the windows and
terraces in the central part of the facade canvas, i.e. distinctive texture made of artificial stone in the
ground floor area. (See 0)



The existing windows are mostly made of PVC profiles and were installed in the early 2000s. During
the exploitation, changes were made to the shape of the windows as well as their dimensions, so the
current state is partially different from the original one. Although the existing PVVC windows are in
relatively good condition, they are, given their age, characterized by inadequate thermal
characteristics, keeping in mind the current standards.

The building is supplied with thermal energy through a district heating system from the Public
Utility Company of the Belgrade Power Plant using a radiator heating system. The radiator network
is indented as not insulated within the thermal envelope of the building.

Cooling is performed by individual units of the "split" type of different capacities and ages
(conditions) with the installation of outdoor units directly on the facade. Ventilation is natural
through window openings. Sun protection is realized by internal curtains of the Venetian type, i.e.
canvas curtains.

Figure 1. Thermal imaging and photograph of the street facade of the building of the City
Municipality of Palilula. The image clearly shows heat losses in horizontal reinforced concrete
cerclages as well as beams over windows. No vertical reinforced concrete elements are observed

3.1.2. Improvement measures

Improvement measures are grouped in three improvement packages presented on 0. The first level
of improvement is achieved by:

¢ Replacing existing PVC windows with new ones, with six-chamber PVC profiles with triple
glazing filled with argon and low-emission coating. The geometrical characteristics of the
newly planned windows (size and composition/division) are the same as existing ones, but
the newly planned windows are characterized by a better heat transfer coefficient of U = 1.5
W/mK.

The second level of improvement involves the following architectural interventions:

e Thermal insulation of the courtyard facade was performed by placing a thermal insulation
layer of 12 cm of stone wool over the existing facade.

e Thermal insulation of the courtyard facade overhangs was performed by placing a layer of
stone wool 15 cm thick and a final layer of cement mortar.

e Thermal insulation of mezzanine structures towards the attic space was performed by
installing a layer of 15 cm stone wool with the addition of appropriate protective layers
(steam dams, protective foils) in accordance with the requirements of building physics.

e The thermal insulation on the part of flat roof was planned. A 20 cm layer of stone wool on
the underside and finished with plasterboard on the appropriate substructure.

For the third level of improving the performance of the building, the following additional
interventions have been proposed:

e Thermal insulation of the street facade was performed by installing a thermal insulation layer
of 12 cm of stone wool. The street facade is characterized by relatively reduced facade plastic,



and the intervention removed all layers up to the load-bearing layer of the wall and reworked
the facade in accordance with the existing condition in terms of material and geometric
characteristics. Work on this facade would require a long-term disruption of pedestrian traffic
since the walkway in front of the building is very small so therefore this intervention is not
included in the second scenario.

e Thermal insulation of pitched roof above the attic office space was performed by adding a
thermal insulation layer of 22 cm of stone wool between the existing rafters. This roof already
had 12cm of thermal insulation and works on the inside of the roof would require eviction of
offices and demolition of existing finishes so it was therefore not part of second improvement
strategy.

IMPROVEMENT 1 IMPROVEMENT 2 IMPROVEMENT 3
Replacement of old windows with new ones Thermal insulation of the courtyard facade, Thermal insulation of the courtyard facade,
part of the flat roof, mezzanine structures part of the flat roof, mezzanine structures
towards the attic space and replacement of towards the attic space, street facade and
old windows with new ones replacement of old windows with new ones

Figure 2. Illustration presenting elements of the Palilula municipality building's thermal envelope
intervened upon in first, second and third level of improvement (from left to right)

3.2. ZEMUN MUNICIPALITY BUILDING

3.2.1. Existing condition of the building

The subject of the energy efficiency study is the building of the City Municipality of Zemun in
Magistratski trg No. 1. The building of the seat of the City Municipality of Zemun, in its original
form, was built in 1886. and has undergone significant changes and additions to this day. The
thermal envelope of the building is very heterogeneous as a result of a number of interventions
carried out since the construction of the building, which changed the volume, appearance and
constructive material characteristics. Today, this building is part of a protected historical urban area
and all interventions on the building's facade need to comply with the conditions issued by the
Institute for the Protection of Cultural Monuments of the City of Belgrade.

The building is built in a massive structural system with load-bearing solid brick walls of various
formats and thicknesses. The basement walls in the old part are built of bricks of the old format
14/29/7, with a total thickness of 80 cm. On the added part, the walls are built with a new brick
format 12/25/6.5 with the total thickness of 60 cm. The walls of the ground floor in the old part are
also built of old bricks and treated with a layer of decorative plastic in the form of artificial stone on
the outside with a total thickness of 60 cm, while the new part has a total width of 50 cm. The walls
of the first floor have a total width of 50 cm, and 40 cm in the new part. Second floor walls
(completely rebuilt after the Second World War) were built using a new brick format, 40 cm wide
on both parts. The attic walls are 25 cm wide brick walls with a 8 cm thick gypsum layer added on
the inside, leaving the layer of air 20-25 cm wide in between the gypsum and masonry wall.

The available project documentation cannot determine the existence of reinforced concrete elements,
as well as thermal imaging conducted during the energy audit, except in the extended part of the
building. (see Figure 3)

The roof construction of the attic is wooden with a profiled tile cover. By adapting the attic, a new
wooden structure was added in the form of rafters on the underside of the existing structure and a
layer of plasterboards was placed towards the attic space. In the zone between the rafters, a layer of
10 cm thick insulation was placed.



Windows were changed in the 90's with the installation of PVC profile windows. Historically,
several interventions have been performed at the position of the window, which have changed the
type and structure of the window. The existing roof windows were installed during the last
reconstruction and do not have the appropriate thermal characteristics by today's standards. (see
Figure 3) The facility is supplied with thermal energy through a district heating system from the
Public Utility Company of the Belgrade Power Plant using a radiator heating system.

Cooling is performed by individual units of the split type. Ventilation is natural, through window
openings. Sun protection is via internal curtains of the Venetian type and external blinds on the roof
windows on the south and southwest side of the building.

Figure 3. Thermal imaging and photograph of the street facade of the building of the City
Municipality of Zemun. Heat losses are evident in the area where concrete beams are - over
windows and in the area of window openings

3.2.2. Improvement measures

Improvement measures are grouped in three improvement packages presented on Figure 4. The first
level of improvement is achieved by:

e Replacing existing PVC windows with new wooden ones, according to the conditions
obtained from the Institute for the Protection of Cultural Monuments of the City of Belgrade.
The newly planned solid wood windows are glazed with thermopane glass with geometric
characteristics (sash division and decorative moldings) matching the original windows,
according to the available information on the original windows. Newly planned windows are
characterized by a heat transfer coefficient of 1.5W/m?K, in accordance with the Rulebook
[5]. The dismantling of the existing as well as the installation of new windows is planned on
the inside of the building, so as to reduce the risk of damage to the facade, that would require
additional work.

e Replacing existing roof windows with the same type windows with better thermal
performance. Disassembly and reassembly are planned from the inside with all the necessary
cladding according to the type of cover. Glazing is with laminated inner and tempered outer
glass Uw = 1.5W/m?K.

The second level of improvement involves applying additional architectural interventions in the
form of:

e Thermal insulation of the courtyard facade by placing a 10 cm thick stone wool layer over
the existing facade.

e Thermal insulation of the courtyard facade overhangs by placing a layer of stone wool 20 cm
thick and a final layer of cement mortar on the rabbit net.

e Thermal insulation of slabs towards the attic space was done by installing a layer of 20 cm
stone wool with appropriate protective layers (steam dams, protective foils) in accordance
with the requirements of building physics.

e Thermal insulation of pitched roof above the attic office space was performed by adding a
thermal insulation layer of 24 cm of stone wool between the existing rafters.

The third level of improving the performance of the building was done by adding proposed
intervention:

e Insulating the street facade was by installing a thermal insulation layer of 10 cm of stone
wool on the inside of the facade wall, due to the limitations issued by the Institute for the
Protection of Cultural Monuments of the City of Belgrade.



IMPROVEMENT 1 IMPROVEMENT 2 IMPROVEMENT 3
Replacement of old windows with new ones Thermal insulation of the courtyard facade, Thermal insulation of the courtyard facade,
ceilings towards the unheated sloped roof ceilings towards the unheated attic spaces,
spaces and replacement of old windows pitched roof, street facade and replacement
with new ones of old windows with new ones

Figure 4. Illustration presenting elements of the Zemun municipality building's thermal envelope
intervened upon in first, second and third level of improvement (from left to right)

4. RESULTS AND DISCUSSION

Calculations show that reviewed buildings can be substantially improved from the aspect of energy
efficiency and even get to energy class "C", prescribed by the regulations as a mandatory level of
energy performance of newly built facilities. (See Figure 5)

Removing the old windows and adding new, geometrically and stylistically identical but with better
thermal characteristics has a surprisingly different effect on the building's energy consumption. This
change has had little effect on Palilula's building performance and a much greater change in Zemun
municipality building's energy consumption in the first improvement package. (see Figure 6) This
can be explained by worse performing existing windows in Zemun, with greater ventilation losses
and with the predominant window orientation. In Zemun, most of the windows face east or west,
while Palilula municipality has most of the windows with south orientation. With higher solar gains
to start with, better performing windows have not had such a great impact considering only energy
needed for heating is calculated.

Since the new windows in Zemun municipality's building were installed in the openings where the
original windows, equipped with Esslinger blinds used to be, there is a difference in height, which
was solved by installing a "blind™ overhead light.

Thicker outer walls, greater volume and a more compact form of Zemun municipality building make
it more energy efficient then Palilula municipality building to start with (see Figure 5). Since thicker
walls have a better U value, the impact of adding thermal insulation on them has less of an effect on
the entire building's energy performance, as can be seen on Figure 5 for second improvement
strategy.
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Figure 5. Comparison of energy needed for heating Palilula and Zemun municipality buildings

during winter months per square meter in existing state, first, second and third level of
improvement (from top to bottom); CO, emission and primary energy are linear to this function

Adding thermal insulation to the street facade, in the third improvement strategy, although difficult,
is necessary for existent building to reach a "C" energy rating. In Palilula's municipality building it
was sought to preserve the visual style of the building, so after adding a 12 cm thermal insulation to
the facade, all existing facade features and stylistic elements are planned to be made again using
cement mortar. In Zemun municipality building however, building's facade cannot be intervened
upon by the conditions given by the Institute for the Protection of Cultural Monuments of the City
of Belgrade. Therefore, thermal insulation has to be added from the inside of the building. Such
intervention is not usually looked upon favourably by investors because it requires construction
work done from the inside of the building, meaning the offices need to be moved elsewhere until
the work is complete. Also, such action reduces the inside volume of the building which can be view
by the occupants as a bad thing, but since these old buildings usually have large rooms with high
ceilings it can be also considered as a good thing because the reduction of the heated volume further
decreases building's energy needs. Also, these buildings were not built for electrical and
communication systems they are now required to have. Adding insulation on the inside of the facade
walls allows for major installation overhaul - it presents the space and the opportunity to install all
the needed electrical, heating/cooling, internet and communication infrastructure a modern
administrative building needs.
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Figure 6. Diagram comparing the percentage of Palilula and Zemun municipality building's
thermal envelope area intervened upon in first, second and third level of improvement with the
percentage of energy saved for heating (percentage of CO, emission reduction and primary energy
reduction are the same)

Every building has it's "weak spot" from the point of energy efficiency, as can be clearly seen in
Figure 6, and improving that part of the thermal envelope brings the best building performance for
the minimal intervention. But, as can also be seen in Figure 6, the wider the scope of the intervention
- the more measures are taken, the less efficient those measures become. So, at one point, improving
existing building's thermal performance by taking simple architectural measures becomes redundant.
Therefore, we think the best refurbishment strategy for existing public buildings is a fourth
improvement scenario which would be redesign - a total overhaul of the building making it better
suited for use in present time. Such an approach would take into account functional, structural and
aesthetic aspects of the building, as well as the energy aspect, thus creating a building from a
different time well suited for this one.

5. CONCLUSION

Existing public buildings, especially municipality buildings, are an important part of a city's building
fund. They are representatives of the values of a society that built them and historical monuments
testifying to the design principles, construction techniques, materials and available technology of
the time of their construction. Many of these buildings were not originally designed for the function
they now serve and are ill equipped to meet the conditions the contemporary way of life requires of
them. Therefore, these buildings need to be upgraded to meet our demands in terms of comfort and
performance.

Using two public municipality buildings in Belgrade, Serbia as a case study, this paper proves that
existing public buildings can be refurbished by using simple architectural measures to the level of
user comfort and energy efficiency required from the newly built facilities, regardless of the level
of protection they are under. These simple measures consist of adding a layer of thermal insulation
to the elements of the building's thermal envelope - walls, ceilings, flat or pitched roofs etc. both
from the outside and inside of the building or changing the window opening with new ones having
better thermal characteristics.

However, since many existing public buildings require more than just simple measures to meet the
demands of contemporary society, attention needs to shift from the concept of refurbishment to the
concept of redesign - a total functional, structural and aesthetic overhaul of the building razing it to
the level of functional needs and aesthetics of the 21st century.
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ENERGY AND ECONOMIC ANALYSIS OF THE RENOVATION OF
THE KINDERGARTEN IN BANJA LUKA ACCORDING TO THE
CURRENT RULEBOOK AND NZEB

Abstract

In the subject area, the term nZEB standard appears in 2011 in the legislative framework, but it never
came to life, nor in the construction of new buildings, and completely unknown in the renovation of
buildings. The reasons for this are insufficiently researched possibilities, i.e., unanalysed energy
savings and economic profitability during the building renovation according to the valid regulations
and the nZEB standard. This research analysed a specific type of building, a kindergarten, which
must also respect the rules and does not have its own classification related to energy classes. Analysis
has shown that, depending on the type of building, all possibilities for improving construction should
be explored, not only in energy but also in redesign shape, since in this way, it is possible to reduce
energy consumption to a minimum.

Keywords: nZEB, kindergarten, renovation, energy consumption, economic analysis

EHEPEI'ETCKA H EKOHOMCKA AHAJIM3A OBHOBE BPTURA Y
BABOJ JIYIIM TIPEMA BAXKEREM ITPABUJIHUKY U nZEB-y

Caxcemax

Ha mnpenmernom monpydjy tepmuH nZEB crammapna, mojaBibyje ce jomr 2011. romuse y
3aKOHOZAaBHOM OKBHUDY, aJIM HHMKAJl HUje 32)KUBHO, HUTH Y M3TPaJbH HOBHX 3rpaja, a Ka0 KOHLENT
TIOTIIYHO je Helo3HaT Ipu 00HOBH 3rpana. Pa3ino3n ToMe cy HeTOBOJFHO MCTPaXXCHE MOTYRHOCTH,
OJJHOCHO HeaHaJM3UpaHa €HepeTcka YIITeAa M eKOHOMCKA aHalli3a IpH OOHOBM 3rpaja Ipema
Bakehem npasmHUKy 1 npema NZEB cranmapmy. OBo ucTpakxuBame ce BOJH CIICITUPIIHIM THIIOM
3rpane, BpruheM, Koju Takohe y Baxkehem mpaBUIHHKY HeMa CBOjy KiIacH(HKaNHjy Be3aHy 3a
SHepreTcke paszpezne. AHaIm3e cy IoKasaie Ja y 3aBHCHOCTH OJ] THIA 3Tpajie, Tpeda HCTPAXKUTH CBE
MoryhHocTH yHampelema 3rpaje, He caMo y €HEepreTCKOM, Hero M Y MPOCTOPHOM U OOJIMKOBHOM
CMHUCITY, jep Ha TakaB HaYMH MOTyhe je OTPOIlkhYy SHEPrHje CBECTH HAa MUHIMAJIaH HUBO.

Kwyune pujeuu: NZEB, spmuhi, 06nosa, nompowrsa enepeuje, eKOHOMCKA AHAIU3A



1. INTRODUCTION

The Energy Efficiency of Buildings Directive (EPBD) from 2010 [1] and Regulation EU No 244
from 2012 [2] require the Member States to establish minimum energy efficiency requirements for
new buildings and existing buildings that need to be renovated. In line with these minimum
requirements, the 2010 EPBD clearly states that all new buildings must be eligible for near-zero
energy (nZEB) or have very low energy needs. Full implementation and enforcement of existing
energy legislation are recognized as priorities in establishing an energy union [3]. Two critical
requirements under this existing legal framework were to ensure that all new buildings are near-zero
energy buildings by 31 December 2020 (two years earlier for public buildings) and to support the
adaptation of existing buildings to near-zero energy buildings by setting zero-energy buildings as
building standard from 2020. As Bosnia and Herzegovina (B&H) is signing the Energy Community
Treaty, assuming the obligations of harmonizing the legal framework with the EU acquis in the
energy sector [4], since 2016 on the entire territory of B&H (the first Rulebook was created in the
Federation of Bosnia and Herzegovina in 2010) [5], which has been completely changed and is valid
since 2019 on the territory of the Federation of B&H [6], and in the Republika Srpska, the Rulebook
from 2016 is valid [7] legislation following European Union directives has come to life, but the
above requirements have not yet come to life. The European Union has been focused on the
objectives of the nZEB since 2010, while the legislation in B&H does not require the construction
of nZEB, nor does it provide incentives for their construction, although this has been mentioned in
legislative documents since 2011 [8]. As in the legislation of B&H, the energy efficiency indicator
is guided by the numerical parameter of energy need for heating, and there are no primary energy
indicators for the new construction of buildings. Numerical parameters for energy characteristics are
based on cost-optimal analysis of B&H, led to the analysis of the nZEB of neighboring countries in
the European Union, such as the regulations of the Republic of Croatia [9],[10],[11], and Slovenia
[12],[13],[14].

It is interesting that in Austria, buildings are prescribed for nZEB four main energy indicators:
energy need for space heating "Heizwarmebedarf" in [KWh/m?a], primary energy demand in
[kWh/m?a], carbon dioxide emission in [kg/m?Za], and total energy efficiency factor fGEE [15].
Primary energy consumption might not be an adequate indicator for a cross-country comparison.
Since additional steps from the energy need going through the energy use and the delivered energy
involve additional parameters that change from country to country, the comparison becomes less
transparent and therefore less meaningful. The intention of setting a national nZEB definition is not,
first of all, a smooth cross-country comparison but rather the push of energy performance in the
building stock. Nevertheless, we believe that a system that allows for cross-country comparison
would lead to higher transparency and higher energy performance standards [16].

NZEB standard has not yet come to life in EU countries in the renovation of buildings, and
recommendations EU8 (Focus of vulnerable groups) ZEBRA2020 project are that such a way of
renovation could affect energy poverty [17].

In addition to the above requirements, the EU has established a new Directive since 2012, defining
the need to develop and adopt a long-term strategy to encourage investment in the reconstruction.
That refers to the housing and commercial buildings, public and private [18], because the existing
fund of buildings are being renovated very slowly. The Directive requires that every three years,
building renovation strategies be published, and in the latest European strategy from 2020 [19], it is
emphasized that the renovation of buildings should be up to nZEB standards and, of course,
following the promotion of green infrastructure and the use of organic building materials that can
store carbon, such as sustainably-sourced wood.

This research aims to point out the usefulness of applying nZEB standards through energy and
economic analyzes of kindergarten renovation by using the current Ordinance on minimum
requirements for energy performance of buildings (designed solution) and applying nZEB standards
in the Banja Luka area (improved solution). The "KI Expert Plus" program was employed to
calculate individual energies. This research directly aims to provide an example of good practice in
building renovation, such as kindergartens.

Kindergarten buildings are most often ground-floor free-standing buildings of relatively high value,
building shape factors (fo = 0.7-1.1 [m -1]), which means that they belong to the categories of
buildings with high energy need for heating [20].

Kindergartens are not implemented in any legislation in EU countries for a specific purpose, nor are
they performed in the Recommendations of the European Commission for numerical benchmarks
for NZEB primary energy use indicators where the purposes are classified into residential and
commercial use [21].



2. NZEB AND TRENDS IN BUILDING RENOVATION IN THE EU

The nZEB concept was introduced in the early 2000s and has been well received and developed over
the years. Thanks to global initiatives, it has spread rapidly worldwide, both in terms of concept and
practical application. The nZEB offers a holistic approach in which the building is seen from energy,
environment, and economic perspectives, bringing in close the built and natural environment and
end-users [22]. Sweden (2006), Estonia (2007), Norway (2007), and Germany (2009) were among
the first countries to incorporate this concept into national legislation in a certain way [23]. Zero
energy buildings in the European Union are defined through the EPBD Directive, but due to
differences in national laws, the possibility is left for each member to introduce additional
parameters. That primarily refers to the calculation of primary energy consumption, but the system
is so complex that it is challenging to set uniform limits due to the calculation itself. Nearly zero-
energy buildings are buildings with very high energy efficiency, i.e., the consumption of electricity
or heat from utility systems is reduced to zero or a very low amount of energy that should be
significantly covered by energy from renewable sources. In addition, it is necessary for the nZEB
building to produce this energy from renewable sources within or near the building.

It is not possible to establish a uniform definition for all EU countries at the moment, but the EBPD
directive provides a framework, leaving member states the opportunity to adjust the definition
according to their national laws.

Through the EPBD directives, the European Union has guided the entire building sector by setting
zero energy buildings as the standard for construction from 2020. From the 2015 report [24], it can
be seen that most countries have introduced in their national legislation that nZEB represents about
25-50% lower primary energy than that required by applicable regulations. In some countries, there
are restrictions on primary energy indicators for nZEB, differing a lot from country to country. E.g.,
Denmark — 20 kWh/m?Za for residential and 20 kWh/m?a for another purpose; France — 50 kWh/m?a
for residential and 20 kWh/m?a for other buildings; Malta - 40 kWh/m?2a for residential and 60
kwh/m?a for other purposes; Slovenia - 75 kWh/m?a for a single-family house, 80 kwh/m?a for the
multi-family house and 55 kWh/m?a for other purposes. It is even more interesting that in Slovenia,
the established limit for the energy need for heating Qh,nd on 25 kWh/m?2a [24].

After that, as early as next year, the European Commission will issue Recommendations for the
benchmark of primary energy indicator values, which member states should adhere to when
formulating their definition. The amount of indicators is determined in relation to the technology
price scenario for 2020. The proposed values are divided into residential and commercial buildings
according to four climate zones (Mediterranean, Oceanic, Continental, Nordic). E.g., for
Continental: — Offices: 40-55 kWh/m?a of net primary energy with, typically, 85-100 kWh/m?a of
primary energy use covered by 45 kWh/m?a of on-site renewable sources; — New single-family
house: 20-40 kwh/m?a of net primary energy with, typically, 50-70 kWwh/m?a of primary energy use
covered by 30 kWh/m?a of on-site renewable sources [21]. It is important to emphasize that these
Recommendations of the European Union emphasize that benchmarks are usually provided in terms
of energy needs. Underlying reasons are the fact that energy needs are the starting point for the
calculation of primary energy, and therefore a very low level of energy need for heating and cooling
is a vital precondition for nearly zero primary energy buildings. Very low energy needs are also a
precondition to achieve a significant share of renewable energy sources and almost zero primary
energy.

The further development of nZEB definitions and the setting of energy performance requirements
in buildings can be improved through the lessons learned from the already in place nZEB buildings.
Although it is shown that the climate condition is one of the main parameters that make a direct
comparison of nZEB definitions among EU countries very difficult, an interesting outcome from a
recent analysis shows differently [25]. The EU IEE ZEBRAZ2020 project [26] analyzed
characteristics of 411 representative European high energy performance buildings (new and
renovated, residential, and non-residential), mainly in mild-cold climates. It has been deduced that
the climate conditions do not represent the main parameter affecting the definition of the technology
package to achieve the nZEB target.

The share of energy for buildings in energy consumption is 40%. Today's annual building renovation
rate is 0.4 to 1.2% in the Member States. This rate will need to be doubled to meet the EU's energy
efficiency and climate goals. At the same time, 50 million consumers have difficulty adequately
heating their homes. To address the dual issue of energy efficiency and affordability, the EU and
Member States should engage in a "wave of renovation™ of public and private buildings. Although
increasing renewal rates is a challenge, renewal reduces energy bills and can reduce energy poverty
[27].



Trends in the renovation of buildings can be followed through realized scientific research projects
of the EU from 2009 until today. The first was guided by the concept of renovation of prefabricated
panel cladding with renewable and organic materials such as [28],[29]. Later, this was followed by
[301,[31],[32].
Research and design analyses of kindergartens were guided by the methodology presented in the
research paper [33], where the authors expected that the presented methodology would stimulate
evaluation of recent practice towards compatibility with future law legislative and strategic plans of
EU research and innovation programs, Figure 1. NZEB standards in kindergartens are analyzed in
many research papers, e.g. [34], [35], [36].
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Figure 1. Building renovation strategies with renewable materials. [33]

3. POSSIBILITIES OF STANDARD AND IMPROVED RENOVATION OF
KINDERGARTEN IN BANJA LUKA

The research analyzes a building in Banja Luka, constructed in 1962 when the Rulebook on thermal
protection was not in force. One period, the building was devastated and abandoned, and in June
2020, at the initiative of investors from the City of Banja Luka and UNDP B&H, the reconstruction
and rehabilitation of the kindergarten building were started, followed by the concrete realization.
The standard solution for the renovation of the building was guided by the main project of
reconstruction and rehabilitation of the building, based on the current Ordinance on minimum
requirements for energy performance [37] and the Rulebook on pedagogical standards and norms
for the field of preschool education [38],[39]. The goal is to review the standard solution, identify
possible shortcomings and opportunities for improvement, and offer a new design solution for
improvement, i.e., to meet the energy characteristics of nZEB. The part of the building that has
already been built is the starting point for both variants. The standard solution is a variant that would
otherwise occur in the real sector. The second improved variant is led by nZEB under the condition
that lower values of U-values are applied to the cladding elements than in the standard solution. The
building shape factor is improved, and more than 30% of the annual energy delivered for the
operation of technical systems in the building is reconciled with energy from renewable energy
sources. The concept of renovation using renewable materials was also applied to the improved
solution. In both solutions, the thermo-technical heating and cooling systems are heat pumps with
central hot water preparation and a ventilation system with 75% efficiency recovery.

3.1. STANDARD RENOVATION OF KINDERGARTEN

The current Rulebook on minimum requirements for energy performance of buildings in the
Republic of Srpska was created by cost-optimal analyses in numerical indicators related to the
building envelope, i.e., heat transfer coefficients - U-values. As an indicator of energy efficiency of
the building, energy need for heating, already during the renovation of the complete envelope it is
possible to achieve the stated reduction of energy need for heating, which is different depending on
the construction period (existence of thermal insulation on the envelope and its thermal
characteristics and thickness) and building shape factor (the ratio of the envelope surface and the
volume of heated space).

The kindergarten has an "L" shape. The vertical dimension of the building is defined by the ground
floor (Figure 2). According to the existing condition, the elevation of the building with respect to
the terrain is raised by 50 cm or, according to the designed solution, by 60 cm. Stairs and a ramp
overcome this height difference. There are two entrances for users on the north and east sides and
two economic entrances on the north side.



Figure 2. Standard renovation of kindergarten was realized in May 2021. Source: authors

The building is made in a classic masonry system with brick walls 25 cm thick and brick
reinforcements in the form of extensions 38 cm thick, about 100 cm long. At the corners and half of
the span of the sides, there are vertical circles 25x25 cm connected by horizontal beams 30 cm wide
and 25 cm high, i.e., 40 cm, along the facade walls. The ceiling is made of wooden beams - ceiling
tiles 18/20 cm; there is a board edging and the reed plaster on the lower side. A wooden plank was
also made towards the attic on the upper side. Designed solution - standard renovation envisages
construction of a contact facade with expanded polystyrene insulation (A=0.042 [W/mK]) 15 cm
thick and a final layer of silicate-silicone precious plaster, then windows with plastic frames and
three-layer thermal insulation glass with low-E coating and filled with Argon (average U,=1.10
[W/m?2K]). The floor is covered with waterproofing with 10 cm of extruded polystyrene (A=0.035
[W/mK]) over which the protection from PVC foil is placed, and then the cement screed with the
final layer of epoxy. As the roof structure is above the unheated attic, the installation of mineral
wool was planned and carried out (A=0.038 [W/mK]) in a thickness of 20 cm on the mezzanine
structure under the unheated attic, Table 1.

Table 1. U-values of characteristic elements of the facade cladding - designed solution

Construction element A[m?] U [W/m2K] U max [W/m ? K]
Facade wall 477.54 0.23 0.30
Windows 79.31 1.10 1.60
Floor 392.06 0.32 0.30
Roof 392.06 0.17 0.20

The designed solution retains the basic concept of the building, which means that the geometric
characteristics have not changed. During the works, it was noticed that the thermal bridges and the
tightness were not adequately resolved, so the expected airflow was reduced to the volume of heated
air, with a pressure difference between indoor and outdoor air of 50 Pa estimated at nso = 2.00 h™%.
Table 2.

Table 2. Geometric characteristics of the designed solution — standard renovation

The envelope surface of the heated part of the building A[m?] 1426.33
The volume of the heated part of the building Ve [m?] 1800.10
Heated air volume V [m?] 1368.07
Shape factor - A/V ratio - 0.79
The useful floor area of the heated part of the building A[m?] 397.08
Windows factor % 20.23
Number of air changes at a pressure difference of 50 Pa nso [h™] 2.00

The capacity of groups for children under three years of age is 36 children, two groups of 18 children
each, and the group of 3 to 6 years old is 25 children. So the total capacity according to the projected
solution was 86 children. The building met the prescribed U-values and the transmission loss
coefficient per unit of the heated part of the building, according to the designed solution for which
the building permit was obtained. Annual energy need for heating per unit of usable area of the
heated part of the building Q" n, na amounts 91.88 kwWh/(m?a), which according to the Rulebook [40]
brings the building to D class. Although the building has lower U-values than the prescribed, the
permitted coefficient of transmission loss does not reach the permitted energy class C for buildings
for education and culture and other offered categories of buildings.



3.2. IMPROVED RENOVATION OF KINDERGARTEN

The improved solution, which aims to reach the nZEB standard, was primarily driven by changing
the shape factor because the standard design solution showed that it was impossible to achieve the
required energy need for heating, i.e., energy class C. The shape factor was improved by upgrading
the gallery. Following the trends in the EU and the potential of B&H in this construction material,
it is planned to renovation the envelope and upgrade it with a wooden structure. Enhancement of the
envelope was guided by a cross wooden substructure filled with thermal insulation, Figure 3, which
was placed alternately in order to reduce the thermal bridges to a minimum.
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Figure 3. Improved renovation of kindergarten, 3D view - facade diagram according to TES
principles. Source: authors

According to the improved solution, a single-pitched pitched roof was designed with a slope from
south to north. The complete load-bearing structure is wooden. Transverse posts are attached to the
massive wooden rafters from the upper side with thermal insulation installed between them and
between the rafters as well, thus reducing the thermal bridges in the roof. According to the improved
solution, it was planned to demolish the parapet and maximize the opening on the south and west
sides, achieving a direct connection with the courtyard of the building, improving both the spatial
and functional solution of the kindergarten. Gallery upgrading was planned so that the building on
the south side has two floors and opens to the south to the maximum, and closes to the north,
lowering the roof again to the level of one floor. In the extended part, i.e., the gallery, the play of
dimensions and position of the opening was used as an architectural-visual element, creating a
playful facade, contributing to the atmosphere of the interior space, Figure 4.

Figure 4. Improved renovation of kindergarten, 3D view. Source: authors

The improved renovation includes the construction of a wooden substructure with expanded
polystyrene insulation (A = 0.034 [W / mK]) 30 cm thick and a final layer of silicate-silicone precious
plaster. In addition, the renovation envisages windows with wooden frames and three-layer thermal
insulation glass with low-E coated and filled with Argon (U,=0.90 [W/m?2K]). The floor is covered
with waterproofing and 20 cm of extruded polystyrene (A = 0.035 [W / mK]) over which the
protection from PVC foil is placed, followed by cement screed and epoxy as the final layer. As the
roof structure is above the heated gallery space, the installation of mineral wool (A = 0.034 [W /
mK]) in the thickness of 35 cm on the roof structure was planned and carried out. Table 3.

Table 3. U-values of characteristic elements of the facade cladding - an improved solution,
Source: author's analysis

Construction element A[m?] U [W/m2K] U max [W/m 2 K]
Facade wall on ground floor 427.66 0.12 0.30
Facade wall on the gallery 311.93 0.07 0.30
Windows 137.86 0.90 1.60
Floor 392.06 0.16 0.30
Roof 529.23 0.08 0.20




An improved solution has changed the geometric characteristics of the building. The research was
conducted with properly resolved thermal bridges and sealing with the help of RAL window
installation, so the expected airflow was reduced to the volume of heated air, with a pressure
difference between indoor and outdoor air of 50 Pa was estimated atnso = 1.00 h Table 4. According
to the improved solution, it was noticed that the usable area per child is small, and in the improved
solution, it was kept with a minimum area of 2.75 m? per child, and for groups from 3 to 6 years, the
usable area per child is 3.3 m?. The estimated total capacity is 120 children. In addition to increasing
the accommodation capacity, additional rooms have been organized on the upgraded gallery, such
as the administration office, meeting and presentation room, and storage.

Table 4. Geometric characteristics of the improved solution — improved renovation

The envelope surface of the heated part of the building A[m?] 1814.07
The volume of the heated part of the building Ve [m?] 2946.00
Heated air volume V [m3] 2238.96
Shape factor - A/V ratio - 0.62
The useful floor area of the heated part of the building Am?] 624.04
Windows factor % 22.09
Number of air changes at a pressure difference of 50 Pa nso [h] 1.00

According to the improved solution, the building met the prescribed U-values and the transmission
loss coefficient per unit of the heated part of the building. Annual energy need for heating per unit
of usable area of the heated part of the building Q" n,ne amounts 27.93 kWh/(m?2a), which according
to [37] reaches the permitted energy class B for buildings for education and culture, as well as for
all other offered categories of buildings.

With an improved solution, a canopy was designed to improve protection from the summer sun,
which also served as a carrier for photovoltaic panels. The projected production of energy from
renewable sources is 45.41%, and the consumption of primary energy per unit of usable area of the
heated part of the building is 41.30 kWh/m?Za.

4. ENERGY AND ECONOMIC ANALYSIS OF THE RENOVATION OF
THE KINDERGARTEN IN BANJA LUKA

In the comparative presentation, we see that by improving the geometric characteristics, i.e.,
appropriate upgrades, the usable area of the building can be increased by about 64%. At the same
time, the amount of annual energy need for heating is reduced by about 70%. The energy need for
cooling has been reduced by almost 50% by introducing external blinds on the windows and creating
a canopy in the south as protection from the sun.

At nZEB Croatia, it is necessary to meet the conditions that for new buildings at least 30%, and for
reconstructed / significantly renovated, 10% of the annual energy delivered for the operation of
technical systems in the building is provided from renewable energy sources. As the design solution
uses the same technical heating and cooling systems as the improved one, it reduced the total
delivered energy to 38.11 [kWh/m?a], and primary energy on 61.51 [kWh/(m?a)], which also
indicates a very energy-efficient building, Table 5.



Table 5. Comparative presentation of geometric and energy characteristics of the designed
and improved solution for the renovation of the kindergarten

DESIGNED IMPROVED
The envelope surface of the heated part of the|a = 1426.33 [m 2] A =1814.07 [m?]
building
Volume of the heated part of the building Ve =1800.10 [m ] Ve = 2946.00 [m 9]
Shape factor - A/V ratio fo=0.79 [m fo=0.62 [m 1]
Useful area of the heated part of the building Ax = 397.08 [m ?] Ak = 624.04 [m ?]
Annual energy need for heating Qn,nd = 39335.57 [kKWh/a] | QH,nd = 17431.69 [kWh/a]
Annual energy need for heating per unit of usable g, ,4 = 91.88 Q"Hnd = 27.93
area (max = 81.77) [KWh/m?a] (max = 72.90) [KWh/m?a]
Annual energy need for cooling Qc.nd = 9821.03 [kWh/a] |Qcnd = 10263.49 [kKWh/a]

Annual energy need for cooling per unit of usable|Qc 4 = 25.47 [kwh/m2a] (Qcnd = 16.45 [KWh/m 2 a]
area

Total energy delivered Eget = 14942.37 [KWh/a]  [Eder = 9204.57 [kWh/a]
Annual delivered energy per unit of usable area |E"cer =38.11 [kWh/m?a] [E"del = 14.75 [KWh/m?a]
Total primary energy Eprim = 24116.99 [KWh/a] [Eprim = 25772.79 [kWh/a]
Total primary energy per unit of usable area E"prim = 61.51 E"orim = 41.30

(max = 90.00) [kWh/m?a] [(max = 55.00) [kWh/m?a]
Coefficient of transmission heat loss per unit of |y, .4 = 0.44 H'tr,agj = 0.20
heated part of the building (max = 0.50) [W/m2K]  |[(max = 0.54) [W/m?K]

The use of photovoltaic cells in the improved solution created a difference in the delivered energy
being greater than 60% and about 33% in the total primary energy compared to the designed solution.
In addition, the nZEB of Croatia and Slovenia has the highest permitted annual primary energy per
unit of usable area of the heated part of the building Eprim = 55.00 [kWh/(m?2a)], and an improved
solution with 41.30 [kWh/m?a] satisfies the stated condition of the nZEB in the neighboring
countries of the European Union.

Economic analysis based on current electricity prices (0.1229 BAM), being one of the lowest in
Europe, indicates the cost-effectiveness of the improved, i.e., nZEB solution. The initial investment
of the improved solution is 20% higher, while the delivered energy is 38% lower, Table 6.

Table 6. Comparative presentation of parameters that affect the economic analysis of the
designed and improved solution for kindergarten renovation

DESIGNED, IMPROVED DIFFERENCE|
E ¢el [KWh/a] 14942.37 9204.57 5737.80)
Total price 1836.41 1131.21 705.20
(according to 0.1229 KM / kwWh) in BAM
Total capacity 86 120 34
Total price of the stay 170280.00 237600.00 67320.00
(according to 165 KM / child / month)
Initial investment 555139.39 697977.86 142838.57|

The cost-effectiveness of the difference between the initial investment in designed and improved
building renovation solutions is estimated at three years and eight months. In addition to energy
savings, increasing the capacity of the number of users is also taken into account.

5. CONCLUSION

Regulations in Bosnia and Herzegovina have to undergo major changes, as energy efficiency
indicators are not well set. The minimum energy performance requirements used for the
representative kindergartens show that it is impossible to reach the energy need for heating of
reference class C (Qw, ng <65 kWh/m?a) as defined for residential buildings or buildings for education
and culture. This research proved that kindergartens must be introduced as a special category of



buildings with very low average U-values achieved (Uwar =0.23 W/m?K, Uy=1.10 W/m?K,
Utioor=0.32 W/m?K, and U,oer=0.17 W/m?K), and a shape factor of 0.79, achieved the energy need
for heating Q" nna = 91.88 kWh/m?a should be in energy class between B and C.

It was once again confirmed that the recommended EP indicator (Qw, nd - energy need for heating)
for the permitted energy class C for kindergartens should be between 70.00 kwh/m?a <EP < 150.00
kwh/m?a [20].

NZEB standard for buildings in the kindergartens' category requires lower heat transfer coefficients
than prescribed by the current Rulebook. In addition, research has shown that in addition to the U-
values, the sealing of the building and the building shape factor are very important. To achieve the
value of the energy need for heating at the nZEB standard below 25 kWh/m? (a requirement in
Slovenia), U-values must correspond to the passive standard (below approx 0.1 W/m2K), the
envelope must be well sealed (nso = 1.00 h') and the shape factor must be below 0.60 [m ]. To
reach the value of the energy need for heating at the nZEB standard between 50-70 kWh/m?,
following other research in this field, it is enough that the U-values reach the current Rulebook, that
the casing is well sealed (below nso= 1.50 h') and that the shape factor is below 0.77 [m 1.

Since the requirement for primary energy is not defined in B&H, and knowing that most countries
have introduced in their national legislation that nZEB represents about 25-50% less primary energy
than needed, the renovation of the building followed Croatian regulations. According to Croatian
regulations, in both cases (designed E "prim = 61.51 [kWh/m?2a]) and improved (E" prim = 41.30
[kwh/m?a]), kindergarten solutions in the subject area had designed technical systems that generate
very low primary energy values.

Although the improved solution is nZEB and such a standard requires primary energy per unit of
usable area of the heated part of the building E"pim = 55.00 [kWh/m?Za], the solution is less primary
energy than required. Although an example of renovation/reconstruction of kindergartens using
renewable materials, extending to the latest strategy of renovation of EU buildings, the improved
solution exceeded the requirements of the Croatian nZEB for new buildings in delivered energy for
technical systems in buildings with renewable energy.
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IMPACT OF DESCRIPTIVE GEOMETRY ON THE IMPROVEMENT OF
SPATIAL ABILITIES OF ARCHITECTURE STUDENTS

Abstract

Spatial intelligence is an important skill for students of technical faculties, especially those fields
where the capacity for engineering thinking and creative expression is equally valued. The field of
Architecture is emphasized here, and the issue of assessing the spatial abilities of architecture
students and their improvement has often been observed. This paper will examine the impact of the
course of descriptive geometry on the development of their spatial thinking, and whether there is
progress between the initial spatial abilities with which students were enrolled and abilities after
completing the first semester of study.

Keywords: spatial abilities, spatial thinking, descriptive geometry, architecture.

YTUIIAJ HAIPTHE 'EOMETPUJE HA YHAIIPEBEIBE
INPOCTOPHUX CIIOCOBHOCTHU CTYAEHATA APXUTEKTYPE

Caxcemax

[IpocTopHa HHTENHUTCHIINja TIPEICTaBIbA 3HAUAjHY BjEIITHHY 3a CTYACHTE TEXHWYKHX (aKyiTera,
HApOYNTO OHHUX TJje Ce MOJjeAHAKO BPEAHY]Y CKOJOHOCTH NpEeMa HHXEHEPCKOM MHIUBCHY H
KpeaTHBHOM m3paxaBamy. OBije ce MoceOHO HMCTHYE apXUTEKTOHCKA IpodecHja, Te je MHUTambe
IpoLjjeHe MPOCTOPHHUX CIIOCOOHOCTH CTyAEHaTa apXHMTEKType W HHXOBO YHarpjeheme uecto
ucnuTHBaHO. Y pany he ce mcnuTHBaTH yTHIA] Kypca HalPpTHE T€OMETPHje Ha Pa3BOj HUXOBOT
NPOCTOPHOT MHIUBEHA, T€ Ja JM IOCTOJU Hampenak usMely WHHIMjaTHUX MHPOCTOPHUX
CIIOCOOHOCTH Ca KOjUMa Cy CTYI€HTH YIIMCAHU U CHOCOOHOCTH HAKOH OJICIYIIAHOT TIPBOT CEMECTpa
CTyauja.

Kmwyune pujeuu: npocmopne cnocobnocmu, npocmoHo MUul/berbe, HAYpmHa 2e0Mempuja,
apxumexmypa.



1. INTRODUCTION

Studying architecture requires the ability of students to visualize, analyze, compose and manipulate
different spatial elements inside their minds before presenting them by the analog or digital medium.
It is highly necessary for them to be aware of the spatial relations in the environment to create new
forms and to design different and unique structures. Every segment of a design process should be
followed by multistep operations, where students/ architects need to have the capacity to switch
between different projections and views [1]. Besides architecture, spatial abilities (SA) appeared to
be the common requirement for all STEM fields (Science, Technology, Engineering, and
Mathematics) [2].

To become competent and professional engineers, students of architecture are also necessitated to
have a great aptitude for understanding and mentally visualizing spatial transformations,
differentiating separate parts of the observed subject, and finally interpolating them into a complex
system [3]. Therefore, during their studies, they are required to complete various courses that are
expectantly going to improve their spatial abilities through different forms of tasks and exercises.
Descriptive geometry (DG) is one of them, and it aims to provide essential knowledge and methods
for understanding 3D space, presenting it as 2D drawings while being able to create new forms and
shapes that are interrelating. An important part of the previous mention is that there is a difference
between understanding 2D and 3D drawings, shapes, and objects.

Leopold, in her work, shows that Descriptive Geometry can provide the foundations for creating and
understanding 2-D drawings of 3-D objects while it also impacts the development of spatial
visualization abilities [4].

Architecture and its tight bond with spatial abilities were also studied by M. Berkowitz and his
fellows [5]. The basic assumption of this paper was whether acquiring experience in architecture
improves students’ spatial abilities. These authors considered the existence of different types of
spatial abilities while focusing on finding out whether some aspects of spatial thinking are more
probable to be improved by acquired architectural experience. After a series of tests and discussions,
it was concluded that architecture does influence spatial abilities, thus they do improve during
architecture studies, already at the beginning of the studies [5].

At the Faculty of KoSice, there was a study that included pretest and post-test methods by Baranova
and Katreni¢ova. Their findings proved that the DG course positively impacts the development of
students’ spatial skills. However, it seems to be one of the most difficult courses [6].

According to Sorby [7], the majority of spatial skills tests are supposed to evaluate a student’s skill
levels during the first two development stages. The first stage refers to, essentially, 2D tests that
assess the topological spatial skills, but they appeared not to be significantly important for
engineering educators. The second stage of development evaluates projective spatial skills, these
tests consist of 3D graphics tasks, and they are mostly used by engineering graphics educators. The
most used tests such as The Mental Cutting Test (MCT) [8], The Differential Aptitude Test: Space
Relations (DAT: SR) [9] The Purdue Spatial Visualization Test: Rotations (PSVT: R) — developed
by Bodner and Guay [10] are still a matter of discussion because spatial intelligence tests are yet to
be standardized. It is still not a fully developed field of psychology because different researchers
claim that different factors influence spatial abilities. Many types of tasks, found in literature, are
used to measure various spatial abilities aspects, still, some of them such as The Mental Rotation
Test (MRT), The Differential Aptitude Test: Space Relations (DAT: SR), and the Mental Cutting
Test (MCT) are the most common [11], [12].

To investigate if the DG has any significant impact on developing students’ spatial thinking, there
were several types of research conducted during the past years. In an older article written by Gittler
and Gluck [13], the main goal of the research was to find the correlation between instruction in DG
and pupils’ performance on a spatial ability test. The test consisted of a Three-Dimensional Cube
Test (3DC) and numerous variations of similar cube-connected tasks. Besides the general score, the
gender difference was also taken into consideration. The researchers’ results indicated that there was
a difference between the first and the second test. It also indicates that the DG school subject has
stimulated spatial abilities development and has helped improve pupils’ spatial thinking skills [13].
The other researchers [3] have also been focusing on spatial intelligence on different levels with
different approaches such as having multiple strategies in order to find the connection between
science and spatial cognition. This particular research aimed to find out whether improving spatial
skills affects science learning, what's the connection between science and spatial relations, and also
if there is a way to spatialize the science curriculum. Spatial thinking proved to be closely connected
to science success and also to be malleable. Therefore, it’s possible to talk about new and improved



strategies that can possibly help students to overcome spatial orientation, visualization, and
manipulation problems [3].

Various studies have been conducted in the previous years at the Faculty of Architecture, Civil
Engineering, and Geodesy in Banja Luka (ACEG) and the main questions of these studies were
usually about the existence of any kind of significant connection between the spatial skills of the
students and the Descriptive Geometry course they were attending. Also, it was investigated if there
were any differences between students of different departments at the faculty. The test used for those
research combines the four most common spatial ability tasks mentioned above: MRT, DAT: SR,
and MCT [11], [12].

In these researches, DG was observed as a tool supposed to help students develop their spatial
abilities. The first group of students didn’t attend the DG course while the other one did, during the
same semester. Besides this main question, the other topics following the research were trends in
improving spatial abilities, proper tools and teaching approaches that may be used to improve spatial
abilities, other influential factors, and the potential improvement in spatial abilities based on gender
differences. It was concluded that DG has some impact, and it may stimulate spatial thinking rather
than improve spatial abilities directly. By all means, the important tool that DG provides is the
capability of developing multiple cognitive processes such as deduction, abstraction, and
systematization [11].

The preparatory course for enrollment at the FACEG, aside from Descriptive Geometry, was also
considered an important factor that may influence the development of spatial abilities [14]. The
reason why the preparatory course was selected instead of the DG course was because of the
different types of tasks that are included within the preparatory course. DG has its own methodology
and the tasks consisted in it are mostly abstract — with the coordinate systems, points, lines, and
planes. The preparatory course, on the other hand, consists of 3D figures and 2D shapes that are
more likely to be imagined and mentally manipulated. The results of the entering exam were in favor
of those students who took the preparatory course at the faculty. They showed significantly better
performance, unlike the students who were preparing for the exam by themselves [14].

This paper focuses also on the DG course and its role in spatial thinking progress, however, the focus
group is only architecture students, since the previous studies showed a significant difference in
performance between students of different departments, in favor of architecture students. For that
matter, the research was redirected to analyzing the results of architecture students exclusively. In
this paper, two groups of participants will be examined and compared. The first group consists of
the last two generations of architecture students, while the control group consists of three generations
of students who did the SA test without attending the DG course during the research period.

This research is going to show if the course of DG helps with developing and improving students'
spatial abilities. Also, after analyzing the general results based on the students’ scores, the paper will
discuss the results of individual tasks in the spatial ability test and compare them between the two
research groups.

2. METHODOLOGY AND RESEARCH

2.1. METHODOLOGY OF THE RESEARCH

Teaching methods and materials are constantly changing due to upgrading and reevaluating the
knowledge that students are expected to acquire. Nevertheless, teaching experience shows that the
best skill students can gain during their studies is divergent thinking [11] and the capacity to manage
multiple data, identify the problem, and search for the necessary information. Therefore, spatial
abilities could be an essential starting point to evolve this kind of thinking.

DG course is one of the subjects that involve spatial thinking in the process of solving different
geometry problems. The semester lasts for 15 weeks, and the DG course takes 4 hours a week (2
hours of theoretical lectures combined with small tasks + 2 hours of drawing assignments). The very
beginning of the course tends to introduce students to Monge’s projections and basic theoretical
information about points, lines, planes, and solids. The first assignments are principally basic, but
the tasks are getting more difficult as the study material becomes more complex. All of the tasks are
drawn by hand, so the students learn to use drawing tools such as pencils, triangles, rulers, and
compass. A significant number of students struggle with the DG course, they consider it as one of
the most difficult subjects in the first year of studies [11].

In this, as in the previous studies, the same SA tests were used. This test contained 8 tasks sorted
into 4 types, each with 2 levels of difficulty based on the most common SA tasks mentioned above
(MRT, DAT: SR, and MCT). The first group of 4 tasks is less complex than the second group of 4



tasks. Every task was valued by max. 1 point, so the maximum score on each test was 8 points. The
tests’ content and complexity levels are already thoroughly presented and explained in [11], [12],
[15].

The test was given to the students at the beginning and at the end of the semester. These two tests
are not identical, but the structure, task types, and difficulty are the same. It is a multiple-choice test.
The differences between the two groups of students are compared in relation to attending the DG
course between the two tests.

Since the FACEG was formed, the DG course was held during the first semester of the Civil
Engineering and Geodesy study curriculum, while the Architecture students attended the DG course
in the second semester, thus the architecture students were considered as the control group in the
previous studies concerning spatial abilities. The study curriculum at the Architecture department
changed in 2020, and since then the DG course was held during the first semester of Architecture.
The other courses remained essentially the same, some of them were combined into one course, but
the teaching material hasn’t fundamentally changed.

This research put its focus only on students of architecture because they have usually shown better
performance on the SA test in comparison to the other two departments at FACEG [11], so
comparing them mutually should give more relevant results.

The first group consists of 121 students in the following school academic years: 2017/18, 2018/19,
and 2019/20. The second group consists of 108 students attending the same semester during the
2020/21 and 2021/22 academic years. Both genders were represented in both groups.

For each generation of the students, the tests were conducted in the classrooms, during the teaching
period, hence the students were taking tests right before or after the lessons. The duration of the tests
was approximately 25 minutes.

The students were not paid for participating in the study, it wasn’t conditioned by any matter.

For the statistical study, the SPSS v.20 was used as the analytical-statistical software package.
Descriptive statistics were used for presenting and summarizing data. Also, the Paired Samples t-
Test, non-parametric Mann-Whitney U test, ¥2 square test, and the Spearman’s rank correlation
coefficient were used. No normal distribution was noticed by the variables that were observed [16].

2.2. RESEARCH QUESTIONS

The leading questions concerning this specific paper were:

RQ1. Does the DG course influence the performance of architecture students at the SA test,
that is, does it improve their spatial thinking?

Students were tested twice during the research period, at the beginning and at the end of the semester,
as stated above. To determine if the DG had an influence on students' spatial thinking, we used a
control group of students that did not attend the DG course between the first and the second test.
The comparison between the results showed the difference in the performance of the two groups. In
this case, we compared the difference in success on both tests between these two groups.

In the second phase, the analysis was extended to the assessment of the student’s performance on
the different tasks’ complexity.

RQ?2. Does the DG course have an impact on improving any specific spatial thinking factor or
complexity of spatial skills?

In order to discover if DG provided any valuable assets for architecture students, we also compared
their performance on different types and complexity of tasks. For example, the performance and the
achieved results on the first test’s low-complexity tasks were compared to the same complexity level
tasks in the second test. The same comparison was performed with the high-complexity tasks.

The analysis is going to show if the progress was partially developed depending on the task
complexity or the type of the tasks.

3. RESULTS AND DISCUSSION

Out of 318 architecture students in the first year of the Faculty of Architecture, Civil Engineering
and Geodesy at the University of Banja Luka enrolled in 2017/18, 2018/19, 2019/20, 2020/21, and
2021/22 academic years, a total of 229 students were tested. The first group (Group 1) consists of
students of 2017/18, 2018/19, and 2019/20 generations, who were not attending the DG course
between the two tests, and the second group (Group 2) consists of the 2020/21 and 2021/22
generations, who took the DG course between the two SA tests. All students were observed and
tested in the first semester of the year they were enrolled in. Students took the first (initial) spatial
ability test — TEST 1 at the beginning of the first semester and the second (control) spatial ability



test— TEST 2 at the end of the first semester. The tests were not only a tool used to estimate students’
abilities, but they could also be a way to gain experience and training in spatial thinking [15].

Table 1. The number of students by years of enrollment

Having DG NOT having DG
Total course during course during the
the high school high school
Count 121 4 80
Group 1 2017_18_19
% of Total 528 % 17.9% 34.9%
Count 108 34 74
Group 2 2020_21 %
6 of Total 472 % 14.8% 32.3%
Count 229 £ 154
Total 2017 18 19 20 21

Table 1 presents the total number of the observed students along with the percentage, 100% (229).
Also, it is shown how many students were included in both Group 1, 52.8 % (121), and Group 2,
47.2% (108). The distribution of the students is adequate and nearly equal.

Before enrolling in the faculty, students attended different high schools, where some of them
attended the DG course for one or two years. Table 1 shows that, out of the total number of students,
32.8% of them were engaged in the DG course during high school, and 67.2% of them were not.
Out of the total number of the observed students, 175 (76.4%) are female and 54 (23.6%) are male.

3.1. PROGRESS CONCERNING GROUPS AND TESTS (TEST 1 AND TEST 2)

Table 2. The overall success of the groups in test 1 (initial test) and test 2 (control test)

N Mean Std. Deviation Median Minimum Maximum
Gl 108 0.5878 0.20294 0.6250 0.00 1.00
(2017_18_19) ' ' ' ’ '
TEST1 G2
(2020_21) 121 0.5330 0.19791 0.5313 0.00 0.88
Total 229 0.5620 0.20201 0.5625 0.00 1.00
Gl 108 0.6472 0.20330 0.6250 0.25 1.00
(2017_18_19) ' ' ' ' '
G2
TEST2
(2020_21) 121 0.5799 0.21597 0.6250 0.06 1.00
Total 229 0.6154 0.21161 0.6250 0.06 1.00

Table 2 shows the results of both tests that students took. According to the given results, when
comparing the success on the initial test, Group 1 showed better performance, they achieved 58.78%
of the total score, while Group 2 achieved 53.3%. This implies that there could be differences in
student performance compared between each generation of the students or possible differences based
on the background of the student’s previous education.

This can also lead to more discussion about the conditions the test was conducted. Due to the
pandemic situation in 2020, some of the students were tested online, or in smaller groups. These
changes in testing conditions could influence the student’s performance on the test. It also raises
another issue —lack of self-confidence can decrease the capacity of the student to perform as well
as he/she is actually capable of, which is also an issue when observing any intelligence tests.
However, when analyzing both groups’ performance on the control test, it’s evident that Group 1
showed better results once again. Group 1 achieved 64.7% of the total score, while Group 2 achieved
58%. This means that both of the groups made significant progress between the first and the second
test, but it also means that the DG course may not have influenced the development of their spatial
abilities. When comparing the percentage of the progress these students made during the semester,
it is obvious that Group 1, besides being better overall, made still greater progress. The score
difference between test 1 and test 2 for Group 1 was 6%, and for Group 2 it is 4.7% (Figure 1).
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Figure 1. Progress between test 1 and test 2 for both Group 1 and Group 2

Table 2 also shows that Group 1 had at least one student who achieved a maximum score on both
tests, while Group 2 achieved a maximum score only on test 2.

The Paired Samples t-Test showed a statistically significant difference in success between the first
and second spatial ability tests in all students together (t=-3.510, df=228, p=0.001). Students
achieved better scores in the second test (Table 2). There is also a mean positive correlation between
Test 1 and Test 2 (rs=0.373, p=0.000).

Analyzing each group separately, the Paired Samples t-Test showed a statistically significant
difference in success between the first and second spatial ability tests for Group 1 (t=-2.765, df=120,
p=0.007) and for Group 2 (t=-2.165, df=107, p=0.033). There is also a positive correlation between
Test 1 and Test 2 for both groups, for Group 1 (rs=0.315, p=0.000), and for Group 2 (rs=0.415,
p=0.000).

The Mann-Whitney U test did not show a statistically significant difference in success on the Test 1
between students of Group 1 (N = 108, Md = 0.6250) with Group 2 (N =121, Md = 0.5313), (U =
5635.000, z = -1.810, p = 0.70), but did on the Test 2 (U = 5410.000, z = -2.264, p = 0.024).
Statistically, the results show that DG doesn’t have much to do with the development of spatial
abilities. The reason for this could be found in the fact that the types of tasks students solve within
the DG course are not directly connected with the tasks included in spatial ability tests, but they
possibly do stimulate spatial thinking. Another problem could be the strategy students use while
solving DG problems. Some of them actually use spatial relations and genuine understanding when
passing the course, while the rest of them rely on learning the steps and repetitive procedures without
trying to understand the spatial processes behind the procedure.

Both groups did show progress in performance, it is possible to go deeper in observing the difference
in the level of complexity and type of the tasks.

3.2. PROGRESS CONCERNING COMPLEXITY LEVEL — LOW AND HIGH-
COMPLEXITY TASKS

The Paired Samples t-Test showed a statistically significant difference in success between low-
complexity tasks and high-complexity tasks on Test 1 for all the students, (t=15.048, df=228,
p=0.000). They generally showed significantly better performance on low-complexity tasks.

The t-test also showed a statistically significant difference between low-complexity tasks and high-
complexity tasks by groups, for Group 1 (t=12.037, df=120, p=0.000) and for Group 2 (t=9.278,
df=107, p=0.000). Table 4 presents that students in each group showed significantly better
performance on low-complexity tasks. The Mann-Whitney U test did show statistically significant
difference in success at the low-complexity tasks in Test 1 between Group 1 (N =121, Md = 0.75)
and Group 2 (N =108, Md =0.75) (U =5507.500, z =-2.095, p = 0.036), but not at high-complexity
tasks between Group 1 (N =121, Md = 0.50) and Group 2 (N = 108, Md = 0.375) (U = 5986.500, z
=-1.112, p = 0.266) (Table 3).



Table 3. Overall success in the initial test by task complexity — low and high-complexity

Std. . - Maxim
N Mean Deviation Median Minimum um
(20176118 g 121 07479 024366 0.75 0.00 1.00
TEEP G2(2020 21) 108 06759  0.27077 0.75 0.00 1.00
ol 229 07140  0.25875 0.75 0.00 1.00
Low- otal
complex Gl
ity tasks Q017 18.19) 121 06374 024442 0.75 0.00 1.00
TEST
2 LL  G2(2020.21) 108 05903  0.26077 0.6250 0.00 1.00
Total 229 06152 025281 0.6250 0.00 1.00
Gl 121 04277 0.25656 0.50 0.00 1.00
(2017_18_19) : : : : :
TEST
1HL  G2(02021) 108 03900 023724 0.3750 0.00 1.00
High- Total 229 04099  0.24781 0.3750 0.00 1.00
complex
ity tasks G1
(017 18.19) 121 OGST0 026689 0.75 0.00 1.00
TEST?
CHL G2(2020 21) 108 05694  0.24667 0.50 0.13 1.00
Total 229 06157  0.26070 0.6250 0.00 1.00

The Paired Samples t-Test did not show a statistically significant difference in success between
low-complexity level tasks and high-complexity level tasks on Test 2 for all students together (t=-
0.028, df=228, p=0.977) nor by groups. For Group 1 (t=-0.695, df=120, p=0.489) and for Group 2
(t=0.812, df=107, p=0.419).

The Mann-Whitney U test did not show statistically significant difference in success at the low-
complexity level tasks in Test 2 between Group 1 (N =121, Md = 0.75) and Group 2 (N = 108, Md
= 0.625) (U = 5940.000, z = -1.208, p = 0.227), but did show at the high-complexity level tasks
between Group 1 (N = 121, Md = 0.75) and Group 2 (N = 108, Md = 0.50) (U =5234.000, z = -
2.654, p = 0.008 (table 3). The first group showed better performance at high-complexity level tasks.
There is also a positive correlation between TEST1_LL and TEST1 _HL for Group 1 (rs=0.343,
p=0.000) but not for Group 2. There is also a positive correlation between TEST2 LL and
TEST2_HL for Group 1 (rs=0.265, p=0.003) and for Group 2 (rs=0.477, p=0.000).
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Figure 2. Difference between success on low and high-complexity tasks for Group 1(left) and
Group 2(right) on test 1 and test 2

Since we found no significant connection between the DG course and the SA test, we will discuss a
few observations comparing the progress of each group regarding the tasks’ complexity.



Figure 2 shows that both groups decreased in success for low complexity tasks, but also both groups
show progress regarding the high complexity tasks between two tests. It is interesting to notice that
both groups achieved nearly the same score for both complexity levels in test 2 (Figure 3).
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Figure 3. Score differences between two tests by complexity for both groups

These results show that low-complexity tasks are generally solved better on test 1 but repeatedly,
Group 1 showed better performance. When observed more closely, there is an appreciable difference
in the gap between low-complexity and high-complexity tasks’ scores. Figure 4 illustrates that even
if Group 1 was more successful overall, the gap between scores on high-complexity tasks is
significantly smaller than between scores on low-complexity tasks. The difference between the
success of Group 1 and Group 2 for low-complexity tasks is 7.2%, but only 3.7% for high-
complexity tasks. According to the previous results about evident progress for both of the groups,
the question is if Group 2 managed to catch up with Group 2 with at least low-complexity level tasks
on test 2?

Low-complexity tasks - test 1 Low-complexity tasks - test 2

Group 2 Group 2

Group 1 Group1

Mean 0 0.1 0.2 03 0.4 05 0.6 0.7 0.8 Mean 0 0.1 0.2 03 0.4 0.5 0.6 0.7
High-complexity tasks - test 1 High-complexity tasks - test 2

Group 2 Group 2

Group 1
Group 1

Mean 0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 Mean 0 0.1 0.2 03 0.4 0.5 0.6 0.7

Difference between success of Group 1 and Group 2

Figure 4. Success differences between groups on low-complexity tasks and high-complexity tasks
on test 1(left) and test 2 (right)

These data are confirming the general observation — that both groups made similar progress during
the first semester. The question from the discussion above, about groups’ progress on test 2, may be
resolved by analyzing data from Table 3 and Figure 4. As expected, Group 1 achieved better results,
but this time it’s possible to discuss if the progress Group 1 made between test 1 and test 2 may have
been lower than expected. That is, on test 1, low-complexity tasks were solved much better than
high-complexity tasks, still, on test 2 that wasn’t the case. Both complexity tasks were solved nearly
the same, but as noticed, Group 1 improved in solving high-complexity tasks but kept almost the
same score as before on low-complexity tasks. Group 2 caught up with Group 1 in solving low-
complexity tasks but was left behind with high-complexity tasks. The performance difference
between G1 and G2 on low-complexity tasks, on test 2 is 4.7%, and on high-complexity tasks is
8.8%.

3.3. PROGRESS CONCERNING TASK TYPE

Besides complexity, tasks are grouped 2 by 2, for example, task 1 and task 5 are the same types but
have a different level of complexity. Tasks 1 and 5 are PF type (Paper folding), tasks 2 and 6 are
MR (Mental Rotation) type, tasks 3 and 7 are MC type (Mental Cutting) and tasks 5 and 8 are SR
(Spatial Relation) type.



Table 4. The success of each group by task types in test 1 and test 2

Std.Deviatio

N Mean n Median Minimum Maximum
G115 121 0.4711 0.27612 0.50 0.00 1.00
G2_1-5 108 0.4676 0.27576 0.50 0.00 1.00
Gl 2-6 121 0.5992 0.36297 0.50 0.00 1.00
TEST1 G2_2-6 108 0.5556 0.29862 0.50 0.00 1.00
G1_3-7 121 0.7107 0.30105 0.50 0.00 1.00
G2_3-7 108 0.5833 0.36494 0.50 0.00 1.00
G1_4-8 121 0.5702 0.34944 0.50 0.00 1.00
G2_4-8 108 0.5255 0.36803 0.50 0.00 1.00
G1.1-5 121 0.6364 0.34761 0.50 0.00 1.00
G2_1-5 108 0.5926 0.36906 0.50 0.00 1.00
G1_2-6 121 0.8017 0.26987 1.00 0.00 1.00
TEST 2 G2_2-6 108 0.7014 0.29887 0.75 0.00 1.00
G1_3-7 121 0.4669 0.33376 0.50 0.00 1.00
G2_3-7 108 0.4190 0.39392 0.50 0.00 1.00
G1_4-8 121 0.6839 0.31585 0.50 0.00 1.00
G2_4-8 108 0.6065 0.34890 0.50 0.00 1.00

Both test 1 and test 2 are analyzed. The x2 square test showed a statistically significant difference in
success between G1 and G2 for tasks T1_2_6 (y2=14.842, p=0.005) in favor of G1, and for T1_4 8
(x2=10.633, p=0.005), also in favor of G1.

%2 square test showed a statistically significant difference in success between G1 and G2 in favor of
G1 for T2_3 7 tasks (y2=10.435, p=0.015).

Mean G1_1-5 G2_1-5 Gl 26 G2 26 G1_3-7

T ]
Figure 5. Success differences between test 1 and test 2 by task types

Figure 5 shows that both groups’ success varied in the same direction on the same task types
comparing the two tests. Comparing their performance on test 1 and test 2, they made progress in
PF, MR, and SR task types, but their scores noticeably decreased on MC type.

4. CONCLUSION

For many years, much of the research on spatial abilities have been focused on the impact of the DG
course on spatial skills between the three departments on FACEG - architecture, civil engineering,
and geodesy. Those results have shown obvious inequalities in spatial skills between these students,
mostly in favor of architecture students.

They generally performed better at the SA test which may have been due to their preparations for
the entry exam in FACEG, when they encountered the spatial abilities training before they enrolled
[10]. Because of that, the focus of this research was the improvement of spatial ability skills of
architecture students, depending on if they attended the DG course.

The results of the study showed that both groups (with and without DG course) demonstrated a
significant increase in spatial thinking during the semester in general, but there was no statistically
shown impact of DG. Both groups made progress, G1 by 6% and G2 by 4.7%.

Analyzing tests by task types, the study shows the progress for both groups in all task types, except
the Mental Cutting type. Similar results have been shown in previous research [11].

Results also show an interesting balance of all scores on the second test for both groups, that is, the
scores for both low and high complexity tasks converge to the same value.



This may lead us to the conclusion that studies of architecture all together influence spatial thinking,
and the combination of all the courses the students are attending may have an impact on improving
their spatial skills. Observing those courses closely and examining their impact on spatial abilities
could be the potential base for further research in this subject.
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ANALYSIS AND PREDICTION OF SPATIOTEMPORAL CHANGES OF
URBAN AREAS USING NEURAL NETWORKS

Abstract

Land use/Land cover (LULC) is crucial for land management. This study shows the spatiotemporal
dynamics of LULC for a wide area of Novi Sad with the emphasis on the urban area analysis. Results
presented in this study aim to estimate LULC changes and predict future trends of urban area
expansion in Novi Sad. Conducted study shows that in the years to come there will be a decrease in
the urban area expansion compared to last 35 years.

Keywords: change detection, LULC, Landsat, neural networks, random forest

AHAJIM3A U ITPEJUKIIUJA ITPOCTOPHO-BPEMEHCKHUX
INPOMEHA YPBAHOI IOJAPYYJA IOMORY HEYPOHCKHUX MPEXKA

Caxcemax

Kopumheme 3emsbnmra/3emspuman mokprusada (LULC) je o cymiTHHCKOT 3Ha4aja 3a yIpaBJbarbe
3emupnmmreM. OBa cTynWja WIIycTpyje mpocTopHO-BpeMmeHcky auHamuky LULC mmper moapydja
Hogor Cana, ca akieHTOM Ha aHaIU3y ypOaHUX moapydja. PesynraTu, mpe3eHTOBaHH Y OBOM Pafy,
nMajy 3a b aa nponeHe npomeHe LULC-a u mpensune Oynyhe TpenmoBe mmpema ypOaHOT
nmonpydja Hosor Cana. [IpoBenena crynuja mokasyje na he y HapeqHOM neproIy A0hu 10 copujer
mpem»a ypOoaHoT MoApyYja Y OJHOCY Ha MOCIEeIHBIX 35 roauHa.

Kwyune pujeuu: oemexyuja npomena, LULC, Landsat, neyporncke mpesice, random forests



1. INTRODUCTION

The landscape changes cause various transformations in the nature ecosystems and the structure of
society, both physical surroundings and socioeconomic factors. Among these activities, rapid urban
development is considered to be leading driver for the loss of arable land and green spaces which
can greatly affect climate changes and human life in general [1-3]. Consequently, large-scale
urbanization and population growth are causing LULC changes, which could potentially have
negative environmental consequences.

Urbanization is a name that denotes the natural or mechanical increase of population in urban areas,
the expansion of urban areas or the transformation of predominantly rural characteristics of an area
into an urban area. Urbanization is causing rapid land cover change, especially in developing
countries [4]. The process of urbanization implies, above all, the development of cities, and in a
broader sense, all other human settlements. Urban areas tend to change drastically over a short period
[5] of time due to constant urbanization. Urbanization has led to land cover change often in suburban
areas as a result of rapid economic development.

Timely and accurate mapping of urban land is necessary to anticipate the resources needed for the
normal functioning of the urban area [6]. Remote sensing data are useful for monitoring the spatial
distribution and growth of urban areas because of their ability to provide timely and up-to-date data
[7]. In the last two decades, researchers have become increasingly interested in using satellite
imagery to solve the problem of urban sprawl and suburbs. During this period, numerous techniques
were created for fast mapping of both land cover and urban area with the help of satellite images.
In parallel with the development boom of housing, there is also the expansion of institutional,
industrial, traffic, infrastructure and other built-up areas. The development of these areas is
important for overcoming the problems caused by overcrowding in cities [8].

Change detection represents a serious and challenging task in the field of remote sensing. LULC
changes identification based on the satellite image classification is the most common approach for
the change detection when it comes to land cover [9]. In order to compare images, pixels from both
images have to be compared and this is one of the methods that can answer the question of where
and what changes had happened. Multiple studies [10-14] have shown that the changes in LULC,
with urban expansion having one with the biggest impact, followed by loss of forests, agricultural
land, water bodies, etc., are related to the degradation of the natural environment [1]. Techniques
for modeling transition potential and simulating future LULC under the influence of spatial variables
have evolved rapidly. They are trying to find out where the change has taken place and where the
change will potentially happen in the future [15]. Most of these models take land cover time data in
consideration when estimating transition potential, which in combination with spatial variables can
predict future LULC scenarios [1,16].

This paper main focus is the analysis of LULC changes in the past 35 years and simulation of the
future state for the wider area of Novi Sad. The assumption is that there will be a somewhat slower
urbanization and expansion of the city of Novi Sad, since the city area has drastically increased in
the last 35 years, and that this trend of expansion will be transferred to greater urbanization of
surrounding suburbs. In order to confirm or reject these assumptions, this research is conducted with
the main goal to predict changes in land cover using the method of Multilayer Perceptron (MLP)
Neural Network. As foretold, the emphasis is on the analysis of urban sprawl in the last 35 years and
the simulation of urban sprawl in the next 35 years using publicly available data sets and open source
tools.

2. MATERIALS AND METHODOLOGY

2.1. STUDY AREA

The area for this analysis includes the wider urban area of Novi Sad. The city of Novi Sad is located
at 45°15'18"N, 19°50'41"E, and is the largest city in the Autonomous Province of Vojvodina. The
town lies on the banks of the river Danube, on the left bank is the plain part of the city (Backa),
while on the right bank is the hilly part of the city (Srem), located on the slopes of Fruska gora. The
altitude on the Backa side is 72-80m, while on the Srem side it is about 250-350m. After Belgrade,
Novi Sad is the second most populous city in the Republic of Serbia. At the last official census from
2011., the city itself had 231 798 inhabitants, while in the municipal area of Novi Sad the number
of inhabitatns was 341 625 [17]. Novi Sad has a very favorable geographic position, it is located on
the important traffic corridors, which provides significant advantages. Its roads, rails and river are



connected to the environment. The city was also chosen as the European Capital of Culture in 2022.
and as such it certainly has great potential for expansion.
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Figure 1. Study area
2.2. DATA COLLECTION

The data set for this analysis consisted of satellite images [18] used to obtain land cover maps, digital
elevation model and OpenStreetMap data from which other raster data (remoteness from roads and
remoteness from watercourses) representing the input parameters of the simulation model were
created.

2.2.1. Landsat 5

Landsat 5 was a low-orbit Earth satellite, launched on March 1st, 1984 for the purpose of collecting
images of the Earth’s surface. It was a continuation of the Landsat program (Landsat 1, 2, 3 and 4
were sent into orbit before Landsat 5). After 29 years spent in space, Landsat 5 completed its mission
on June 5th, 2013 [19]. It was equipped with two sensors: Thematic Mapper (TM) and Multispectral
Scanner (MSS). Each shot covers an area of 185x170km. The Landsat sensor has 7 bands that
simultaneously record the emitted energy from the Earth’s surface in blue, green, red, near-infrared,
medium-infrared and thermal infrared part of the spectrum, with spatial resolutions of 30m and
120m [20]. The platform was located at an altitude of 705km with an orbit synchronized with the
Sun. It had a 16 day temporal resolution.

2.2.2. Landsat 8

Landast 8 was launched on February 11th, 2013. It was fully developed in collaboration between
two agencies, the US Geological Survey (USGS) and the National Aeronautics and Space
Administration (NASA). Like the Landsat 5, the Landsat 8 also carries two types of sensors,
Operational Land Imager (OLI) and the Thermal Infrared Sensor (TIRS). The OLI sensor has a
spatial resolution of 30m, while the TIRS thermal sensor has a spatial resolution of 100m. TIRS data
are registered together with OLI data that are of higher spatial resolutions to form radiometric and
geometric corrections. Landsat 8 records in 11 bands. Of those bands, the tenth and the eleventh are
thermal, data from TIRS sensors, the eight band is panchromatic with a spatial resolution of 15m
[21]. The Landsat 8 orbit is defined in relation to the Worldwide Reference System (WRS-2) and is
synchronized with the Sun and is located at an altitude of 705km. The inclination of the orbit is 98.2
degrees. The satellite orbits the Earth in 98.9 minutes, and the time of crossing the equator is at
10:00 UTC +/- 15 minutes. These characteristics of the orbit allow the Landsat 8 satellite to cover
the entire globe every 16 days. The approximate scene covered by one shot is 170x183km [22].

2.2.3. EU-DEM
EU-DEM is a new digital elevation model for Europe. It was developed under the Copernicus

program. The aim of the program is to increase the availability and establish the basis for the height
of European relief data. The model is of medium quality, with a spatial resolution of about 25m. It



is a hybrid product based on SRTM and ASTER GDEM data combined with mean value
measurement approach. EU-DEM was subsequently improved by adding various data. For example,
values of heights in areas where there was a large coverage by the clouds were replaced by the data
from SRTM model [23]. Statistical validation of EU-DEM v1.0 shows and overall vertical accuracy
of 2.9m RMSE. It is consistent with the upgraded version of EU-Hydro, in order to produce a better
river network topology [24].

2.3. METHODS

As a part of this case study, the authors proposed a workflow to predict the expansion of the urban
area based on data generated on the principles of remote sensing. The proposed steps are shown in
Figure 2.

i

Figure 2. Flow chart of research method

2.3.1. Random forest

Random forest is a classifier from the Decision tree classifier group, which produces multiple
decision trees using a randomly selected subset of patterns and variables. Random forest is a flexible
machine learning (ML) algorithm that is simple, has a very wide application and gives excellent
results [25]. This classifier has become popular in the field of remote sensing due to the accuracy of
its classifications. It is also one of the most commonly used algorithms, due to its simplicity and the
fact that it can be used for both classification and regression, making it similar to SVM. The idea of
this algorithm is to train many decision trees and the decision of a class or the unknown sample
value is done by voting in the case of classification or averaging the results in the case of regression.
Each tree is generated by selecting a random sample from a training set, a pixel with known classes.
Attributes that are relevant for classification are selected for tree nodes. In the processing of satellite
images relevant attributes are bands. Not all bands are used for individual trees, but some bands are
used, ie. the number of tree nodes is less than the number of bands. For each node, based on a known
sample, boundary parameters are generated that divide the sample into classes up to the last branch
of the decision tree [26]. The procedure is repeated until a sufficient number of trees is generated.
Each pixel of the satellite image passes through each tree that classifies it into one of the classes. In
the end, the pixel is assigned to the class that a large number of trees have chosen for that pixel.



2.3.2. Change Analysis and Transition Potential Modeling

The Modules for Land-Use Change Simulation (MOULSCE) tool was used in this paper to analyse
land cover change and simulate future changes. This QGIS plugin offers the ability to analyse and
differentiate land cover change characteristics between two different years. In this study, the change
in land cover between 1986 and 2021 was analysed in order to see the changes in spatial patterns.
MOULSCE is able to calculate the transition matrix of the probability of change between any given
class and generates a map that thematically shows all types of land cover change.

MOLUSCE offers methods such as Artificial Neural Network (Multi-layer Perception), Multi
Criteria Evaluation, Weights of Evidence and Logistic Regression for modeling future land cover,
ie. simulation of land cover in the coming period. An artificial neural network (ANN) method was
used in this study. Cellular Automata Simulation was used to predict future land cover change based
on 1986 and 2021 maps and additional spatial variables. What is important to note is that this model
is based on the analysis of previous changes in the use and condition of neighboring cells to define
the rules of transition, and not on some anthropogenic or natural processes.

2.3.3. Multi-Layer Perceptron (MLP) Neural Network Method

Artificial neural networks represent an alternative approach to solving logical problems compared
to conventional computer logic. The very word “artificial™ suggests that the inspiration for the
structure and logic of these networks came from an attempt to imitate the work of natural neural
connections and systems. Basically, the use of artificial neural networks tries to create an artificial
system capable of learning and making intelligent decisions as a human being. This is especially
important when it comes to the large amount of data and the short time required to process it.

The perceptron is a model of a single neuron that was the forerunner of larger neural networks. For
multi-class problems, it is necessary to use more perceptrons, one for each class. The output of each
perceptron represents the probability of belonging to that class, and the class with the highest
probability is taken as the final output. A neural network is characterized as a Multi-layer perceptron
if within the neural network there are additional layers of neurons (perceptrons) between the input
and output layers, so-called hidden layers [27,28], as shown in Figure 3. The input layer receives an
input signal that should be processed. The required task such as prediction and classification is
performed by the output layer. An arbitrary number of hidden layers located between the input and
output layers are the real computational mechanism of MLP [27]. MLPs are designed to approximate
any continuous function and can solve non-linear problems [28]. MLPs are most commonly used
for classification problems, recognition, prediction, and approximations.

5

Input Layer
Hidden Layer

Qutput Layer

Figure 3. Schematic representation of a MLP with single hidden layer [28]

3. RESULTS AND DISCUSSION

3.1. CLASSIFICATION

In order to be able to analyse the change in land cover and the expansion of the urban area, it is
necessary to classify satellite images and extract class information from them. Before the
classification, a search of satellite images from two collections (Landsat 5 and Landsat 8) for the
period from June to September 1986 and 2021 for the wider area of Novi Sad was performed. Clouds
were removed from the images obtained in this way, and composites were created in order to obtain
one image for 1986 and 2021 (Figure 4). In order to obtain better classification results, and based
on the analysis of the literature that dealt with the classification of land cover [29-31], it was decided
to add 5 more indices (NDVI, NDWI, NDBI, SAVI and EBBI) in addition to satellite imagery bands.



(b)

Figure 4. RGB satellite image 1986 (a) and 2021 (b)

Prior to the classification procedure, training samples were made for each of the 5 classes (water,
forest, bare land, low vegetation and artificial objects), 400 for each of the two analysed years. Since
the data about classes have not been available, training samples were created through the satellite
images analysis. In order to claim with certainty that those pixels that represent areas of a certain
class are included, optical images are visually displayed with different combinations of RGB
displays of visible and infrared bands. Out of the total number of training samples, 80% were taken
for training and 20% were taken for accuracy assesment.

The classification of satellite images was performed using the already implemented Random Forest
algorithm within Google Earth Engine. Satisfactory classification results were obtained by minimal
modification of parameters, so the number of trees for each class (numberOfTrees) was chosen to
be 300, and the input of tree variables (bagFraction) was chosen to be 0.5, other parameters were
left at default values. In the paper itself, as already mentioned, the emphasis is placed on the analysis
of changes in land cover, ie. on the analysis of the expansion of the urban area, and for that reason
no greater attention was paid to the optimization of the parameters of the classification algorithm.
The results of the satellite image classification were confirmed by estimating pixel-by-pixel
accuracy based on validation points. Validation points were selected at different locations
representing different land cover classes. For each classification result, an accuracy check was
performed based on the error matrix and Kappa statistics of the same. An overall classification
accuracy of 93.51% for 1986 and 94.59% for 2021, respectively, was obtained, with Kappa statistics
of 91.79% for 1986 and 92.80% for 2021.
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Figure 5. LULC maps 1986 and 2021
3.2. LULC CHANGE ANALYSIS

After the classification, the analysis of the change in the way of land cover in the last 35 years was
performed, ie. for the period from 1986 to 2021. LULC maps classified into five LULC classes are
shown in Figure 5. What can be seen from these maps is that the area occupied by artifical objects
has increased significantly in the last 35 years. This increase in artificial areas is most noticeable on
the western side of the city of Novi Sad, which in terms of construction resulted in the merger of



Novi Sad with the suburban settlement of Futog. The spread of other suburban settlements is also
visible.

Table 1 shows the areas of each of the five analysed land cover classes, as well as their differences.
It is obvious that the biggest change was experienced by bare land, which partly passed into the class
of built-up areas, and partly into the class of low vegetation. Given that the classes of low vegetation
and bare land can represent arable land, it is clear that the change in the way of use between these
two classes will occur not only from year to year but also within one year. What can be concluded
from this table is that there was a small change in water surfaces (decrease in area of 0.18%) and a
slight increase in forest area of 1.28km? and 0.25%. On the other hand, the use of urban land has
increased significantly by 19.83km?.

Table 1. Class statistics

LULC Type 1986 [km?] 2021 [km?] D [km?] D [%0]
Water 20.20 19.29 -0.91 -0.18
Forest 86.29 87.57 1.28 0.25
Bare land 103.22 60.02 -43.20 -8.44
Low vegetation 270.57 293.57 23.00 4.49
Built-up Area 31.80 51.62 19.83 3.87

Analysis of LULC changes shows a proportional transformation of bare soil into vegetation classes
and artificial objects (Figure 6). Based on the share of representation of each class, it can be clearly
established that new urban areas have emerged on parts of once potentially arable land (low
vegetation and bare land).

1986

6.21% 3.94%

2021

10.08 % 3.77%

11.72 %
57.33%

Figure 6. Different composition of land cover percentage in 1986 and 2021

= Water
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= Bare land

Low vegetation
20.16 %

52.84% = Built-up Area

Figure 7 shows the areas that now belong to the artificial objects and which in 1986 belonged to one
of the other four classes. From this picture, it is noticeable that most areas where there was no
vegetation were transformed into artificial surfaces. More precisely, as much as 56.17% of the total
number of transformed areas on which there was bare land was transformed into artificial objects,
and the rest of the area of 43.83% was transformed into other 3 classes.

LULC Transition to
Built-up Area

s : Legend
= 3 Il viater — Built-up Area
I Forest — Built-up Area
10 Bare land — Built-up Area
I Low vegetation — Built-up Area

1 0 1 2 3km
———————

Figure 7. LULC Transition to Built-up Area



The percentage of all classes that were transformed into artificial surfaces is given in Figure 8. As
already mentioned, bare land experienced the biggest change, and now it can be seen that the
smallest change occurred in water surfaces, which was expected.

Transition to Built-up Area

0.33%_ 0.68%

42.82 % ,,

56.17 %

= Water = Forest = Bareland Low vegetation

Figure 8. Percentage Transition to Built-up Area
3.3. CORRELATION EVALUATION

In order to more accurately predict the further expansion of the urban area in addition to the land
cover from the two periods (maps obtained in the previous step), it is necessary to include other data
that may affect the forecast result in the analysis. More precisely, the result of the forecast can be
influenced by some physical and socioeconomic factors that are responsible for changes in LULC,
because their contribution to the mechanism of change is very significant. Spatial factors such as the
digital elevation model, aspect, slope, distance from roads and distance from watercourses can
greatly influence the expansion of the urban area, so they are included in the model based on which
predictions of the situation for the next 35 years will be made.
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Figure 9. Spatial variables
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The correlation between the spatial variables was estimated using Pearson's correlation coefficient.
The correlation coefficient takes values from -1 to +1. If it takes positive values, the correlation
between the phenomena is direct or positive (both phenomena show direct variations). In the case
when the correlation coefficient is less than 0, the relationship is inverse or negative (when one
phenomenon increases, the other decreases, and vice versa). If there is a functional connection
between the observed phenomena, we are talking about a perfect correlation. The correlation
coefficient in that case takes the value -1 (if the connection is inverse) or +1 (if the connection is
direct). The closer the absolute correlation coefficient is to value of one, the stronger the correlation
between the phenomena. In contrast, the closer to zero the weaker the linear relationship. Table 2
shows the correlation relationship between the five spatial variables. As we can see, DEM and Slope
have the greatest dependence, and DEM and Aspect have the least.



Table 2. Person’s correlation between spatial variables

DEM Aspect Distance Slope Dlstar_me
from road from river

DEM -- -0.00624 -0.07703 0.75050 0.51109
Aspect -- -0.01326 -0.01012 0.01274
Distance . 005230 | 0.06236
from road
Slope -- 0.30852
Distance _
from river

3.4. TRANSITIONAL POTENTIAL MODELING

Based on LULC data and spatial variables, a transition probability matrix is formed, which consists
of rows and columns of land classes in the initial 1986 and final 2021 year. This matrix shows the
proportion of pixels that change from one type to another.

The highest probability of change of 0.176696 was observed when changing bare land into built-up
land, which coincides with previous analyses. The lowest probability of change is when crossing
water surfaces into bare land and it is zero, which tells us that this kind of transformation will not
happen.

Table 3. Transition matrix of land cover in 1986 and 2021

2021
Water Forest Bare land Low Built-up
vegetation Area
Water 0.888027 0.011139 0 0.095531 0.005302
Forest 0.002076 | 0.823856 | 0.001439 | 0.170084 | 0.002545
1986
Bareland | 0.002842 | 0.008405 | 0.209776 | 0.602281 | 0.176696
Low
. 0.001956 0.056348 0.124448 0.765856 0.051392
vegetation
i‘:ég'”p 0.011095 | 0.004359 | 0.143836 | 0.238367 | 0.602343

Once the transition matrix has been formed, the next step is to create a model to predict land cover
change. During the process of model creation, LULC data from years 1986. and 2021. was used as
an input, along with spatial variables and transition matrix (Table 3) in order to predict the LULC
for the year of 2056.In this paper, the Multi-Layer Perceptron (MLP) neural network algorithm was
used to simulate the future state, as literature analysis found that many researchers found that this
approach was more powerful than other methods such as linear regression [32,33]. When creating a
model, it is necessary to define several parameters, so the value of one pixel was chosen for
Neighborhood pixels because it is the minimum that is the most efficient. Ten hidden layers were
selected, the learning rate and momentum parameters were set to 0.001, and the training was
performed in fify iterations. After this, it was determined that the total accuracy is -0.00082, and the
Min Validation Overall Error is 0.06328. In the following diagram, we see the learning curve of the
model, which is obtained in the process of training the neural network.
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Figure 10. Neural Network learning curve
3.5. PREDICTION LULC

In this case, artificial neural network was used to model the transition potential, and the results
generated in this way will be used in the further process, ie. in Cellular Automata Simulation.
Basically, the Cellular Automata Simulation process is based on the Monte Carlo algorithm [1,10].
Future LULC maps are predicted assuming that the existing LULC pattern and dynamics continue.
The simulation results are shown in the following maps. Since low vegetation and bare land have
the greatest potential for change into built land, only these two types will be shown below, the other
two types (water and forest) show less than 10% of the potential to move to urban areas, so they will
not be further analysed.

Low vegetation
transition to
Built-up

Legend

17 %

0%

Figure 11. Low vegetation transition to Built-up

As Figure 11 shows, low vegetation has the same potential for change in urban areas throughout,
but this potential is still below 20%, suggesting a low probability of transition from this class of land
to built-up area.



201 STEPGRAD2022 PROCEEDINGS OF INTERNATIONAL CONFERENCE ON CONTEMPORARY THEORY AND PRACTICE IN CONSTRUCTION XV

Bare land
transition to
Built-up

Legend

45 %

0%

Figure 12. Bare land transition to Built-up

On the other hand (Figure 12), with bare land there is a greater potential for change, up to 45%,
which indicates a higher probability of transition of this type of land to built-up, so it is quite realistic
to expect a transition in this direction. The result of the simulation and the ultimate goal of this
analysis is a map of the projected spatial distribution of artificial objects for 2056.

Figure 13. Built-up area in 2056



As it can be seen from Figure 13, in the next 35 years, slow urbanization is predicted, ie. the trend
of urban expansion is weakening. Based on the calculated areas for each class, we can see that the
share of artificial facilities for 2056 in the wider area of Novi Sad is 10.82%, which confirms the
previous conclusion about a small increase in the urban area. This conclusion makes sense if we take
into account the fact that the city has experienced a drastic expansion in the last 35 years, which has
been proven in this paper, so it is to be expected that further expansion will be somewhat slower. In
addition to the expansion of the city of Novi Sad, there is also a change in the area, ie. expansion of
surrounding settlements.

4. CONCLUSION

LULC maps from 1986 and 2021 represent a significant source of data and as such were used to
simulate changes in 2056. The results of the classification indicate a significant growth of the urban
area during the analysed period, with a decrease in other types of land cover.

The results of this research show that the greatest transformation into built land, in the last 35 years,
of all LULCs, has been experienced by areas under low vegetation and bare land. Specifically, the
LULC class, which experienced the largest change in the decrease from 1986 to 2021, was the bare
land class, which was determined to have passed most of these areas into the class of built-up areas.
During the analysis of areas and representation of each class in the analysed area, it was determined
that the construction area of the wider area of Novi Sad in 1986 was 31.8km?, and the construction
area in 2021 was 51.62km?. Further analysis concludes that the area of Novi Sad has expanded by
19.83km? over 35 years. The biggest changes and urban expansion have been identified in the area
of Veternik and Telep.

Spatial variables, such as Digital elevation model, Slope, Aspect and Distance and Road Distance
Factors, are very important driving factors that determine the further transformation of LULC, and
as such are recognized and included in the model used to simulate future conditions . The use of the
Multi-Layer Perceptron (MLP) as a model to simulate the future state of LULC for 2056 using
Cellular Automata Simulation has shown that the areas under artificial objects are slightly increasing
compared to 2021. This result confirms the initial assumption that in the coming period there will
be a slow expansion of the urban area. Additional improvements to the proposed model could be
achieved by including more spatial variables that influence the change of landscape patterns, so the
analysis of other physical and socio-economic factors that may be responsible for land cover change
will be the subject of future research.

This study proposed a model for simulating the future expansion of the urban area, which can be of
great help for planning the development of cities, ie. to create settlement regulation plans or to solve
problems that arise due to various human activities. Also, the results obtained in this way can be
used by planners to determine a development pattern that would allow them to make better use of
land. In addition, it helps the community understand the changes in its environment, as well as other
stakeholders to assess the development potential of a place. It also provides vital information to state
or local authorities that are directly involved in the development of an area. By analyzing future
potential developments, using publicly available data and open source tools, data obtained can be
used by experts from various fields that are in some way related to spatial and temporal data.
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Abstract

This paper aims to examine the state of undeveloped spaces in urban areas. The first part of the paper
focuses on the state of the urban landscape's undeveloped spaces. To recognize their character and
quality, the Narrative Spatial Analytics (NSA) method was proposed. It integrates three design
research techniques which enable landscape designers to expand the scope of their research practice.
The second part of the paper discusses a case study of neglected green space in the Laush settlement
in Banjaluka, which could be incorporated into the Banjaluka green matrix. The phases of the
solution concept for the arrangement of a new park and the elaboration details were analyzed, which
completed the process of improving the Banjaluka green matrix.
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UNAPREDENJE ZELENE MATRICE GRADA PUTEM URBANE
REGULACIJE | UREDENJA NEIZGRADENIH PROSTORA - STUDIJA
SLUCAJA NASELJA LAUS U BANJALUCI

Caxicemax

s oBor pana je ucTpaKnBame cTaka Heu3rpal)eHux mpoctopa y ypbaHuM noapydjuma. Y IpBoM
Irjeny pana (OKyc je Ha cTamy HemsrpaljeHux mpocropa ypbaHor mej3axa. Jla Ou ce mpeno3Hao
KapakTep U KBaJUTET HeusrpaljeHor mpocTopa mpelyiokeHa je merona HapaTuBHa mpocTopHa
aHanmuTrka. OHA WHTETPUIIIC TPU TEXHUKE UCTPAXKUBamha JIM3ajHa, Koje oMoryhaBajy nu3ajHepuma
nej3axka Ja mpolmupe oOMM CBOje MCTpaKMBayKe Mpakce. Y JPYroM IHjelly pajna pa3MaTtpa ce
CTyAMja CIy4Yaja 3amymITeHOT 3eJICHOT MPOCTOpa Ha MOJPy4jy Oamanydkor Hacesba Jlayi, koje o1
Ce MOIJI0 HWHKOpPHOpHpaTH Yy Oamalyyky 3elicHy Matpully. AHamu3upane cy (dase
KOHIETITyaIn3anmje pjeniema 3a ypeheme HOBOT Mapka M JIeTajbh pa3paje, YuMe je 3a0KpyKeH
npouec yHanpehema 3enene Mmatpune bamanyke.

Kmwyune pujeyu: neusepahenu npocmopu epada, ypbanu nejzanic, HapamueHa npocmopha
aHanumuxa, ypoaunu ousajH



1. INTRODUCTION

Today's development and sustainability of cities are characterized by increasing construction.
Characteristic of the entire world nowadays, intense urbanization has influenced the transformation
of cities and changes in the quality of the environment, resulting in the degradation of the
environment and life in cities. It has created extremely dehumanized urban systems, for people
significantly move away from their primordial life space — nature [1].

The quality of city life can be significantly improved by appropriate changes in the way of using
and arranging undeveloped urban spaces. These spaces include parks, green squares, coastal areas,
protection complexes, and many other objects of landscape architecture, all of which have a social,
ecological and aesthetic function. Parks provide opportunities for playing, recreation, social
interaction, and personal and spiritual growth. They strengthen the sense of community and place of
belonging [2]. Also, it appears that city parks are associated with improved physical and mental
health, lower body mass index (BMI), reduced stress and anxiety, reduced disease, and even
increased longevity [3-6]. People are said to have a predisposition to positively react to natural
contents and environmental characteristics such as vegetation and water. Therefore, they consider
urban environments much more stressful and less suitable for recovery from stress. The notion of
the restorative power of contact with nature is widely supported and helps to explain people's
tendency to be in the natural environment [7].

The value of urban greenery in shaping the city’s image has been known for a long time. Parks,
gardens and tree-lined avenues are valuable structural elements of urban form. The visual
contribution of the green landscape is of high importance. Even a very limited number of landscape
architecture objects significantly alleviates the environmental shortcomings of the completely built
environment. Therefore, the green components of urban open spaces are key elements of urban
design and planning. They significantly contribute to the cities’ recognition, advantages and
diversity, which further improves their competitiveness at regional and global levels and enables
better development [8].

In light of this setting are the facts that ,,the floor area ratio must be analyzed carefully to reduce the
negative effects in urban areas, and the introduction of nature into the urban environment,
landscaping, parks and tree lines cannot be only a matter of artistic beautification of the city, but the
task of arranging the living environment, whose ’technicality’ and excessive construction can be
dangerous for spiritual and mental health* [9]. Therefore, the development of cities needs to be
based on new humane principles of the planned building, in which people will be more in touch with
nature.

This paper discusses the research process of planning and arranging undeveloped spaces in the urban
area of Banjaluka. With efficient landscaping, spaces that are between previous use and still
undecided new development can improve the green matrix system and contribute to preserving the
identity of Banjaluka as a landscape city. Finally, the identity of the city should be respected. This
city was formed thanks to its natural and cultural heritage. Banjaluka has been creating its
recognizable identity for centuries. Therefore, this research intends to point out the scope of
transformations of landscape structures in the context of the development flows of the city's urban
matrix. As functional-ambient city units, green ecosystems with natural biological processes are
areas of unique characteristics and elements of cultural and historical heritage. Their spatial form,
manner and intensity of use in the city indicate how specific they are.

To achieve sustainable development of the green system in a city, which can satisfy ecological,
social, economic and many other functions in various spheres of life, it is necessary to respect the
needs of today's inhabitants, but also of future generations that will inherit the city and continue
planning new development flows. Therefore, the transformation of urban spaces aims to meet these
changing needs of their users in the dynamic life characteristic of the 21st century. The connection
between society and space is the key cause-effect relationship that requires flexibility and
transformability of space, but also its sustainability and resilience [8]. There is no doubt that the
sustainable use and arrangement of space affect the city’s development. Space is a public good, as
well as a natural resource, so it should be used in a controlled way. In the end, there should be
harmony between the built and natural environment.

The influential factors, which determined the new morphological phases of the spatial context of the
urban greenery in Banjaluka, were analyzed in light of these changes. The research points to the
state of the existing green spaces of the city, the possibilities of interpolation of new ones, as well
as the tendencies of renewal and preservation of such vulnerable urban structures.



2. OBJECTIVE AND METHODS OF PAPER

This paper aims to point out the possibility of improving the quality of the environment and living
conditions in the city by developing public green spaces. Appropriate changes in the way of using,
designing and arranging green spaces contribute to this. One of the goals of sustainable urban
development should be green matrix improvement. Accordingly, the intention is to point out the
degree of transformation of green spaces in the context of the process of urban planning and
development in Banjaluka.

Several methodological procedures focused on specific phases have been applied in this paper. The
methodological apparatus of Narrative Spatial Analytics (NSA) is explained in the theoretical part
of the paper. To bring new insights into the theory and practice of landscape architecture, the
theoretical basis on which this methodological apparatus relies is specified. This part of the research
is based on the method of critical content analysis by studying the available literature. A new method
of designing research has been proposed. This was done through a set of narrative techniques, which
originate in the field of architecture and all together form a research and design process that could
provide a more comprehensive approach to landscape analysis. The scientific analysis results are
presented and synthesized with valid arguments.

The applied part of this paper elaborates on the context analysis. Also, it gives a general overview
of the green matrix system in Banjaluka, its development flows, spatial organization and structure.
The 1975 Urban Plan of Banjaluka and the Draft of the 2020-2040 Urban Plan of Banjaluka served
as the basic sources of data in determining the general setting of urban patterns of development and
distribution of urban green spaces and landscape. Subsequently, the focus of the analysis was on the
Banjaluka settlement of Laush. The results of the theoretical part of the research were applied to a
specific case study - the conceptual urban solution of the new park in Laush. Field research and
processing of collected data are determined through methods of structural, functional and causal
analysis of relevant data from professional and scientific literature, including appropriate planning
and program documentation. Field research using the in-situ method enabled space mapping. The
phases of concept forming and the details of the elaboration of the urban solution were analyzed,
which completed the entire process of designing a new park in Banjaluka. This way, it is possible to
improve the existing urban patterns of development and distribution of green spaces in the process
of urban planning.

3. THEORETICAL SETTINGS - NARRATIVE SPATIAL ANALYTICS

This part of the research aims to explain the used methodological apparatus of Narrative Spatial
Analytics (NSA). The term Narrative Spatial Analytics (NSA) was defined by Pavle Stamenovi¢
and Dorde Bulaji¢ in their paper titled ,Narrative Spatial Analytics (NSA) in urban landscape
research and design“ [10]. Namely, the term represents a methodology designed through the joint
work of master students of architecture in the joint curriculum between the elective course of
Architecture of Territory (the Faculty of Architecture, University of Belgrade) and the elective
studio of Green Spaces of the Urban Landscape (Faculty of Architecture, Civil Engineering and
Geodesy, University of Banja Luka) during the winter semester of the 2019/2020 academic year.
The focus of the semester was on observing the different spatial scales of the urban fabric of
Banjaluka and its wider, peripheral territories, to connect the urban territory with the surrounding
natural landscape. Taken as a whole, landscapes and the city's hinterlands as peripheral territories
represent a significant and necessary spatial potential of the city. Therefore, the course raised the
question of re-examining the importance, function and morphology of peripheral territories in the
contemporary context of the city.

The NSA methodological apparatus proposes procedures derived from narrative planning theory
[11, 12] and landscape design research [13] to bring new insights into the theory and practice of
landscape architecture. These concepts are applied to landscape architecture to propose a new
research-design method regarding the notion of ’scale’ perceiving the landscape as a scale-
continuum [10].

Landscape design research refers to the interpretation that landscape design is a means of acquiring
knowledge of spatial composition via architectonic plan analysis [13]. Furthermore, this paper is a
continuation of the contemporary narrative planning theory and the notion of narrative, which has a
growing impact on urban planning and studies. As Lieven Ameel emphasizes: ,, The interest in urban
narratives goes hand in hand with an increasing awareness that urban planning could (and in many
countries legally should) take into account experiential, subjective’ place-based information, shared
in the stories people and communities tell of their place in the world“ [11]. Narrative planning theory



focuses on individual storytelling and, following Henri Lefebvre’s interpretation, “it is implicitly
founded on the thought that space is relative and intersubjective” [11]. This explains the idea that
places are defined by the multitude of individual impressions, interests, and experiences, which are
influenced by interpretations. As James Throgmorton suggests: ,,planning can be interpreted as a
form of persuasive and constitutive storytelling about the future* [12].

Stamenovi¢ and Bulaji¢ [10] propose a set of narrative techniques (see Table 1), which originate in
architecture and together form a research and design process which could provide a more holistic
approach to landscape analysis. Instead of applying a conventional zoning methodology, the
suggested one enables and unlocks the inherent physical layers of a given territory on a much deeper
level. The recommended techniques explore deeper into the elusive layers of the urban landscape,
thus making the research better grounded. Instead of a wide-ranging zoning process, which is a
common planning technique, this iterative method enables a research and design procedure that
simultaneously examines both the overall territory and the specific small-scale location.

Table 1. Narrative Spatial Analytics (NSA) techniques [10]

Technique Deliverable Refers to Scale of Outcomes
view
Analytical Diagrammatic Context Zoom out Structure: layering
mapping map the territory
Narrative Drawing Context / Zoomin Content:
drawing Concept experiencing the
life of the place
Architectural | Image Concept Zoomin/ Form:
montage Zoom out representing the
atmosphere and
the character of
the landscape

Analytical mapping is carried out through graphic work that exclusively contains elements and
layers of particular interest for the research question, which is reducing of the amount of information
from the geographical map. The analytical mapping process is continually repeated during the
research and results in a series of diagrammatic analytical drawings and maps that allow new
landscape readings. To produce analytical drawings, the essential characteristics of what the
researcher sees must first be scanned, filtered and selected in order to focus only on specific elements
and include informal layers of territory related to the narrative capacity of the landscape [10].
Narrative drawing captures a moment in a series of events which define the continuous process of a
particular spatial scenario. It seeks to unite all the peculiarities of the characteristic space pattern: all
the irregularities, built and unbuilt layers, traces of use and signs of life. The procedure is performed
according to previously established criteria that relate to circumstances (context), needs (users) and
intentions (architects). The techniques used for a narrative drawing are reduced to the simplest
operations used by spatial designers — a line tool. It can be considered as taking samples of a certain
territory, especially a characteristic feature of the space, with montage as a complementary
technique. Narrative drawing rarely shows a top view - a plan, because it is crucial that this drawing
contains spatial attributes and characteristics of both quantitative (analytical) and qualitative
(narrative) procedures during the design research process [10].

In the NSA methodology, architectural montage is used as a tool that provides information on the
physical characteristics of space, atmosphere, and merging of physical context and proposed spatial
intervention. It is often applied in architectural design and research, and is presented here in
landscape architecture. ,,Working on images through the technique of montage means bringing them
to life, capable of producing new and different meanings* [14]. The architectural montage consists
of two narrative layers: (1) the corpus, the base - photographic representation of the place, and (2)
the intervention — the layer developed through a various number of techniques and built into the
corpus of an image, representing the suggested spatial intervention. We can distinguish two types of
NSA montage: (1) orthophoto montage created using the aerial satellite imagery provided by the
GIS and (2) perspective view montage created using photographs obtained in situ during the survey
[10].

The synthesis of all these data and new knowledge was made to structure the spatial design concept
of the selected spatial framework and develop the concept of intervention for design transformation.



The results were evaluated throughout the whole creative process, from in-situ field research to
design solutions and applications (Fig. 1).
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Figure 1. Narrative Spatial Analytics (NSA) process diagram [10]

4. CONTEXT ANALYSIS

4.1. CONTEXTUAL ISSUES

Banjaluka is the largest city in Republic of Srpska, and the second largest city in Bosnia and
Herzegovina. According to the last census (2011), the urban settlement numbers 179,349
inhabitants, while the overall number of inhabitants in the city of Banjaluka is 227,603. The urban
area covers an area of 17,900 ha, out of which 5,224 ha fall on the inner urban area of the city [15].
The green structure of the city is deeply woven into its urban matrix. Even though the urban
landscape has transformed through its genesis, the green matrix has remained directly related to
development trends, so that the 'green city' has become a synonym for Banjaluka [16]. The need to
preserve and arrange the existing and plan new buildings of landscape architecture in connection
with the further development of Banjaluka is evident. It is also a part of the strategy outlined in
previous urban plans. Basic analyses of the 1975 Urban Plan of Banjaluka [17] indicate that the
creation of optimal conditions for a healthy and pleasant life, the establishment of creative harmony
of natural and created values and environmental protection were the starting point for defining basic
planning determinants. The definition of the urban territory space came after a complex analysis of
long-term economic and social development with the possibilities of physical transformations in the
context of spatial distribution. Understandably, the projection of development is accompanied by all
the undesirable processes of transition, urbanization and demographic growth. Therefore, it is
necessary to take measures to ensure a sufficiently efficient green system as a tool that will mitigate
the negative consequences and contribute to a sustainable and resilient city with its functions in
protecting the quality of the environment.

Spatial and functional analysis of the facilities of the Banjaluka urban greenery system pointed out
the relevant characteristics of the development so far. In the City Regulation Program [18], the
author cites three (out of nine) guidelines dedicated to green spaces - two with natural features of



green structure and one with the role of landscape architecture in shaping the city's identity. It
emphasizes the importance of urban greenery and the Vrbas coast as structural elements of urban
concept and the organic connection of the city with the river. Also, it points out that development
flows should change the direction of the longitudinal expansion of the city. The explanation of
integrating the green spaces in the immediate vicinity of the river as well as those in other parts of
the city is clear.

The greenery system in the 1975 Urban Plan of Banjaluka [17] includes forest complexes and
orchards in the area, parks, and tree lines in the inner urban area. At the same time, the term park
includes integrated green spaces next to buildings or complexes, which do not have adequate
equipment in the form of urban furniture and infrastructure which encourages their use. The identity
of the landscape character of the city was not missing in this document either. The theme of
integrated landscape architecture is set as a unique greenery system, which in the spatial organization
of urban territory is a connecting element of the composition of urban structures and an important
environmental factor, pointing to the development processes that follow. The concept of green
structure is cited as an instrument for shaping the urban matrix, that is, the spatial level of the green
structure and its continuity are considered important factors in city planning.

The focus of the concept of the 1975 Urban Plan of Banjaluka [17] is the introduction of forest
massifs in the urban fabric, green corridors of primary roads, and watercourses of the Vrbas and
Vrbanja rivers. Greenery from the southern and southwestern forests is introduced through the
longitudinal corridor of the highway, western and eastern transit continuously through the entire
urban area, all the way to ZaluZani, where it drowns in the northern protection zone that introduces
the Trappist forest, thus permeating the northwestern industrial zone. The Trappist forest, which
touches the inner urban area in the form of wedges on the east side, is interpolated into the urban
structure via transverse roads. The penetration of the Trappist forest into the urban fabric in the
western direction is especially significant through the central transverse move of the future
expansion of the city over the large meander of the Vrbas river. The plan envisages arranging free
open spaces in the urban area by greening residential, work and recreation zones through a network
of urban greenery, forest complexes and agricultural landscape into a single system of greenery (Fig.
2).
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Figure 2. The position of the Laush settlement in relation to the more significant existing green
spaces in Banjaluka

Observing the planned patterns of development and distribution of green spaces, the intention is to
establish a unique system throughout the territory, which should meet the criteria of even, continuous
and homogeneous distribution of green spaces. Comparing the then planned green spaces with the
current situation, it can be stated that a unique greenery system has not been established in the entire
urban area, but only in its narrowest part. Apart from the incoherence of the green corridors, the
problem of not arranging the coasts of the Vrbas, Vrbanja and Suturlija rivers is also acute. Although
it represents a natural whole, the move of the Vrbas through Banjaluka is marked by differences in
individual sections and sectors. A similar problem is an interference in the construction of green
spaces in the central parts of the city. Undeveloped free spaces, which could be integrated into the
greenery system, are mostly designed with a very low degree of greenery. The newly created objects
of urban greenery do not correspond to the category to which they belonged in terms of dimensions,



function and spatial form. They often do not represent parts of an organized greenery system but are
formed without a planning concept, so their ecological contribution to the protection and
improvement of the environment is minimal. Parks, with their dimensions and contents, still do not
provide equal access to their users. According to the Accessible Natural Green Space standard
(ANGSt), parks should be arranged in such a way that no resident lives more than 300 m (5-minute
walking distance) away from the nearest accessible public green space of at least 2 ha in size. Also,
at least one park of at least 20 ha in size should be accessible within 2 km from home.

Certain discrepancies have been noticed after seeing into the data on the analysis of the state of green
spaces in the inner urban area of Banjaluka (Tab. 2), which are following valid classifications and
indicators. ANGSt was used for planning settings at the level of settlements and statistical circles,
in relation to the residential buildings that represented the spatial distribution of residents in a most
accurate way. Table 2 shows the areas of green spaces in more detail. The data from 1975 is reliable
because the Plan is the outcome of very detailed research on all parameters. When it comes to data
from 1991, the high number of lined trees remains questionable (9,462) because, in the period from
1991 to 2019, there was no reduction in the length of tree-lined streets. On the contrary, their number
increased. If we compare the amount of greenery between buildings in 2008 and 2019, we can notice
a significant decrease. This decrease occurred due to turning some green spaces around residential
complexes into construction land [19]. In that context, it should be noted that there was no greenery
in the new residential zones at all. There were no park formations either, which is a big problem for
the quality of the city life. Even though Banjaluka has excellent bio-ecological and spatial conditions
for the formation of a quality green matrix, the analysis of the current situation shows that the areas
of parks, squares and other public green spaces haven't significantly changed throughout the
observed period, despite the fact that the city development and population have a growing tendency.
There is also an evident spatial disproportion of the existence and quality of content in parks and the
lack of space for their formation, which is also worrying. The ratio of public green spaces and the
number of inhabitants as a standard parameter is 10.3 m? per inhabitant, which is lower than the
European norm, according to which 12-15 m? per inhabitant is recommended. In Banja Luka the
total area of green spaces per inhabitant is 28.9 m? per inhabitant [20].

Table 2. Analysis of the state of green spaces of inner urban area of Banjaluka [20]

Elements of Unit of 1975. 1991. 2008. 2019.
Area m?/st. Area m?/st Area m?st | Area m?/st.
greenery measu ™) ™ . ™) _ ™
re
Parks, squares, m? 19,629 2,0 191,32 1,27 233,979 1,39 241,78 1,53
other public green 0 1

areas
Greenery between m? 96,439 0,98 578,80 | 3,87 900,000 4,83 | 49593 3,14

buildings 9 8

Tree lines kom. 5,667 - 9,462 - 8,000 - 7,579 -

Cemeteries m? 305,00 3,11 342,82 | 2,29 571,500 3,07 | 766,48 4,85
0 5 6

Population 98,095 149,526 186,312 157,926

In the current period, regulatory plans of individual city units were made. The Draft of 2020-2040
Urban Plan of the City of Banjaluka [20] was also made after the adoption of the Spatial Plan of the
Republic of Srpska [21]. Urbanization and all the changes (demographic, sociological, cultural,
ethnic and other structures) in the Republic of Srpska, have significantly affected the changes in the
greenery system. The permanent population growth has led to an increased need for housing, so the
need for construction land is growing. The city penetrates natural landscapes, protected objects of
landscape architecture and park forests, creating a peri-urban zone with morphological features
without clear meaning. Green spaces are spatial resources for new construction, and this major
problem needs to be solved.

4.2. CASE STUDY - URBAN PLANNING CONTEXT AND DEVELOPMENT OF LAUSH
SETTLEMENT

The Laush settlement is located in the western part of Banjaluka (Fig. 2). According to a theory, the
origin of its name dates back to the period of the Greeks and Romans. It is derived from the word
laus, which means tump/hill. According to another theory, the settlement was named after the Laush
stone that was extracted from the quarry on the hill. However, the most probable of all theories is
one according to which the name of the settlement comes from the Hungarian medieval nobleman



Ljudevit Lajosh, who once built a church on Pobrde. Later, 'Lajosh’ was formed into 'Laush’, and
the river that flows through the settlement was named after the word church — the Crkvena [22].
The settlement is distinguished by a dense population, unplanned construction, and poor inaccessible
infrastructure. There are two local communities in Laush: Laush 1 and Laush 2. The 5-kilometer-
long Crkvena stream flows through Laush, running northwest-southeast. According to the data of
seismic maps from the Book of Rules on Technical Norms for Construction of High-Rise Buildings
in Seismic Regions, the subject area is in the zone of maximum expected earthquake intensity 90
MSK, seismic coefficient Ks = 0.100 [23].

According to the 1991 census in the Socialist Federal Republic of Yugoslavia, there were 10,910
inhabitants in Laush. According to unofficial data, Laush numbers as many as 30,000 people today.
This number is the approximate number of inhabitants in Trebinje, for example. The first industrial
zone in Banjaluka was in Laush, so this settlement used to be the city center. Namely, after the
annexation of Bosnia and Herzegovina in 1878, the Austro-Hungarian monarchy opened a brown
coal mine at the foot of Laush Hill (in 1980), and later a narrow-gauge railway to the railway station
in Banjaluka. This way, Laush coal was transported to Croatia, Slovenia, and other parts of Austria-
Hungary. The main street that passes through the settlement, Rudarska Street, which was later
renamed Karadjordjeva Street, is also named after the mine. Since the mine ran out of ore, it stopped
working in 1937 [22]. The 1900 map shows the Coal Trade Association (Kohlen
Berufsgenossenschaft) (Fig. 3).

FESTUNGS-UMGEBUNGS-KARTE von BANJALUKA.

B EP D an an 8

Figure 3. Festungs - Umgebungs - Karte von Banjaluka, 1900. (Source: Authors according to [24:
50], the map is taken from Map department of Austrian National Library)

Laush was the location of the first thermal power plant ever built in Banjaluka. The Laush thermal
power plant started operating in 1923. and was then one of the higher-capacity thermal power plants
in Bosnhia and Herzegovina. Besides the Trappist hydroelectric power plant, this thermal power plant
supplied Banjaluka with electricity in the following 30 years. The construction of hydroelectric
power plants on the Vrbas and the transmission line to Zagreb in 1957 finally solved the electricity
supply in Banjaluka, so the thermal power plant ceased to operate that year [22].

The Google Earth image clearly shows the dense construction along Karadjordjeva Street, which
connects the settlement to the city center. The buildings are mainly single-family houses, built
without a plan and on sloping terrain. The green structure behind the built structures is also dominant

(Fig. 4).
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Figure 4. Built area of the Laush settlement
4.3. CONCEPTUAL DESIGN OF URBAN PARK

The subject area is located in the western part of the city of Banjaluka, about 3 km from its center.
It is in the Laush settlement, between Karadjordjeva Street, UZi¢ka Street, St. Nikola Street and
Pavlovac Street. The predominant purpose of the subject space is single-family housing. Near the
location, there is also the Ceni¢ cemetery, the Saint Sava elementary school and a commercial
building. The backbone of the settlement is the Karadjordjeva Street. Local roads are "branching”
from it, which are very steep, narrow and inadequately equipped. Single-family housing is
concentrated around them, characterized by unplanned/illegal construction (without building
permits). All that is the consequence of the slow resolution of housing needs for an increasing
number of inhabitants (Fig. 5).

Figure 5. Location of the subject area

The green spaces in the subject area are mostly private yards. The most important landscaped green
space is the schoolyard of the Saint Sava elementary school. Within the school complex, a yard with
a sports field and green areas has been formed. There are no other contents related to sports and
recreation. The recreational function of greenery, through the attitude towards housing, indicates the
need to use green spaces in the process of planning the functional-spatial organization of physical
structures of the residential area. When designing the greenery of residential zones, it is necessary
to first see how the position of the residential zone is related to the structure of the settlement. Also,
the evaluation of existing green components such as groups of trees, massifs or individual trees
should be taken into account. It is necessary to plan a block park in all major settlements of the city.
Williams [25] argues that city dwellers participate in most of their daily leisure activities in the urban
area in which they live - at or near the home. Therefore, according to the Laush 3 Regulatory Plan
[23], one of the basic goals related to the arrangement of green spaces is forming a local park area
of at least 2 hectares in size (according to ANGSt [19]), in a free area that exists as a meadow owned



by the City of Banjaluka. Within the park, it is necessary to organize recreational facilities and enrich
the living environment of the inhabitants. This is the backbone of the design concept.

The concept design was created through the presented NSA methodology. Trying to connect the
peripheral territories to the urban matrix of Banjaluka, the theme of the city landscape and green
hinterland stood out as a significant spatial potential of the city. Its significance, function and
morphology in the contemporary context of the city were re-examined through the research process.
The methodology enabled a research and design process that simultaneously explored the entire area
and a specific small area. Since the research of landscape design relied on the interpretation that
»landscape design is a means of acquiring knowledge about spatial composition via architectonic
plan analysis*“ [13], analytical mapping was conducted through analysis on a geodetic map. The
scale is zoom-out. The result of the analytical mapping procedure is a series of diagrammatic
analytical drawings and maps which enabled new context readings (Fig. 6). Analytical maps, above
all, show the layering of the selected space and housing as the dominant existential space.
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Figure 6. Analytical maps: buildings, traffic and greenery

Furthermore, the paper is connected to the contemporary narrative planning theory which includes
experiential, "subjective" ground-based information, during in-situ research [11]. Places are defined
by a multitude of individual impressions and experiences based on which were created sketches of
key places within the subject context (Fig. 7). The scale is zoom-in. The authors concentrated on
experiencing the life of the place through the keyspace functions.

|
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Figure 7. Spirit of the place, the Laush settlement

Sketches of key places of the subject context are the first step in defining a narrative drawing.
Namely, the narrative drawing records a series of events of a certain spatial scenario and seeks to
unite all the peculiarities of the characteristic space pattern. The scale is zoom-in/zoom-out. Samples
of context, its features and spatial attributes are taken, using architectural montage as a
complementary technique. Architectural montage revitalizes the space, giving it new meanings. The
narrative drawing represents the atmosphere and the character of the landscape. Dominant family
houses surround the site in the north and south. They are arranged along the high slope road. The
cemetery is west of the site, which is bare and neglected. The road, cemetery and family houses are
presented in the narrative drawing. Its focus is ,,.empty space”, which is the abandoned subject
location chosen for the park design (Fig. 8).



Figure 8. Narrative drawing through architectural montage

The synthesis of all these data and new knowledge influenced the definition of the spatial design
concept - the "merging" of the dominant forest context through the subject location. Such dense trees
are a response to a pronounced landslide in order to biologically reinforce the soil. The problem of
dense unplanned construction is opposed by green open space with a multitude of public facilities
for the purpose of better social cohesion. The Laush Park is formed spontaneously in the spirit of
the settlement itself. Spontaneity is reflected in the way we use the various contents of the space:
sports fields, open amphitheater, lake, recreation trails, cafe-restaurant and many micro ambiances
which improve urban life. In the area of 43,000 m? (4.3 hectares), three zones stand out: 1) cafe-
restaurant /vacation/walk, 2) lake with open amphitheater and 3) sports fields (Fig. 9).
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Figure 9. Master plan with spatial zones
The first zone is located at the highest point of the park and occupies the widest zone below the zone
intended for the cemetery infrastructure expansion. The leveling of the terrain is solved by a natural

amphitheater for sitting and resting. A green-roofed cafe-restaurant is built in the field, in front of
which the main pedestrian promenade for walking and passive recreation was designed (Fig. 10).
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Figure 10. First zone: cafe-restaurant, rest zone, recreation trails

The second zone is connected to the first zone and represents the central part of the park with an
artificial lake and an open amphitheater. The shore of the lake is natural with aquatic plants and
natural materials. An open amphitheater has been designed on the north side of the lake. It is also a
wooden structure for resting, sitting, lying down and gathering. The whole area is enriched with
greenery: a variety of trees and shrubs (Fig. 11).

Figure 11. Second zone: lake, open amphitheater

The third zone is the closest to Karadjordjeva Street. Since it is the closest to the elementary school,
sports fields for active recreation have been designed. Sports fields are set at different altitude levels,
leveling the plateau of the sloping terrain. Height levels are mastered by the stands. A screen for
video projections is planned on the east side of the middle sports field (Fig. 12). The goal is to
provide all the settlement residents with adequate space for rest and recreation, sports and children’s
games, in order to enable better social contacts and relations among the residents. Also, Dadvand et
al. [26] prove that a larger green environment around home and school is associated with the
improved cognitive development of school children: better progress in working memory and better
attention. The whole area is richly greened in order to biologically reinforce the land and ecological
and aesthetic improvement of the space.

-

Figure 12. Third zone: sports fields



It is distinctive that this student project did not remain ’locked in a drawer’ as usually is the case.
On the contrary, it was presented to the Mayor of Banjaluka by the Association of Citizens called
’Zeleni Laud’. The initiative for the construction of this park was adopted at the session of the City
Assembly in October 2021. The re-drafting of the Laush 3 Regulatory Plan is currently underway,
and the initiative for the construction of a multifunctional park in Laush will be taken into account.

5. CONCLUSION

Undeveloped urban landscapes have a natural potential more important than the potential of being
considered as building plots intended for urbanization by built structures. The increasing population
density in city centers and their simultaneous expansion have become a threat to the existence of
open and green spaces. In order to improve the condition of green spaces and achieve satisfactory
efficiency of endangered landscape elements, this paper examines their importance for the city.
There are opportunities to improve the quality of green infrastructure in the built-up urban matrix.
One of them is the arrangement of neglected green spaces owned by the City of Banjaluka. Their
regeneration is an acceptable method in the function of increasing comfort in the inner urban area
of Banjaluka and therefore provides the opportunity to restore the identity of the green city.

The research methodology used in this paper is based on simultaneous design procedures on opposite
scales, starting from the overall importance of the perception of the whole and its parts. The special
focus is not on reading the concept of (urban) landscape, but on the techniques by which space is
analyzed while clarifying the concept of design and defining the meaning of the place. The proposed
method of Narrative Spatial Analytics (NSA) includes three research design techniques that allow
landscape designers to expand their research practice: 1) Analytical mapping, 2) Narrative drawing,
and 3) Architectural montage. The result of this research is the concept of spatial design which takes
into account both quantitative (analytical) and qualitative (narrative) procedures during the research
process.

In applied research, the emphasis is on the protection and improvement of the existing biodiversity
and the quality of human life. Research has shown that the restoration of neglected green spaces and
their integration into the environment also provides space users with an appropriate level of safety
and comfort. The project sought to create a stimulating space, which affects the development of
localities and increases land and real estate value. Protecting existing biodiversity and interpolating
the new green structure provides safe, attractive, and economical places for work and active and
passive recreation. Upgrading the ecological and aesthetic quality of the environment undoubtedly
affects the significant improvement of the quality of life of people who live and work in this area.
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LINEAR LANDSCAPE. THE IDEAOF ACTIVATION OF THE OLD
BANJA LUKA - CELINAC ROAD AS ANARRATIVE ITINERARY.

Abstract

Cities worldwide reshape their urban infrastructure by taking care of healthier and more economical
lifestyles. The idea is to reflect the role of urban design and architecture in promoting sustainable
urban mobility in Banja Luka and reading of the territory that brings citizens closer to its suburban
environment, beyond avoiding constant use of private cars. The study was conducted during the
spring of 2021 with a group of students from the Faculty of Architecture. The result is an offer of
scenarios for further development of the narrative itinerary in the linear territory between Banja
Luka and Celinac. The study offers prototype conditions that could be relevant in similar contexts
and form part of an open discussion on possible approaches to the challenges inside and outside of
Bosnia and Herzegovina.

Keywords: sustainable urban mobility, narrative territory, Banja Luka - Celinac, B&H

JIMHEAPHMU ITEJ3AXK. UIEJA AKTUBUPAIBA CTAPOI IIYTA BAIbA
JIYKA - YEJIMHALI KAO HAPATUBHOI' UTUHEPAPA

Caxcemax

MHoru rpazoBu IKAPOM CBHjeTa TpaHchopmuIry ypbaHy HHPPACTPYKTYpy TaKo IITO BOJE padyHa
0 37[paBMjUM M E€KOHOMHYHHjUM HauMHMMa >XMBOTa. Mjeja unaHka je Jla ce pasMHUCIH O YIIO3H
ypOaHOTr M3ajHa U apXUTEKType y IIPOMOBHCaY OJpxknBe ypbane MoomiHocTn y bamoj Jlynu u
YUTawky TEpUTOpHje Koja nmpubiamxkaBa rpaaHe mEHOM CyOypOaHOM OKpyXewy, n3bdjeraBajyhu
cTanHy ynotpeGy ayromoGmia. CTyauja je mposeaeHa ToKoM mposbena 2021. rouse ca rpynoM
cTyneHara Apxurekrype. Pe3ynrar je moHyza cueHapuja 3a Jajbu pa3Boj HapaTHBHOT HTHHEPApA y
nuHepaHoj Tepuropuju m3mely bame Jlyke n Yenuuna. Ctyauja Hy 11 IPOTOTUIIHE YCIIOBE KOjU OH
MOTJIH GUTH PeJIEBAHTHH y CIMYHAM KOHTEKCTHMA M UMHHTH JIHO OTBOPEHE TUCKYCHj€ O MOTYIIIM
NPHUCTYITMMa U3a30BUMa yHYTap 1 u3BaH bocHe n XepueroBuxe.

Kwyune pujeuu: oopocusa ypbana mobunnocm, napamuena mepumopuja, bara Jlyka - Yenrunay,
buX



1. INTRODUCTION

1.1. NARRATIVE TERRITORY

The urban territory of Bosnia and Herzegovina (BiH) and the city of Banja Luka in particular, as an
attractive capital of residence, employment and central functions, is not alien to contemporary urban
dynamics. Despite its specific situations, urban history and spatial culture, it demonstrates specific
local urban phenomena as patterns of behavior that have been studied in theory and in many other
urban contexts. Thus, some shared spatial patterns, problems, threats or risks and also potentials or
strategies may have been experienced as successful in many other geographical or cultural contexts
and their current conformation in the territory. In this sense, the urban territory of Banja Luka is not
unfamiliar to contemporary urban processes found in the European city and in other contexts. Those
are metropolisation; urban sprawl -also erratic localization of functions- [1, 2]; increased traffic,
with consequent over-representation of infrastructure or demand for sustainable mobility [3, 4, 5,
6]; loss of identity [7 , 8, 9] in a context that is sometimes predatory towards "land resources", as
well as the threat to biodiversity and serious deterioration of urban environment [10, 11].

As we will see in the case study of a suburban space, urbanization patterns correspond to the concept
of "horizontal metropolis” developed by Vigand, Cavalieri and Barcelloni where borders,
boundaries and flows blur [12]. This extended idea of urbanization suggests that the same is not only
about expanding agglomeration areas or creating new ones, but also about incrementation of
operational areas (agricultural land, resource extraction sites, forests, physical infrastructures, and
logistic system), which lie today "in a condition of geographical interdependence™ [13]. As Cavalieri
says, "it is via this hyper-connected space where diffusion does not mean dispersion, that each
fragment encounters its potential meaning (alongside to its nostalgic dimension), becoming part of
an urban whole" [12].

Bernardo Secchi [14] was right in the eighties when he showed the difficulties of contemporary
urbanism 'in search of a program'. In fact, urbanism should always concentrate on the experience of
territorial transformations as a part of networks of themes revolving around different spaces and
social groups. In order to grasp city behavior today and to understand its structure, it may be
necessary to have the addition of something (new "material” or new link between what exists):
"something capable of re-interpreting and re-inventing it, and by intervening on the gaps in between"
[14].

The narrative and multiple nature of what is urban requires us to emphasize numerous mechanisms
of observation that are capable of recording and collecting all those special ‘objects’ that we
encounter directly. For this, it is needed to exercise an acute sensitivity -an almost childish curiosity-
both towards events, entities and mainly towards the incidents. Furthermore, in the face of the global,
administrative and economic tendencies, the natural history of the territory should be a main focus
in order to deepen 'study of space' in more definite and timeless logics [15] (Figure 1).

In suburban areas such as in Banja Luka, a “self-organized” process of territorial development is
governed by the market, rather than by the urban planning mechanisms, which, effectively, leads to
fragmentary development, without integration with environment, in the outsourcing of the activities
and the unprecedented combination of functions, or in the corporate and commercial language of
the architecture [16]. This leads to urban growth forms of 'diffuse’ configuration, conurbation
systems or ‘filaments' born in relation to a capillary and multidirectional road network, which
guarantees a high connection between the different points of territory that increasingly works in an
elongated way [16]. For this reason, proposing (linear) narrative systems, which understand the
current hyper textual urban logic, but remain in contact to the ground, to its geography and its
history, would serve, beyond the environmental paradigm, to provide the spatial and social cohesion
that the urban territory seems to claim.



i
3\
=\

BRprestrEog

SRIEZ E (Y 5

BERDGIE  MIB IR

]ﬁﬁp Jigu ﬂ{mg ]

gl
oy
: St

Figure 1. (left) Sketch study by Leonardo da Vinci for the decentralization of the city of Milan,
1497; (right) Street observation map, Ginza district.

1.2. LINEAR SECTION OF THE URBAN TERRITORY

“The men who for the first time traced a path between two places carried out one of the greatest
human achievements. They must have often covered the distance between here and there and thereby
linked them subjectively: places were objectively linked only insofar as they visibly printed the path
on the surface of the earth; the binding will become a configuration of things.” [17].

In this text by George Simmel, taken from The Individual and Freedom, we find the process that we
are trying to reflect, between the desire for an alternative and useful "link" between Banja Luka and
Celinac, from the will to the configuration, from teaching and social experience towards urban
design. In the contemporary urban scenario that we have defined, this new link obviously transcends
the urban scale to always be situated at a "contextual” level, where an important commitment of
architecture with landscape is established by the usual ethnographic practices [18], as it was in this
case walking or riding a bicycle.

This "looking outside” connects with the initial period that was proposed by André Corboz to
understand the approach of urban theories to the problem of urbanization, which aimed to project
"the city outside the existing city" [19, 20]. Exemplar references from this period would be the urban
fabric of Barcelona projected from the walls of the historical city outward to incorporate the
neighboring villages by Cerda in 1859; the urban fabric projected along public transport lines in the
Soria y Mata’s Linear City from 1882; or the network of small towns that would combine the
advantages of both rural and urban living proposed according to Howard’s Garden City from 1902).
"There are territories that demand a project. They often scream for one." [21] The Banja Luka —
Celinac cutting line behaves as a narrative element in the urban fabric, a compound phrase that is
added to so many existing stories: "A project like a story is to admit time within it. Personal time in
which will be devised, material time to be built, multiple times with which it will be understood and
related to the previous substrata of the city as a continuous construction [22].

The project of the itinerary, of the street in the territory, is the (re)invention of a channel that conveys
a certain urban history in a city or an area. Thus, certain streets or itineraries would bring together
more transit desires or intentions than others, determining both their load or level of service, from a
functional point of view, as well as the degree of "publicity” of the street, its scalar range [23]. The
discontinuous city on which we produce new configurations cannot effectively be read as a unit,
since it can never be understood as a whole [24]. This type of urban spaces makes more sense to
conceive them in themselves as a space of relationships and in movement, rather than as a
relationship between fixed elements [25]. In the same way, new centralities can be deployed that are



no longer in the center, but in belonging to a network, or new civic centers could be constituted at
the intersections of the social network and the physical network of the territory [26, 27].

The recognition of a cutting line can both rescue a landscape connected to history and geography
and become a functional transformer, inserted in the urban and suburban environment in a natural
way. As a consequence of intensive informal urban fabric, Banja Luka has recently increased by the
main roads in a few directions, mainly towards Prijedor (M4), Laktasi (M16) and Celinac (M4). This
kind of urbanization is characterized by the unplanned occupation of agricultural land and forests,
lack of basic infrastructure, traffic communications, public spaces and facilities causing humerous
communal problems, economic ineffectiveness and unsustainability. They grow following the
ownership structure of the land, ability to access the plots, economic power of inhabitants and their
actual needs (extensions, auxiliary facilities, etc.), traditional patterns of housing and family life,
etc. Fragmented physical structure pervades the natural environment while they endanger each other.
Those are the reasons we think the strategy of creating linear narrative landscapes with the objective
of territory consolidation and solving one of the main problems -urban mobility- could be tested and
implemented in the long section of territory between the city of Banja Luka and Celinac, its small
satellite town 15 km towards south-east. In this way we remember how Stefano Boeri raised his
Filament City in Hoeksche Waard [28]: each filament followed and progressively covered the profile
of the dikes, adhering to clear rules of density and extension and growing at its own pace; in each of
these eleven "urban filaments" that made up the new city, the detached houses were combined with
a particular activity: handicrafts, retailing, leisure, offices, sport, agriculture, etc. This example
sought to anticipate and absorb the dynamics of an uncertain future, without presuming to shape
them (Figure 2).

h)

R ) Hystoiesis - phase |
4% ¥ ey

Rooms with a view
Extension - ghase 2

Hysesesis - phase 2

2By
R i
B

Mysteresis - phase 3 -

Ll is

%,&x.ﬁﬂﬁmi €

Figure 2. Bands of differentiated density Stefano Boeri. Filament City. Hoeksche Waard,
Rotterdam, 1999. [29]



1.3. THE ROLE OF CYCLE ROUTES IN SUSTAINABLE URBAN MOBILITY

The rising ecological concern serves as the metanarrative of the first decades of the twenty-first
century. According to above-mentioned Topalovi¢ [19], in shifting from the period of Fordist
economy to the period of neoliberal globalization, the national territory has been generally
abandoned as a relevant scale of planning and replaced by a more flexible or provisional idea of
strategic planning and by a focus on select strategic territories. Such strategic planning is located in
the framework of global sustainable development and its achievement is about making our cities
more livable and our economies more prosperous while reducing carbon emissions [29]. This
includes increasing care for sustainable urban mobility, which is currently recommended in the
people-oriented sustainability framework of the UN New Urban Agenda [32].

One of the main problems of Banja Luka city is the traffic congestion and as a consequence, noise
and pollution-related pollution. Urban transport is one of the biggest problems of modern cities for
which there is no universal solution, and it has a major impact, not only on the urban form but on
their livability — the quality of their natural and man-made environments [31, 32]. That is why
sustainable urban mobility cannot be addressed only within the city or municipal limits and must be
seen in a multidisciplinary way and with the application of the principles of integrated urban
planning [33].

Urban space can be configured in a very adaptable way and it can be changed relatively quickly by
restricting access to private vehicles simply with new street signaling. There have been many
examples of high-quality modern pedestrian-oriented areas that were developed utilizing space
previously allotted to private vehicles [34, 35].

Many cities such as Copenhagen, Amsterdam, Barcelona, Ljubljana have already started to reshape
their urban infrastructure in a way that takes care of cyclists, whether that are bicycle bridges,
extended bicycle paths or other facilities intended for cyclists and necessary for this type of traffic.
What does the future of our cities and the traffic in them look like? Does a larger number of cyclists
in cities mean a shift towards a healthier and more economical lifestyle? [36] If this is true, what
will determine the citizens to ride a bicycle if the current infrastructure does not support it and if we
do not have a sufficient number of adequate paths for cyclists and bike parking spaces? Architecture
plays an important role in promoting sustainable urban mobility. Cities equipped with safe bicycle
paths, parking lots and public bicycle facilities encourage citizens to refrain from using cars and to
opt for a much more sustainable means of transport — bicycles [37].

Human scale in focus of urban planning and design has as an objective to encourage walking as an
integrated urban policy aimed at developing lively, safe, sustainable and healthy cities. Pedestrian
movement and cycling becomes a natural part of everyday patterns in urban activity. These can be
achieved by increased concern for the human dimension in urban planning and design reflected in
different requirements for quality life in a city. Cities with balanced intermodal systems provide
mobility for all population groups: pedestrian and human-oriented areas that generate social and
public activities, preservation of historic areas, and so forth, should be provided. The advantages of
cities with intermodal systems result in more economically efficient, socially integrated, and
environmentally livable cities than car-based, unimodal cities [31].

"To reduce car dependency by encouraging the use of alternative modes, the design of a development
must not only protect pedestrians but make walking, transit, and bicycle use convenient and
attractive. This is achieved by developing layouts with buildings that are clustered or connected by
attractive walkways and with bus or rail stations in the “center of gravity" of the development-that
is, with easy access to all trip-generating buildings and areas [31.]

Special lanes, paths, and bikeways are the main infrastructure element defining bicycle
transportation as a distinct system. With this infrastructure, bicycle transport becomes a much more
attractive mode of urban travel. It is much safer and faster than bicycle travel in mixed traffic [31].
However, this implies planning well the soft infrastructure and putting it in communication with
other principles of sustainable urban mobility [30] (Table 1): a network of roads, bicycle parking,
safe and affordable in the immediate vicinity of important destinations in the city, well-designed
encounters with areas or pedestrian itineraries and conscious relationships with means of public
transport such as buses and their intramodality. Such intermodal relations also represent a gain in
economic, labor and social terms [38].

Unfortunately, bicycle transportation in Banja Luka is not developed as a distinct system. In the
1960s, Banja Luka was one of the cities in former Yugoslavia that boasted the most bicycles per
capita - in 1965 it had 73,000 inhabitants and 40,000 bicycles and perfect geographical conditions
for the development of bicycle traffic. Over the years, the construction of traffic infrastructure has
neglected the bicycle as a means of transportation which has changed the habits of Banja Luka



residents. The city center which can be reached on foot in a maximum of half an hour and by bike
even faster, was taken over by cars [39]. This is evidenced by the modest cycling infrastructure that
was built. Bicycle paths are constructed only along certain routes and there is no clear and connected
network that would provide opportunities for the affirmation of bicycle traffic. Apart from the small
length of the paths (only 16.86 km in 2019), the problems are maintenance, occupation by
improperly parked vehicles, neglected parking lots, etc. However, it is encouraging that in recent
times more attention is paid to the use and promotion of bicycle traffic through the development of
infrastructure projects and social actions. Study of bicycle traffic (2008) Development Strategy of
the City of Banja Luka for the Period 2018-2027 [4], Action Plan for Green City [39] and the Draft
of Urban Plan 2030 [38] envisage the development of bicycle traffic in accordance with the plans of
sustainable urban mobility (6). In this context, the City of Banja Luka is considering different
directions of network expansion. As one of the potential routes, the route Banja Luka - Celinac was
imposed as a pilot project, which is the current topic of research. As the first results will show, this
direction has much more value than the mere bicycle traffic development. Rich layers of cultural
heritage, frequent changes of urban and natural landscapes in a very short time (short length of the
section) reveal the whole universe of problems, themes and ideas, around which different narratives
are imposed and new ones which could be created along the linear section of the territory.

Table 1. Degree of involvement of the cross-sectional cycle lane project in the Principles for
Transport in Urban Life. (Source: Authors' elaboration based on Institute for
Transportation and Development Policy (ITDP) (2011). [30])

1. Walk a) Develop neighborhoods that promote walking
b) Shorten street crossings
c) Emphasize pedestrian safety and convenience
d) Encourage ground-level activity and create places to relax
2. Cycle a) Prioritize cycle networks
b) Design streets that emphasize cycle safety and convenience
c) Provide secure parking for public and private cycles
3. Connect a) Create dense networks of streets and paths
b) Create dense public street and path networks that are highly permeable to
pedestrians, bicycles and transit
c) Create auto-free streets, alleys, and greenways to encourage non-motorized
travel
4. Transport a) Support high quality public transport
b) Ensure frequent, fast and direct transit service
c) Establish at least one high capacity, high speed transit corridor with dedicated
transit lines within walking distance for 80 percent of the population

d) Locate transit stations, homes, jobs and services within walking distance of
each other

5. Mix a) Plan for mixed use
b) Plan for an optimal balance of housing, commerce, incomes and services
c) Provide a variety of accessible parks and open space
6. Densify a) Match density and transit capacity
b) Match density to the capacity of a transit system
c) Maximize transit systems capacity to planned capacity
7. Compact a) Create compact regions with short commutes
b) Reduce sprawl by focusing development in areas adjacent to and within
existing developments
c) Co-locate jobs and housing within short commuting distances
a) Increase mobility by regulating parking and road use
b) Limit parking to discourage driving during peak traffic periods
¢) Adjust car use fees by time of day and destination

2. METHODOLOGICAL APPROACH

2.1. THE ROLE OF CYCLE ROUTES IN SUSTAINABLE URBAN MOBILITY

The project of (re)activating the old road as a (recreational) route for cyclists and pedestrians can
have positive effects on development of sustainable urban mobility plans, contribute to closer
connection of two urban centers, generate many other urban projects along the route and have other



benefits. Furthermore, urban and architectural project can play an important role in generating and
activating new urban routes as attraction points and finally in promoting sustainable urban mobility.

The main objective of the analysis is to rethink the possibility of (re)activation of the old road Banja
Luka - Celinac as a recreational, cultural and touristic route that contains rich heritage. While
mapping the territory, making an ad hoc development vision and creating urban projects in selected
strategic spots, the process allows to set a series of other specific objectives. They basically derive
from the methodology used and follow the research process. Those are: new reading of the territory,
creating a complementary sustainable urban mobility axis, recovering connection, achieving a
certain spatial cohesion, appropriating space, gaining identity (place attachment), recovering cultural
heritage, creating interesting routes, achieving closer connection with the landscape and sense of
belonging.

The paper is designed as the case study analysis with the two-direction approach - author’s interests
and teaching experience on the same subject - a linear section of the territory between Banja Luka
and Celinac alongside the Vrbanja river with the old road and the railway connecting those places
in the center. The idea is to reflect on sustainable urban mobility in Banja Luka and reading of the
territory that brings citizens closer to its suburban and metropolitan environment beyond being
healthier and avoiding constant use of cars. The result is an offer of model options that show program
and spatial-design proposals for the spatial transformation, which can be potential "triggers" for
further development. Based on the analysis of possibilities and the methodology used, the study
proposes a number of elements for the old road reactivation. Although focused on the specific urban
situation, the study offers prototype conditions that could be relevant in similar contexts and form
part of an open discussion on possible approaches to the challenge inside and outside of Bosnia and
Herzegovina.

The study also gives the opportunity to interpret the territory and produce greater urban cohesion, a
reading or rereading of the urban fabrics of the route to produce the recovery not only of an option
of sustainable urban mobility but the reactivation of urban space around this route that recovers the
public space, the landscape, rear or underused urban areas and at the same time allows balance with
areas or streets that are overexploited or highly used. The project concludes with the analysis of the
results of the teaching experience that guides projects along this route, to obtain criteria for their
general activation, their incorporation into the sustainable urban planning and the assessment of key
points for their landscape, urban and environmental design.

2.2. TWO DIRECTION APPROACH TO (RE)ACTIVATION OF THE BANJA LUKA -
CELINAC ITINERARY

This specific territory was approached from two directions. The first one is the author's research
based on their interest in the urban structure and urban form of Banja Luka city, its urban periphery,
informal urban fabric and hinterlands as well as the landscape of the city, territory and the water.
Those interests overlapped with the actual strategic development directions of Banja Luka city stated
in the Development Strategy of the City of Banja Luka (Banja Luka - capital, regional center,
modern, European city, Business-Friendly, Smart City, Green City - an environment with a
favorable business environment, a city of modern technologies and greenery) [4] and the Draft for
the New Urban Plan of Banja Luka 2020-2040 [5]. In this framework the authors formed the research
by design studio project following the concept of sustainable urban development [10] on a wider
territorial scale searching for the connections between the inner urban zone and satellite
neighborhoods. The second comes from the teaching experience at the Faculty of Architecture, Civil
Engineering and Geodesy, University of Banja Luka. The study was performed with 22 students of
the 4th-year of architecture - attendees of an elective course Urban structure and reconstruction
during 15 weeks of the summer semester in the 2020/21 academic year. Project partners were the
Center for Environment, the City of Banja Luka and the Municipality of Celinac and European
mobility week.

2.2.1. Reading the territory

The analysis is based on the blog post Fifteen kilometers of a seemingly quite ordinary road, by
Boris Maksimovi¢, a local author published on the Club of travelers’ portal [41]. The most important
thing about the narrative genre is its linearity, the temporal deployment of its ideas [42]. By
describing the old road between Banja Luka and Celinac, Maksimovié reveals different layers of the
rich cultural heritage which this specific territory condenses. Sola-Morales [42] highlights the
mental importance of such a linear territory in construction of its urban map. It is a joy to follow,
how the overlapping of itineraries and points, of torn cuts in the urban fabric, compose the total
image of a city that, however, is always imprecise in its limits. By reading the text following the
road, we read a complex history of the place that left deep traces in the territory.
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Figure 3. (left) Sketch study by Leonardo da Vinci for the decentralization of the city of Milan,
1497; (right) Street observation map, Ginza district.

By going out from Banja Luka, Maksimovi¢ describes distant views to Rebrovac, Petricevac and
Pavlovac settlements, relating their names to Bible stories. While entering Ada neighborhood he
recalls the miraculous sunset viewpoints on the road from one side and high chimneys of Incel
factory from the other side. In this unusual comparison, he writes about only one (known) fate of
almost 15,000 former workers of the failed socialist factory. The road continues through the
suburban settlements of Vrbanja and Debeljaci, where the heritage (mosques, churches and
cemeteries) of Serbs, Bosniaks and Croats intertwine, testifying about the complex fate of these
three peoples, their constant conflict and consequences which it has for generations. The road then
crosses the railway and different sceneries appear: an old stone railway bridge over Vrbanja river
on the east side, Gradina lake and Bijeli potok execution site on the west side. The mythical
Zmajevac hill is above, the archeological site of an ancient fortress stands on the opposite side, the
narrow-gauge railway Banja Luka-Celinac-Maslovare is at the foot of the river, and Zeleni Vir (a
large settlement, picnic area and famous beach) stretches along Vrbanja river. As a break from
intensive heritage layers, a wide agricultural field opens at the end of the route, while entering
Celinac, which is urbanizing rapidly thanks to favorable living conditions near the big city.

Figure 4. Characteristic sections of the territory: (1) Exit form Banja Luka city without clear
orientation towards the route direction, (2) Entering urban periphery of Banja Luka city with the
huge traffic problems and dangerous conflicts, and the long sequence of peripheral landscape with
tiny individual housing in informal urban fabric, (3) rural sequence with the rarely built structure
and natural landscape with the rich built and natural heritage sites, (4) The end of the route in
urban fabric of Celinac.



2.2.2. Project as a method

The research-by-design method is based on simultaneous design procedures in opposing scales,
assuming the overall significance of concurrent perception of the whole and its parts [42]. The
methodology reveals the inherent physical layers of a given territory on a much deeper level as urban
design projects communicate with a bigger scale of the city and the territory. It goes beyond the
limits of the city and penetrates deeply in the landscape, making the scale as the project itself. It is
research beyond the boundaries of architecture showing the importance of new interdisciplinary
constellations that should be built up. The strength of the approach is design studio-project with the
advantage of synthetic thinking about territory beyond narrow specialization [28]. Except for the
research-based course work, the analysis goes further with a more technical investigation that
overcomes the limitations of a teaching methodology. It uses the strategy of improving the landscape
without building [43].

The design studio-project was set as a series of tasks arranged in an approximately regular rhythm
from the simplest to the complex ones, resulting in development of conceptual design for an urban
and architectural intervention on the route. The project of (Re)Activation of the old road route
Banja Luka - Celinac in the function of sustainable urban mobility used a series of research-by-
design techniques and was designed as follows:

e Analytical part - (1) Mental map, (2) Field trip, (3) Analytical map (physical / traffic, natural,
social, cultural, economic structure ...)

e Development strategy - (4) Master plan for activating itinerary with mapped locations of
activation projects in the function of recreation, tourism, leisure, culture, (...) (5) Concept of
planning and design approach (textual and graphic explanation) and

e Urban design - (6) the concept design proposal through (a) the situation of the selected area
of intervention in relation to the immediate context (R 1: 1000) (b) Composition plan of
interventions (paths, buildings, open spaces, bridges, piers, platforms, stairs, ramps, etc.) with
a clearly presented design solution of functional units and all accompanying descriptions (R
=1:1000/1: 500); (c) Characteristic bases of selected projects (R = 1: 250); (d) Characteristic
cross-sections (R = 1: 250); (e) Characteristic design details (custom scale); (f) Spatial
representations of selected projects (3d, montages, mock-up photos ...) and (g) Free
contributions of the author's choice.

2.2.3. Mapping experience

An important means of engagement with the territory comes through ethnographic practices such as
walking or cycling, for example [42]. As Sola-Morales [41] states, both moving and walking
continuously belong to the territory. Territory is a social and cultural fabric that architects are
familiar with. This enables the architect-researcher to identify, abstract and pinpoint a specific
problem, object or idea, while remaining comprehensive. By using the notion of map design process
mapping-based research methodology was created. This kind of methodology provides:
Synchronization of general and specific references of the problem; Accessibility of a diverse field
of external information that architects must understand and format; Interpretation of the thinking
process as a means of communication and spatial performativity. By the use of the mapping tool as
digital simulation, instruments of communication and a medium for exploration of spatial
relationships, new possibilities and borderline values of connecting nature and architecture are
emerging which, on different levels, result in changes in the character of the landscape itself [43,
44].
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Figure 5. Recording of the Mapping done in April 2021 - the bike tour Banja Luka-Celinac-Banja
Luka guided by Ivan Bojani¢ (BKM) performed on April 21 (STRAVA android application,
screenshot) [46].



Mapping was performed on two occasions: (1) by authors in June 2020, taking a one-day bike tour
while enjoying the landscape alongside the river on a warm spring day; (2) by both authors and
students in April 2021, taking a bike guided tour provided by Ivan Bojani¢ - a student of architecture,
member of the Center for Environment, an NGO from Banja Luka [45] and a member of Banja Luka
Critical Mass - a citizens' initiative created in the summer of 2017 with the aim of informing and
educating all traffic participants in order to increase traffic safety, popularize bikes as a means of
transport and advocate for improving cycling infrastructure and legislation. By March 2022, it had
been held 44 times [45].

In promoting any idea, including project ideas and thus the idea of sustainable urban mobility, its
visual presentation is very important. Regardless of the value of the idea, it is often rejected because
it is incomprehensible and abstract for its consumers, i.e., the main stakeholders (local
administration, local community and potential users) in everyday discourse. Therefore, project-
mapping technique is used as a reflective tool for the project communication with users and a starting

o

Figure 6. Photo gallery of the mapping experience showing: (1) Typical situation in suburban
neighborhood; (2) Dangerous conflict cross road between Medeno polje and Debeljaci
neighborhood; (3) A conflict crossroads in Zeleni vir and close to Zmajevac, without any
orientation signs, map or urban equipment;(4) Center of Celinac in front of the city hall without
any urban equipment for bikes; (5) A section of the territory showing parallel position of the
railway, the old road route and Vrbanja river; (6) heritage building of the old railway bridge in a
green natural surroundings of the Vrbanja river valley. Photos by Igor Kuvac took in June 2020
and April 2021.

3. ANALYSIS OF THE RESULTS AND FURTHER DEVELOPMENT

15 kilometers of the quite ordinary road Banja Luka-Celinac were observed in the function of
connecting the city of Banja Luka and its small south-eastern satellite, the town of Celinac, on the
principles of sustainable urban mobility and territorial integrity. Conclusions were drawn following
the two approaches carried out: (1) the one from the students' projects and (2) the elaboration of a
cartographic type and synthesis done by the authors.

Design research process was guided towards a vision and strategic plan of the sequence of the
territory and specific urban design project that relates and reflects towards the territorial scale, where
the synthesis was made possible through a qualitative and contextual approach [8]. Synthesis of data
was made with the aim of structuring the urban design concept of the chosen spatial framework and
developing the concept of intervention. Analytical approach, creative manipulation of place and



program was the core of the task [44]. The results were evaluated throughout the whole process,
from empirical investigation insitu, research, strategy development up to design [43].
At the level of strategic thinking, all development visions and master plans start from the potential
of space, which is reflected in (1) natural conditions (natural morphology, continuity of the green
natural structure, scenic landscape, and the flow of the VVrbanja River); (2) infrastructure potentials
(four parallel traffic routes — Vrbanja river, the old road, the main road and the railway); (3)
potentials of cultural heritage; and (4) spatial problems and conflicts as greatest challenges to be
resolved. Master plans were made with few different development visions based on envisioning
narrative itineraries of the route: Route of the river, Adrenaline route, For bike/fairytale Celinac (ser.
Za (bajk)oviti Celinac), and Cross-train route.
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Figure 7. Master plans with the key locations showing the main problems and biggest development
potentials

The mobility analysis shows a few very different sections which determine different characters of
sequences and rhythm of shifts between landscapes. Except for the route gates (entrances) in Banja
Luka and Celinac characterized for their urban fabric, there are few other characteristic landscapes
identified through the strategic thinking based on specific spatial patterns and potentials. Those are:
(1) peripheral moments in the almost 5 km long sequence exit from Banja Luka, (2) the long
sequence of the characteristic rural landscape near the big city; and finally (3) completely preserved
natural landscape just before the entrance to Celinac, a kind of greenway as Trkulja et al. define it
[11].

The analysis resulted in the three main themes/ conclusions:

(1) Competitiveness. It is possible to cross 15 km by bike in about 90 minutes at an average speed
of 10 km/h, which is a significant difference in speed compared to other modes of traffic on the same



route. The same route can be crossed in 15-20 minutes by car, and in 30-40 minutes by suburban
bus. In addition, it is possible to use railway transport with a travel duration of about 30 minutes.
The advantage of bike traffic and the proposed route is that it can be easily combined with all other
types of traffic - walking, bus, railway, and even car, which contributes to the flexibility of mobility
as one of the main characteristics of sustainable urban mobility.

(2) Conditionality. Regardless of the quality and justification, the success of the route project itself
and its function is conditioned by numerous factors. These are: (1) networking with the existing and
planned bike and pedestrian network; (2) penetration into the urban fabric of both connection places;
(3) intersection with significant frequency routes of other transport modes, as potential places for
intermodal terminals; (4) projects that activate strategically selected locations along the route, define
its intensity and rhythm of movement; and (5) the possibility of partial use of the route, i.e. the
possibility of entering and exiting several places, changing direction of movement and choosing
alternative routes.

(3) Added values. The analysis shows that the activation of the 15 km long recreational route
between Banja Luka and Celinac certainly contributes to the development of sustainable urban
mobility in the area. Except for the benefits of sustainable urban mobility, the reactivation of this
old road has many other functions such as recreation, sports, tourism, culture, excursions, leisure,
etc. On the other hand, it is the spatial development in the direction of urbanization, neighborhood
construction and ancillary functions, such as secondary and tertiary centers. Furthermore, it opens
many other topics in its further planning, development and use.

Figure 8. Four types of projects: 1) Heritage; 2) Facility; 3) Mobility; 4) Public space
3.1. CARTOGRAPHIC APPROXIMATION

About 20 urban-architectural projects dealt with the activation of several cultural, tourist, sports-
recreational and finally bike routes along this old road. The projects try to respond to the needs of
modern life of people and their mobility in cities with a focus on enjoying the abundance of open
space, rich natural structure and layers of cultural heritage. Very different typologies deal with
slowing down the traffic, intermodal traffic terminals, services, recreational and other centers in the
function of healthy ways of movement and sustainable use of space. They are complemented by
small-scale projects such as viewpoints, beaches, river approaches, etc. Projects are grouped into a
few different solution packages depending on the scale and objectives: (1) mobility, (2) heritage, (3)
public space and (4) facilities.

4. CONCLUSIONS AND RECOMMENDATIONS

The results demonstrate the strength of the methodology used and confirm the success in thinking
about sustainable urban mobility and the spatial polygon of research. Therefore, the methodology
set, and the conducted experiment can be a good example for thinking about this and other similar
areas in other contexts, and that it can have positive effects on the development of the territory in
the desired directions. The methodology carried out has possibilities for the orientation of "urban
policies" aimed at improving sustainable mobility (proposing different types of public transport and
their mutual adaptation, and the development of intermodal terminals); the urban environment, urban



cohesion, the recovery of heritage, the incorporation of collective urban functions, etc. The three
main conclusions were drawn as a project as a tool, problem-solving project and landscape project.

Table 2. Relation between the project type, the specific approach to the territory and the
intensity of contribution to the specific objective (problem- orientation). M- Mobility; P-
Public space; H- Heritage; F- Facility. Darkest gray- the most intensive relation;

Lightest gray- the less intensive relation.

and 02

PROJECT T | DETAILS
Y
o]
E

Adrenaline route M | Master plan with a few small-scale supporting projects providing
a new alternative route with a stronger intensity.

Traffic bypass M | Slow down the motor traffic in a sequence by giving advantage to
biking and walking and providing the possibility to use facilities
and enjoy the landscape and heritage by the road.

Cycling passarella M | A bike and pedestrian shortcut from Medeno polje to Debeljaci
avoiding the traffic jam at the busiest sequence of the main road.

Intermodal terminal 01 M Existing train or bus stops are merged into one intermodal stop

with additional bike stops and supporting facilities plugged in.

Public beach in Cesma
neighborhood.

Urban design project for the confluence of the Vrbanja and the
Vrbas,large open green area from where the route continues to
develop.

Landscape Gate in
Cesma neighborhood.

Urban design project treats a wide area on both sides of the VVrbas
river, which in a complex system combines pedestrian and bike
communications and directs them to Celinac and other places in
the Vrbanja valley.

Public beach in Zeleni
vir neighborhood.

The central place is one of the biggest neighborhoods on the route
and one of the most popular river beaches in the area.

Multifunctional modular
stops

Two projects which offer additional functions on strategic points
on the route. Their modularity opens up flexible organization.

Old railway bridge
viewpoint 01 and 02

The most attractive heritage building attracts two view point
projects to enjoy both natural and cultural heritage layers and
bike stops.

Zeleni vir viewpoint H The conflict crossroad becomes both a viewpoint, bike stop, an
orientation and tourist info point.
Vrbanja river viewpoint | H One of few public space projects with focus on natural heritage of

Vrbanja river and its beauty to enjoy the landscape and the
territory itself while commuting

Adrenaline park

A complementary project to the adrenaline route, an alternative
route connecting Banja Luka and Celinac via the Ponir hill

Bike service stops

Bike sharing system, service and parking stops supporting the
bike route

4.1. PROJECT ASATOOL

We conclude that the project is a powerful tool to make a positive shift in observing, thinking,
imagining and envisioning territory, and finally, in researching and planning. By using three-
dimensional presentation in numerous iterations and variations, it is possible to observe previously
unseen, unbelievable and to open completely unexpected perspectives. Starting from the only one
premise, the project can sparse to immense opportunities. Projects consider the importance of
qualitative characteristics of a given territory.



4.2. PROBLEM-SOLVING PROJECT

The project itself cannot contribute to everyday home-work commute on the Banja Luka - Celinac
route as it took too much time compared with other types of transport and the scale of the area. It is
concluded that the route along its entire length is primarily recreational and cultural and as such has
also an important role in sustainable urban mobility development. Except for contributing to
sustainable urban mobility, the project itself has many other substantive qualities and dimensions,
which is worth for. It is an urban project that addresses a range of spatial issues and conflicts. They
are classified into four project groups:

e Mobility projects are highlighting entrances and exits from the city; traffic solving of
problematic intersections, crossings over the main road M4 (Banja Luka - Doboj), crossings
over the railway in several places, etc. The project also contributes to the development of a
network of recreational routes, their networking in intercity and regional directions of
movement; directing the movement of cyclists outside the narrow urban area towards a
natural and healthier environment, etc.

e Public space projects are highlighting the potential of a vast open public space along the road
following the river. In addition to activating open space, they contribute to improving the
ambient quality and increasing the tourist offer.

e Heritage projects are concentrated on activation of specific places with the values of natural
or cultural heritage. They emerge on strategic points to highlight important viewpoints to
protect and to enjoy the heritage in the same time providing a kind of sustainable urban
mobility services.

¢ New facilities projects are focusing on facilitating the usage of the route at specific locations
giving them basic utilitarian functions as intermodal terminals, urban equipment and
mobiliary, bike services, bike sharing spots and bike parking places.

4.3. LANDSCAPE PROJECT

Finally, it is a landscape project. Surrounded by a natural landscape, but also historical and cultural
layers, it is a unique landscape alley characterized by a mild undulating morphology, a rhythm of
fine curves, a shift of the green structure of the courtyards, forests, fields, orchards, river banks and
informal suburban settlements. By development of an urban route, urban territory is connected with
the surrounding natural landscape. This is especially important as landscapes and hinterlands
represent significant and necessary spatial potential of the city. The idea of the surrounding natural
landscape of the city can serve as a key common ground for its development especially in the
function of recreation. The strength it has for an urban form due to the continuity of a certain line,
of the section of the territory of a certain axis.
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SHRINKING RURAL AREAS OF REPUBLIC OF SRPSKA

Abstract

Globalization produced a disparity manifested through spatial polarization - growing and shrinking
territories. Shrinkage is an increasingly global phenomenon that affects cities, villages, and entire
regions around the world. Population loss and economic decline make these areas vulnerable - its
vitality and sustainability are endangered. Starting from the assumption that the rural areas are
particularly affected by shrinkage, this research addresses stagnant trends in the northwest region of
Bosnia and Herzegovina. The aim of this research is to identify and assess the level of rural shrinkage
in the region, as well as to underline directions for future action in response to these negative trends.
The results of the research are presented cartographically using Arc GIS software.
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CTATHALIUJA PYPAJIHUX TEPUTOPUJA PEITYBJIMKE CPIICKE

Caxicemax

I'mobanmzamnuja je mpomsBena AWCIPATHUTET W HPOCTOPHY IMONApH3aldjy MaHH(EcTOBaHY Kpo3
M0jaBy TIOJIOBa CTarHaIyje M moyioBa pacta. CTarHaImja 1mocraje cBe TiI00amHuju (HeHOMEH KOjH
noralja rpazoBe, cena U nujene peruje. [ yonTak nomysnaiyje 1 eKOHOMCKH I1aJ1 YMHE 0Ba NOAPYYja
pambUBUM, a HUXOBA BUTAIHOCT M OJIPKUBOCT cy yproxkeHu. Ilonazehn on mpermocraBke nia cy
pypaiHa moapydja moceOHO moroljeHa cMamemeM, OBO HCTpaXKHMBame ce 0aBH CTarHaHTHUM
TpeHIOoBHMa y cjeBepo3anannoj peruju bocue m XepuerosuHe. llnip McTpakuBama je na ce
ueHTU(HKYje W MPOLMjEeHN CTENEH CTarHalyje pypajlHUX IIOJpydja peruoHa M Ja ce yKake Ha
npasie Oyayher gjenoBama. Pe3ynTaTti HCTpakiBama Cy pUKa3aHU KapTorpad)Ccku KopuinhemeM
Arc GIS codraepa.

Kmwyune pujeyu: cmaenayuja, ceno, nonyrayuja, domahurncma, cmanosu, I UC



1. INTRODUCTION

The shrinking phenomenon has been researched extensively in literature since the early 21st
century. Studies show that as early as the late 1990s, the phenomenon of shrinkage, manifested in
population loss and economic decline, was more pronounced than the phenomenon of urban growth
and development [1]. Scientists believe that the emergence of this phenomenon was primarily caused
by changes in the global economy [2] and second demographic transitions [3]. The global economic
competition has resulted in spatial polarisation in which the metropolitan development areas of cities
stand out, while on the other hand, a large number of cities have faced the problem of shrinkage. On
the other hand, post-industrial society, by changing the way of life, which primarily implies the
postponement of parenthood, indirectly causes a decline in natural population growth and aging of
the population, and ultimately its decline. Although this phenomenon shows universal (global)
characteristics, with multidimensional effects in the social, economic and physical domains,
however, the forms of shrinkage and its dynamics largely depend on local specifics. Given that the
shrinking phenomenon is relatively new, the affected countries are developing recovery strategies,
where fostering social dialogue between different stakeholders (academia, businesses, local bodies,
citizens, NGOs) is one of the key elements and first step toward the regeneration. The Knowledge
Alliance for Social Innovation in Shrinking Villages (KINESIS) is one of the international
cooperation platforms that is focused on shrinking areas since it creates an international living lab
to exchange best practices and innovative ideas developed across Europe [4].

The scale of this phenomenon at the global level has been discussed in the international studies and
projects from the beginning of the 21st century [5, 6], while at the local level in Bosnia and
Herzegovina (B&H), only individual scientific research has been conducted [7, 8]. The focus of all
these studies was primarily on the stagnation of urban areas — cities, while the analysis of the rural
territory was in the background. The more recent study conducted by the European Spatial Planning
Observation Network (ESPON) puts focus on the shrinking rural areas [9]. This research shows that
the countries of Southeast Europe are particularly affected by rural shrinkage, but B&H and its
neighboring non-EU countries are not covered by this study. Considering that Bosnia and
Herzegovina is a low-urbanised country [10] with dominant rural areas, research focused on the
shrinkage not only of cities but also of rural areas are essential for understanding of this
phenomenon, its spatial dinamic and distribution at regional level. In order to adequately deal with
the problems caused by stagnation, society primarily needs to identify and map shrinkage patterns
and assess its extent.

Therefore, this paper deals with the identification and mapping of shrinkage patterns in rural areas
of Bosnia and Herzegovina. It is assumed that in the period after the civil war in B&H, decline was
a more dominant process than the process of growth and development and that most villages in the
northwestern (NW) region were affected by shrinkage. The research polygon includes the territories
of the villages of 19 municipalities in the northwestern region of Bosnia and Herzegovina, which
territorially and administratively belong to the Republic of Srpska (RS) as an independent
entity. The research covers movement of population, households and dwellings taken from official
censuses. The results of the research were presented cartographically using ArcGIS software. The
aim of the research is to identify the extent of shrinkage in rural areas and to investigate the spatial
dynamic of this phenomenon. Additionally, the paper discusses the causes and consequences of
stagnation and highlights limitations in research.

2. METHODOLOGY

The research of the shrinking phenomenon includes the analysis of census statistics for rural areas
of 19 municipalities in the northwestern region of Republic of Srpska — Bosnia and Herzegovina:
Banja Luka, Brod, GradiSka, Derventa, Doboj, KneZevo, Kozarska Dubica, Kotor Varo§, Laktasi,
Modri¢a, Mrkonji¢ Grad, Novi Grad, Prijedor, Prnjavor, Srbac, Tesli¢, Celinac, Samac and gipovo.
The research addresses the identification, assessment and mapping of stagnant trends, as well as the
typological classification of municipalities affected by rural shrinkage. The analytical framework of
rural shrinkage research is defined by determining: 1) criteria relevant for assessing rural stagnation,
2) shrinking indicators, 3) thresholds for selected criteria in relation to which rural decline or growth
is identified and 4) time frame reference for identified problem. The criterion of data availability is
set as an additional criterion that accompanies the analysis according to the previous elements.

The key criteria for conducting the research are population size, number of households and number
of dwellings, monitored through official census statistics [11, 12, 13]. The population includes
citizens of Bosnia and Herzegovina i.e. people whose place of residence have been in municipalities



of NW region of Republic of Srpska from 1953 to 2013. The household implies a family or a single-
person household, who occupies the entire dwelling unit or its part. The dwelling is a self-contained
construction unit intended for housing.
Data by certain criteria for rural areas are obtained through parameters that are defined for the
corresponding census year as the difference between the total value for the municipality and the
value for the city. More precisely, this difference represents the total value for a certain parameter
for all villages of one municipality for a certain census year — in summary. For example, the
population of the villages of Banja Luka in 2013 was 44 994 inhabitants, which is the difference
between the total population of the municipality (180 053) and the population of the city (135 059).
In order to gain a clearer picture of the phenomenon, its characteristics, as well as to understand the
changes and basic dynamic patterns it is preferable to monitor the growth-decline flows of the village
in extensive time periods. Therefore, a sixty-year period (1953-2013), with three timeline in the
years of official censuses (1953, 1991 and 2013), was defined as a broader time frame for monitoring
total trends according to all criteria Observing the growth-decline flows as dynamic nonlinear
processes, it is very important to define tipping points in the evolutionary flow of the village. The
civil war 1992-1995 is indisputably an important tipping point in the area of B&H and RS.
Therefore, the research draws parallels and defines changes in relation to the period before and after
the war in all aspects important to the topic. Based on preliminary research on this phenomenon, it
is assumed that the key stagnant changes occurred after the civil war in B&H, i.e. after the 1991
census. Hence, this 22-year period from 1991 to 2013 is chosen as a reference time frame for
indicating shrinkage and testing the hypothesis. The key indicator of rural shrinkage is defined as a
decline by any criterion greater than 0.15% per annum in the period 1991-2013, or decline higher
than 3% in the total period of twenty-two years (the time between two censuses). In addition to
stagnant trends, villages can record stable trends from -0.15% to + 0.15% per annum, and increasing
trends > + 0.15% per annum. Observed in the total period from 1991 to 2013, changes ranging from
-3% to + 3% indicate stable states, and those over 3% indicate growth trends.
In international studies dealing with the shrinking cities (CIRES and Shrinking Cities), the main
criterion for their classification was the level of population decline [5, 6]. Following the example of
the previously mentioned studies, this research classifies municipalities according to the level of
shrinkage of their rural territories. Specifically, municipalities are classified based on the percentage
decline of the rural population for the total 22-year period according to the following model:

e 3% -10% - rural areas with a very low level of decline

o 10% - 25 % - rural areas with a medium level of decline

o 25% - 50% - rural areas with a high level of decline

o 50% - 75% - rural areas with a very high level of decline

e Over 75 % - extinction of village
The classification of growth trends is carried out by analogy with the classes defined for
decline. Additional (sub)classifications of declining villages can be made on the basis of two other
criteria — the number of households and the number of dwellings. These two criteria help to better
understand the spatial consequences of shrinkage and assess the level of use of the existing housing
stock. The results of the research are presented cartographically using ArcGIS Pro software.

3. RESULTS

According to the proposed model, the research was conducted, which is presented in the text below
separately for each of the criterion. Key relations and comparisons of results are based on two time
periods, 1953-1991 (38 years) and 1991-2013 (22 years). Due to the lack of official statistics for
dwellings in the 1953 census year, the analysis according to this criterion was performed on the basis
of the 1971 census. Each of the cartographic representations incorporates the classification of
municipalities according to a previously defined key.



3.1. POPULATION

The results of the conducted research show that the population of rural areas in the region in the
period 1953-1991 increased by a slight 2%, while in the period 1991-2013 it decreased by 37%, i.e.
the villages of the region lost a total of 231 836 inhabitants. In the period 1953-1991, the decline in
population was most pronounced in the municipalities of Mrkonji¢ Grad (34%) and Sipovo (31%),
while the most pronounced growth was recorded in the municipalities of Kotor Varo$ (34%) and
Tesli¢ (44%). However, it is evident that in most municipalities in the region there has been a more
pronounced decline in rural population than its growth in this period — 10 municipalities recorded a
decline in population, in one of which population is stable, while 8 municipalities recorded growth
(Figure 1). In the period 1991-2013, four municipalities faced a decline in population in rural areas
in the range of 50-75%, eight of them with a decline of 25-50%, and four with a decline of 10-
25%. Only LaktaSi recorded a rural population growth of 10%. The average annual decline of the
total rural population of the region in this 22-year period is 2%.
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Figure 1. Population growth and decline trends per villages of NW region of RS 1953-2013

Considering the total population movements at the level of villages and cities in both reference time
series, it is noticed that in the period 1953-1991 the urban population grew, while in the period 1991-
2013 there was a decline in population at both levels (Figure 2). However, the B-chart shows a much
more radical decline in the rural population compared to cities in the same period. In the period
1953-1991, the total population of the region, both urban and rural, increased by 34% (+ 250 229),
while in the period 1991-2013 an evident decline of 29% (281 261) was recorded.
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Figure 2. Growth / decline of urban and rural population for the periods 1953-1991, 1991-2013.
3.2. HOUSEHOLDS

Statistics for households show slightly different trends in relation to population movements,
especially in the period 1953-1991. Namely, in this period the number of households in rural areas
of the region increased by 51% (+ 57 750 households), while in the period 1991-2013 a total decrease
of 19% was registered (-32 491) (Figure 3).

In the pre-war period, the number of households in all municipalities in the region increased to a
smaller or higher percentage. Tesli¢ had the highest growth in the number of households of 141%,
while KneZevo (77%), Kotor Varos (99%) and Doboj (91%) recorded extremely high growth. The
lowest growth was registered in Kozarska Dubica (7%) and Sipovo (4%). In the period 1991-2013,
16 municipalities in the region recorded a decline in the number of households. Derventa and Brod
had the most pronounced decline of 50%, GradiSka moved within stable limits, and Banja Luka (8%)
and LaktaSi (26%) had pronounced development trends and an increase in the number of
households. The region lost 1 477 rural households each year in the 22-year period, and the average
annual decline in the total number of rural households in the region is 0.87%. Household size has
changed radically over the entire 60-year period. The average rural household had 5.5 members in
1953, 3.7 in 1991, and 2.9 members in 2013. At the same time, the size of the average household in
urban areas was 3.9 members in 1953, 3.2 members in 1991, and 2.7 in 2013.
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Figure 3. Growth and decline of number of households per villages of NW region of RS 1971-2013
3.3. DWELLINGS

Regarding the census statistics for dwellings, data are available for the census years 1971 and 1991,
which are classified at the level of municipalities and settlements, as the lowest units of statistical
analysis. For 1953, there are no records on the number of dwellings on either of these two levels, so
it is not possible to consistently apply the proposed methodological approach. However, based on
available data, an analysis and assessment of growth-decline trends for the 20-year period 1971-
1991 was carried out, with the aim of gaining certain insights into the spatial dynamics of housing
construction in rural areas in the pre-war period.

Concerning the trends in the number of dwellings, it is evident that in the period 1971-1991, all
municipalities were in the phase of intensive housing construction, not only in urban but also in rural
areas. During this period, all municipalities recorded an increase in the number of dwellings in rural
areas. The villages of the region then received 49 069 new dwellings, i.e. an increase of 35% (Figure
4). Construction was dominant in the villages of Laktasi, Celinac, Kotor Varo$ and gipovo, where
the growth in the number of dwellings is over 50%. In the period 1991-2013, in 11 municipalities
there was an increase in the number of dwellings, 7 municipalities have a pronounced decline, while
one municipality has been moving within a stable framework. However, in the end, the region was
richer by 15 619 dwellings in 2013, i.e. the number of dwellings increased by 8%. According to
available statistics, it is concluded that the average number of tenants / persons per housing unit in
rural areas of the NW region of the RS in 1971 was 4.8, in 1991 the number was 3.3, while in 2013
it was 1.9.

Given that the reference time frame for the analysis of pre-war dwellings is significantly shorter than
the time frame used for the analysis of population and household movements (18 years shorter), it
is obvious that there are discrepancies in the results and that certain indicators are significantly



lower. More precisely, it is not possible to produce direct analogies and comparisons, and to draw
conclusions between different criteria.
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Figure 4. Growth and decline of number of dwellings per villages of NW region of RS 1971-2013
4. DISCUSSION

Based on the proposed methodological approach and the conducted analysis, key trends are
summarised and the elements important for understanding of shrinking phenomenon in rural areas
in the NW region of RS are underlined in the following. The conducted analysis of growth-decline
trends in rural areas of the region shows two key patterns classified by periods: 1953-1991 and 1991-
2013.

Although in the period 1953-1991 the total population of rural areas was within stable limits (+ 2%),
the research findings show an uneven distribution of decline and growth in the region. Namely, 10
out of 19 municipalities recorded a decline in population in this period, in 8 municipalities the
population grew, while in one it remained stable. At the same time, in all municipalities in the region
there was an increase in the number of rural households (+ 51%) and dwellings (+ 35%). Intensive
urbanisation and rural-urban migration are one of the key factors in population decline. In search of
jobs and better living conditions, young people left rural households, went to cities and started
separate families there. On the other hand, the splitting of large family communities also took place
in the villages themselves, as indicated by data about the growth of the number of dwellings in rural
areas of 35%. Furthermore, the fact that the average rural household in 1953 had 5.5 members, and
in 1991 3.7 indicates trends in the division of households and justifies the growth of their
number. The need for a separate life of the younger generations shows that, even then, the villages
were slowly entering the second demographic transition [3]. This demographic dynamic has caused
both, a decline in natural population growth and an aging rural population. In the context of housing
construction, the question is: how the growth of the region’s rural population of 2% (1953-1991) can



produce a 35% increase in the number of dwellings for a significantly shorter reference period
(1971-1991)? The explanation for this can be found in the fact that the urban population still had
strong ties with the rural hinterland, where they built cottages or summer houses, i.e. their second
apartment. On the other hand, the division of large households while reducing the number of
household members produces the need for more dwellings.
The civil war in Bosnia and Herzegovina in the period 1992-1995 represents a key tipping point in
terms of demographic and spatial trends in the region and the most important factor due to which
most municipalities in the region fell into a very difficult situation. Although it lasted only three
years, the war produced enormous damage: death and displacement of a large number of people,
downturn and destruction of a large number of economic enterprises, as well as devastation of the
built environment. Research shows that in the period 1991-2013, the region lost a total of 281 261
inhabitants, of which 231 836 went to rural areas (Figure 2). This data shows that rural areas are
radically affected by shrinkage than cities. Figure 1 shows that in this period, 18 out of the 19
municipalities in the region faced a decline in rural population. The war was followed by an attempt
to recover, and the changes that took place led to a further decline in almost all areas of society. What
marked the shrinkage after the war was: a decline in population growth rate, population aging,
negative external migration trends and a decline in economic activity [8]. It is assumed that
migration to developed western countries is one of the key causes of post-war stagnation not only
in villages but also in cities. The exact number of persons who emigrated to other countries is not
known, nor is it monitored by B&H institutions. The data about the number of emigrants from B&H
are provided from migration statistics of host countries [8]. Nowadays the worrying trend is the
relocation of entire families instead of previous, when only male members of the household went to
work abroad. Such trends can radically affect the vitality of municipalities, cities and villages in the
region, and lead to manifold negative consequences.
Although population decline is a key indicator of shrinkage, it is necessary to look at trends by the
other two criteria. Namely, in the period 1991-2013, there was a radical decline in the number of
rural households. More precisely, in 15 municipalities there was a decline, which for the overall
region is 19%. The households further decreased, from 3.7 members in 1991 to 2.9 in 2013. This
indicates the sequel of the second demographic transition which is manifested through: negative
marriage rate, increased divorce rates, higher median marriage ages for both men and women, a
higher average age of first childbirths, and a negative fertility rate [7]. Such trends ultimately
produce a decline in natural population growth and an overall aging of an already small rural
population.
However, regarding the number of dwellings in rural areas, an unexpected increase of 8% was
recorded in the period 1991-2013. The question is, what produced this growth? In order to draw
valid conclusions, it is necessary to conduct further research, related to the 2013 census
statistics. Namely, the dwellings were only monitored in much more detail at the census 2013. In
addition to the number, statistics classify dwellings by use, area, structure, year of construction,
etc. [14]. Although data on dwellings are processed only at the municipal level, they can still be very
indicative for understanding the dominant housing models, their spatial distribution, housing
construction dynamics, housing standards, etc. The statistics on the number of empty dwellings, as
well as holiday houses, are especially important for deepening the research. For example, statistics
on the number of vacant dwellings show that in Republic of Srpska, out of 584 261 dwellings, a
quarter (26%) are vacant (RZS-RS, 2017).
In order to understand the overall picture of stagnation of rural areas in the period 1991-2013, a
typology of municipalities was created, which represents the synthesis of all three criteria
(population, households, dwellings) and the classification of municipalities based on most
significant differences. Although the typology focuses on stagnant patterns, the analysis does not
exclude municipalities that are recording growth or remain within stable limits. Based on that,
municipalities are typologically classified according to the following rules:

e Type A - municipalities with a decline in all three criteria

e Type B - municipalities with a decline in population and number of households

e Type C - municipalities that record only a decline in population

e Type D - municipalities in which growth was identified by all three criteria
The research findings show that in 7 municipalities there was a decline in all three criteria (type A),
in 9 there was a decline in population and number of households (type B), 2 municipalities lost only
the population (type C), while in one of them a growth in all criteria was identified (type D). The
central municipalities of the region (Banja Luka, Gradiska and Laktas3i) are the least affected by the
shrinking processes, and as such they form the development axis of the region. On the other hand,



the peripheral municipalities of the region do not show such development patterns, on the contrary,
they face a lower or higher decline and stagnation.

This extent of stagnation in the rural areas of the NW region of RS indicates the need for defining a
clear point of view of local and national governing bodies in terms of mitigating the negative trends
that arise as a result of the shrinkage. Also, the question is: how should planning respond to these
negative changes and how should the community adequately manage them in the future? Is
persistent advocacy of the growth paradigm justified in the shrinking conditions of the region?
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Figure 5. Typology of municipalities according to shrinking/growing trends in rural areas

In an attempt to partially answer these questions, the key issues are identified below and
recommendations for further action are defined. Among the many problems, the following stand
out:

e Insufficient awareness of national and local authorities, and planners about the problem, its
scale and the damages produced in the local context/community.

e Preference of growth and development topics by authorities and planners, while ignoring the
problem of shrinkage — if the perception of shrinkage does exist, responses of planning do
not offer clear solutions to this problem.

e Insufficient research on shrinkage and impacts of such socio-economic changes in space -
lack of information on the number of abandoned / vacant buildings and its characteristics.

¢ Insufficient public (national and local) instruments and tools for monitoring and managing
these negative changes in space.

e Lack of housing policies both at the RS level and at the municipal level.
In order to react to the identified problems, it is necessary to raise the awareness first and foremost
of political representatives, but also the scientific and professional community. Media exposure (TV,
web, social network), professional seminars and professional-scientific conferences are just some of
the ways to reach that goal. Only if these key actors truly accept shrinkage as the state we are in, is
it possible to initiate management of negative changes. Such management should include: 1)
identification and assessment of shrinkage across the region, 2) defining integrated and cross-
sectoral planning solutions focused on solving problems caused by shrinkage (policies, strategies,
programs, plans, projects, measures, activities), 3) implementation of planned activities, 4)
monitoring and evaluation (M&E) of implemented activities and finally 5) adaptation of plans based
on M&E feedbacks [8]. Planning and managing in such a system should be based on a
communicative and collaborative approach that implies involvement and partnership among all
stakeholders [15]. The model of continuous participation is a mechanism for learning by doing,
where through negotiation and decision-making new knowledge is gained, perceptions and value
systems are changed, approaches are corrected, i.e. overall knowledge is improved [16, 17, 8]. In
this context, the involvement and role of the scientific community is especially important.



Experimenting in such a management system plays a significant role. Conducting experimental trials
(e.g. pilot projects) enables rapid learning. Good practices are identified and developed, while bad
ones are abandoned — one can learn from both of them.

5. CONCLUSION

Nowadays, many regions of the world are facing the problem of shrinkage, manifested through
demographic decline, economic loss and dysfunction of the built stock. An increasing number of
international and national studies show that the phenomenon is gaining a global character. However,
although the topic of shrinkage is increasingly becoming a part of the international scientific agenda,
its presence in the public, media and political agenda in Boshia and Herzegovina is not enough
Political actors do not benefit from accepting shrinkage as an indicator of the state of the region and
municipalities, which is why the topic of shrinkage is rather avoided. Yet it is undeniable that the
problem exists and that its scale is significant.

The conducted research shows that the shrinkage is much more pronounced and rapid in rural areas
of the northwestern region of RS than in urban areas. Namely, 18 out of 19 municipalities of the
research polygon were affected by shrinkage (Figure 5). The results show that in the period 1991-
2013 the total population of the region decreased by 281 261 inhabitants, where 82% (231 836) of
this loss represent a decline in the rural population (Figure 2). The extent of the shrinkage of the
village is best shown by the analogy according to which, the region in rural areas lost the population
of almost 2 cities in size of today's Banja Luka (135 059) or 10 municipalities in size of Modri¢a
(24 490) in this 22-year period.

Simultaneously, with the decline of the population in certain municipalities, there was a decline in
the number of households and dwellings. Thus, in 9 municipalities, in addition to the decline in
population, there was a decline in the number of households, and in 7 of them there was a
simultaneous decline in all parameters (population, households and dwellings).

In the context of the applied methodology, it is necessary to point out that the research of shrinking
phenomena in the spatial domain is limited, primarily due to insufficient development of the
statistical apparatus in the field of collecting data on dwellings in pre-war census years. The
methodology for collecting data on dwellings was significantly improved in the 2013 census, which
opens the possibility for further research related to the number and distribution of vacant dwellings,
as well as some other determinants relevant to the topic. The findings of such research can guide
housing policies and future housing construction. Given that vacant dwellings make up a quarter of
the total number of dwellings in the Republic of Srpska, and population movements show negative
trends, the creation of housing policies at the national level is an imperative. Their development
should be accompanied by local housing policies as strategic documents that guide future action in
this area. In addition to the strategic approach, in the conditions of shrinkage, uncertainty,
complexity and contradictions, it is especially important to develop various experimental programs,
projects and measures that will enable changes at the operational level. Conducting such pilot
projects enables learning about change, which ultimately should lead to management of shrinkage —
uncertainty.

In addition to the shrinkage theory, developed by human geographers and demographers, which is
in the focus of this research, a new shrinking world theory has simultaneously appeared with the
development of information and communication technologies (ICT). The cross-linking of these two
theories can be very useful for future research in the field of spatial development. According to
Kirsch, “the popular conception of the world shrinking to a global village is generally seen as the
product of technological advances in telecommunications, transportation, and information” [18, p.
529]. This time-space compression enables the relativisation of places, which can be a chance for
villages to recover. Although globalisation in the economic domain has produced enormous damage
and shrinkage at the local level [2], on the other hand it has produced new values in the ICT domain
that villages need to take advantage of. The development of alternative housing (and work) models,
based on the premises advocated by this theory, is a chance and possible path for regeneration of
which is a focused strategic approach based on the eco-friendly design and lifestyle, e-lance
economy, and community cohesion [19]. Criticising the hectic urban lifestyle, they advocate a return
to rural life, where the target group is the urban population of young, (IT) educated people who are
dissatisfied with life in developed urban centres and who are looking for alternative lifestyles. In the
context of such assumptions, further research on official statistics on information literacy of the
population, the number, structure and distribution of employees in the ICT sector or other related
sectors as well as data on the self-employed would be useful.



Uncertainty regarding the future demographic and spatial dynamics set new requirements for
planners. Redefining of planning approaches is necessary if society seeks to achieve sustainability
and resilience in both rural and urban areas. This implies a change of planning approach in which
socio-spatial dynamics is not seen as a linear process of constant growth and prosperity of regions,
but rather as a process of facing complex, multidimensional challenges of today, which increasingly
imply stagnation and decline. Such planning will produce (positive) changes only if it is
accompanied by effective management models not only of rural space but also of entire rural system.
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Abstract

The paper discusses how the dispersed urban form of Banja Luka (Bosnia and Herzegovina) is
related to the collective housing form that emerged during the 20th and 21st centuries. The
morphological study resulted in the typological patterns of collective housing form based on the
relationship between the house and open space and follows its transformation during the period. It
was based on a qualitative analysis of the figure/ground ratio and its configuration, and the
correlation of morphology results to distinct economic issues and architectural paradigms. The
research confirmed that open space was continually and significantly present in collective housing
form in all typological patterns. The diffuseness and openness on the housing scale contributed to
the dispersity of urban form on a larger scale.

Keywords: collective housing form, dispersed urban form, figure-ground, open space, Banja Luka

®OPMA KOJIEKTUBHOI' CTAHOBAIBA Y KOHTEKCTY ®OPME
JUCITEP3HOI I'PAJIA: CTYAUJA CJIYHAJA BAIbA JIYKA

Caxcemax

Pan pasmaTtpa Besy m3mel)y mmcrepesHumx KapakTepuctuka ypbane ¢opme bama Jlyke u
KapakTeprcTHKa (opMe KOJIEKTHBHOT cTaHoBama y Toky 20. u 21. Bujeka. Pesynrar mopdoiomnike
CTyZMje, IPE3eHTOBAHEe y Pajay, Cy THUIOJIOMKH o0paciy (opMe KOJIEKTHBHOT CTAHOBAma 4Hja je
KiIacuduKalyja 3acHoBaHa Ha penanuju usMmehy kyhe m oTBopeHOr mpocropa W INpaTH HEHY
TpaHcdopManujy TOKOM IMpEeIMETHOr nepuoja. basupa ce Ha KBaJUTATHBHO] aHAJIM3HM OJHOCA U
KoH(Urypanuje Gurypa/no3asnHa 1 lbUX0BE KopeJalnuje ca opel)eHnM eKOHOMCKHUM MapaMeTpuMa
U apXUTEKTOHCKMM MapaaurMama. VcTpakuBame je MOTBPIMIO Ja je OTBOPEHH MpPOCTOp
KOHTHHYAJTHO MPHUCYTaH Kao CTPYKTYPAIHU elleMeHT (hopMe KOJICKTUBHOT CTaHOBama. PasyljeHocT
1 OTBOPEHOCT y pazMjepu popMe CTaHOBamba IOTIPHbENa je AUCIPE3HOCTH ypbaHe hopMe y BETHKO]
pa3wmjepu.

Kwyune pujeuu: gpopma xorexkmusnoz cmanosarsa, oucnepsna ypoauna opma, gueypa-nozaduna,
omeopenu npocmop, barea Jlyka



1. INTRODUCTION: SCALES OF DISPERSED FORM

In contemporary urban theory, a compact urban form is considered sustainable. The generally
accepted premise is that morphological features of compactness and density of built structures have
positive ecological, economic and social effects on urban life [1], [2], [3]. The concept of a compact
city is widely operationalised in urban policies and strategies [4]. In such compact and dense urban
forms open spaces are planned as counterpoints to the built fabric. They are also compact, large and
categorised as a specific typology - parks, green belts, boulevards, squares, etc. However, not all
cities can become compact, and some have never been compact. On the contrary, urbanisation today
produces a large, dispersed, and polymorphic urban tissue deeply extended in the once rural and
natural environment [5], [6], [7]. Open spaces have a significant role in the composition of the
dispersed urban form [8], [9] and observing them through traditional typologies of large compact
voids in the dense built fabric is inadequate. The dispersed city also needs attention concerning urban
policies and spatial regulations that follow its inherent nature.

The morphological case study presented in this paper aims to contribute to dispersed city
considerations, its origin and the relation of dispersity to smaller spatial scales of urban form. Banja
Luka, the case study city, has a dispersed and porous urban form generated through historical
development and change (Figure 1) [10]. It is a middle-size city with recognisable spatial openness
whose morphological logic needs to be understood at various scales and appropriately integrated
into city planning and design. Residential architecture is considered a driving force of every city's
production and growth. The research focuses on the collective housing form and its intrinsic relation
between built and open space to understand the characteristics and qualities of dispersed urban form
on a smaller scale. The initial research thesis is that open space was the intrinsic morphological
element of the collective housing form. The open spaces were not only planned at the city scale as
the reserve of undeveloped land or parks but were integral parts of residential architecture and
culture through the 20th century.

This presumed long-pervading characteristic of urban form has changed in the past 20 years. The
recent construction of collective housing has the minimum open space planned and integrated into
the design. It is usually built on the plots with single-family housing, replacing their abundant open
spaces with dense built form. At the same time, urban plans do not offer the traditional typology of
compact open spaces, such as the new parks, in addition to the trend of building densification.
Considering this transformation of collective housing form, the residential open space in the urban
area is shrinking, and the culture of the common open space use is reduced. At the city scale,
densification and reduction of residential open spaces changes the urban form and reduces its
ecological resource.

The research aims to address these problems by studying continuity and change of morphological
elements that could help understand the origin of urban form dispersion and inform the spatial
regulation on both scales. The morphological relation between the scale of the building and the scale
of the city become relevant in urban form theory in the 1960s. An influential book by Aldo Rossi
puts the typology of housing at the core position of this question. Discussing the concept of the urban
whole Rossi's theory emphasised the importance of the relation of a single building to city form [11].
The spatial elements and principles that constitute this relation should be seen through time and,
therefore, the permanence and change. The approach was called the architecture of the city. Japanese
architect Fumihiko Maki took the strategy further and suggested the design principles of collective
form, starting with individual elements to arriving at a whole [12].

Contemporary morphological studies of urban housing are usually concerned with the characteristics
of the house form and its typological transformation [13], [14], [15]. Consideration of open space as
an element of the form is essential for establishing a relationship between the two scales in question
and for understanding the dispersed character of urban form. Therefore, this qualitative research will
present the types of collective housing form in Banja Luka based on the relationship between the
house and open space and their transformation during the 20th and 21st centuries. It will analyse the
figure-ground ratio and its configuration and discuss the incidence and quantity of open space as a
contributor to the porosity and dispersion of urban form. This study intends to understand and
highlight the continually present characteristics of collective housing form and enable the
application of positive features of residential heritage in the planning and designing of the new phase
of urban and residential culture.
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Figure 1. Dispersed urban form of Banja Luka mapped inside city territory borders (map by
students Biljana Petrovi¢ and Ivona Knezevi¢)

2. RESEARCH METHODOLOGY

The research on collective housing in Banja Luka is conducted as a morphological case study [16]
based on the figure-ground ratio and its configuration. The reference scales for this study are the
building and the block scale. The research is done in two steps. In the first step, we analysed figure-
ground maps of Banja Luka and identified types of collective housing. The main criteria for
typological classification were position of the building in relation to surrounding buildings - attached
or detached volume, and the number of buildings that make the housing form - solitary volume or
ensemble of volumes. The second research step describes each pattern through further figure-ground
analysis (position of the building in relation to the street and plot coverage), context of building and
process of formation (including their correlation to distinct economic issues and architectural
paradigms). Context of building is observed through plot sizes (single plot, block, joining the few
plots), land ownership, investment - who is building and for whom, what were trends in design -
inherited (traditional type of residential living) and reflection on and application of general trends in
housing design and culture of collective living coming from European context.

This research was based on several methods: a) figure-ground mapping of generic housing form and
related open space as the representation and analysis tool; b) data collecting and content analysis of
documents about collective housing in the 20th and 21st century, such as historical and
contemporary maps, planning documents, photography, secondary literature; c) field survey as
information update, primarily on collective housing from the recent period, included mapping and
photography. The plot and building ownership was studied paradigmatically as the history of urban
property, based on content analysis of spatial regulation documents, laws, and secondary literature.
The analysis of the relation between the housing form and urban form at a larger scale was based on
the map study from previous research results about the dispersed urban form of Banja Luka [10].



3. MORPHOLOGICAL STUDY OF COLLECTIVE HOUSING IN BANJA
LUKA
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Flgul‘c 2. Flgure—ground map of Banja Luka, segment.

The two figure-ground maps (Figure 1, Figure 2) are showing the spatial openness and dispersed
properties of Banja Luka’ s urban form. Many unbuilt spaces (voids) of different shapes and sizes
are embedded in the form of the city ‘urban area’ . After recognizing the urban form of Banja
Luka as dispersed on the city scale, analysis is conducted on the building and block scale observing
the figure-ground ratio and spatial layout of collective housing. The first criteria identified through
observation of figure-ground maps is building(s) layout. Buildings layout is described and classified
through two characteristics: the position of the building in relation to surrounding buildings and the
number of buildings that make the whole. From this, three collective housing types were defined:
detached housing building, attached housing building, and ensemble.

3.1. DETACHED HOUSING BUILDING

Detached building type is the dominant form of individual housing in Banja Luka and it is present
in collective housing, too. It consists of one freestanding building on a small plot, away from the
street line and surrounded by an open space (Figure 3). The detached type follows the traditional
logic of a single-family house that is compact in form and occupies a central position on the plot.
Very often, fences have been set up around the plot. The fence has a territorial role in the domain of
the use of open space and not ownership. The figure-ground ratio varies in different periods.
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Figure 3. Samples of detached housing buildings in Banja Luka

Detached collective housing buildings were built in the 1930s when the ownership of land and
buildings was private. Of course, in the period of private ownership of land and building for rent,
the floor area of the building tends to occupy as large area of the plot as possible (Figure 3, drawing
in the middle). At this time, wealthier citizens were investing in collective housing buildings. “Given
that according to the law on ownership, individual ownership of the apartment was not possible
(only houses or entire buildings could be owned) apartments in collective housing buildings were
intended for rent.[18, pp.81]” People inhabiting those buildings were members of the ruling class
and their higher bureaucracy. Architects educated in Europe bring the first influences of modernism



(smaller plot coverage, more light, and more sun). There is a visible tendency to clear the inside of
the blocks and to create smaller green areas. Private investment must pay off so this brings the first
signs of standardization and big plot coverage still plays an important role (even though it is smaller
than at the beginning of the century). Plot coverage is up to 50% and that allows more light and sun
and immediately slightly raises the quality of living [17, pp.10].

In the first years after World War 11, there was a great need for housing construction, both due to the
destroyed housing stock during the war and the migration of the population to urban centers. Given
that the economic situation in society and the state was scarce, housing construction was not large-
scale. Until the 60s, spatial changes and the construction of collective housing buildings are
happening unassumingly, replacing a few old buildings or building on an empty plot. It is always a
single building on small or medium-sized plots. These are individual buildings interpolated into city
blocks and empty plots with direct access to the street. The position of the building is different from
before World War 11. They are detached buildings withdrawn from the street line forming the front
yard. Through archival research, we identified some standardization elements. For example, two
types of buildings were designed and constructed in several locations in Banja Luka (Figure 3,
drawing on the left). One of them, was also built in another city in Bosnia and Herzegovina.
Detached building type is present also in today’s housing construction. It is not the dominant type
because there is an evident tendency to return to traditional blocks with attached buildings. Buildings
are detached but with high plot coverage and positioned at minimal distances from the plot edges.

3.2. HOUSING ENSAMBLE

The ensemble is a type of collective housing form that contains large open spaces, continuously
spreading between compact building forms. Intensive housing construction and the creation of a
new housing culture in freestanding collective housing buildings, ensembles, or neighborhoods, will
begin in the 1960s. Larger housing ensembles were built with unified, compact, and simple
residential buildings. There was no clear relationship to the street line. The plot was not an important
element in the formation of the building-void or figure-ground relationship. The block is now
becoming a construction space. In some cases, the area of construction is a large part of the block
(several plots are joined), or it is the whole block or even several blocks are made and new streets
are also planned and designed. Collective housing ensembles were designed according to the
principles of each composition and each ensemble has its internal logic (Figure 4). Ensembles were
built in the central parts of the city and the periphery.
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Figure 4. Samples of collective housing ensembles in Banja Luka

Preconditions for such housing forms are set by modernist principles of collective housing design
and functional city planning, state ownership of land, and regulation of construction through
planning, in contrast to the plot scale of construction and regulation in the previous period.
Construction land now is state-owned. State institutions together with larger economic entities
(again state-owned) invest in housing construction. The reason for intensifying housing construction
was the same as in cities across Europe - the large shortage of housing. That was increased due to
the consequences of the war and the intensive migration of the population. The migration of people
from the countryside to the city in search of work, primarily in the industrial sector, will continue
during the 1970s and 1980s. Their spatial and organizational complexity and size have grown over
the decades, along with changing funding mechanisms and construction organization, strengthening
the ideology of community, and developing an architectural culture. Two other factors especially
influenced the activation of mass housing construction in Banja Luka: the establishment of the
Institute for Urbanism Banja Luka and the transition of the largest construction company "Krajina"
to the IMS prefabricated construction system.



One of the first residential ensembles built in Banja Luka was HaniSte and its part Crkvena, built in
the 60s. The ensemble consists of several simple multi-story buildings with an elongated rectangular
base and four towers with twelve floors. The towers on HaniSte are the first buildings of this type
built in Banja Luka. The apartments in this neighborhood were constructed for the workers of the
local factory. Next to Haniste, a much larger neighborhood of Caire was built. The architect Nedzad
Hoti¢, employed in the newly founded Institute for Urbanism Banja Luka, designed the ensemble
that contains 17 collective housing buildings. The compositions of both ensembles are formed from
elongated buildings with a rectangular base and a height of 4-8 floors, which are positioned in
parallel or at right angles one to the other. Between the buildings, there is an open space divided into
smaller green areas relatively close to residential buildings, except in the case of four residential
towers that stand in two rows in the open space of the block. These collective neighborhoods
introduce a new pattern of housing culture in the central part of the city, which involves the use of
open spaces of a collective nature [19].

In 1975, the city of Banja Luka got its first major planning document — the Urban plan. The housing
of higher densities (over 200 inhabitants/ha) appeared in the Plan. There was a tendency to limit this
city function to a more compact zone, with higher densities and engaging smaller territory [20,
pp.11]. In addition to the tendency to build housing ensembles of higher densities, there are evident
morphological changes such as the development of more complex forms of housing ensembles.
Since the end of the seventies, the focus has not only been on the minimum satisfaction of housing
needs but also on a higher quality of living. After the necessity, we move on to create spatial
conditions for housing of better quality. In that context, ensembles built in the 80s represent the
"golden age” of the architecture of collective housing in Banja Luka. Both, the spatial arrangement
of the buildings and the boundaries between the building and the open space become more complex
(Figure 4, drawing on the left).

There are a few examples of housing ensembles built in Banja Luka in the last 30 years too.
However, the figure-ground ratio of those ensembles is different from the ensembles of the 20th
century. Differences are most visible in higher plot coverage and accordingly smaller open spaces.

3.3. ATTACHED HOUSING BUILDING

Opposite to the detached building type is the housing form of the attached building on the street line.
This type contributed to higher building density, formation of the traditional urban block, and
compactness of urban form. However, this type was rare and sporadically built in Banja Luka. As a
European model of urban development and building regulation, it appeared at the end of the 19th
century but failed to become a local model. One small segment of the city fabric constituted of this
type is remain in Banja Luka. It is Gospodska Street in the city center (Figure 5, the drawing in the
middle).
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Figure 5. Samples of attached housing buildings in Banja Luka

At the turn of the 19th and 20th centuries, the rule of the Austro-Hungarian monarchy in Bosnia and
Herzegovina brought with it numerous changes in all spheres of life. The oriental character of the
culture of everyday life and urban structure and architecture has been replaced by the European
pattern. More straight lines were introduced into the urban matrix and a new pattern of the mixed-
use street appeared. Wealthier citizens, rich merchants, and artisans built residential buildings with
more than one apartment. In the beginning, owners were living in the building and renting the rest
of the apartments, after World War | those buildings were mainly built only for renting. Collective
housing buildings were built on relatively small plots with plot coverage up to 95%. The building
was attached and positioned on the street line and a lot of attention was given to the front facade
design. Spatial arrangements were the same, but each facade was different from the others. This
representational design and renting purpose led to the quite poor quality of living in those buildings.



Apartments in those buildings had little light and little sun. The courtyards were small and dark with
no greenery [17].

After World War I, the construction of the attached housing type continues. The shapes and surfaces
of each floor were various and depended on the size and shape of the plot. Until World War 11, the
buildings were up to three floors high [18, pp. 82]. Considering that the apartments were intended
for rent, the space is rationally organized, the representativeness from the beginning of the 20th
century is lost and the floor height is smaller and much more in human size (Figure 5, drawing on
the right). At the end of the 1930s, apartment buildings were built in the narrowest part of the city
and often had commercial spaces on the ground floor [18, pp.103-105].

The attached housing buildings were built also during the 1940s and 1950s, mainly in the city center.
Although there was a change in land and building ownership after World War 11, the housing form
did not change significantly. It consists of longer buildings at the street line and smaller open spaces
for service use inside the block. The same as the housing form from the Austro-Hungarian period,
this variation of attached type is little represented in Banja Luka.

Attached housing buildings were also built at the end of the 1980s following the spirit of
postmodernism. Since the 1990s, the individual plot is again the main construction site of collective
housing. The plots are small-sized. An individual house’s plot is being transformed into a space for
a collective housing building of much larger dimensions. Sometimes, several smaller plots of
individual housing are combined, so the collective housing building is built on a larger plot, but
according to the concept of traditional European block Individual private investors are building
collective housing buildings with apartments for sale. They are built one by one on small plots. The
need for the investment to pay off in terms of space is shown in the aspiration for as many square
meters of living space as possible. This leads to greater plot coverage and higher buildings (Figure
5, drawing in the middle). The houses are positioned on the street line and there is a visible tendency
for continuity of street fronts. Streaming towards the traditional block is visible in urban space, but
it is visible in planning documentation, too. Return to the traditional block is recognized as an
optimal spatial response to the increase in housing density. Since the plots are small, the result is a
reduction in residential open space with this more compact form of urban blocks. In most situations,
this results in low quality of housing, so we return to the problems of the early twentieth century.

4. DISCUSSION: OPEN SPACE AS THE STRUCTURAL ELEMENT OF
FORM

The detached housing type - compact building volume positioned centrally on the plot and distanced
from the street line, was dominant in the first half of the 20th century. The origin of the detached
housing type still needs to be studied. Its morphological characteristics are significantly different
from the earliest urban housing in Banja Luka and Bosnia and Herzegovina. The single-family
household groups - mahala, were the dominant residential environment from the 16th to the 19th
century. The house in the mahala had separated volumes distributed on the plot. This configuration
organised the residential space according to cultural patterns of dwelling - according to seasons,
relations between hosts and guests, men and women, family and community [21][17]. This housing
form comes from a specific entanglement of the oriental tradition of Ottoman rule and the local
context. However, although the house form is fragmented, the households had an abundant open
space, divided into a guest yard, a family yard, a garden and an orchard. These large and green open
spaces in mahala produced a low population density, which did not exceed 80 inhabitants per hectare
[17]. Therefore, the origin of the detached housing type could be searched in the influence of local
rural housing and the European model of single-family housing transferred to Bosnia and
Herzegovina after its annexation to the Austro-Hungarian monarchy.

In the second half of the 20th century, the detached houses were constructed in groups - ensembles.
This collective housing type included larger open spaces and buildings compared to the previous
period. It implied open space that continuously spread between compact building forms. Spatial and
organisational complexity and size of ensembles have grown over the decades, along with changing
funding mechanisms (state and workers' associations) and construction organisation
(prefabrication), strengthening the ideology of community and developing an architectural culture.
Ensembles were planned and built in the central city area in the first decade of their construction. In
the more mature phase, construction is moving to the periphery, demanding more free space. The
change of the collective housing scale brought the distinctive transformation of urban form as well.
Formal and organisational autonomy of neighbourhoods as distinct urban units occurs only in the
second half of the century. Precisely defined groups of collective residential buildings were
incorporated into the existing small housing structure. Modernist superblocks are distinguishable by
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their geometric clarity and large size and stand out compared to the housing volumes held together
by the street matrix and land parcelling (Figure 6).

Open space was continually present in collective housing form during the 20th century. Furthermore,
open space was not compact, but contrary, it was diffuse and almost uninterrupted by built structures.
Its presence and diffuseness on the small scale contributed to the diffuseness of urban form on the
city scale. It is logical to conclude that the openness of the collective housing form is the constitutive
element of the urban identity of Banja Luka, which developed during the 20th century as a period
of the most intensive growth of the city. Even in the first half of the 20th century, when the
construction was on individual private plots and building by building, collective housing form have
open space as a structural element. This openness was intensified with the transfer of land ownership
to the state and the construction of large housing ensembles. Thus, the modernist principles of open
composition represent an almost logical continuation of urban form evolution and not a contrast, as
was the case with many European cities.
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Figure 6. Photograph of Banja Luka from 1978. Collective housing incorporated in existing small-
scale housing structure [20]

Dispersed urban form and airy image of the city resulted not just from architectural paradigms but
from social and economic circumstances. Bosnia and Herzegovina were predominantly rural until
the end of the 19th century. The European model of the compact city was not enthusiastically
accepted when historical circumstances allowed its most direct influence at the beginning of the 20th
century. There was no economic or social need for a compact city, usually developing from high
population density and high land values. Bosnia and Herzegovina and Banja Luka had no phase of
congested industrial cities of the 19th century. The detached housing type was transposed from
single-family housing to collective housing form and then morphed into modernistic ensembles and
neighbourhoods that overwhelmed urban territory. Several factors contributed to the dominant
character of the openness of this housing form, beside the modernist principles of collective housing
design and functional city planning. They are the state ownership of land and regulation of
construction through planning, in contrast to the plot scale of construction and regulation in the
previous period. Due to ownership, the land had a predominant use-value, not an economic one, and
was available to planners without major restrictions.

The 21st century is characterised by the change of ownership of land and buildings to private one.
The apartment becomes a market commaodity for the first time. Collective housing is built on
individual plots, and the choice of construction plots follows more the market availability and less
functional organisation of the city. The result is an illegible and large architectural form that arises



from the pursuit of maximum plot coverage and its shape. These residential buildings and complexes
can be unmistakably dated within the urban fabric only based on their massiveness and size. Open
spaces do not have a structural role in this housing form but represent a minimal remnant of the
undeveloped part of the plot intended for the necessary pedestrian access and parking. Therefore,
the last several decades produced the new collective housing type which has the several
characteristics of the three types recognised in the 20th century. It is represented by a large
architectural form that lies in part on the street line, consisted of several connected volumes, and is
detached from the objects in context. Contrary to the above three types, this collective housing form
has the least open space.

5. CONCLUSION

Single-family housing was the dominant type of housing during the 20th century in Banja Luka and
still is. It is certainly the main generator of dispersion of urban fabric concerning its low density and
detached buildings. This research addressed the collective housing form that makes the other 40%
of housing stock in Banja Luka to evaluate its morphological role in urban form. The research
confirmed that open space was continually and significantly present in collective housing form in
all typological patterns during the 20th century. It was not compact, but contrary, diffusely arranged
around detached buildings. The diffuseness and openness on the small scale contributed to the
dispersion of urban form on a larger scale. Therefore, the typologicaly described figure-ground
configuration should be considered as a continually present component of the urban identity of Banja
Luka, as it contributes to the continuanence of the inherent urban structure.

The construction of collective housing in the recent period affects the inherited character of the urban
form. The housing construction takes place on the scale of the plot, contrary to the large scale
undertakings of socialist cities in the second half of the 20th century. The new housing form does
not contain open space as a structural element but as a minimal functional component, and it makes
a specific break in the morphologically open character of the city. The urban form is changing with
a tendency towards building densification and compactness, since the new construction is taking
place in previously undeveloped open space or comes in place of single-family housing, in both the
urban center and periphery. At the same time, urban plans do not offer the traditional typology of
compact open spaces, such as the new parks, in addition to the trend of building densification.
Urban planning should design its visions of urban growth rooted in the comprehension of dispersed
urban form. More precisely, its potential and qualities come from the intertwining of built and open
space. Otherwise, losing sight of open spaces as structural and compositional elements will not
enable the comprehensive development of the territory. On the contrary, it could generate
segregation and marginalisation. The human dimension of space is not only obtained through the
small-scale design, but on the contrary, it largely depends on the simultaneous view of the city on a
larger scale. If we consider open spaces as equally important structuring elements of dispersed urban
form, just as built spaces, we might hope for the fresh urban visions of the environment where the
culture and nature are in the new unity.

On the other side, the tools for managing urban growth should be associated with small spatial scales,
as well. While understanding the contemporary economic and social context, it is necessary to look
for new models of collective housing by focusing on the relation between built and open space in
their form. This relation should be harmonised with the inherent morphological logic of the city in
qualitative and quantitative terms. The new housing form could emerge with appropriate building
codes which would accompany urban planning. Future morphological research on collective
housing is important in this context. It can bring more detailed knowledge about inherited collective
housing forms and local residential culture. The nature of morphological principles enables them to
be easily translated into the necessary building codes [21]. Considering the figure/ground ratio and
its configuration in collective housing form, the building codes will enable the preservation of the
luxury of form openness and maintain the social, cultural and ecological values that open spaces
bring to city life.

LITERATURE

[1] S. E. Bibri, J. Krogstie, M. Karrholm, “Compact city planning and development:
Emerging practices and strategies for achieving the goals of sustainability,”
Developments in the Built Environment, vol. 4, 2020,
https://doi.org/10.1016/j.dibe.2020.100021.



(2]
(3]
[4]

(5]
(6]
(7]

(8]

(9]

[10]
[11]
[12]
[13]

[14]

[15]
[16]
[17]
[18]

[19]

[20]

[21]
[22]

E. Burton, M. Jenks, K. Williams, Eds. The Compact City. A Sustainable Urban Form?.
Routledge, 1996.

R. Burgess, M. Jenks, Eds. Compact Cities. Sustainable Urban Forms for Developing
Countries. Routledge, 2000.

The Organisation for Economic Co-operation and Development, “Compact City
Policies: A  Comparative  Assessment” 2012. [Online]  Available:
https://www.oecd.org/regional/greening-cities-regions/compact-city.htm

N. Brenner. New Urban Spaces Urban Theory and the Scale Question. New York: Oxford
University Press, 20109.

N. Brenner, Ed. Implosions/Explosions: Towards a Study of Planetary Urbanization.
Berlin: Jovis, 2013.

M. Topalovi¢, “Architecture of territory. Beyond the limits of the city: research and
design of urbanising territories.” Inaugural lecture presented by Milica Topalovic on
November 30, 2015 at the ETH Zurich. https://doi.org/10.3929/ethz-a-010794553.

P. Vigano, C. Arnsperger, E. Lanza, M. Martina and C. Cavalieri, “Rethinking Urban
Form: Switzerland as a “Horizontal Metropolis,” Urban Planning, vol. 2, pp. 88-99,
2017. doi: 10.17645/up.v2i1.871.

R. van der Velde and S. de Wit, “The Landscape Form of the Metropolis,”
FOOTPRINT, vol. 5, pp. 55-80, June 2009, https://doi.org/10.7480/FOOTPRINT.3.2.709.
N. Novakovié¢, A. Milakovi¢, D. Simonovi¢, “Properties and qualities of dispersed urban
fabric: understanding the Banja Luka urban form,” in International Conference on Urban
Planning Proceedings, P. Mitkovi¢, Ed., 2020, pp. 163-170.

A. Rosi, Arhitektura grada. Beograd: Gradevinska knjiga, 2008, p. 53.

F. Maki, Nurturing dreams. Collected essays on architecture and the city. Cambridge:
Massachusetts London: The MIT Press, 2008.

M. A. Hermida, N. Juca-Freire and J. P. Carvallo-Ochoa, “Urban tissues and residential
types in Cuenca (Ecuador),” Urban morphology, vol. 24.1, 2020.

L. Alonso De Armifio Pérez, G. Vicente-Almazan Pérez De Petinto, VJ. Casafi Llopis,
Housing form and city form: Urban morphology and local identity,” in 24th ISUF
International Conference. Book of Papers, 2018, pp. 779-790,
https://doi.org/10.4995/ISUF2017.2017.5772.

G. Ledent and S. Komossa, “Referential types as clues for housing design,” Urban
Morphology, vol. 23, no. 2, 2019, pp. 125-142.

B. Case Scheer, “Urban Morphology as a Research Method,” in Planning Knowledge
and Research, J.W. Sanchez, Ed., Routledge, 2018, pp. 167-181.

J. Finci, Razvoj dispozicije i funkcije u stambenoj kulturi Sarajeva. Sarajevo: Zavod za
stambenu izgradnju NR Bosne i Hercegovine, 1962.

S. Cviji¢, Moderna stambena arhitektura Banjaluka 1929-1941. Beograd: ZaduZbina
Andrejevi¢, 2014.

N. Novakovi¢, Research into patterns of use of public open spaces for the purpose of
neighbourhood regeneration: a case study of the city of Banjaluka (Doctoral dissertation).
University of Belgrade - Faculty of Architecture, 2014.

V. Stosi¢, Z. S. Macki¢, Banjaluka koje ima i koje nema u 1000 slika. Mega multimedija,
digitalno izdanje, 2004.

B. Scheer and D. Scheer, "Typology and Urban Design Guidelines: Preserving

the City without Dictating Design," in Nineteenth Century Urban Morphology, Aga Khan
Series, A. Petruciolli Ed., Cambridge, MA., 1998.

«



24

Research paper | OpurMHanHW HayyYyHU pag,
DOI 10.7251/STP2215256S
ISSN 2566-4484

Dijana Simonovié, University of Banja Luka, dijanaurb@gmail.com

NEIDHARDT’S VERNACULAR-MODERNIST GLOSSARY OF BOSNIA
AND HERZEGOVINA’S ARCHITECTURE AND URBANISM

Abstract

The construction principles underlying Bosnia and Herzegovina’s traditional building and the
characteristics of its modernist architecture provide a basis for a set of criteria to evaluate its
modernist heritage. The architect and town planner Juraj Neidhardt created a modernist-vernacular
glossary of Bosnian-Herzegovinian architecture and town planning, with new terms based on
analogies with concepts and spatial elements used in the past. Neidhardt’s modernism has regional
characteristics and is the earliest representation of critical regionalism in Bosnia and Herzegovina
in the 1970s. There is a real need to reconsider and conceptualise alternative approaches to the
process of revaluation of the entire material heritage of the Bosnian-Herzegovinian modernist era.

Keywords: Neidhardt's modernism, principles, regionalism, vernacular Bosnian architecture.

HAJAXAPTOB TPAAUIIMOHAJIHO-MOJAEPHUCTUYKHN PEYHUK
BOCAHCKO-XEPIHEI'OBAYKE APXUTEKTYPE U YPBAHU3MA

Caxicemax

[puanunm rpalema Ha KoOjuMa IMOYMBa apXWTeKTOHCKO Haciehe bocre m XepmeroBmue u
KBAJINTETH HEHE MOJCPHUCTHUYKE apXUTEKType MOry OHTH OCHOBAa 3a CET KpHUTepujyma 3a
BAJIOpH3alLMjy HEHOr MojepHucTHYKor Hacieha. Apxutekra Jypaj Hajaxapar xpeupao je
,»MOJIEPHUCTUUKO-BEPHAKYJIAPDHU PEYHUK O0CaHCKOXEPLETroBayKe apXUTEKType U ypOaHH3Ma“, Ha
AHAJIOTHjH Ca KOHIIENTHMA 1 IIPOCTOPHHUM €JIeMEeHTUMA U3 Ipouwtoctd. Hajaxapros MmoaepHu3am ca
0JUIMKaMa perioHaIn3Ma BU/IU Ce Kao HajpaHuja penpe3eHTanyja KpuTHIKOT pernonanusma y buX,
1970-tux. HeonmxomHO je MPEHCHIUTHBAKRC W KOHICTITYyajdu3aldja aJTePHATUBHHUX IPHUCTYIIA
IpolLecy peBajopu3alyje MaTeprjaine OamTrHe O0CaHCKOXEPIIEroBayKe enoxe MOAEpHU3MA.

Kmwyune pujeuu: Hajoxaomoe mooepuuzam, npuHyunu, pecuoHaiu3am, 6epHAKyIapHA
apxumexkmypa.



1. INTRODUCTION

In the mid-20th century, the modernist architect Juraj Neidhardt created a ‘modern-day glossary of
architecture and town planning — an alphabet of the patchwork town’, a series of lace-like visual
elements taken from his own architectural and town planning designs, which he used to formulate
and explain these new terms based on analogies with concepts and spatial elements from the past.
He also compiled a list of rules of thumb, which he formulated and presented in visual form, and
which he claimed to have been used in Bosnia to build settlements during the long prevalence of
Oriental architecture, such as architecture on the human scale, domiforms and cubiforms, texture-
structure, houses with no furniture, growing houses, spatial architecture, nature connectedness, the
right of view and the building process, as well as neighbourliness, ‘never going against the grain’,
etc. Also meriting a mention are the creative syntagms and adages he coined, like ‘geography of
architecture’, ‘carpet city’, ‘green city’, “amphitheatre city’, ‘water as the soul of the city’, ‘sanctity
of ambiance’, etc. [1].

Together with architect DuSan Grabrijan, Neidhardt explored the characteristics of Bosnia and
Herzegovina’s building heritage, looking for the universal in its architecture and town planning. In
1957, they published their observations and conclusions in the book Architecture of Bosnia and the
Way to Modernity (Arhitektura Bosne i put u savremeno) [2]. Among other things, the book contains
a study of the urban physiognomies of Bosanski Brod, Zenica, Mostar and Trebinje, four Bosnian-
Herzegovinian cities located along the axis connecting the Posavina (the Sava River Basin) with the
Mediterranean. Based on this study, they framed new written principles for selected places and the
‘backbone’ of Bosnia and Herzegovina, the Posavina-Mediterranean industrial axis. Following the
publication of the book, other regions of the former Yugoslavia were investigated to propose axes
or directions intended to solve problems of spatial development that were ‘complex in a regionally
specific way’, which could help today to identify and analyse comprehensively trends of
urbanisation in Bosnia and Herzegovina and the former Yugoslavia.

Neidhardt was born to a Zagreb-based German family in 1901. He trained as an architect at the
academy in Vienna under Professor Peter Berens, one of the most influential modern architects of
the first generation. Following graduation, he went to work at Berens’ Berlin studio (1930-1932),
after which he left for Paris in 1933 and joined the studio of the famous Le Corbusier (1933-1935).
During that period, he competed relentlessly with his designs and worked on a great many town
planning and architectural projects realised across Europe. Le Corbusier asked him to join his team
working on the Brasilia project, but Neidhardt returned to Yugoslavia instead. After spending a year
and a half in Belgrade (from 1936), in 1938 he moved to Sarajevo, which fascinated his so much
that he spent the rest of his life there. He died in 1979 [3].

2. NEIDHARDT’S PATTERN LANGUAGE: BETWEEN TRADITIONAL
PLACEMAKING AND MODERNIST ARCHITECTURE AND TOWN
PLANNING

Neidhardt compiled a modernist architecture and town planning glossary by coining new terms for
spatial elements, which he did by drawing an analogy between the construction elements he used in
his projects and those of traditional building, which had originated in the past. He incorporated in
them the universal principles and unwritten rules of vernacular building, and as he formulated them,
he also represented them in unique visual form. He claimed that they had been used to build
settlements in Bosnia during the long period under Ottoman rule, with the Oriental style as the
dominant one, as well as under Austrian-Hungarian administration, representative of a peculiar
‘regionalist’ way of placemaking and town plan regulation.

These principles were an expression of customary law and represented a kind of codex — a set of
rules pertinent to different aspects of social life, which had been observed locally for a long time.
The most important of those rules were the right of view (vista), the right of way and free access to
common goods and amenities, and the inviolability of private property. The right of view, i.e., one’s
entitlement to a view (vista), was a unique building principle that had its origins in customary law
and communal ethics, since it was a standard that ensured the provision of high-quality housing. In
Julian of Ascalon’t Treatise of Construction and Design Rules (6th ¢. A.D.; Julian was a Byzantine
architect, originally from the Palestinian coastal town of Ascalon), this rule is called ‘protection of
the view’. The rule stipulated the preservation of direct views of the sea and harbor, with specific
guidelines relative to three different categories of view, the foreground, which pertained to the coast,
the harbour and docked ships, or the middle ground, and the background [4].



Neidhardt built his pattern language upon the universal principles he discovered in Bosnia’s
vernacular architecture. He concluded “vistas and the right of view’ were an important standard as
it allowed every inhabitant of every town to enjoy a view from their home (Figure 1).
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Figure 1. Neidhardt’s visual representation of ‘vistas and the right of view’

He also adopted the Bosnian traditional principles of layout of the mahala and typical household in
it, thus respecting the country’s unwritten building rules and codes. When planning the development
of an urban area, he respected the right of view, choosing to position structures in such a way that
those tall (open) ones stayed in the valley, those medium-sized (semi-closed) were on mild slopes
or hillsides, and the low (closed) ones on steep slopes (Figure 2).
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Figure 2. Settlement at Ilija3 (1940) built in accordance with the principle that ‘each house should
command an unobstructed view’

Neidhardt’s arrangement of structures into three separate categories is clearly visible, as he strove
to re-introduce to the so-called Bosnian town planning the traditional layout and to keep volumes in
proportion to man. In planning Ilija3, Neidhardt employed the principle that had previously governed
the layout of towns (residential areas, or mahale, and commercial districts, or charshiye), with
mahale winding down slopes and the charshiya, or the commercial centre of town, placed along the
riverbanks in the valley (Figure 3). The architecture of his buildings, both residential and
commercial, is modernist, but obviously drawing on Boshia and Herzegovina’s traditional
settlement architecture.
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Figure 3. ‘Mahala’, a small residential neighbourhood on the slopes above llijas, with
‘Charshiya’, or the commercial district, located in the valley

The second principle emphasised by Neidhardt was that of ‘neighborliness’, an ethical principle or
standard that had influenced the formation of oriental architecture (Figure 3). Neidhardt says that
‘wherever possible, straight rows of houses are avoided. While the pattern of the mahala is meander-
like, the charshiya is straight and densely built (Figure 4). Construction land must be used
economically, whence the tradition of laying out buildings in charshiya in rows [2].



Figure 4. ‘Neighborliness’ as an ethical principle that had influenced the making of architecture

In addition, Neidhardt wrote about Sarajevo’s oriental architecture and its dainty houses set amidst
gardens as ‘human-scale’. He described them as low-lying, horizontal and unpretentious, extending
in layers over contiguous slopes, their rooflines interrupted only by minarets and poplar-trees. He
saw the panorama as marvelously harmonious, calm, and all-embracing — the very image of an old
civilisation. Referring to this, he reiterated that overall, the urban landscape appeared as a unique
higher form, which he concluded was a result of local people’s nature connectedness [2].

Third, claiming that every epoch has its own architectural glossary, Neidhardt used the “alphabet of
the carpet town’ to put together his very peculiar building vocabulary — a visual representation of
the transposition of traditional building patterns into modernist architectural elements, systems and
principles, as used in his own projects (Figure 5).
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Figure 5. Alphabet of the carpet town [2:324]

There are concrete examples which expose the postulates, elements and systems Neidhardt borrowed
from vernacular architecture and which show how he translated, transformed and put them to use.
For instance, the building of the Technical Faculty in Sarajevo is designed as a pavilion characterised
by zigzags; the Gallery is a structure with an atrium; and in the case of the Ski Lodge on Mount
Trebevi¢, what is obvious is Neidhardt’s appreciation of the traditional principle of the right of view,
with its space organised to take into account the human scale, in wood and stone used the way these
building materials were traditionally locally combined. In the case of the hotel project, he applied
the ancient rule of ‘receding houses’, and in order to ensure the right of view, he terraced the
structure. In the case of the Bachelor House in Zenica, he also took into account the rules of thumb
by which traditional houses were laid out, but putting several flats under one roof.

Neidhardt compiled a glossary of terms and abbreviations that are essentially a codebook of the
fundamental notions and ideas of single architectonic and urban realisations from the period between
1932 and 1956. ‘ E ach of these abbreviations indicates an idea, a point of view, a law (principle,
characteristic, composition, unwritten law etc.), varying according to the kind of subject. If a better
explanation of a single project has to be found, it is not sufficient to name the same symbolically
(e.g. carpet town, ship town, etc.), yet it is necessary to explain it by means of analogy (e.g. old —
new, composition — agglomeration, etc.) or on the basis of a contrast (e.g. cupola — balcony, nucleus
— heart, etc.). When we have to deal with more of such principles simultaneously, the abbreviations
are enumerated as humbers in a mathematical formula. A collection of these abbreviations gives us
as result the informative basis of the project’ [2: 330]. The Ski Lodge on Mount Trebevi¢ may serve
as an illustration: ODP + PNV + UP + RE + KAO + LK + DT + JS + KKO + SP = IP (informative
or ideal basis). Within this frame the quoted formula reads as follows: ODP, PNV and UP — written
laws according to which the object is composed in nature, RE — object purpose, KAO — functional



tripartite structure, LK — symbolic characteristics of the object, DT — dualistic position of the object,
KKO - design system, JS — one-flight staircase, SP — surface working, etc [2: 330].

The above illustration of Neidhardt’s methodological framework and tools clearly shows the
exceptional logic and systematicity behind his intertwining of traditional and modern architecture.
In his own words, an architectural tradition that grew out of people’s centuries-old building
experience and boasts unbroken continuity, which is then enriched with modern technical
aspirations, can only be seen as organic. Although his designs are primarily modernist, they are also
organic, as they appreciate tradition and rules of design and construction that grew out of experience.
As a modernist, he realised and was fully aware of the advantages of using concrete to build the
doksat, an Oriental-type enclosed balcony very similar to oriel windows and other cantilevered
elements or units, which he used in combination with traditional materials, such as stone and wood.
Also, he raised his buildings above the ground by propping them on pillars, thus connecting
vernacular architecture with modern architecture.

3. NEIDHARDT’S APPROACH TO ARCHITECTURAL AND TOWN
PLANNING AND DESIGN: PRINCIPLES AND METHODS

Neidhardt’s urban and architectural discourse is grounded in the concept of ‘landscape’. It is in the
vein of modernism, yet articulated in the spirit of the regional and expressed as contextual design of
planned settlements and organic architecture of designed buildings. Owing to Jelica Karli¢-
Kapetanovi¢ and her study Juraj Neidhardt — Life and Work (Juraj Najdhart. Zivot i djelo) [3], one
can speak with certainty about the key principles of Neidhart’s urban and architectural discourse.

Le Corbusier’s discourse of urban landscape — le paysage urbain — was the theoretical cornerstone
of all major precepts of urban landscape procedures and practices in the post-WW!II Yugoslavia.
They developed through the efforts of Yugoslavian urban planners to rise to the challenges of the
profession in rebuilding war-torn villages and towns, as well as in planning new ones in a way that
would reflect Yugoslavia’s socialist society. They were mainly based on the overlapping of ideas of
and aspirations towards a classless society, and those of a better life for all social orders, as inherent
in modernism. Having worked with Le Corbusier on the urban plans of Antwerpen, Stockholm,
Algiers and Nemours [8:22], all of which had the urban concept of the ‘Radiant City’ (La Ville
Radieuse) at their heart, Neidhardt built his experiences into his authentic approach to the
urbanisation of Yugoslavian cities, bringing with him the latest European trends. He also introduced
a key new way of urban thinking, rejecting the conventional method of two-dimensional urban
drawing. He thought about cities from the standpoint of plasticity, that is, to him the city was a
plastic phenomenon. In his own words, this aspect is especially focused on through close observation
and analysis of cities in search for analogies between their identity and modern-day solutions,
whereby they develop a new character and new plasticity. Neidhardt’s entry to the Regulatory Plan
of Novi Sad competition in 1937 contains a photomontage of the main city square, with a new
boulevard going from it (Figure 6); it is a perfect illustration of his working principle, as interpreted
by DuSan Grabrijan in his ‘visual-analytical presentation of the plan’: ‘Cities should be sculpted. A
well-sculpted city automatically answers all technical questions. Town planning is a synthesis, the
sum of all the needs of a city representing one plastic whole...” [5:22].

Figure 6. Regulatory Plan of Novi Sad: a photomontage of the main square with a new boulevard
going from it

Starting just before the outbreak of World War 1l and continuing in post-war Sarajevo and Bosnia
and Herzegovina, Juraj Neidhardt and DuSan Grabrijan, similar to what Nikola Dobrovi¢ did in
Belgrade, searched relentlessly for universal building tenets, as hidden in Yugoslavia’s architectural
and urban heritage. This is how they described their work in circumstances that meant a clean break
with all tradition, including that of building: ‘It was a period of struggle, of choosing between large
streets with transit and corridor streets, quads and open neighbourhoods, authentic and colonial
architecture, etc. Firmly believing that people only begin to live their lives once they are culturally



and politically free and independent, we thought the only path to creative contemporary architecture
was through heritage. Therefore, we set out to discover architectural and urban heritage laws.’
[2:499] Understanding the importance of these principles or laws — spatial, functional, aesthetic and
ethical (today also environmental), as laid down in the past, led the two architects to establish a
special creative and analytical procedure. It was a highly peculiar and authentic approach, although
it definitely relied on the modernist paradigm and urban discourse of the International Congress of
Modern Architecture (CIAM) and Le Corbusier.

For Neidhardt, the functionalism as set by the CIAM was implicit, but he arranged functions across
a site or place in response to its spirit, the experience of use patterns as defined in the course of its
urban development, and the quality of the principal environmental conditions (insolation,
ventilation, vegetation and prevention of pollution). Neidhardt combined a sophisticated
understanding of and respect for natural givens, inherent qualities and standards of a particular area
to create a kind of ‘regionalism’, which was not an administrative and political construct, but was
understood as contextualism. In his approach he did not simply copy the past or engage in formalistic
reminiscences, but he applied studiously and developed further what was perceived as natural
standards or laws, and where a concrete place had previously been settled in and was inhabited, he
also used man-formulated laws, adapted to the new needs of the inhabitants living in the new era.
These characteristics of Neidhardt’s approach are clearly seen in most of his plans and projects, such
as the IlidZza Spa Urban Planning Project (1937/38), the worker and clerk neighbourhoods of Breza,
Ilijas, PobreZje and Ricica (1939), the Zenica Town Planning Project (1940), and the urban planning
projects of the miner communities of Vare$-Majdan and Ljubija (1941), had mostly been realised,
but were partly destroyed in the 1990s civil wars. Also, the unrealised IlidZza Spa Urban Planning
Project (which he worked on while at the Central Hygienic Institute in Belgrade, between 1 June
1937 and 31 October 1938) and the regulatory plans and projects that have been materialised — the
worker settlement in PobreZje near Zenica and the blue and while-collar neighbourhood of Ilija3
near Sarajevo — are highly illustrative of how uniquely creative Neidhardt as an urban planner was
in his deliberations, as well as of his new concept of the urban landscape of Bosnian-Herzegovinian
communities.

Neidhardt’s conceptual ideas to connect the green structure of the hilly hinterland of cities with the
valleys they lay in, by allowing it to penetrate the urban tissue transversely, as had ‘traditionally
been done in Sarajevo’ (Figure 7), show again how much importance he attached to the concept of
‘landscape’ in his urban discourse.
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Figure 7. Schematic of Sarajevo as blending with green patches descending from the surrounding
area

He believed it crucial to specify that which set each of these places apart — a criterion, a module, a
lifestyle — which corresponded best to them individually and could be instrumental in identifying
the most promptly those factors that influenced the decision-making processes concerning them.
Close attention should be paid to the heritage value of Bosnia and Herzegovina’s abandoned and
derelict modernist residential neighbourhoods and tourist resorts. The morphological diversity of
these buildings and complexes also merits special attention. They are characterised by common
(collective) patterns of use of space, resulting from an aspiration toward a ‘just policy of communal
life’, one that would strike a balance between common and individual interests, as well as between
public and private ownership, i.e., that would lead to a synthesis of the individual and the communal,
and also resulting from collectivist values, as disputed nowadays, and seeing architecture in the
wider context of socio-political and economic conditions, as Neidhardt saw it [6:227].



Neidhardt’s urban plans and projects of blue and white-collar neighbourhoods across Bosnia and
Herzegovina (1939-1945) were based on the above premises, nonetheless with a special approach
adopted for each one of them. He planned the future of these neighbourhoods or settlements
according to modern principles of organisation of civic and collective life, shaping them to newly
created values and lifestyles as well as those inherited, to building traditions and to social relations.
He took into account all layers of meaning as present in a given area or place and incorporated into
his solutions assumptions about the inhabitants’ cultural needs, which were rather forward for the
period — their social needs, housing needs, the need to have places of worship, libraries, schools,
health facilities — complete with green areas positioned around industrial complexes to be used for
exercise and recreation [3:110]. The residential architecture of those neighbourhoods and
settlements was morphologically diverse and included houses containing different types of workers’
dwelling units or flats, which he also nicknamed to convey the number of the units contained; e.g.,
houses with two flats were called ‘twins’, craftsmen’s homes with four flats — *quads’, single-family
houses — ‘clerk homes’, as well as ‘quintuplets’, ‘sextuplets’, etc. [6:37].

3.1 SPECIFICS OF NEIDHARDT’S METHODOLOGICAL APPROACH

Neidhardt explained the nature of his urban discourse and his understanding of urban landscape in
the previously quoted Architecture of Bosnia and the Way to Modernity, in the chapter titled ‘Four
Cities — Four Physiognomies’, demonstrating the universality and comprehensiveness of his
methodological approach in solving the problems of planning four selected Bosnian-Herzegovinian
cities — Bosanski Brod, Zenica, Mostar and Trebinje — located along the axis cutting through Bosnia
and Herzegovina and connecting Posavina with the Mediterranean.

Starting from the fact that the same problems arise in all places in Bosnia and Herzegovina, with
only the climate, vegetation, customs and urban criteria or principles by which a place was built
being different, he considered it important to discover the laws which had governed the birth and
construction of anyone place originally and to draw conclusions accordingly about how to build new
units and places. He concluded that many of the unwritten laws and ethical principles he discovered
in connection with Sarajevo’s development were also visible in other places in similar environments.
However, the most important thing was to formulate, in a broader sense, new written laws for
concrete places and the ‘backbone’ of Bosnia. ‘Some of these principles can be easily implemented
in the case of our modern places without much ado; such are the green city, the carpet city, water as
the soul of the city, neighbourliness, the right of view, the human scale, etc.” The analysis of this
study shows his broad — i.e. regional — approach to spatial planning, as mentioned elsewhere in this
paper. It is evident in his insistence on the importance of dealing similarly with regions of the former
Yugoslavia, by profiling them and finding their ‘axes’, on the basis of which spatial development
problems could be solved in a ‘complex’ — regional — manner [2: 452].

Neidhardt studied the concept underlying the morphology of the towns lying along the regional axis
running from Slavonski and Bosanski Brod (‘a town next to a town’), across Bosnia and
Herzegovina, all the way to the Adriatic. Recognising in it an industrial ‘axis’ or belt, he compared
the principles on which they had developed, drew lessons from it and made decisions about new
urban concepts to develop these places. Since all the towns were lowland and had corresponding
physiognomies, Neidhardt used a unitary approach to planning Slavonski Brod and Bosanski Brod,
two towns on the opposite banks of the Sava River, treating them as an organic whole comprising
two administratively distinct units. The key element of his design is the diagonal street plan — which
shortened the distance between the neighbourhoods — laid out as a garden city with small residential
areas, composed of urban cores or blocks (neighbourhoods) (groups of residential buildings)
complete with schools, playgrounds and other amenities [2:287].

For the cities of Zenica and Mostar, located in the valleys of the Bosna and Neretva rivers, he first
identified one common principle by which places were traditionally built in valleys: residential
neighbourhoods (mahale) were erected on hillsides, and the commercial town centre, the charshiya
(‘downtown”), in the valley. Next, he translated this into the principle of building housing on slopes
and barren land, allowing the flat part of the valley to be used for industry or agriculture. Developing
the concept for Zenica (Figure 8), he blended the new residential neihgbourhood units with the
hillsides along the valley of the Bosnha, respecting the principles of the garden city, not creating
isolated ‘dormitory’ neighbourhoods on Zenica’s outskirts, but rather functionally rich organic
wholes with all the amenities needed for modern living [2:287].



Figure 8. Axonometric drawing of Zenica town plan

One does not only find vegetation in residential parts of the city and the vast buffer zone that
separates them from the industrial zone; it was also ‘let in” the industrial part, which resulted in the
urban form Neidhardt calls the amphitheatre city — ‘that which is so characteristic of our old towns,
with the slopes merging with the valley into a harmonious whole’ [2: 457]. He compared Mostar to
a crystal ore lump: ‘Like crystals incessantly form and develop inside amorphous ore lumps, may
the modern era leave its mark on this agglomeration as well. Yet, the question is, are we, as architects
and urban planners, up to the task of making additions to this stone agglomeration?’ In Herzegovina,
with the little steep space that it has, serpentines and the like were built to create road infrastructure;
just as vegetation changes, so does the structure of a city, and just as nature, the climate, people’s
diet and customs impact on the temperament and physiognomy of the inhabitants of an area, so it is
with the physiognomy of cities [2: 456].

These characteristics are seen in Neidhardt’s approach to the urban design of Ilidza, which fully
adheres to the principles of the European modern movement and which was the first project of its
kind in Bosnia and Herzegovina, as well as one of the first in the Kingdom of Yugoslavia. The llidza
urban design banned all vehicles from inside the spa, with access roads passing along its perimeter,
separated from the place itself with a protective vegetation belt. The railway line was separated with
both a green belt and a protective embankment to minimise noise and smoke. The design proposed
the separation of pedestrian motor traffic (local and collector/distributor roads), with a special
system of parallel streets with extensions at their ends to be used by tenants as gathering places in
all four newly designed residential neighborhood units.

The spa thoroughfare, the Great Promenade, was a pedestrian precinct, a walkway, which ran in the
east-west direction, connecting the beaches along the river Zeljeznica, via the spa, with the River
Bosna Spring. Along its length the walkway had a green median, the purpose of which was to break
the monotony of the long promenade, with series of residential neighbourhoods to the north and
south [3:262].

Neidhardt’s project of urban development regulation of IlidZa Spa included not only land use zoning
of the entire place, but also density zoning, proposing zones of low, medium and high building
density (as stipulated by the 1931 Building Act and the Construction Code, (which had a special
chapter regulating spas and other tourist resorts), both of which were in effect at the time).
Requirements were specified for each of the three density zones, and they all allowed only open-
type neighbourhood units, which were an expression of modernist principles, which Neidhardt
introduced with this Plan. The quadrangle was considered outdated, which precluded the
construction of row houses or buildings in this case as well. Guided by housing quality standards,
the project met the strict requirements for insolation, ventilation (airiness) and moisture control, not
only by carefully planning the room and building layout, but also by landscaping the promenade to
create the chequerboard pattern with trees. Each of the four residential neighbourhoods, which
branched north and south of the green walkway, had a square at the centre of its administrative,
cultural and economic part, complete with a school, market and other amenities. [6:55].

It is worthwhile noting that by designing such rounded neighbourhoods, which were also self-
sufficient to an extent (such as will appear in the 1960s as both a constructive and critical response
to the uniform commuter or dormitory towns, replicated before and after that time by stereotypically
and formally employing functionalist principles, or the so-called neighbourhood unit concept),
Neidhardt implemented an entirely new settlement planning strategy, thus interpreting CIAM’s — in
Pantovi¢’ s words — ‘suprapolitical urban order’ in a genuinely inventive way, by adopting a just
policy of communal life that struck a balance between common and special interests, public and



private dwelling and ownership, that is, a synthesis of the individual and the communal’ [6:55,
5:20].

Also noticeable is Neidhardt’s reference to the theory of modern functional town planning, as
formulated in CIAM’s first programme, The Declaration of La Sarraz, issued by architects gathered
at the Preparatory International Congress of Modern Architecture in 1928. Not only Neidhardt, but
also other Yugoslavian modern architects turned to the Declaration and worked towards its goals
(the Declaration was translated into Croatian-Serbian and published in Problems of Contemporary
Architecture (1932), a book by Croatian architect Stjepan Plani¢). Emphasising the central point of
the Declaration, 1. Urbanism, seems particularly important, if we are to understand Neidhardt’s
town planning postulates as observed in the case of the IlidZza Spa urban development regulation
project. It formulates the essence of CIAM’s theory of functional planning: ‘1. Urbanism is the
organisation of functions of collective living... Urbanism should not be governed by aesthetic
considerations, but exclusively by functions.” [5:18] It is indisputable that understanding
architecture in the broader context of socio-political and economic conditions was the creative point
of departure for Bosnia and Herzegovina’s most prominent town planning figure. [6:56]

Following the above series of examples that illustrate the authenticity of Neidhardt’s approach to
architecture and town planning, it is important to point out his strong inclination towards exploration,
experimentation and social engagement. He believed that an architect should be socially involved
and participate in public life, just as he was and did himself. Many of his studies and competition
entries, as well as his public appearances, resulted from his exploration of the widest range of urban
and architectural phenomena and problems. His investigation of Bosnia’s vernacular architecture
did not only produce a book, but it also led to the compilation of the glossary of the modern
vernacular language of architecture, in which he ‘told” all his designs and projects.

Neidhardt’s commitment to experimentation and work with new materials and technology in the
field of residential building in the second half of the 1960s led to an initiative that, unfortunately,
foundered. In a study presented at the Exhibition of Fine Artists of Yugoslavia in Sarajevo in 1969,
as well as in several articles in the press and architectural magazines, he proposed architectural
solutions for temporary accommodation of people in extreme situations, such as the Banja Luka
earthquake. Thanks to the possibilities of serial production and modular architecture, these solutions
were economical and feasible on the one hand, and human-friendly on the other. He introduced the
idea of a meandering layout of temporary homes for victims of natural disasters that would give
them a sense of individual freedom. This initiative came from Neidhardt’s exploration of ‘synthetic
houses’, which he elaborated in detail with his associates from the Sarajevo Institute for Materials
and Structures and the Institute of Civil Engineering of Croatia in the period between 1965 and 1968
[3:235-240]. The inspiration for such affordable, modest and adaptable housing, which would
accessible to all, came from Le Corbusier’s ideas on mass production of houses. Yet, Neidhardt’s
idea received little public attention at the time, despite the fact it clearly met the requirements that
insisted on rationality and economy, and that it additionally catered to users — who were more often
than not sadly neglected in these matters, as they are today — and their experience of architectural
space.

4. UNDERSTANDING THE ORIGINS AND IMPACT OF NEIDHARDT’S
DISCOURSE

Essentially, what ensured the contemporaneity and vitality of Neidhardt’s modernist practice and
complex architectural and urban discourse was his authentic use of elements of the local and
traditional, i.e. vernacular. In Ljiljana Blagojevi¢’ s words, modernity is understood as the quality
of an architectural work that, while belonging to its epoch, interacts critically with the approved
models and canons of that epoch [5: 213]. It was like this that Juraj Neidhardt’s international modern
architecture expressed the spirit of the place, fit in the new socialist society, and corresponded
successfully with the peculiar social and cultural context of Bosnia and Herzegovina. ‘Juraj
Neidhardt‘s sensibility and his modern architecture, whose contemporaneity stems from his respect
for the principles of local and vernacular architecture, reflect his simultaneous “living in two
worlds”: they have to do with the area in which he worked, to the state of architecture in the Austro-
Hungarian Monarchy at the turn of the century and its attitude towards regional traditions, as well
as to Le Corbusier’s modern architecture and urbanism’ [8: 223].

Itis in that context that one should see Neidhardt’s architecture as modern and search for the origins
and influences of his architectural and urban discourse, because at the turn of the century the attitude
towards heritage and the past became an important topic of architectural discourse in general and in
the Austro-Hungarian Monarchy in particular. Setting a broad frame of reference for studying the



relationship between the vernacular and modern in the context of Banja Luka’s urban
transformation, Jelena Savi¢ highlights the Austro-Hungarian period as a period of special dynamics
in the history of the city and region, during which ‘Viennese architects’ discovered ‘vernacular
architecture’ and reinterpreted creatively the experience of local building. She suggests that it is
possible to link architectural themes in the capital of the Monarchy with the new Austro-Hungarian
provinces because of the studies and projects by Ernst Lichtblau, from Otto Wagner’s distinguished
school. She assumes that it was Lichtblau’s explorations, whose designs basically transposed the
principles of vernacular architecture he had discovered, probably influenced the modern architect
and professor Juraj Neidhardt [8: 215]. Also, there is indication of indirect influences of the work of
a number of architects of the Austro-Hungarian period in Bosnia and Herzegovina, notably that of
Josip Vanca$. They drew on vernacular architecture for the creation of structures that belonged to
their era both functionally and logically. They emphasised the peculiarities of local identity,
distancing themselves from historical styles and Ottoman heritage. Although they used the term the
‘Bosnian bond’ to label the style they had discovered the ‘proper’ one, these authors did not seek to
create a ‘national style’ [8: 208].

Neidhardt’s modernist architectural and urban designs also possess regional characteristics, and they
may be seen as the earliest representation and expression of critical regionalism, which was to grow
in strength in Bosnia and Herzegovina in the 1970s. It is a true embodiment of the ideas of modern
architecture due to its being a ‘synthesis of the universal and the regional’, and it is dedicated to
creative dialogue with heritage [8: 224]. Critical regionalism is proof of the capacity of the local and
vernacular to be contemporary and initiate self-renewal under the umbrella of modernity, and it is
also a critical element of modernity as such.

In addition to Juraj Neidhardt, in the 1960s and the 1970s, Bosnia and Herzegovina saw the work of
such great critical regionalists as Zlatko Ugljen, Ranko Radovi¢, NedZad Kurta, Radivoje Jadri¢ and
DZemaludin Kari¢ [8: 224]. Although Kenneth Frampton (1983, 1985) is responsible for making
critical regionalism popular on a planetary scale, it was the Greek architect Alexander Tzonis and
art historian Liana Lefaivre who coined the term ‘critical regionalism’ in their 1981 poetic
description of the work by Dimitris and Susanna Antonakakis [13:32]. In his Towards a Critical
Regionalism: Six Points for an Architecture of Resistance, Frampton describes critical regionalism
as a concept of ‘architecture of resistance’, one that opposes the imposition of universal standards
for all, cultural commodification and the worship of technology, and one which should encourage
the integration of tradition and modernity. [10:21]. As such, it does not mean vernacular architecture
born spontaneously out of climate, culture, myth and crafts in contact, but regional schools of
modern architecture turned in a sense to their roots [13:33].

5. CONCLUSION

The conclusion of this investigation into the lasting appreciation of the qualities and principles of
local building traditions and their creative power in Bosnia and Herzegovina’s architecture in the
period between the end of the 19th century and the end of the 20th century is that the complexity,
modernity and vitality of Juraj Neidhardt’s urban and architectural discourse truly set it apart from
the work of other architects and builders. Although it is clearly distinct from the romantic
regionalism of the Austro-Hungarian period and the subsequent critical regionalism, it also connects
them, being the predecessor of the concept and an influencer, assuring us that they can all be
important in the future for creating new value and architectural works, i.e. for re-examining the
relationship toward old or inherited values and their creative renewal.

In addition, the above-given examples of universal principles underlying the architectural heritage
of Bosnia and Hercegovina and the special qualities of its modernist architecture can provide a firm
basis for assessing the modernist heritage still awaiting valuation, including both early modernism
and its post-WWII, social realist version. These facts bring us face-to-face with the process of
revaluation of the entire material heritage of the modernist era [1:39]. Given the fact that a number
of Neidhardt’ s buildings have been destroyed or seriously damaged in the last civil war, as have
great architectural pieces by other Bosnian-Herzegovinian architects, there is a real need to
reconsider and conceptualise alternative approaches to their restoration.
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Abstract

The use of active radar systems ensured the acquisition data of Earths surface on any place and at
all time, in any atmospheric contidions. This paper presents the possibility of a Sentinel radar
satellite system and the advantage of publicly available data and open source software solutions.

Keywords: SAR (Sythetic Aperture Radar), Sentinel, Copernicus, SNAP, Microwaves

MOGUCNOST UPOTREBE SENTINEL RADARSKIH SATELITSKIH
SNIMAKA

Caxicemax

Ynorpeba akKTHBHHX palapcKuX cucTeMa 00e30Hujennna je CHUMame 3eMIjHHE TIOBPIIN Ha OMII0
KOM MjecTy y Ouiio koje Bpujeme, 0e3 003upa Ha cTame y arMochepu. Y oBOM pajy NpHKa3aHa je
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CO(TBEPCKX pjeliemha OTBOPEHOT KOIa.
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1. UVvOD

Opazanje Zemlje pocelo je satelitskim sistemima koji su vrsili opazanja u vidljivom i infracrvenom
dijelu elektromagnetnog spektra. lako, tada veliki pomak u osmatranju Zemljne povrSine, nije bio
mnogo upotrebljiv zbog nedostataka i ogranicenja koji su imali ovi sistemi. Osnovna ogranicenja
koja su postavljena pred ovim satelitskim sistemima su nemogucnost opazanja u uslovma gdje nema
dovoljno svjetla, dakle, noéna snimanja nisu moguca. U tropskim krajevima gdje je u ve¢em dijelu
godine obla¢no nije moguce vrsiti snimanja.

Ovo su neki od razloga zasto je bilo neophodno razviti tehnologiju koja bi mogla prevazi¢i navedene
nedostatke. 1z ovog su proizasli radarski sistemi, a kasnije i SAR (Synthetic Aperture Radar) koji se
baziraju na aktivnim senzorima. Pojam rada se koristi kao naziv i za tehnologiju ali i za instrument
pomocu koga se vr$i opazanje. Radarski senzori emituju impulse u mikrotalasnom opsegu [1] [2].

1.1. ELEKTROMAGNETNI SPEKTAR

EM spektar se moZe podijeliti po frekvencijama, talasnim duzinama i minimalnim iznosima energije
koje talas razmjenjuje sa naelektrisanim ¢esticama. Prema terminima koji se koriste u elektrotehnici,
elektromagnetni spektar se dijeli na podrucja Gama i H zraka, ultraljubicastu oblast, vidljivu oblast,
infracrvenu oblast, mikrotalasnu oblast i podrucje radio talasa (ENF, SHF, UHV, VHF, HF). Za
geodetsku struku interesantan je mikrotalasni opseg u koji spadaju EHF, SHF i UHF u okviru koga
rade radarski sistemi [1].
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Slika 1. Elektromagnetni spektar [3]
1.2. MIKROTALASI

Talasne duzine mikrotalasa kre¢u se u rasponu od A =1 mm do A = 1 m, §to odgovara frekvenciji od
300 MHz do 300 GHz.

Ovi talasi imaju moguénost da se kre¢u kroz atmosferu bez smetniji, te su iz tog razloga znacajni za
snimanje aktivnim senzorima u daljinskim istraZzivanjima. Atmosferske smetnje, kao Sti su oblaci,
dim, i sl. ne uti¢u na prostiranje mikrotalasa. U talasnom podrué¢ju mikrotalasa pored aktivniog
zracenja, postoji i pasivno zra¢enje. Ako povrsina sama zra¢i zracima u mikrotalasnom opsegu, radi
se 0 pasivnom zra¢enju. Ovo zracenje je dosta slabo, pa se ne moZe Koristiti za interpretaciju sadrZzaja
snimaka u postupcima daljinskog istraZivanja [1].

Mikrotalasi koji se proizvode u aktivnim izvorima, Salju se iz aviona ili satelita, popre¢no na pravac
kretanja letjelice, a reflektovani signali od povrSine zemlje registruju se u letjelici i pretvaraju se u
snimak, a postupak se naziva radarsko snimanje [2].

2. METODOLOGIJA

Radarski sistemi sa aktivnim senzorima primjenjuju se u razli¢itim granama nauke i privrede [2].
Postoje razlicite platforme sa komercijalnim snimcima ili javno dostupnim snimcima kao Sto je
Sentinel misija [4]. U okviru ovog dijela predstavljen je osnovni pricnip prikupljanja podataka SAR
sistemima i osnovni pojmovi koji se odnose na radarska snimanja, koja mogu da olakSaju obradu i
interpretaciju snimaka.

2.1. PODRUCJE ISTRAZIVANJA

Podrucje istrazivanja nalazi se u Republici Srpskoj (Bosna i Hercegovina), u dijelu Banjalucke
regije. Ono obuhvata nizijski dio ka rijeci Savi na sjeveru dok na jugu i na zapadu obuhvata brdoviti
i planinski dio. Cilj istraZivanja je izrada digitalnog modela terena za podruéje od nekoliko stotina
kvadratnih kilometara, na osnovu javno dostupnih podataka, u $to kratem vremenskom period, u
softverskom rjesenju otvorenog koda. Podaci koji su kori$¢eni za izradu digitalnog modela terena



su prikupljeni radarskim satelitskim sistemima Sentinel 1A i Sentinel 1B, a snimci su dostupni za
preuzimanje na Copernicus Hub platformi. Vremenska rezolucija za snimke prikupljane samo
Sentinel 1A sistemom je 12 dana, a nakon aktiviranja Sentinel 1B, rezolucija je povec¢ana na 6 dana.

nModtar s Plievija’

Dubrovik Crna Gora

Slika 2. Podrudje istrazivanja
2.2. OSNOVNI POJMOVI SAR RADARSKOG SNIMANJA

Kretanje jedne antene duZ neke linije je ekvivalentno nizu antena du? iste linije, sve dok se primljeni
signali koherentno snimaju, pod pretpostavkom da je cilj koji je osvijetljen nepomic¢an tokom
perioda kretanja ili je poznat na¢in njegovog ponaSanja [1] [4].

Pretpostavimo da se radarski senzor kreée konstantom brzonom V' i daima antenu duZine L. Otisak
koji pravi snop za tlu jednak je [1]:

¢=— (1)

Kako se senzor krece, uzastopni reflektovani talasi se snimaju u tackama, XKy X , duz linije
kretanja satelita. Ugradeni stabilni oscilator se koristi kao referenca, a reflektovani talasi se snimaju
koherenrno, to su, amplituda i faza u funkciji vremena. Primljeni talasi se kombinuju u procesoru
kako bi se spojili u linearan niz. Spojeni niz ¢e imati Sirinu zraka jednaku [1] [2]:

A L
g = ——
s ¢ 2h @
I rezultat otiska niza na tlu je:
L
X, =hb, =— 3
a S 2 ( )

Kori$¢enjem sintetickog niza postize se znacajno bolja rezolucija snimaka. Rezolucija koja se
postize ovom metodom nezavisna je od udaljenosti izmedu senzora i oblasti koja se snima. Pored
toga, bolja rezolucija se moze posti¢i sa manjom antenom. Ova nezavisnost proizilazi iz ¢injenice,
da, Sto je senzor dalje, vedi je otisak na tlu, a samim tim duZi i sinteti¢ki niz, ovo dovodi do finijeg
sinteti¢kog snopa ¢ime se uravnotezuje povecanje udaljenosti. Takode, u praksi poveéanje rezolucije
postiZe se sa manjom antenom [1] [5].
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Slika 3. Radar sa sinteti¢kim otvorom blende [6]

2.3. SAR POLARIZACIJA

Polarizacija je vaZzan faktor za snimanje terena i kasnije analizu podataka, na osnovu ovih podataka
moguce je odrediti kolika je biomasa, koliko je uznapredovala biljka, da li biljka ima plodove i
sli¢cno. Tipovi polarizacije mogu da budu HH, VV, HV, VH [2].

Slika 4. Vrste polarizacije [2]

Pomoc¢u antene moguce je izazvati elektromagnetni talas da njegovo elektri¢no polje osciluje u ravni
koja je paralelna sa terenom ili na upravnoj ravni. Ukoliko je tip polarizacije HH, prvo slovo
oznacava tip polarizacije talasa koji emituje antena, a drugo slovo oznacava polarizaciju koju ima
primljeni reflektovani talas. Ovakvo osmatranje tla naziva se HH polarizacija snimanja. Kod VV
polarizacije, V je vertikalno polarizovan talas koji se 3alje iz antene, dok se od tla reflektuje isto
vertikalno polarizovan talas [7].

Elektromagnetni talasi prirodno mijenjaju polarizaciju, npr. sunceva svjetlost je po prirodi
nepolarizovana, ali ako se odbije od vodu, ona postaje polarizovana. Obzirom da se i talasi koji su
poslati iz antene odbijaju od razli¢itih materijala, razli¢itih oblika, razli¢ite grubosti i ¢vrstoce, od
svega toga zavisi da li ¢e horizontalno polarizovani talas vratiti kao takav ili ¢e promijeniti
polarizaciju [7].

Reflektovani signal u sebi nosi i horizontalnu i vertikalnu polarizaciju ali su antene podeSene tako
da registruju samo horizontalno ili vertikalno polarizovan talas.



3. OBRADA RADARSKIH SNIMAKA

U eksperimentalnom dijelu rada obradeni su satelitski snimci prikupljeni satelitskom misijom
SENTINEL-1, a javno dostupni kroz platformu COPERNICUS-HUB.
Prilikom preuzimanja podataka za potrebe dalje izrade digitalnog modela terena neophodno je da
snimci zadovoljavaju odredene karakteristike, a to su [8]:
e Potrebno je izabrati parove snimaka sa $to ve¢om upravnom bazom, ne bi trebalo da baza
bude manja od 40 m;
e Potrebno je izbjegavati snimke nastale tokom kisnih i snjeznih padavina;
e Pozeljno je odabrati snimke prikupljene tokom no¢i jer su manje pogodeni uticajima
atmosfere;
e Potrebno je izbjegavati snimke nastele tokom veoma toplih ljetnih dana.
Pretraga snimaka sa najpovoljnijom baznom linojim moguce je izvrsiti na platformi ASD Baseline
Tool. Ovaj alat omoguc¢ava pretragu i odredivanje idealnog para snimaka. Nakon odabira
najpovoljnijeg para snimaka na Copernicus Open Access Hub platformi, mogu se pronadi isti snimci
i preuzeti. Ukoliko snimci nisu odmah dostupni, moguce je zatraziti snimke, te ¢e oni biti dostupni
kroz 24 ¢asa [9].

e

Slika 5. Preuzimanje podataka (lijevo Copernicus Open Acess Hub, desno ASD Baseline Tool)
3.1. OBRADA PODATAKA U PROGRAMSKOM PAKETU SNAP

Obrada podataka izvrSena je u SNAP softverskom rjeSenju otvorenog koda koje predstavlja
softversko rjeSenje namijenjeno prvenstveno za potrebe obrade snimaka prikupljenih satelitskim
platformama.

Prvi korak u koregistraciji je isijecanje i odabir Zeljenih traka snimaka i tipa polarizacije. Za ovo
podrucje odabran je IW2 (Interferometric Wide Swath 2) tip, i tip polarizacije VV [9] [10]. Naredni
korak je dodavanje podataka o orbitama pomocu funkcije pod nazivom Apply Orbit Information.
Informacije o orbitama sadrze vektore poloZaja satelita u intervalima od po 10 sekundi. Podaci o
preciznim efemeridama se generiSu svakog dana i dostupni su 20 dana nakon akvizicije[9] [10].
Formiranje interfereograma se vr8i prema dijagramu kao na Slici 6. Potrebno je uvesti dva snimka
Read i Read (2), snimci se medusobno preklapaju u okviru funkcije Back-Geocoding pomodu
metapodataka u okviru kojih se nalaze podaci o poloZaju. Da bi se izvrSila kvalitetnija koregistracija,
moguce je primijeniti funkciju Enhanced-Spectral-Diversity, nad proizvodom generisanim u
postupku obrnutog geokodiranja. U okviru obrade koristi se priblizni digitalni model terelna SRTM
1sec HGT, ovaj set podataka omogucava da se na osnovu njega isijeku jezera i rijeke koje se nalaze
na snimanom podru¢ju. Interfereogram se izraduje medusobnim unakrsnim mnoZenjem glavnog
snimka sa sloZzenom konjukcijom drugog snimka. Amplitude snimaka se mnoZe a faze predstavljaju
faznu razliku medu slikama. Za uklanjanje graniénih linija izmedu traka koristi se funkcija TOPS
Deburst, nad posljednjim generisanim proizvodom, a to je interferogram [10].

Read

| Ba:k-Gn:oding H Enhanced-Spectral-Diversity "——FI Interferogram ||= .{TOPS&R— st ’L =JI Wiite

Read(2)

Slika 6. Postupak kreiranja interferograma



Varijacija faze zavisi od nekoliko fakora, a to su[9] [10]:

Faza ravne Zemlje, o, , uticaj Zemljine zakrivljenosti;

Topografska faza, ¢, , uticaj topografije terena;

Atmosferska faza, ¢, , uticaj atmosferskih uslova;

Faza Suma, ¢, ... uticaj Suma, odnosno uticaja rasprsivanja zapremine, razli¢itog ugla

gledanja,
Povrsinska faza, Paisp” uticaj povrsinske deformacije koja se eventualno desila izmedu dvije

akvizicije

p= ¢DEM + (Dﬂat + q)disp + qoatm + gonoise (4)

Fazna informacija u podru¢jima koja su nekorelisana ne moZe biti popavljena, ali zato moZe biti
povecan kvalitet ,,resa“[2]. Za rjeSavanje ovog zadatka koristi se Goldensteinde Phase filtriranje,
rezultat ovoga je uklopljeni snimak.

Read TopoPhaseRemoval |—>| Multilook GoldsteinPhaseFiltering

Slika 7. Postupak uklanjanja fazne neodredenosti i objedinjavanje snimaka

U okviru interfereograma, interfereometrijska faza ima neodredenost, poznata je samo u opsegu od

0 do 27 . Kako bi se neodredenost rijeSila potrebno je da izvrSi postupak odmotavanja. Fazno
odmotavanje rjesava faznu neodredenost, a postupak podrazumijeva [9]:

Izvoz zamotane faze i zadavanje parametara;
Odmotavanje faze pomocu softverskog rjesenja otvorenog koda SNAPHU;
Uvoz odmotane faze u SNAP.

Nakon kreiranja odmotanog neprekidnog rastera, predstoji jos jedan korak, koji rjeSava problem
mjerljivosti. Kako bi se vrijednosti iz radijana prevele u apsolutne, primjenjuje se funkcija Phase to
Elevation operator [9] [10]. Kako bi se visine postavile na odredeni nivo, potrebno je iskoristiti
priblizni DEM. Posledn;ji korak je primjena funkcije Range Doppler Terrain Correction koja rjeSava
geometrijska izoblienja, kao $to su prekidi i sijenke. Rezultat kompletnog procesa je rasterski tip
fajla, georeferenciran i spreman za kori$¢enja u razli¢itim GIS alatima, za dalje analize [9] [10].

Slika 8. Rezultat izrade digitalnog modela terena (lijevo SNAP, desno QGIS)



4. ZAKLJUCAK

Satelitska tehnologija omogucila je da Zemljinu povrs i sve u blizini nje sagledamo iz drugog ugla,
na bilo kom mjestu na Zemlji. Prepreke kao Sto su dogadaji u atmosferi, obla¢nost, vodena para i
sli¢no, koje su predstavljene zamracenjima na snimcima koji su prikupljeni putem pasivnih senzora,
prevazideni su primjenom radarske tehnologije. Radarski sistemi, su aktivni senzori koji rade u
mikrotalasnom opsegu te za njih ne postoje prepreke i ne zavise od doba dana u kojima se prikupljaju
snimci.

Poznato je da je daljinska detekcija veoma efikasna po pitanju prikupljanja velike koli¢ine podataka
i pronadla je primjenu u razli¢itim strukama te postala dio svakodnevnice. Daljinska detekcija
prepoznata je i u ciljevima odrzivog razvoja u pet ciljeva (svijet bez siromastva, industrija, inovacije
i infrastruktura, klimatske promjene, podvodni svijet, nadzemni svijet), Sto nagovjeStava ulaganja u
satelitske sisteme te buduca usavrsavanja i unapredenja.

SAR tehnologija omogudila je Siroku primjenu u razli¢itim oblastima, prvi lansirani SENTINEL
satelit, pruzao je vremensku rezoluciju svakih 12 dana, lansiranjem drugog satelita vremenska
rezolucija smanjena je na 6 dana, a ocekuje se da ¢e se u skorijoj buduénosti vremenska rezolucija
povecati na 2 dana.
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IPHONE 13 PRO VS PROFESSIONAL TLS FOR 3D INDOOR MAPPING

Abstract

In recent years, fast and simple acquisition of geospatial data, fast processing, and distribution is a
trend that characterizes geoinformation technologies. The primacy of the acquisition is based on
image processing technology and laser scanning. This paper attempts to answer how acceptable
these technologies are incorporated into smartphones which can be used for data acquisition. A
comparative analysis of the results collected by smartphone and professional laser scanners has been
made. The results presented in the paper confirm the usability of the iPhone LIDAR device in the
acquisition of point cloud and the development of 3D models of indoor spaces.

Keywords: LiDAR, iPhone 13 pro, Terrestrial Laser Scanning

AJ®OH 13 TPO U/UJIU TIPO®ECHUOHAJIHU JIACEPCKUN CKEHEP 3A
31 KAPTUPAILE YHYTPAIIIIbOCTHU OBJEKATA

Caxcemax

VY nanamme BpeMe Op3a M jeZIHOCTaBHA aKBHM3HMIIMja T'€ONPOCTOPHMX IojaTaka, Op3a oOpana u
JUCTpUOYIIKja je TPSH T KOjU KapaKTepulille FreonHPpOpManoHe TexHooruje. [[pumar y akBu3uimjy
ce 0azupa Ha TEXHOJIOTMjU 00paje CiIMKe M JlacepCKOM ckeHUpamwy. OBaj pan Nokymasa Ja jaa
OIrOBOD KOJHMKO Cy IIPUXBAT/bHBE OBE TEXHOJIOTHjE€ HHKOPIIOPHpaHE Yy jeIHOCTaBHE
HenpodecrnonanHe ypehaje Tuma MoOMIHOT TenedoHa KOjH CE MOTY KOPHUCTHTH 32 aKBH3HIIH]Y
nomataka. HampaBibeHa je ymopeaHa aHain3a akBU3MLMja Yy pe3yNTaTHMa IMPUKYIUbEHHM
MOOWITHUM TeJIe(OHOM U IPOGECHOHATHIM JIACEPCKUM CKEHEpOM. Pe3ynTaTu Ipe3eHTOBaHH y paxy
MOTBphyjy yIoTpeOHH arceKT akBU3UIMje MOOMIHUX ypehaja y m3paam 31 Monena yHYTpamImer
pocTopa.

Kwyune pujeuu: Jluoap, Ajcpon 13 npo, mepecmpuuxu racepcku ckenep



1. INTRODUCTION

In recent years, demand for detailed and accurate 3D models of indoor spaces has been increased
significantly due to their wide application such as construction, indoor navigation, conservation and
reconstruction of historical and cultural heritage, promotion of tourist attractions, spatial planning,
or development of Building Information Modeling (BIM).

In order to provide a sufficient level of detail, the models need to be based on reliable measurement
data. Most often the point clouds represent the raw material for the development of 3D models.
Different surveying technologies can be used to collect point clouds from indoor environments such
as laser scanning, close-range photogrammetry, depth camera, or simultaneous localization and
mapping (SLAM). However, there are several limitations that need to be considered.

The mobile depth camera requires optimization of light conditions and can provide accurate results
for smaller room sizes [1].

Close-range photogrammetry uses photographs of the same object taken from different angles to
create a 3D point cloud of the object. The geometric representation of the object is created by using
atie point between at least 3 different images. [2] used close-range photogrammetry for 3D modeling
of the complex indoor gothic church providing dense point cloud and quality textures. The accuracy
of the resulting model is highly influenced by light conditions and camera-resolution which can
result in a lack of points and unclear surfaces; therefore, additional lighting is crucial. Although
photogrammetric with the nonmetric camera is an inexpensive method it provides less accurate
results [3] and demands more careful planning compared to TLS [2].

Laser scanning technology has been widely used for mapping complex environments, resulting in
the highly detailed point cloud that can be used for obtaining a 3D model, geometrical analysis, and
extraction of characteristic elements such as cross-sections, edges, axes. Two types of laser scanning
are widely used for indoor mapping, Terrestrial Laser Scanner (TLS), and Mobile Laser Scanner
(MLS). The mobile mapping systems (MMS), based on robot-carried devices have been used to map
indoor spaces. SLAM is proposed to solve the problem of robot localization and navigation in an
unknown environment. The system is equipped with navigation such as global navigation satellite
system (GNSS) and inertial measurement unit (IMU) and imaging sensors such as laser scanning
and cameras. The robot uses sensor measurement to build maps incrementally.

Since the application of vehicle-borne MMS in indoor spaces is limited due to size and difficulties
in moving the backpack (MMS) has been widely used. [4] applied the 3D laser SLAM algorithm to
mobile mapping to acquire geographical information in a complex indoor environment achieving a
relative precision of point cloud of 2-4 cm. [5] tested the performance of laser-based and
photogrammetric-based backpack system to TLS. The absolute error was 16.3 cm and 50.3 cm;
while the relative error was 8.2 cm and 6.1 cm for the laser-based backpack and photogrammetry,
respectively. Although SLAM can produce centimeter-level accuracy, it is expensive, the positional
accuracy will degrade with an increase of the mapping territory due to cumulative error [6], and
registration of point clouds from multiple tasks or robots is challenging [7].

TLS represents one type of laser scanning which is based on Light Detecting and Ranging (LiDAR).
Several studies have applied the TLS in 3D indoor modeling [8], [9], and [10]. TLS has been
accepted as the standard technology for 3D data acquisition, enabling high-quality point clouds with
high precision and accuracy and a high level of detail [11]. Due to that, it is usually used as the
reference data for comparison with other methods or more affordable devices [12]. However, TLS
is based on the static data collection principle demanding multiple scanning positions in order to
obtain sufficient data. In addition, the overlap between scenes needs to be provided in order to
register point clouds. Due to that, it is time-consuming, especially in a large and complex
environment. Additional measurements with traditional surveying techniques are needed if the point
cloud should be georeferenced [13]. This also increases the time needed for data collection
especially when multiple rooms are scanned. Moreover, TLS has some limitations, including
weather conditions, dust, object materials, surface reflectivity, and surface roughness. It is hard to
measure highly reflective surfaces such as glass or mirrors. Even reflective coating on furniture can
create issues requiring multiple scenes to deal with specular reflection.

However, TLS and MMS tend to be expensive due to involved laser scanning device(s) or multiple
cameras thus the application for the end-user is typically reduced. Due to technological development
more and more sensor systems have become available for 3D indoor mapping in order to address
those limitations.

The low-cost RGB-D camera with high frame rates has become a popular method for fast static and
dynamic scene reconstruction. However, such a system has limited accuracy of geometrical
acquisition due to sensor noise, limited resolution, and misalignments due to movement [14]. The



Microsoft HoloLens representing mobile, head-worn augmented reality (AR) devices have become
a popular device for indoor mapping. The quantitative evaluation shows that HoloLens allows fast
acquisition of basic single room geometry within a few centimeters [15]. In the case of multiple
rooms connected by narrow passages, the larger deviations occur but accuracy is still sufficient for
a 3D model of the indoor scene [15], [16].

In recent years, there has been rapid progress in enabling laser scanning technologies in mobile
devices such as smartphones and pads. The LiDAR sensor has been included in iPhone 12 pro and
iPhone 13 pro. Unlike the expensive solutions based on TLS or MLS, smartphones and tablets were
increasingly affordable in everyday practice.

The study aims to evaluate the indoor mapping capacity of the iPhone 13 pro LiDAR sensor with
respect to the mapping: room geometry itself i.e. dimensions of rooms and its elements (door,
windows), mapping the fine geometrical details of the room, and mapping of flat and curved
surfaces.

2. MATERIALS

The performance of the customer-level device and classic TLS was performed on the rectangular
shape room whose dimensions are 7.7 m x 3.9 m. Although the room has simple geometry (except
one column, two ceiling beams, and several pipes) it is full of furniture and small details on shelves.
In addition, on the north wall, there are two large windows.
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Figure 1. Study area with markers and TLS positions

The TLS data used in this study were captured using Faro Focus M 70 laser scanner. Focus M 70
uses phase-based time of flight measurement to estimate distance to object. The scanner covers 360°
x 300° field of view. The technical details of scanner are listed in Table 1.



Table 1. Characteristics of Faro Focus M 70 laser scanner

Characteristic M 70 iPhone 13 pro

Range 0.6-70m -

Unambiguity 614 m for up to 0.5 mil pts/sec -

interval

Range accuracy +3mm -

Integrated  color | Yes Yes

camera

Sensors Dual axis compensator, Height Sensor, | Built-in  GPS, GLONASS,
Compass, Integrated GPS&GLONASS Galileo, QZSS and BeiDou,

Digital compass

iPhone 13 pro is equipped with LiDAR scanner primarily to improve the quality of night mode
portraits since vertical cavity surface-emitting laser (VCSELS) provide 10-100 times higher brightest
than LEDs enabling focused illumination at large distances [17]. However, integrated sensor can
also be used the point cloud acquisition. VCSEL technology provide a combination of narrow
spectrum, high efficient, fast pulse rise time and minimal spectral shift with temperature. iPhone
LiDAR send light using an array of VCSELs. It detects reflected beam using an array of single-
photon avalanche diodes. Although, classic laser scanners include one laser beam and moving mirror
that deflects the laser beam around environment being scanned, the iPhone LiDAR doesn’t include
moving parts. Instead, it consists of thousand lasers on chip providing dedicated laser for each point
in the LiDAR’s field of view.

Distance measurement of VCSELs LiDAR relies on the time of the flight principle i.e. pulsed
VCSEL sends a laser pulse to the object of interest and measure a time a photon is traveling from
the laser to object and back to detector providing 3D position.

3. METHODOLOGY

3.1. TLSSURVEY

The study is office for 4 people which are organized in “box” system in order to provide the quit
and private space for each employee. Due to that the room is divided with three shelves height 1.6
m. Taking into account the size and shape of the room as well as the position of the furniture (Figure
1) the open traverse scanning strategy was used in this case. In order to capture the complete space
three scanning position were needed (Figure 1). The scanner positions were determined by two
factors: ability to capture the all details and overlap between individual scans. Each scan is saved in
internal coordinate system which origin is located in the center of scanner’s mirror. Aligning the
multiple individual scans onto a single coordinate system i.e. registration were based on targets. The
arrangement of the targets in relation to one another and in relation to the scanner position is critical
to the registration process. Three-dimensional, white surveying spheres were used as a target. The
target is defined by its position, sphere radius and center point used for registration. The targets were
arranged in overlapping scan areas. Additionally, distance from scanner and pattern were analyzed.
The maximum distance from scanner is mostly affected by resolution and size of the target. The
targets were arranged in unique pattern avoiding straight lines, short distance between targets, and
same target height (Figure 1).

The resolution and quality are most important scan parameters affecting the level of detail, the scan
duration and ability to register the scene properly. Taking into account the size and environmental
conditions of study area resolution was set to 1/8 while quality was set for normal indoor conditions
(3x). The point distance was 9 mm while scan duration was 4:08 min. In this case scan with color
option was used including the acquisition of color photographs of the scan area.

The collected data were post processed in Faro Scene software. The multiple scenes were aligned
by using automatic registration and target-based registration mode. The maximum distance error
was 0.6 mm. After registration, project point cloud is created and exported in .las format.

3.2. IPHONE SURVEY

Several apps that enable mapping three-dimensional spaces with LIiDAR scanner in iPhone is
available in App store. In this case, SiteScape [18] was used. It provide fast way to capture and share
3D scans that can be exported as .RCP, .e57 or PLY files. [18] reported that based on conducted
small study, including 9 scans of the same space, measurements are accurate to within + 1 inch on



average. The app is available into two modes: Free SiteScape and SiteScape Pro. Free SiteScape is
limited to one active scan into the cloud at a time while SiteScape Pro unlock unlimited scans in the
cloud. Two scan mode are available. Max Area which allows longer scanning time and Max detail
for scans that require higher details. Also, it is possible to adjust the point density and point size
(apparat size of points while scanning) Since max number of points is limited to 12 million points
per scan due to performance constraints the max detail and increase of point density will
significantly reduce the area covered per scene. In this case we used Max area mode with medium
point density. The distance between device and objects of interest was between 1-4 meters. The
scanning time around 10 minutes.

3.3. ACCURACY ASSESSMENT

In order to enable an accurate comparison, both surveys were conducted at same day, one after
another providing static scenes without movement of any object. The accuracy of point clouds are
firstly tested by measuring object dimension from point cloud in order to test the point cloud scale.
For more robust measure of the difference between two surveys the CloudCompare [19] software
was used. To test devices capability to determine the area and volume of the room Conure extractor
tool was used.

Cloud-to-Cloud tool computes distance between two clouds i.e. for each point within compared
point cloud the distance to the reference point cloud wis computed. Different algorithms can be used
for quantification of distance between point clouds. Those algorithms can be categorized as global
matching algorithms (nearest neighbor distance, nearest neighbor with local modeling) and local-
searching algorithm (integrative closest point) [19].

To prepare the point clouds for comparison, it is necessary to check the co-registration of each cloud.
This is due to fact that point clouds are available in different coordinate system. The cloud matching
technique was used to reduce registration error. Point clouds were firstly co-register using Fine
registration tool. The estimated value of RMSE was 12 cm therefore Align tool is used for precise
point cloud alignment based on at least three manually identified points which were distributed over
study area. The final RMSE was 2.2 cm. Cloud-to-cloud difference were calculated using the C2C
implemented in CloudCompare software. TLS point cloud was used as reference.

4. RESULTS AND DISSCUSION

In order to compere the performance of devices the registered Focus M 70 point cloud and iPhone
point cloud exported directly from SiteScape were compared.

First, a preliminary data check was performed and the values of the lengths in the points cloud were
checked in order to preliminarily verify data and the ability of the device to measure the exact
dimensions of well-defined standard objects. In this case, we used five tables which are distributed
across the study area (Figure 1.). The true dimensions of tables were checked by using measurement
tape. The result of accuracy assessment is presented at Table 2. As results suggest, the Faro Focus
M 70 obtained highly accurate results with maximum error of 4 mm, while the accuracy of the
iPhone 13 pro is within £ 5 cm. Based on the results it can be conclude that error don’t increase with
increase of length rather it has random character. Therefore, it can be concluded that scale isn’t
causing problems and that are most likely coursed by operator ability to define exact boundaries of
object. This is expected due to lower density of iPhone point cloud.

Table 2. Compression of object size manually measured from point cloud

True [m] | Faro [m] iPhone 13 pro [m] | True [m] Faro [m] | iPhone 13 pro [m]
0.60 0.598 0.583 0.80 0.796 0.789
0.60 0.597 0,579 1.60 1.596 1.648
1.40 1.497 1.385 0.80 0.798 0.807
0.80 0.798 0.776 1.60 1.599 1.584
1.60 1.598 1.646 0.80 0.799 0.790

However, this type of accuracy assessment is highly influenced by operator ability to select exact
points as well as point cloud density. In order to gain deeper insight in obtained results cloud-to-
cloud comparison was performed. The cloud couture tool was used to create horizontal and vertical
cross sections of the room (Figure 2). As it can be seen, Focus M 70 cross sections provide almost
regular shape of room. The largest deviation of rectangular shape can be noted for vertical profile
due to present object which enabled penetration of laser beam. The calculated area was 0.4% higher



than true value, while the perimeter was 5% higher. On another hand, iPhone cross section resulted
in irregular room shape due to higher level of noise (Figure 2.). Due to noise level the iPhone floor
plan resulting in 8% larger surface area and 21% larger perimeter.

R Bk s L

(a) (b)

Figure 2. (a) horizontal cross section, (b) vertical cross section. Red line — Focus M70, Blue line —
iPhone 13 pro

The distance between the reference (Focus M70) and target (iPhone 13 pro) point cloud was
calculate using C2C tools. The spatial distribution of the results of the C2C comparison along axes
are shown in Figure 3. Mean absolute difference 6 cm with standard deviation of 10 cm. The largest
absolute distance was 1.29 m. However, the visual inspection shows that there is only few point with
distance larger that 0.6 m. Those points are result of the noise. Among axis, the largest standard
deviation (7 cm) was obtained for X axis (Figure 3).
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Figure 3. Histogram of point distance distribution (a) along X axis, (b) along Y axis, (c) along Z
axis and (d) absolute distance.



Spatial distribution for all axis indicated that the shape of the object doesn’t influence iPhone point
cloud accuracy i.e. it provide stabile performance over flat and curved surfaces (Figure 4). The large
difference is presented in the corners (from 0.6 mto 0.15 m) due to holes in Focus M 70-point cloud.
The holes in TLS point cloud are usually caused due to limitation scanner vertical field of view and
presence of object which enables the penetration of laser beam (purple rectangular).
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Figure 4. Spatial distribution of absolute distance between point clouds (a) along X axis, (b) along
Y axis, (c) along Z axis and (d) absolute distance.

In addition, the large difference (0.6 m to 0.15 m) were coursed due to iPhone 13 duplication of the
object (orange rectangular). As it can be seen at Figure 5. Plain object such as white wall and black
computer near the windows (direct sunlight source) were duplicated. Since looking only a
homogeneous object (without clear detail or sharp edges) or noisy object such as carpet, for more
than a couple of seconds can caused the iPhone’s tracking to drift which will miss-align points [20].
Moreover, high level of noise in iPhone point cloud is coursed due to sensor limitations. VCSEL is
based on time-of-flight distance measurement, meaning in order to measure distance diode need to
ensure that detected photon have been emitted by laser and is not from any other source. Therefore,
for the best signal to noise ratio the effect of Ambiental light need to be minimized. iPhone VCSEL
uses 8xx nm wavelength. Since significant amount of radiation reaching the Earth’s surface at 8xx
nm the noise level can significantly increase at outdoor or indoor spaces on direct sunlight.
Moreover, the TLS illuminate only one pixel at a time resulting much higher power per pixel while



iPhone uses the array VCSEL designs resulting in less power per pixel compared to TLS and
therefore larger noise level.
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Figure 5. Absolute distance between Focus M70 and iPhone 13 pro

5. CONCLUSION

The increase of demand for accurate 3D indoor models in consumer, industrial and automotive
markets, and therefore increasing number of applications incorporating it has led to a significant
need for rapid acquisition of point clouds. This paper aims to test customer-level LIDAR devices
incorporated in iPhone 13 pro. The results show that iPhone 13 pro provides a scaled point cloud
with stable performance over a flat or curved surface. The mean absolute distance between iPhone
and the highly accurate TLS point cloud was 9 cm. It provides an accurate point cloud over highly
detailed scenes but the level of noise increases over the homogenous object. Moreover, the accuracy
of the point cloud is decreased in direct sunlight causing miss-align points and drift effect. In another
hand, iPhone represents the full integrated solution that provides rapid point cloud acquisition and
direct export of results without post-processing. Due to its compactness and mobility, it enables a
survey of hard-to-reach areas eliminating the holes and lack of data. Taking into account the price
of the device (1000 vs 27 000 euros) the iPhone 13 pro LiDAR reviles the high potential for rapid,
easy-to-use mapping of indoor environment whit sufficient accuracy for modeling.
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COMPARISON OF IR1-2016 AND NEQUICK MODELS OF THE
IONOSPHERE OVER THE BALKAN PENINSULA DURING THE YEAR
2019

Abstract

In this paper, a comparative study of the total vertical electron content (VTEC) calculated using the
IRI-2016 and NeQuick2 models were performed. The research was done for the days of maximum
solar activity in 2019, with data from seven IGS GNNS stations in the region of the Balkan
Peninsula. The results show that both models agree quite well with the observed VTEC values
obtained from GNSS measurements at all stations, although with some offset observed during
several days at different times. The IRI-2016 model performed better than the NeQuick2 model most
of the days and stations for which the NeQuick model overestimates the GNSS VTEC. The results
show that the Neckick model gives better quality values in some cases, but for isolated instances.

Keywords: ionosphere, GNSS, IRI-2016, NeQuick

ITOPEBEILE IRI-2016 U NEQUICK MOJEJIA JOHO®EPE M3HAJI
BAJIKAHCKOTI IOJYOCTPBA TOKOM 2019. 'OJIMHE

Caxcemax

Y oBOM pajy BplI€Ha je YIOpPEeIHa CTy/I1ja BPEAHOCTH YKYITHOT BEPTUKAIHOT caJipKaja eJeKTpoHa
(VTEC) cpauynaror kopunthemem IRI-2016 n NeQuick2 monena. VictpaxxnBame je paleHo 3a naHe
MaKCHMajiHe coJlapHe akTHBHOCTH TokoM 2019. rommue ca momammma ca cemam MI'C THHC
CTaHMIA y pernoHy bankaHckor nosryoctpsa. Pesynratn moxasyjy zxa ce o6a mMonena IPHIHYHO
nobpo craxy ca BpegHoctamMa VIEC nobujennm w3 THCC mepema Ha CBUM CTaHHWIIaMa, HaKo ca
U3BECHMM HECJIaralbiMa YOYeHHM TOKOM HEKOJMKO JaHa Y pPa3IM4YUTHM BPEMEHCKUM
naTepBanmnMa. Mogen IRI-2016 je mokazao 6ospe meppopmance ox NeQuick2 monena 3a sehuny
TecTUpaHuX Inepuoja u BehuHy cranuna 3a koje NeQuick2 mpenewyje THCC VTEC vrednosti.
Pesynratn mnokasyjy nma NeQuick2 monen naje BpenHOCTH OOJber KBaluTeTa, ajld CcaMo y
OrpaHUYECHOM OpOjy ciydajeBa.

Kwyune pujeuu: jonocgepa, THCC, IRI-2016, NeQuick



1. INTRODUCTION

The ionosphere is an area of the Earth's atmosphere and extends at an altitude of about 60 km to
2000 km. According to the distribution of electron density depending on altitude, the ionosphere can
be divided into four layers D (60-90 km), E (90-140 km), F1 (140-210 km), and F2 (over 210 km).
The significant presence of electrons in the ionosphere directly affects electromagnetic waves by
changing their direction and speed and adversely affects radio communication and navigation,
aviation, and the Global Navigation Satellite System (GNSS).

Therefore, it is necessary to determine the spatial distribution of electrons in the ionosphere
precisely. One of the important parameters used to characterize the ionosphere is the Total Electron
Content (TEC) defined by the number of electrons integrated between two points along a

tube of unit cross-sectional area. TEC is expressed in TECU units, where 1 TECU = 10%
electrons/m?. Based on the multitude of ionospheric data from GNSS satellites, along with the need
for accurate navigation, various models of the ionosphere have been established that provide
predictions of ionospheric TEC where actual data are absent. In this context, the comparison of the
performance of two empirical models to predict of ionosphere parameters, with an accent on TEC
values, is the subject of this paper. These are the International Reference lonosphere (IRI) and
NeQuick models. GNSS measurements were used to validate the IRl and NeQuick models, and
VTEC values were calculated from RINEX (Receiver Independent Exchange) files for seven I1GS
stations in the Balkan Peninsula.

The International Reference lonosphere (IRI) is an international project sponsored by the Committee
on Space Research (COSPAR) and the International Union of Radio Science (URSI). In the late
1960s, a working group was formed to establish a global empirical model based on all available data
sources at the time [1]. Since 1978 [2], when the model was implemented, several improved versions
have been released, including IR1-1990, IRI-2000, IRI 2007 and IR1-2012. IRI-2016 is the current
version. The IRI model is based on a large amount of ground-based and space-based observational
data, mainly from satellites, incoherent scattering radars, and altimeters [3]. The input variables of
the IRI model include date, coordinates, solar index, ionospheric index, and magnetic index. The
height range of the electron density is 65-2000 km day time and 80-2000 km night time. The model
provides ionospheric variables, e.g., monthly average electron density, electron temperature, ion
temperature, ion composition, etc. [3].

The NeQuick model is a time-dependent, three-dimensional ionospheric electron density model.
This model was developed at the International Center for Theoretical Physics (ICTP) in Trieste,
Italy, and at the University of Graz, Austria for the Galileo satellite system to calculate ionospheric
delay corrections for single-frequency users [4]. The model is divided into lower and upper models.
Input variables are geocentric latitude, geocentric length, altitude, universal time (UT) and solar
activity (given a monthly mean sunspots number R12 or 10.7 cm solar radio flux of F10.7). The
NeQuick provides services to evaluate the electron density along any ground to satellite, straight
line ray path and the corresponding TEC by numerical integration. The NeQuick model includes
two versions of NeQuickl and NeQuick2 [5]. The NeQuick2 version was used in this paper.

Many authors have made performance comparisons of the ionospheric models so far, both for the
global and local areas. The accuracy of the model during the period of calm and medium solar
activity at the global level [6], in the Antarctic region [7], at equatorial and low latitudes [8], etc.
was examined. In this context, this paper aims to analyze the performance of both ionosphere models
by focusing on the Balkans. To achieve that, a couple of stations in the area of the Balkan Peninsula
were chosen for the period during 2019 for the days for which increased solar activity was observed.

2. DATA AND METHODOLOGY

2.1. SOLAR AND MAGNETIC CONDITIONS

Changes in the ionosphere, and therefore TEC's value, largely depend on geomagnetic and solar
activity.

The essential parameter of geomagnetic activity is the Ap index. The Ap-index provides a daily
average level for planetary magnetic activity, with units of 2nT. Definitive values of Ap are provided
by GeoForschungsZentrum (GFZ) Potsdam, Adolf-Schmidt-Observatorium fiir Geomagnetismus,
Niemegk, Germany on behalf of the International Service of Geomagnetic Indices (ISGI) of the
International Association of Geomagnetism and Aeronomy (IAGA).

The sunspot number index Rn measures the area of solar surface covered by spots. As the number
of spots increases and their magnetic complexity grows, they become likely sources of sizeable



eruptive energy releases known as solar flares, directly affecting the ionosphere. Besides daily,
monthly, and yearly averages, a 12-month running mean value, R, (Rn), is calculated. Since 1981
an International Sunspot Number Ri been derived by A. Koeckelenbergh at the World Data Center
C for Sunspots in Brussels, Belgium. Analyzing the long record of observations, it has been found
that the cycle period varies from ten to 12 years with a mean of 11 years. Cycles are numbered
chronologically. Solar Cycle 25 began in December 2019, so the year 2019 belongs to cycle 24. The
10.7 cm solar radio flux, or F107is, along with sunspot number, one of the most widely used indices
of solar activity. It measures the noise level generated by the sun at a wavelength of 10.7 cm at the
Earth's orbit. The global daily value of this index is measured at local noon at the Dominion Radio
Astrophysical Observatory (DRAO) in Penticton, Canada.

Figure 1 shows the parameters Ap, Rn and F10.7 for the year 2019.

a0

&0 -

70

60 -

50 <

Rn
40
—Ap

30 + F10.7

20 <

10

Day of the year 2019

Figure 1. Parameters Ap, Rn and F10.7 for year 2019
2.2. DATA DESCRIPTION

The observational data used in this study were the dual-frequency observational data from GNSS
stations in the Balkan Peninsula and the surrounding areas. These stations include five IGS stations
in the Balkans and two stations outside, of which one is in Austria and the other in Hungary. Stations
in Austria and Hungary were chosen to cover the northern part of the peninsula. The distribution of
all these stations is shown in Figure 2 and the detailed coordinates are provided in Table 1.

@
@

Figure 2. Distribution of GNSS points

The observational data were collected in January, March, April, Maj, September and December
2019, for days for which enhanced solar and geomagnetic activity has been observed. The dates for
which testing was performed are shown in Table 2.



Table 1. Coordinates of IGS GNSS stations considered in this study

Station Latitude Longitude Height
GRAZOOAUT 47.067 15.493 538.3
PENCOOHUN 47.790 19.282 291.7
BUCUOOROU 44.464 26.126 143.2
SOFI00BGR 42.556 23.395 1119.6
ORIDOOMKD 41.127 20.794 773.0
DYNGOOGRC 38.079 23.932 510.6
ISTAOOTUR 41.104 29.019 147.2

Table 2. Days of the month for which the data were collected

Month Day of the month
January 24,25
March 21,22
April 18, 19
May 11,13, 14
September 1
December 25

2.3. GNSSVTEC

The RINEX (Receiver Independent Exchange) format observation files obtained for the years 2019
from seven GNSS receivers stationed at different locations (Tablel). To get the VTECgnss, RINEX
files are processed using the GPS-TEC analysis application software version 3 developed by Gopi
Seemala of the Institute for Scientific Research, Boston College, USA [9].

This software calculates GNSS TEC based on the principle that the dual frequency GNSS receivers
use Li (1575.42 MHz) and L, (1227.60 MHz) to derive TEC using differential delay technique. The
ionospheric time delay at the L1 carrier frequency of fi is:

t, = 40.3 (Ziffz) @)

where C is the speed of light. The difference in the time delay between L; and L, frequencies, is

given by
Aty = () x (—f ) @

where At = t; - t1. The above calculated TEC is slant TEC (STEC), and the accuracy of absolute
TEC measurements can be improved with differential phase measurements. Vertical TEC (VTEC)
can be calculated as:
STEC—by—bg

S(E)

VTEC =
®)

where by is the receiver bias, bs is the satellite bias and S(E) is mapping function, which is defined
as

1

S(E) = —— = [1 - (RExcos(E))Z]‘E @)

cos(Z) - Rg+hg

where Z is the zenith angle of the satellite as seen from the observing station, Re is the radius of the
Earth, E is the elevation angle, and hs is the ionospheric effective height above the Earth's surface
which is taken as 350 km.

24. IRl -2016

The IRl model has been developed to specification ionospheric parameters supported by the
Committee on Space Research and the International Union of Radio Science (URSI). A team of
international experts continuously improves it as the new data becomes available. IRl model
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describes the electron density, temperature, composition, and TEC for a given location, time, and
date. The version of this model IRI-2016 includes two new model options for the F2 peak height
hmF2 and a better representation of topside ion densities at very low and high solar activities. In
addition, a number of minor changes were made concerning the use of solar indices and the speedup
of the computer program. In this paper, the calculation of daily VTECri-2016 Values on a sample of
1 min was performed.

A detailed description of the IRI-R016 can be found in [3].

2.5. NEQUICK2

The NeQuick model is a time-dependent, three-dimensional ionospheric electron density model.
He reproduces the electron density distribution in the ionosphere analytically based on a model
introduced by Di Giovanni and Radicella (DGR model) [9]. Recently, much effort has been made
to improve the existing model, given the increasing data availability. Therefore, versions of the
NeQuick2 model were obtained. The changes that have been made are related to the parameter for
defining the bottom side and topside. Five Semi-Epstein layers were used with modeled thickness
parameter for description of the ionosphere's electron density above 90 km and up to a peak of the
F2 layer. A one-minute calculation period was chosen to obtain the VTECnequick Value in this paper.
Details of the NeQuick2 model analytical formulation can be found in [10].

2.6. COMPARISON OF DIFFERENT MODELS

To investigate the accuracy of the IR1-2016 and NeQuick2, in this study, the difference and its
absolute value between the VTECgnss and the modeling VTEC (VTECri2016 OF VTECnequick) Were
computed, as shown in Equation (5) and (6).

AVTECgi-2016 = VTECiri-2016 — VTECgnss Q)
AVTECNeQuickZ = VTECNeQuickZ - VTECGNSS (6)

We compute the Root Mean Square Deviation (RMSD) of the IRI-2016, NeQuick2 and the of both
models using Equations (7) and (8)

RMSA= ’Z?(AVTE(ZRI—ZOM)Z (7)
\ n

n 2
RMSA= 21 (AVTECNeQuwZ) (8)
where n is the number of data.

3. RESULTS AND ANALYSIS

Daily VTEC variations from the GNSS, IRI-2016 and NeQuick2 models were performed for all
seven stations during typical 2019 days. These are the days for which increased solar activity was
observed concerning the indices Ap, Rn and F10.7. The results are presented in Figures 3, 4, 5 and
6. Green curves represent daily values of VTEC variations measured by GNSS, red curves represent
NeQuick2 variations of VTEC derived from the model, and blue curves represent VTEC variations
based on the IRI-2016 model. From all these diagrams, it is clear that the daily variation of VTEC
shows lower values at night, with a gradual increase in the morning, so that the maximum values
appear between 10 and 14 (UT) hours. After that, the VTEC values gradually decrease towards the
evening hours, where the minimum occurs between 1 and 4 hours (UT). The maximum values of
VTEC were detected on January 24, 2019. and May 25, 2019. Values amount from 8 to 18 TECU
for 11.05. (12 UT) and from 9 to 14 TECU for 14.05. (10 UT). For the day 25.12. which has the
most negligible fluctuations in the ionosphere of the selected days, all ststions have daily VTEC
variations ranging from 1.5 to 7.5 TECU (Figure 4).

The daily TEC variations derived from the IR1-2016 and NeQuick2 models follow all the above
characteristics with a difference of about 0.5 to 7 units of total electron content (TECU) (1 TECU =
10%%el/m?2) compared to VTECgnss. Figures 7, 8 and 9 show the differences between the modeled
and GNSS values of VTEC at all seven stations for the selected days and time during 2019. Data
were selected at moments when the maximum VTEC values were obtained. The most significant
differences are observed during the maximum of daily solar activity in the period between 9 and 14
UT for all stations and both models. The differences go up to 8 TECU.
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Figure 3. Daily variation of VTEC values for GNSS (green line), IRI-2016 (blue line) and
NeQuick2 (red line) during 24.01., 25.01. and 21.03. 2019.
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Figure 4. Daily variation of VTEC values for GNSS (green line), IRI1-2016 (blue line) and
NeQuick2 (red line) during 22.03., 18.04. and 19.04. 2019.
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The VTEC values derived from the IR1-2016 and NeQuick model show more significant differences
for the days of intensified solar activity, for example, during April and May 2019, while during other
periods, they follow the VTECecnss values quite well. The VTEC values from these two models are
almost similar for all stations during all test periods. It is interesting to note that for the day 24.01.
generally, the VTEC values derived from the NeKuick2 model and obtained from GNSS
measurements match quite well (maximum difference of about 2.5 TECU at all locations. In
comparison, the values from the IRI-2016 model deviate significantly (about 7 TECU). Also, it was
noticed that the values of VTECenss and VTEC ri-2016 Match quite well for all other days, and that
the values of VTECnequick generally for all days and all stations (except for January 24) have higher
values than VTEC iri-2016 and VTECgnss.

24.01.2019. 25.01,2019. 21.03.2019. 22.03.2019.

25.01.2019.

22.03.2019.

24.01.2019.

Longitude

' Latitude
Figure 7. Distribution of differences between the VTECcgnss and modeled VTEC (VTECri-2016 @and
VTECnequicke) during 24.01., 25.01., 21.03. and 22.03. 20109.

18.04.2019. 19.04.2019. 11.05.2019. 13.05.2019.

18.04.2019. 19.04.2019.

Longitude

F]

Latitude

Figure 8. Distribution of differences between the VTECgnss and modeled VTEC (VTECri-2016 @and
VTECnequicke) during 18.04.,19.04., 11.05. and 13.05. 2019.
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Figure 9. Distribution of differences between the VTECgnss and modeled VTEC (VTECri-2016 @and
VTECnequickz) during 14.05.,01.09., and 25.12. 2019.

Table 3 presents the estimated RMSE VTEC in TECU unit for seven stations, considering the results
of the eleven processed days of year 2019. and the two ionospheric approaches: IRI-2016 and
NeQuick2. Analyzing the data, it can be noticed that both models have approximate values and that
their performance is therefore satisfactory. Although, it can be concluded that IRI-2016 gives
slightly better results, because the value of RMSD is not higher than 2.03 for any station.

Table 3. RMSD of the VTECiri-2016 and VTECnequick2 Values from the different stations during

&

2019
sion | Mocel | "V | qety | aecw | aeew
BUCU IR1-2016 15774 -5.6 4.62 1.82
NeQuick2 14889 0.28 7.05 1.09
DYNG IR1-2016 15840 -8.50 5.44 2.01
NeQuick2 15840 -8.80 4.62 2.32
GRAZ IR1-2016 8640 -5.99 2.40 1.42
NeQuick2 8640 -3.00 5.47 1.17
ISTA IR1-2016 11517 -6.37 5.48 2.03
NeQuick2 11517 -10.5 9.08 3.82
ORID IR1-2016 15799 -5.80 5.26 1.77
NeQuick2 15799 -7.18 5.61 2.14
PENC IR1-2016 15837 -6.94 4.14 1.63
NeQuick2 15837 -1.26 7.98 1.49
SOFI IR1-2016 14949 -5.97 5.12 1.81
NeQuick2 14949 -0.51 6.47 1.23

4. CONCLUSIONS

In this paper, we have investigated the performance of the IRI- 2016 and NeQuick2 model to predict
the GNSS VTEC for seven selected GNSS stations located in the Balkan peninsula during 2019.
The results from this study show that the VTEC predicted by both models agrees quite well with the
observed GNSS VTEC measurements, although with some offset observed during several days at
different times. The IRI-2016 model performed better than the NeQuick2 model most of the days
and stations for which the NeQuick model overestimates the GNSS VTEC. The results show that



the Neckick model gives better quality values in some cases, but this does not apply to all days or
to all stations. Since GNSS VTEC are greater during equinoxes than in the solstice seasons and since
the differences in VTEC values from both models depend on local time, latitude, and solar activity,
it is necessary to take these parameters into account when modeling VTEC values. To obtain a
realistic evaluation of the quality of these two models, it is necessary to perform further analyzes.
The plan is to expand the research to more time periods including days of intensified and days of
quiet solar activity over several years, and to consider the influence of station latitude.
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MOBILE LASER SCANNING FOR DETAILED DIGITAL
TOPOGRAPHIC MAPPING

Abstract

Mobile Laser Scanning (MLS) is a technique characterized by high data acquisition efficiency and
level of detail. However, a lot of information contained in the LiDAR point cloud is only implicitly
available. Therefore, in order to create a digital topographic map from a large quantity of MLS
survey data, it is necessary to define a methodology that requires a combination of various software
tools. In general, the applied methodology mainly depends on the final product specifications (data
model, accuracy, level of detail, etc.). This paper describes the standard methodology of creating a
detailed digital topographic map using data collected by MLS, which proved to be two times faster
than the conventional methods (total station or GNSS survey).

Keywords: mobile laser scanning, digital topographic map, point cloud

MOBUMJIHO JACEPCKO CKEHMPAIBE 3A IETA/BHO JUTUTAJIHO
TOIHOTPA®CKO KAPTHUPAIBE

Caxicemax

MobGuHo macepcko ckenupame (MJIC) je TexHHWKa KOjy KapakTepHINE BHCOKa €(PUKACHOCT
MPUKYIJbakba MOHUIaTaka U BUCOK HHUBO AeTaibHOCTH. MelyTuM, Bennka konnunHa uHbopmanuja
canpxana y LIDAR o6naky Tauaka je camo MMILTMIMTHO aTa. Crora, Ja Ou ce u3pajuo JUrHTaHH
Tororpad)cky TIaH Ha OCHOBY Besinke kosnmunHe MJIC monaraka, morpebHo je na ce neduHue
METOJI0JI0THja KOja 3aXTeBa KOMHHAIIM]Y Pa3IMYUTHX COPTBEPCKUX anaTa. [ eHepanHo, mpuMemeHa
METOJIOJIOTHja YIJIaBHOM 3aBUCH OJ] creluduKaiyja KOHA4YHOT IMpoM3BoAa (MojeN Mojaraka,
TauyHOCT, HUBO JIeTaJbHOCTH, UTA.) Y OBOM pajy ONHKCaHa je CTaHAapJHa METOMOJIOTHja H3paje
KPYITHOpa3MEpHOT AUTUTAIHOT I'e0JISTCKOT I1aHa kopumhemeM nopartaka qooujernx MLS-om koja
ce MoKaszasa OyIuio Opka on KoHBeHIHjamHHX MeTtoma Mepema (IHCC mpemep wmim TOoTamHa
CTaHHIIA).

Kmwyune pujeyu: Mobuino iacepcko ckeHuparbe, Oueumaniu monocpagcku niaH, 0o1ax mavakd



1. INTRODUCTION

Advances in technology and surveying techniques make it possible to obtain a large amount of data
in a short time. Light Detection and Ranging (LiDAR), also known as laser scanning or 3D scanning,
is one of the remote sensing methods with a rapid development and wide applications in the last
two decades. The method is based on collecting extremely large amount of spatial data in the form
of point clouds, a set of closely spaced three-dimensional points (X, Y, Z). The data collected by
laser scanners enable detailed representation of various objects and phenomena, such as terrain,
vegetation, transmission lines, buildings, streets, elements of traffic markings and signs, and other
objects and surfaces. Depending on the platform it uses, laser scanning method is divided into
Airborne Laser Scanning (ALS), Terrestrial Laser Scanning (TLS), and Mobile Laser Scanning
(MLS). All three methods have found wide application for collecting spatial data in geodesy, whose
products are used in different disciplines. ALS method is usually used for large areas and objects,
wherever it is necessary to collect massive data in a short time. This method is mainly used to collect
data in cadastre [1, 2], hydrography - bathymetry [3], biology [4, 5], geology [6], weather disasters
[7], and various similar areas. Data collected by TLS method have found wide application in
engineering geodesy for the needs of: deformation analysis of buildings [8, 9], architecture [10],
glaciers [11], forestry [12], mining [13], and other areas. The third method of laser scanning - MLS
has been applied for 3D cadastral [14, 15], for road infrastructure monitoring [15, 17] and in various
other fields such as forestry [18]. Furthermore, these three methods are applied in combination for
some disciplines such as 3D cadastre [19, 20], hydrography [21], indoor laser scanning [22, 23] and
many other purposes.

Spatial data is used for the digital representation of the Earth's surface and objects located on it, such
as buildings, roads, vegetation, and other human creations. Contemporary topographic maps are
made in digital form, i.e. as digital topographic maps. In order to collect necessary spatial data for
that purpose, various surveying methods and techniques can be applied, including the conventional
terrestrial surveys and photogrammetry, methods of global positioning (RTK - GNSS) and different
types of remote sensing methods including MLS.

Papers published in the last several years indicate the increasing number of applications of MLS in
the field of urban 3D modeling mainly for creating detailed digital topographic maps and detection
and extraction of urban objects [17, 23].

Processing of MLS data, similarly as for the other types of laser scanning data, involves classifying
points from the cloud according to the phenomena and objects they relate to. In addition, to create a
digital topographic map, it is necessary to create the appropriate content built upon point clouds in
the form of vector data: points, lines and surfaces with appropriate geometry, topology and other
attributes related to these vector data. Forming the content of a detailed digital topographic map
based on point clouds is a complex task, because it demands that information that are implicitly
contained in the point cloud are extracted and make explicit. This process involves the use of manual,
or preferably automatic procedures supported by the appropriate software tools to make the whole
process as efficient as possible, but also to ensure appropriate quality control of the collected data
and the process itself. The main goal of this study is to present a methodology for creating detailed
digital topographic maps using the data obtained by MLS, using various software tools.

2. OUTLINE OF THE METHODOLOGY

MLS survey is carried out using a scanning system consisting of a vehicle-mounted scanner (or other
platform moving on the surface of the earth) that collects data in motion on a predefined path [24,
25]. In general, MLS system configuration usually integrates LiDAR sensors, location and
navigation sensors (e.g., Global Navigation Satellite System (GNSS) antenna, an Inertial
Measurement Unit (IMU), and a Distance Measurement Indicator (DMI)), advanced digital cameras,
and a centralized computing system for data synchronization and management [17, 23]. When the
platform is in motion, MLS can efficiently collect three-dimensional measurements of the
environment. Today, the standard MLS can collect 1 million points per second, meaning that the
system can cover the predefined path and the surrounding surface with a point density of 2000 points
per m?, where the distance between points ranges from a few mm to a few cm, at the vehicle speed
from 10 to 100 km/h [25].
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Figure 1. Flowchart of the applied methodology

As already mentioned, creating a digital topographic map based on MLS survey data is a very
complex task. In general, the applied methodology depends on the MLS system, object and
phenomena that are surveyed and the final product specification. The applied methodology is shown
on the diagram above on Figure 1. The procedures of the methodology will be explained in the
following sections.

Methodology presented in this study is generally used when this type of data is to be used for making
digital topographic maps. For some of the procedures, for example vectorization and quality control
of vectorization, productivity can be improved by introducing more or less automation, such as
machine learning — for automatic feature extraction [1, 4, 18, 19]. Also, methodology could be
different if one processes the data obtained by systems that don’t have an integrated camera.
Firstly, all the data related to the route of vehicles must be prepared, such as a path plan. Also,
marking of ground control points (GCPs) [26] which are to be used later for processing and
validation of point clouds has to be finished. The path plan consists of lines representing the streets
that need to be surveyed, usually in *.kmz or *.kml format. The locations of the GCPs are
selected/chosen according to the project extent. Any method providing sufficient positional accuracy
can be used to determine coordinates of GCPs. GCPs must be marked on the ground before mobile
laser scanning starts. After data preparation, installed instrument is calibrated before the actual laser
scanning takes place. Movement at a certain speed and in certain directions in order to define the
domain of all the parameters necessary for surveying.

Before data collection starts, the reference permanent GNSS station must be turned on. The
permanent GNSS station works one hour before and after data collection with MLS.

The team for MLS surveying consists of two people, who set up the instrument together on the roof
of the car [27]. During surveying, one team member drives a car and the other one works on the PC
tablet, where the *.kmz or *.kml file with the path of the car route is loaded, facilitating the survey
according to the planned route. Collected data includes the laser scanner data, spherical photography
imagery and Inertial Navigation System (INS) and GNSS data.

The first activity within MLS data processing phase is synchronization of the data from the INS unit
and RINEX (Receiver INdependent EXchange format files contain raw satellite navigation system
data relative to a specified interval of time) files. After synchronization, the obtained data must be
processed in relation to the reference GNSS station in order to obtain the positions and orientation
angles of the MLS device at every moment during the process of data collection (survey process).
After the trajectory is determined, the generation of point clouds and spherical photographs (360°
images) can start.

Once the point clouds are created, fine alignment should be done, which ensures high data quality,
eliminates anomalies, eliminates dissents in multiple car passages, etc. After alignment, a definite
point cloud is available for further processing.

GCP coordinates are determined with classic geodetic surveying method (Global Navigation Satelite
System — Real Time Kinematic, GNSS - RTK) during preparation phase. Marked GCPs have to be
found in the definitive point cloud and their coordinates have to be calculated. Two sets of



coordinates (two locations) for the same GCP that are determined with different methods, can be
used in the next step - the validation of the collected data. The GCP coordinates determined by the
GNSS - RTK method are treated as reference ones, so these are used to determine the deviations of
the point clouds from the reference positions.

After successful data validation, point clouds can be used for vectorization. Various software
applications are designed and developed to facilitate this activity (online or desktop versions). The
software enables creation of the digital content representing the terrain surface or objects on the
terrain. Certain software products provide support for automatic [25, 26] or semi-automatic
segmentation, classification and interpretation of the point cloud data.

Procedures for automatic vectorization are based on machine learning techniques and they provide
simpler and easier vectorization. However, manual vectorization is still providing the results with
better accuracy and precision. Both of these approaches result in errors which must be detected and
eliminated. Various controls can be designed and implemented depending on specific projects and
product specifications. For example, two such quality controls have been applied within the
methodology that will be presented within this paper: Identification of intersection points and
Checking the point elevation using contour lines. These controls have proven to be an excellent
solution for quality control of vectorization [25].

Final activities are dedicated to cartographic design (layout) of the created topographic map content.
Among other things, this assumes application of prescribed map symbol library for spatial features
and arrangement of labels (elevations). Sometimes, creation of topology between spatial features
could be required. Once again, software tools enabling automatic, semi-automatic or manual data
processing can be used. Cartographic design is governed according to rules that are prescribed by
relevant rulebooks. In Serbia, these rules are specified by the digital topographic key (DTK) that is
defined and published by the Republic Geodetic Authority (RGA). Proper DTK symbol must be
assigned to each spatial entity (feature). There are many solutions for labels (elevations) arrangement
on the map, so their overlapping is prevented. Of course, the easiest way is to use automatic
procedures for this purpose. Sometimes, this also means that certain labels have to be disabled from
the displaying.

3. METHODOLOGY VERIFICATION

The methodology outlined in the previous section has been verified within an experiment. In general,
the software used for methodology implementation can be commercial, free, or developed in-house.
All types of programs were used within this study for methodology verification. Usually, work with
laser scanning data requires integration of various software products due to the complexity of the
data. Some of the software tools used for methodology verification will be presented in the paper
(Figure 2).
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Figure 2. Major Software tools used for methodology implementation
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3.1. STUDY AREA

The municipality of New Belgrade is one of seventeen that comprise Belgrade, the capital of the
Republic of Serbia. New Belgrade is divided into 83 large rectangular residential blocks that are
separated by wide boulevards. The study area, residential block - Block 19a, is located on the left
bank of the Sava River, and covers an area of approximately 8 ha, of which 6 ha are built-up areas

Legend: s

® Block 19a

— Borders of municipality
[ INew Belgrade

Figure 3. Study area (New Belgrade - Block 19a)
3.2. PREPARATION

Firstly, the optimal route, i.e. path plan for MLS system movement has to be defined. Things that
have to be taken into consideration are: area/objects that are to be surveyed, street direction, traffic
density during the surveying period and other things that affect the movement of the car. Path plan
file is provided in *.kml or *.kmz format.

As already stated, another activity within preparation phase is to specify locations for GCPs. This
task is very important because location of these points will influence how easy and fast it will be to
find them in point clouds during the MLS data vectorization and validation phase. GCP must be
marked on terrain before surveying. Precise locations of 10 GCPs were determined by using GNSS
- RTK technique (3 x 30 seconds observations). Locations of these GCPs are given on Figure 4.

Figure 4. Locations of GCPs



3.3. DATA COLLECTING

Laser scanning data is collected within reference coordinate system that is related to the GNSS
permanent station. The ASCII format (XYZ RGBI) is a basic and the simplest digital format for
saving data collected from LiDAR. Depending on the method and instrument used for surveying, in
most cases, specialized data collection software is provided by the MLS system provider. In this
case, Teledyne Optech Maverick [28] system has been used. The system has its own software
application for data collection that can connect on Wi-Fi and it can be used on devices such as PC,
tablet or mobile phone.

After the system is installed on the car, the system has to be calibrated driving 35 km/h for 10
minutes. Collection of MLS data is carried out by driving the vehicle and surveying the area of
interest according to the prepared path plan.

Total area covered by MLS survey is 12.8 ha (wider area is covered). Total area of interest, that is
the area of the city block including streets on the block border, is 8.5 ha. Total number of MLS point
cloud points is 280882394. Average point cloud density is 2246 points/m?.

3.4. DATA PROCESSING

In order to combine the LIDAR data and the INS data together, the NovAtel Inertial Explorer (IE)
[29] software is used. The result is provided in Exchange Format file which contains information
about the position and orientation of the MLS device in every moment of the survey.

As explained in the methodology, the next steps are to generate raw point clouds and spherical
photography imagery, their synchronization and adding texture to points of the point cloud. Lidar
Mapping Suite (LMS [29]) is used for this task. The software performs basic synchronization of
trajectory data (the result of processing in the NovAtel Inertial Explorer software tool).

After collecting and processing the data, the following step could be fine-leveling processing. This
step isn’t necessary, because two previous steps are sufficient for many projects. However, this
processing was also done within methodology verification. TerraSolid, the most popular commercial
software, is used for this kind of processing [29]. TerraSolid software is comprised of many software
products. In this case, TerraScan and TerraMatch products were used for fine processing of point
cloud data.

During the process of fine alignment of point clouds obtained from different positions, accuracy of
3 cm has been achieved.

3.5. DATA VALIDATION

For such a large project area, it is necessary to mark 10 GPC points as shown in Figure 4. Data
validation phase includes calculation of the differences between coordinates of GCP that have been
digitized in the point cloud and the coordinates of the same GPC that have been measured with
GNSS. Horizontal and vertical differences for GCP points are given in Table 1. According to these
values, it can be stated that achieved accuracy of point cloud georeferencing is in line with the
expectations.

Table 1. Horizontal and vertical differences of coorinates at GCPs

Coordinates from GNSS-RTK Differences at GCP

Point E [m] N [m] h [m] Horizontal Vertical
number differences [m] | differences [m]
35 454665.83 4961501.20 118.22 0.02 0.03

36 454851.45 4961391.32 117.89 0.01 0.00

37 454953.94 4961418.86 118.17 0.02 0.00

38 455069.11 4961568.87 119.36 0.02 0.00

39 454963.85 4961701.62 117.85 0.04 0.00

41 454899.34 4961681.52 118.21 0.04 0.02

42 454841.41 4961719.37 118.27 0.02 0.00

43 454784.97 4961690.20 120.42 0.02 0.03

44 454722.59 4961595.71 118.66 0.02 0.05

45 454905.56 4961527.34 118.45 0.03 0.03

All coordinate differences are positive values.



3.6. VECTORIZATION

Vectorization can be done in many online or desktop applications, commercial or in-house
developed an application. The vectorization aims at presenting real-world features by using certain
map features (using adequate feature geometry: point, line and polygon). For each of these features
a set of attributes is assigned according to specified data model. According to the requirements of
the investor and/or certain regulations or accepted norms from the professional practice,
requirements related to spatial features and the relationships between them are followed (for
example, proper spacing between adjacent points on linear feature in order to preserve geometry of
the curve during it’s discretization).

Point Cloud Desktop (PCD, Figure 5a) is a software application for vectorization from point cloud
data developed by Geoput d.o.0. This application has been used for the methodology verification.
The data structure used by this application consists of 4 parts (types of datasets): point clouds,
spherical photography images, templates with defined geometry and a project-related data. The point
cloud data are given in universal point cloud format - LAS that is supported by most, if not all,
software applications developed for point cloud management. Templates can be added before or
after images, during vectorization, and it is also possible to create new ones.

Figure 5. a) Vectorization area in Point Cloud Desktop application and b) Vectorized data in
AutoCAD

Total number of map points after data vectorization is 6219. 425 of these points are used for terrain
surface modelling and 5794 points are used for other map features.

3.7. QUALITY CONTROL OF VECTORIZATION

Vectorization process, especially in case of manual or semi-automatic vectorization, is prone to
errors. Therefore, control of the vectorized data has to be provided in terms of geometry and
topology of the map features, but also regarding the attributes assigned to these features. For
example, every intersection of two lines should have intersection point feature, only terrain points
should be used for DTM creation, etc.

Identification of intersection points (Figure 6a) controls if two lines, that are in the same plane, have
a point at their intersection. If there isn't one, the software will automatically show an error and the
place where it occurred. Only the first step in the control - identification of intersection points is
shown (Figure 6a), where it is shown that one line is snapped to the other without the existence of
the point of intersection. This error can be fixed by adding the point at the intersection.

Checking the terrain points using contour lines (Figure 6b) controls whether only terrain points are
used for DTM creation. If so, contour lines should look naturally. Framed part in the Figure 6b
shows a part where contour lines are more concentrated than they should be, and that (peak) point
has to be checked visually and corrected, if needed.



3~ 1Top ki wiretamel

- o120 Wiretaens)

V- —729
/ §\\(\\ n
4 //f*—‘\ A

Figure 6. a) First control - Identification of intersection points and b) second control - Checking
the terrain points using contour lines

3.8. PRODUCT COMPLETION

The next processing phase assume cartographic processing of the verified vectorized data. First of
all, DTK symbols have to be assigned to map features. The data are exported from PCD using in
GeoJSON format and loaded into software application where cartographic data processing can be
done.

There isn't a set of rules that needs to be followed, but it is shown that it is best to start from more
simple ones, such as point features. The next ones are lines with their orientations, then hatches for
areal features and at the end, labels (text) are added (Figure 5b). Topographic map layout after
cartographic processing of the vectorized data is given on Figure 7.

Figure 7. Cartographic processing of vectorized data

Also, elevations for some points (usually terrain points) have to be displayed as map labels. This
can be done by using GIS or CAD software. As for other labels, elevation labels have to be placed
on the map so that they are not overlapping with each other and with other map features. This can
be done manually, or more or less automatically by using some software tools.

4. COMPARATIVE ANALYSIS

Different methods can be used for collecting data for creating a detailed topographic map. The
choice of methods depends on many factors (equipment and other resources, required accuracy and
level of detail, project area, etc.). Comparative analysis was performed between conventional
measurement technique (total station survey) and MLS.



Table 2. Comparative analysis between a conventional geodetic survey and MLS

Total station survey MLS
Data collection and processing | 20 days 9 days
Team size 4 members 4 members
Acquisition of missing data All team members One team member
Initial costs for equipment Low High

For the presented experiment, the first two phases, Preparation and Survey, lasted 1 day with 2 team
members engaged. This was followed by Processing and Validation of the data which lasted 1 day
and was done by 1 team member (software processing time lasted for 12 h). Vectorization was done
by 4 team members in 6 days. The number of people engaged in the vectorization phase can be
higher or lower, but 4 members were chosen so that it could be more easily compared to the total
station 4-member team size. The last two phases, Quality Control and Topographic plan, lasted 1
day with 1 team member engaged. Cumulatively, the mentioned phases lasted 9 days, of which the
field works lasted 1 day, whereas the conventional total station survey would have taken 10 field
days followed by additional 10 days for data processing.

From this comparative analysis it is clear that surveying with MLS is twice as fast. Also, this method
does not constantly depend on atmospheric conditions. MLS provides possibilities for easier and
faster acquisition of missing details. The disadvantage of the MLS is that initial investment in
acquiring and making operational the system is much higher and the surveying can be done only
near the road (it is not possible to survey areas inside building blocks), because the surveying is from
the car, and it is usually difficult or impossible to enter the off-road area.

5. CONCLUSION

Modern technology speeds up and facilitates the processes of making detailed topographic maps.
MLS enables collecting a vast amount of data in a very short time. No time is wasted on placing the
instrument from one point to another. Instead of that, the instrument is placed on the vehicle from
the beginning to the end of the surveying. This saves time and resources and provides data that can
be used for different projects. However, processing of massive quantity of LIDAR data requires
adequate procedures and software tools. Extraction of spatial features that constitute the content of
topographic map from point cloud data is still time-consuming process. This process can be
improved significantly by developing and implementing automatic procedures. The only
disadvantage of the MLS technique is that initial investment is much higher and the surveying in
urban places is limited to facilities that are near roads (not behind fences or deep inside building
blocks). That is why, MLS, is especially useful for the survey of road/street and railway
infrastructures. It should be noted that the objective of this study was the methodology for making
detailed topographic maps. The reason for this is that many users of spatial data in Serbia still prefer
to use spatial data in map format. However, MLS data open-up possibilities for making moor
sophisticate products (3D models or spatial databases). Therefore, afford should be made by all
stakeholders to unlock these possibilities.
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DESIGNING OF CONTINUOUS DAM MONITORING USING GLOBAL
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Abstract

The paper presents the procedure for designing a geodetic system for continuous dam monitoring
and equipment necessary for the application of the Global Navigation Satellite System (GNSS). It
also points out the conditions that must be respected when choosing the position of the network
points and indicates the advantages and disadvantages of this system in relation to systems based on
terrestrial methods. Basically, both systems provide the data necessary to monitor dam stability.
Theoretical considerations have been applied to monitoring system of Soubella earth-filled dam, in
Algeria. The dam created an artificial lake with a capacity of 160,000,000 m3, providing water for
irrigation in the settlement below the dam. Due to the settlement vicinity, it is planned to carry out
continuous dam monitoring.

Keywords: continuous monitoring, global navigation satellite system, dam

MHNPOJEKTOBAIBE KOHTUHYUPAHOI' MOHUTOPUHI'A BPAHA
IIOMORY I''lOBAJIHUX HABUT'AITMOHUX CATEJIUTCKHUX
CUCTEMA

Caxcemax

V pany je npukazaH MOCTYNaK MPOjeKTOBaba Ie0ACTCKOT CHCTEMA 38 KOHTHHYHPAHH MOHUTOPUHT
Opana m ompema HeomxonHa 3a mpuMjeHy [moGamnor Hasurammonor Carenmrckor Cuctema
(FHCC). Harnamrenu cy yciIoBH KOjH C€ MOpajy IOIITOBATH IIPH W300py MOJI0XkKaja Tagaka MpeKe.
HaBenene cy mnpemHoOCTH M HEJOCTAalld OBOI CHCTEMa y OJHOCY Ha CHCTEME 3aCHOBAaHE Ha
TePEeCTPUYKHM MeTojaMa. Y CYIITHHH, 00a cHcTeMa Jajy HOJaTKe HEONXOJHE 3a OCMaTpame
crabmrHocTH Opane. Teopujcka pa3mMarpama Cy IpUMjeHhEeHA Ha CHCTEMY 3a OCMaTpamke 3eMJbaHe
6pane Soubella, y Amxupy. Usrpagmom Opane (GOpMHpAHO je BjelITAuyKO je3epo KaraiuTeTa
16000000 m® u3 kojer ce 06e36jelyje Boaa 3a 3aIMBambe y HACEIbY HEIOCPEIHO UCIo Opane. 360r
6n3uHe Hacesba npeaBul)eHo je KoHTUHYHpaHo npaheme Opane.

Kmwyune pujeyu: KoHmuHyupanu MOHUMopune, 21006a1Hu HABULAYUOHU CAMETUNMCKU CUCTEM,
bpana



1. INTRODUCTION

Structural deformations occur under the influence of the following causes: general (physical and
mechanical properties of the soil, tendency of soil to plastic or elastic deformations, heterogeneous
composition of the soil, hydro technical conditions) and special (deficiencies and inaccuracies in
geological and hydrological soil examination, poor water drainage, washing soil particles, scouring
from surface waters, wetting of loess soil, dissolution of frozen soil, artificial lowering of
groundwater, omissions during construction, upgrades, etc.) [1].

Construction monitoring is carried out: to prevent human and material disasters, improve the quality
of future construction, as well as for scientific purposes. Monitoring could be defined as research
that includes several professions: civil engineering, geodesy and mining. The geodetic profession
discretizes the object in visible points of the structure and determines the displacements in the
absolute (system of the object) and relative system. Geodetic monitoring may be carried out in
epochs or continuously. Other professions determine the displacements in relative terms using
sensors (inclinometers, extensometers, inverted pendulum, etc.) that are built into the structure
during construction [2]. Modern devices from other professions intended for continuous monitoring
have the ability to collect data with high frequency (up to 300 Hz), as opposed to the geodetic devices
in which the frequencies are significantly lower (5 Hz do 50 Hz) [3].

Development of robotic total stations and introduction of GNSS technology initiated the era of
continuous geodetic monitoring. Ever since the introduction of GNSS technology, researchers
showed interest in the possibility of its use for the purpose of monitoring facilities. Researchers at
the University of Nottingham tested measuring of high-frequency deformations (short-period
deformations) using GPS (Global Positioning System) technology, and the measurements were
compared with accelerometer measurements [4], [5]. It is known that GPS is used to measure
movements of maximum frequency up to 10 Hz, that is long-period changes. The development of a
new GPS receiver, manufactured by the Javad Navigation System, and the application of program
developed at the University of Nottingham enabled measuring movement frequencies of 50 Hz, with
centimeter accuracy. In one study, the authors [6] compared the estimates of the displacement vector
obtained using GNSS technology and an inclinometer. They pointed out that the geodetic
measurement technology obtained a spatiotemporal series of displacements in the absolute system,
and geotechnical in the relative 2D coordinate system. Considering the fact that the research
provided almost identical estimates, they concluded that GNSS technology can be used successfully.
Researchers [7] concluded that GNSS technology and longer measurement sessions can achieve a 1
mm precision in the 2D coordinate system and 2 mm precision in the 1D coordinate system.

Apart from the development of measurement sensors and measuring technology in general, great
progress in the field of monitoring infrastructure facilities has occurred after the development of the
Internet, mobile technology, wireless and time series data processing software [8]. These technical
improvements enabled the possibility of networking of measurement sensors and the development
of real-time permanent monitoring systems. Modern research is focused on the integration of
geodetic and sensors of other professions (primarily geotechnical) and the establishment of active
systems for Structural Health Monitoring (SHM). Many research papers have presented the
possibilities of GNSS technology in specific experimental settings [9]. However, the systematization
of these findings and defining procedures for permanent monitoring designing require particular
attention.

This paper presents the process of designing a geodetic system for continuous dam monitoring, with
particular reference to the equipment necessary for the application of GNSS technology and its
networking into a single system and the specifics that must be observed in selecting the position of
control geodetic network points. In order to review all system elements, we carried out research on
the existing solutions for continuous monitoring and presented their development. The results of
practical research are presented through the project solution of permanent monitoring of the earth-
filled Soubella dam, particularly emphasizing the following: influence of satellite geometry quality
on positioning accuracy, defining the coordinate system of the basic network obtained by GNSS
measurements and system components with the most important characteristics. Additionally, it
presents the criteria for the geodetic network quality and the displacement measures (movement)
that can be detected, obtained by calculating the accuracy for the defined geometry, the observation
plan and the adopted measurement precision.



2. DEVELOPMENT OF SYSTEMS FOR PERMANENT GEODETIC
MONITORING USING GNSS TECHNOLOGY

The geodetic network for continuous monitoring consists of, as all geodetic networks in engineering,
basic network points, which are placed outside the deformation zone, and points on the facility. On
the basic network points are installed stationary GNSS receivers or total stations, whereas stationary
GNSS receivers, rover stations or prisms may be installed at the points on the facility.

Considering the fact that the permanent monitoring systems are intended for monitoring deformation
processes at critical locations, the system management and data processing are carried out in special
centers. There are local and management centers. The local center is connected to computers and
measurement sensors are attached to it. The connection between local centers and computers is made
using cables or wireless (usually radio modems). Vectors are processed in local centers, and they
are further forwarded to the control center and corrections are sent to sensors. The number of local
centers depends on the size of the monitored location and the configuration of the terrain, that is on
the possibility of establishing a direct connection with the sensors. The control center processes
measurements from all local centers. Data processing is automatic, and it is conducted using a
specially developed program. The system in the control center is often supported by light signals.
Usually, if the displacement is within the allowable range, the green lamp is on, in case of alarm
(displacement is close to the allowed range), the orange lamp is on, and in case the displacement is
outside the allowed range, red lamp goes on, followed by an alert message. However, the final
decision on the alert is made by the responsible person due to possible errors in the system. Later in
this chapter are presented some of the most frequently used systems for permanent geodetic
monitoring.

The best-known monitoring system is GOCA (GOCA - GNSS/LPS/LS-based Online Control and
Alarm System) [10]. This system is intended for determining three-dimensional displacement, and it
was developed at the Karlsruhe University of Applied Sciences. In this system, the measured data
are sent from the base station by radio communication to rover stations, where vectors are processed.
The data on the processed vectors are sent to the GOCA center by radio modem for further
processing. For each point of the facility, displacement, velocity and acceleration are determined by
applying sequential adjustment, i.e. Kalman filter. The GOCA system organizational scheme is
presented in Figure 1.
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Figure 1. Operation principles and GOCA system components [11]

3-D TRACKER is an automated 3D monitoring program developed by the company Condor Earth
Technologies INC. According to the manufacturer's specification, this program can simultaneously
calculate 3D coordinates with millimeter accuracy for dozens of points in which GNSS receivers
are located [12]. It is designed for permanent observation, and it can process data from single-
frequency and dual-frequency receivers. It applies a different principle for vector processing from
the standard RTK (Real Time Kinematic) method. In the RTK method, vectors are processed in a
mobile station (rover), and in this program, vector processing is performed in a central station. It
forms triple and double differences and epoch-by-epoch coordinate estimates are obtained using the
Kalman filter.

LEICA GeoMoS is a multi-purpose automatic monitoring program. It is used for deformation
monitoring of structures (dams, tunnels, bridges, tall buildings), landslides, in mines and on volcanic
and geotechnically unstable terrain [13]. The program consists of the following modules:



e for monitoring, carrying out control over integrity of the sensor, collecting the measurement
results for each measurement moment and analyzing the time series of measurements.
Sensors that can be connected for automatic data collection are:

e geodetic (Leica instruments only): total stations, GNSS receivers, level instruments;
e meteorological: thermometers and barometers and
e geotechnical: extensometers, piezometers and inclinometers.

o for analysis, analyzes the accuracy of measurements, enables a graphical display and
processes the data and

e additional module, for adjustment, which has functions for epoch-by-epoch network
adjustment, deformation analysis and simulation.

The communication of the device is performed using Leica M-Com [14] interfaces or standard
communication interfaces via the Internet and mobile phone.

Some of the shortcomings of the existing geodetic systems for permanent monitoring that have been
identified through research papers are:

e sensors are not located on the facility, but in its vicinity,

o the way of selecting the points that discretize the facility,

e sensor errors and increase in autocorrelation with increasing measurement frequency,

o limited manner of processing and presentation of measurement results due to online mode,
etc.

3. SPECIFICITIES OF GNSS MEASUREMENT PLANNING

When planning a GNSS measurement campaign for the development of a GNSS network project, it
is necessary to analyze several parameters such as:

o satellite constellations (sky plot of satellites) above the measurement area,

e number and type of receiver (single frequency, dual frequency, triple frequency) that will be

used and

e economic aspects.
GNSS measurement requires different planning, implementation and data processing techniques
compared to measurements with classical technologies. These requirements come from the
difference between GNSS measurement and terrestrial measurement. As opposed to terrestrial
measurements, GNSS measurements do not depend on weather conditions and do not require for the
receivers to be within sight. The GNSS receiver requires visibility towards satellites.
The shape of the GNSS network does not play an important role as in networks in which terrestrial
measurements are performed. The main reason is the mathematical model used in GNSS
measurements. This brings us to the conclusion that there is a lot of freedom in designing GNSS
networks.
GNSS networks can be shaped as closed (irregular) polygons: triangles, quadrilaterals or polygons.
Network of quadrilaterals is recommended, since more closed polygons enable better measurement
control. Additionally, it allows better reliability of the obtained results and requires fewer
measurements than in the case of triangulation.
The GNSS network shape primarily depends on:

e required accuracy,

o the number of receivers that will be used and

e cost-effectiveness.
According to their form, GNSS networks are divided to [15]:

e radial (star-shaped) networks and

e networks of closed geometric figures.
There are two rules in designing a GNSS network, and one of them must be followed: at least two
vectors should start from each point of the network or each point needs to be occupied at least two
times.
One of these two rules must be followed in order to prevent blind points in the network. GNSS
measurement planning for GNSS network design is most often done in GNSS measurement
processing programs that also contain a planning module. Using the planning module saves time
and resources in defining the project solution.
GNSS measurement planning for GNSS network design consists of the following stages [16]:

¢ selection of point positions,



e selection of the observation period,

e determining the duration of the measurement (session duration),
e on-site inspection,

o stabilization of points and

e organization of measurements.

4. INFLUENCE OF SATELLITE GEOMETRY QUALITY ON
MEASUREMENT ACCURACY

The quality of determining the position of points using GNSS technology depends on the geometric
arrangement of visible satellites. Real-time changes in geometry quality occur due to the mutual
movement of the satellites. Geometry quality measures are DOP (Dilution Of Precision) factors. The
lower the value of the DOP factor, the better the geometry of the satellite, and the expected quality
of the positioning solution. In principle, fair satellite geometry consists of several satellites that are
evenly distributed in azimuth and are located slightly above the horizon, with one or more satellites
in the direction close to zenith.

Monitoring of engineering structures with GNSS technology, due to the requirements of accuracy,
implies the application of the relative positioning method, which is used to obtain 3D coordinate
differences between network points. Additionally, phase measurements of pseudoranges are used to
determine them. For example, the wavelength of L1 signal is 19 cm, whereas L2 is 24 cm. The
accuracy of measuring the phase difference is approximately 1% of the wavelength. In order to
reduce or eliminate measurement errors, the following differences are applied: single (eliminating
errors in satellite position, satellite clock and ionosphere), double (eliminating errors satellite and
receiver clock differences) and triple differences (determining the number of complete wavelengths)
[15], [16]. However, the correct estimation of accuracy based on pseudoranges obtained by phase
measurements is complex and commercial software does not contain the procedure of preliminary
calculation of accuracy based on them, but on the basis of pseudoranges obtained from code
measurements.

Since the measurements are error-laden, the code pseudoranges measured simultaneously at time t
from station A to n satellite can be mathematically modeled as [17]:

P, =1, +c,0t, + & =\/(xA X'V +(y,—y' )V +(z,—2) +b, +&),

@)
where the superscript i has the values i=1, 2, ..., n. The coordinates of the observed satellites
(x',y',z") are calculated from the data of the navigation message for the moment of signal
transmission and represent known values. For the purposes of preliminary accuracy calculation in
the process of designing GNSS networks, almanac data files with predicted satellite position can be
used instead of observations and navigation messages.

In the previous model (formula 1) the majority of elements are not present because it is assumed
that their values can be determined and subtracted from the measured pseudoranges. The element
includes all measurement errors and unmodelled influences related to the code pseudorange, and the
element with the receiver clock error is expressed for practical reasons as a value b, in linear units
of measure.

In order to determine the unknown coordinates and clock synchronization errors of the receiver, it
is necessary to use a system of at least four equations, that is to measure the pseudoranges to at least
four satellites. In that case, the presence of elements &', is ignored. If the number of equations is
higher than four, the presence of errors is taken into account, and solutions are obtained by estimates
in accordance with the least square method. Using the least squares method allows determination of
estimates of measurement errors, estimates of unit weight standards and covariance matrix of
unknown parameters. [17]:

C = O-g (ATC;1A)71 = O-SQ (2)
It is clear from formula 2 that the quality of positioning primarily depends on two key factors: the

quality of performed measurements and the number and arrangement of satellites (matrix Q). DOP
factors are defined and calculated exactly using the matrix Q elements, as it follows:

e geometric DOP factor:
GDOP=,/Q,, +Q,, +Q,, +Q, ()




e position DOP factor:
PDOP=,/Q,, +Q,, +Q,, i

4)
e time DOP factor:

TDOP =,/Q,, +Q,, +Q,, . ®)

DOP factors of horizontal position and height, HDOP and VDOP, can be calculated in a similar
way, but the cofactor matrix must be previously transformed so that its elements refer to the axes of
the local geodetic system instead to the axes of the WGS84 system.

Table 1 presents the values of DOP factors with the interpretation of the possibility of their use in
geodetic applications. It can be concluded that the application of GNSS technology in monitoring
requires DOP factor values under 3.

The selection of the observation period in defining the project solution presented in practical
research was carried out using the software tool Trimble GNSS Planning Online [18] and further on
in the paper we will present the most important steps and principle of operation of this powerful tool
for GNSS measurement planning.

Table 1. Interpretation of DOP factor values

DOP value Rating Interpretation
Highest possible confidence level to be used for applications demanding the highest

1 Ideal possible precision at all times.
1-2 Excellent Accuracy which allows performing highly precise work.
2-5 Good Accuracy used in navigation and for standard geodetic works.
5-10 Moderate Accuracy used for calculations.
10-20 Fair Rough estimate of point position. It is_ qsed for de_signing, determining the approximate
positions of points.
%20 Poor Poor measurement accuracy. All measurements with a DOP factor higher than 20 should

be discarded from data processing.

The first and basic thing that needs to be carefully set up is the data on the location where GNSS
measurements will be performed and the elevation angle, which can be set up depending on the
terrain configuration and project requirements (Figure 2). Additionally, it is necessary to select the
day and period of the day for which you want to see the arrangement of satellites for the location of
interest. Afterwards it is possible to enter data on obstructions in the field that can interfere with
signal reception at measuring stations, setting azimuth and elevation angle (Figure 3).
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Figure 2. Location data settings
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Figure 3. Obstruction settings

There are a total of four global and several regional navigation satellite systems nowadays, and some
of them have already reached the stage of full operational capability (FOC). In practice, this means
that there is a large number of satellites from which measurement signals can be received.
Information on satellite correctness and status is publicly available on the official websites. Almost
all planning programs provide the option of selecting systems and satellites from which it is planned
receive signals, which may be important depending on the type of receiver available (Figure 4).

Figure 4. Selection of satellite system and satellites from which signals will be received

Number of satellites (Figure 5), their elevation (Figure 6), DOP factors (Figure 7), visibility above
a certain location during the day (Figure 8) and sky plot of satellites (Figure 9) represent standard
outputs in the process of GNSS measurement planning available in software and services for GNSS
measurement planning.
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Figure 5. Number of visible satellites above a certain location
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Figure 6. Elevations of chosen GPS satellites above a certain location
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Figure 8. Visibility of chosen satellites above a certain location
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Figure 9. Sky plot of chosen satellites above a certain location

5. PRACTICAL RESEARCH

Practical research was presented through the project solution of permanent GNSS monitoring of the
earth-filled Soubella dam, on the small river of the same name in Algeria. It is an earth-filled dam
(Figure 10) with a clay core. The dam is 67 m high. The dam crest width is 10 m, and the spillway
is Krieger with one spillway bay. The construction of the dam created an artificial lake with a
capacity of 160,000,000 m3, providing water for irrigation in the settlement just below the dam. Due
to the settlement vicinity, it is planned to carry out continuous dam monitoring.



Figure 10. Soubella dam [19]

In defining the displacement values that must be detected, we used the standards for monitoring
embankment dams shown in Table 2:

Table 2. Accuracy standards of geodetic monitoring of embankment dams [20]

Facility: earth-filled (embankment) dams Accuracy
Stability of the slope of the dam crest +20-30 mm
Horizontality of the dam crest +20-30 mm

Dam crest subsidence +10 mm

5.1. SELECTION OF NETWORK POINT POSITIONS

In geodetic monitoring of earth-filled dams, the ideal place for setting the points of the geodetic
basic network are the rocks, located at depths or the surrounding terrain, in which the influence of
water accumulation (basin) is not felt. Basic network established in this way is a precondition for
successful geodetic monitoring of the facility, of permanent assessment of absolute displacements.
The Soubella dam monitoring network consists of four points (Figure 11). Two points represent
reference network points and are located on the rock elevations upstream of the dam (GPS1 and
GPS4). Two points, GPS2 and GPS3, are located on the dam crest. It was suggested to use concrete
pillars in construction of the points. On top of the pillar should be a plate with a central screw, made
of stainless metal, in order to install GNSS antennas. On the concrete steps of the pillars are
constructed boxes, in which the installed batteries and routers would be protected from the rain,
wind and sand.

WGS84 was selected as the coordinate system of the monitoring network, and in that system, in this
specific case, are indicated the coordinate differences obtained by applying GNSS technology.
Considering the fact that analysis of the dam stability requires comparison of the differences of
estimated coordinates between consecutive GNSS measurement epochs, the transformation into the
local coordinate system of the object is not anticipated.

5.2. SYSTEM COMPONENTS

The components of the system for Soubella dam permanent monitoring system, as defined in the
project solution include:

e SENsors,

e communication devices and

e control center.
The system designers had to take into account the fact that GNSS sensors for dam monitoring already
existed, and they had to be included in the project solution. These include four Leica GMX910 GNSS
receivers [21]. The positioning accuracy using these sensors is:

o for static post-processing: 3 mm + 0,5 ppm (horizontal) and 5 mm + 1 ppm (vertical) and
e for RTK: 8 mm + 0,5 ppm (horizontal) and 15 mm + 0,5 ppm (vertical).
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Figure 11. Outline of the geodetic network of Soubella dam permanent monitoring

In addition to GNSS sensors, it is planned to install the following equipment at each point (Figure
12):

e solar panel,

e charger,

e spare battery,

e radio modem and proper antenna,

e RS232 network cable for connecting chargers, receivers and radio modems [22] and

e GEV 197 coaxial cable from Leica for link between radio modem and antenna [23].
Charging batteries and receivers is carried out using electric energy which is produced from solar
panels on the measuring stations. The modem, chargers, battery and other accompanying equipment
at the measuring station are located in a specially designed protective box next to the network pillar.
The Leica GMX910 GNSS receiver is a device with an integrated measuring antenna, hermetically
sealed and resistant to external conditions, and therefore requires no additional protection.
Communication between system components is achieved in two ways: by cable connection between
individual components at measuring stations and in the control center and using wireless connection
between measuring stations and control center. As mentioned above, the cable connection is carried
out using network and coaxial cables. Since Leica GMX910 GNSS sensor is a device that only has
an antenna and does not have a data storage unit, the Wireless Local Area Network (WLAN) radio
modem continuously sends measurement data from all stations to the control center. The Leica
ComGatel0 is a device designed to connect GNSS sensors to LAN (Local Area Network). The



network connection to the sensors is achieved using cables that use USB or serial ports as contact
or output/input units. The communication systems scheme is presented in Figure 12.
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Figure 12. Communication systems scheme: at measuring stations (above) and in the control
centre (below)

PC computer

The system control center is located in the command building, and electric energy is supplied from
it. It is designed for the installation of the following equipment:

e arobust PC,

e radio modem,

e RS232 network cable for connecting computers and radio modems and

e Lieca GEV 197 coaxial cable for link between radio modem and antenna.
The minimum computer requirements are 16 GB of RAM, serial and network ports, in order to
install Leica GNSS Spider [24] and Leica GeoMoS, which will process and analyze the collected
measurements. Leica GNSS Spider is an integrated software package with a primary purpose for
centralized control and operation of reference stations and networks. The software is modular and
flexible, with new advanced solutions for large high-precision RTK networks and centralized data
distribution (SpiderNET Module). The Spider Business Center module provides efficient
management and reporting using an open interface. Leica GeoMoS is a multi-purpose software
package, which can be used for automatic monitoring of deformations of artificial structures (dams,
tunnels, bridges, tall buildings and constructions), as well as for monitoring displacement,
subsidence and deformation of natural features. The software is flexible, allowing extension with
additional functionalities, and modification depending on the type and number of sensors. All data
is stored in an open SQL database, and can be accessed remotely and locally. The project solution
considered using both software. In the first step, Leica GNSS Spider software will be used for
geodetic monitoring of horizontal displacements. In the second step, Leica GeoMoS will be installed
in order to allow the bodies responsible for monitoring the facility to upgrade the system with non-
geodetic sensors and expand it to the SHM monitoring system.
It is planned to perform processing of measurements every hour. In the first step, when using Leica
Spider software, data post processing will be performed. If the investor decides to use Leica GeoMoS
software, data processing will also be performed every hour, which will be harmonized with the
operation of geotechnical sensors.

5.3. SELECTION OF OBSERVATION PERIOD

The selection of the observation period in defining the project solution was performed using the
Trimble GNSS Planning Online software tool, as described in Chapter 4. Receivers that will be
placed at points on the dam crest (GPS2 and GPS3) cannot receive signals from the entire horizon.
Obstructions come from the left side where elevations are located, about 120 m from the points. The
receiver at point GPS2 has to receive signals from satellites with elevation angles higher than 18°,
and the receiver at point GPS3 has to receive signals from satellites with elevation angles higher
than 23°. All these obstructions were taken into account when defining the measurement period and
calculating the quality of DOP factors. Also, it is planned that all receivers will receive GLONASS
signals.



After defining the input parameters, we determined the values of the characteristic elements of the
observation plan. The results showed that the number of visible satellites during the day is from 8
to 16. After calculating the DOP factor for the selected parameters, the least favourable values were:
e GDOP 3.15,
PDOP 3.01,
HDOP 1.31 and
e VDOP 2.88.
and based on this it was concluded that measurements at the subject location can be carried out
throughout the day.

5.4. CALCULATION OF THE PROJECT SOLUTION ACCURACY

Accuracy of the network quality criteria was calculated for the selected network geometry and vector
measurement plan. For the purpose of calculation, the declared values for the measuring equipment
to be used were adopted for the accuracy of vector measurement. It is suggested that the point GPS1
is the one that defines the network date. It is planned to measure six vectors, therefore the number
of unknown parameters is 9 (three coordinates for three points). For the a priori standard unit of
weight, the value 3 was adopted. In calculation was used the value of the level of statistical
significance 0.05. The predicted values of specific criteria for the measured values are displayed in
Table 3.

Table 3. Quality criteria of measured values obtained by calculation

Coordinate difference Q,, [mm?] Q, [mm i Gii
AX psigps2 0.5 0.5 0.5 11.9
AVops1 aps 05 05 05 11.9
AZ (ps1ops> 10.0 10.0 0.5 53.9
AX gpsi-cps3 0.5 0.5 0.5 11.9
AYeps1 gps3 05 0.5 05 11.9
AZ o1 6pss 10.0 10.0 0.5 53.9
AX gpsicpsa 0.5 0.5 0.5 11.9
AVYgps1 apsa 0.5 0.5 0.5 11.9
AZ o1 cpsa 10.0 10.0 0.5 53.9
AX gpsa_cpss 0.5 0.5 0.5 11.9
AY s opss 05 05 05 119
AZ o apss 10.0 10.0 05 539
AX oy cmss 05 05 05 119
N 05 05 05 119
AZgpsr cpss 10.0 10.0 05 539
AX gpss_cpsa 0.5 0.5 0.5 11.9
AYgps3 cpsa 0.5 0.5 0.5 11.9
AZ 5ps3 apsa 10.0 10.0 0.5 53.9

Table 4 shows the values of the quality criteria of unknown parameters that can be obtained for the
proposed project solution. We calculated the value of standard deviations in the coordinate axes and
the displacement values that can be detected from the coordinate estimates, when selecting the power
of atest0.8.



Table 4. Calculation of the accuracy of unknown parameters with the calculation of
displacement values that can be detected from coordinate estimates

standard deviations in coordinate axes [mm] displacement value [mm]
Point
Ox Oy 0z dpy dp, dp,
GPS2 21 21 9.5 8.5 8.5 37.6
GPS3 21 21 9.5 8.5 85 37.6
GPs4 2.1 2.1 95 85 8.5 37.6

Pursuant to the accuracy calculation for the proposed project solution, it can be concluded that after
the network adjustment, the displacement values in the coordinate axes in the horizontal plane below
10 mm can be detected, which meets the required criteria for monitoring horizontal displacements
of the Soubella dam.

6. CONCLUSION

Monitoring of engineering structures depends on the type of deformations to be detected and the
characteristics of the structure. The diversity of structural materials is one of the key factors for the
occurrence of structural deformations. In the case of earth-filled and embankment dams, or other
similar structures, deformations occur as a consequence of the dam weight and the hydrological
influence. The embankment is filled with water causing vertical subsidence. Also, the influence of
water level in the accumulation leads to permanent deformations in the horizontal plane.
Deformations of such structures can also be a consequence of adaptation to new water waves, aging
of the embankment or fatigue of the rock mass in which the structure is built in. Of course, such
deformations are not considered significant if they do not pose a threat to the structure safety. In
order to determine the stability and safety of the structure, it is necessary to carry out geodetic
monitoring of the structure and, if necessary, the surrounding terrain. For a complete insight into the
trends of displacements of specific structure points, it is necessary to perform permanent
measurements using modern measuring technologies. It is particularly suggested to carry out
permanent monitoring, and sometimes it is even requested, on all structures that pose direct threat
to settlements, such as the case with the Soubella Dam.

Geometric deformation models were applied in the past, and these did not take into account explicit
time, and the forces acting on the structure were not taken into account (congruence model and
kinematic models). In the 1990’s we started using cause-and-effect models, taking into account time
and forces (static and dynamic models). Additionally, the development of new geodetic instruments
enabled the possibility of permanent monitoring of critical structures. The application of GNSS
technology also enabled special possibilities and advantages in the field of permanent monitoring.
Certainly, efforts are being made to optimize its application both in technical and economic terms,
as well as in the application of terrestrial measurement technologies. To make this possible, it is
necessary to understand the positioning methods and sources of errors affecting the accuracy of their
application.

The quality of satellite geometry is characterized by their mutual position in relation to the
observation location and has significant effect on measurement accuracy. DOP values are in high
correlation with satellite geometry that changes over time due to the relative motion of the satellites.
Therefore, DOP values depend on the number of visible satellites. These values are an indicator of
the quality of satellite geometry. Good geometry means that the satellites are evenly distributed in
all four quadrants.

There were many published scientific and expert papers on the topic of continuous monitoring of
individual structures. This paper is a presentation of one view on resolving the problem of designing
permanent monitoring using GNSS technology. On the basis of DOP factors, w