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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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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 COx/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

Tvne Notation PC clinker Primary Secondary
P ’ [%] constituents* [%] constituents** [%]
CEM1 CEM1 95-100 - 0-5
CEM II/A 80-94 6-20 0-5
CEM II
CEM II/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 conerete SN EN 206

Exposition Type NPK A NPK B NPK C
Classes
(SN EN 206)
Design strength C20/25 C25/30 C30/37
B xc4, XFI i
S1t .
Xpositon 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 m2*
Residential area 5120 m***
Number of stories 01 +GF+6
Volume of concrete 2'525 m*™

* 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

Parking area 187685 m2™
Residential arca 59’656 m**”
Number of stories -03 + GF + 26

Volume of concrete 32°646m**"

* 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 171587000
City area 219.3 km?
CO, traffic emission* 8407000 t

~ | 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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CONTROL LINES

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 V € S M X T D W K | LneGeometry

Figure 1. The LineGeometry add-on in Grasshopper.

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)

Bezierdike algorithm for lines
Interpolation algorithm for lines

Offset lines

Regulus

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.

([ Mumber 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.

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.

2

Figure 8. Piecewise linear interpolation with IntLines.

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).

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.



Figure 12. Regulus through three straight lines (one-sheet hyperboloid).
2.3. AUXILIARY TOOLS (UTIL)

[+ ]
B Asmetotic Curve

' Principal Curvature Curve
~ Ruled surface loft
‘ Striction points

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.
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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 CcC 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 1753
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

Casicemak

Y oBOM paly ce pa3Mmarpajy pe3yldTaTH HCTPaKHBamba OTIOPHOCTH HAa IIUPEHE ITYKOTHHA
CIPOBEJICHUX Yy OKBHPY OOMMHOI TpojekTa pa3Boja OeToHa Bucokux mnepdopmancu (bBII)
3a CeKyHAapHy oOJjory maxTa 3a OJJarambe HHUCKO M Cpelle pPaJAuOaKTUBHOI OTHAja.
UctpaxuBanu cmo uetrpu cactaBa bBII, y kojuMa cMo yriaBHOM Bapupajiu KOJUYUHY BE3HBHE
KOMIIOHEeHTe U MelycoOHe ofHOce [1Ba IleMEHTa U CHJIMKAaTHe IpamuHe. Takohe cMmo momanu
uenMuHa BIakHa y jenad BBII. 3a oapehiBarme 0THOPHOCTH Ha MIMpEH-e MyKOTHHE KOPHIIEHA je
METO/la MCIIMTHBAma lienama KIMHOM. JloOMjeHn pesynratm mokasyjy JAa CBH HCIIUTUBAHU
BBII mnoctwxy mno0py OTIIOPHOCT Ha HIMpeme MyKnTHHE. Jlogarak 4YenMyHWX BJakaHa
JIOZaTHO 100O0JBIIABA OBY OTIIOPHOCT.

Kmwyune pujeuu: omnopnocm na wiuperse nykomuna, 6emon 6UCOKUXx nephopmancu, UCHUMuearse
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].

(@) (b)

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]:

RCP = 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.

TRANSMISSION
PIECES

I.II'IEAL SUPPOR‘I’

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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Figure 6. Average depth of water penetration as a function of HPC age.
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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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(b)

©

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° |ionghar 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 “Itl'_mf'ite spllt.tlmg equivalent splitting tensile strength up to the |resistance to
8 | weof [ie’ |wongna crack width (mm) orack
g 2 PP-3 " lstrength - |first crack |01 0.2 03 04 propeigatlon
g ﬁ fu - fi. foa fo2 fos fou RCP=fo /T
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 3,27 2,81 2,68 2,28 1,82 1,50 0,70
PP-3/21 3 321 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 4,61 3,46 3,60 2,94 2,35 1,95 0,64
PP-3/24 ! 5,16 3,92 431 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 5,33 442 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
f‘ At=28 | At=28 | At=28 | At=28 | A=28 _
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

24

18

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 Ay 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.



reinforcing bar "a"
800

700
600
500
400
300
200
100

Stress [MPa]

0 50 100 150 200

Strain [mm/m]
s al s_a2 s_a3 s_ad

reinforcing bar "'b"
800

700
600
500
400
300
200
100

Stress [MPa]

0 50 100 150 200

Strain [mm/m]
s bl s b2 s_b3 s_ba

reinforcing bar "'c"
800

700
600
500
400
300
200
100

Stress [MPa]

0 50 100 150 200

Strain [mm/m]
s cl s_c2 s_c3 s _cd

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 | R20C100 | 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.

RCA I

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
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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.
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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 b