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I  INFORMATION ABOUT THE CANDIDATE

1. Name, name of one parent, surname:
Olivera, Radoslav, (Bukvi¢) Bedov
2. Date, municipality and country of birth:
28.09.1993, Novi Sad, Serbia
3. Name of the academic institution, previously completed academic program and the title acquired:

Faculty of Technical Sciences, University of Novi Sad, Master Academic Studies, Master in Civil
Engineering

4. Year of enrolment into doctoral studies and name of the doctoral studies programme:
2018, Civil Engineering

III  TITLE OF THE DOCTORAL DISSERTATION:

Possibilities of sunflower husk ash utilization as an alternative activator for slag-based alkali-activated
materials

(Mogucnosti primene pepela suncokretove ljuske kao alternativnog aktivatora za alkalno-aktivirane
materijale na bazi zgure).

IV OVERVIEW OF THE DOCTORAL DISSERTATION:

The doctoral dissertation of Olivera (Bukvi¢) Bedov is written in English. It is structured into five
chapters, encompassing 126 pages, 98 figures, 30 tables, and 198 references, followed by 10 appendices.
The first pages provide key documentation in English and Serbian, a table of contents, and lists of
abbreviations, figures, and tables.

The content of the dissertation by chapters is as follows:
1. Introduction
Literature review
Experimental research
Results, discussion, and conclusions
Final remarks, contribution, and future perspectives
References
Appendices

D

\4 EVALUATION OF INDIVIDUAL DISSERTATION CHAPTERS:

The dissertation contains all the necessary elements prescribed by the applicable regulations.

The doctoral dissertation consists of five chapters, logically arranged and well-structured, that provide a
comprehensive overview of the conducted theoretical and experimental research.

Chapter 1: INTRODUCTION

The first chapter clearly defines the research subject, motivation, objectives, and research methodology.
The need and justification for the research are appropriately explained, and the main hypotheses are well-
formulated. A brief overview of the research program is also provided. The proposed research
methodology is designed to enable a systematic analysis and interpretation of the obtained results.

The subject of the doctoral dissertation is alkali-activated materials (AAMs), cement-free binders
considered as a low-carbon alternative to Portland cement (PC). Over the last few decades, AAMs have
been extensively researched as a potential strategy for decarbonisation of the construction industry. The
dissertation particularly focuses on the investigation of AAMs based on ground granulated blast furnace
slag (GGBEFS), activated with 1) conventional chemical alkali activators, sodium hydroxide and sodium
silicate; 2) an alternative activator, sunflower husk ash (SHA); 3) a combination of SHA and sodium
silicate.




The research is motivated by two important environmental challenges. First, almost the entire ecological
footprint of AAMs is associated with the production of chemical activators. Handling alkali hydroxide
during AAM production may also raise safety issues. Second, SHA is a waste material generated from the
sunflower seed processing and combustion of sunflower husks. This material is locally available in
significant quantities in the Autonomous Province of Vojvodina (Serbia) and is typically landfilled
without practical application. Although it has been proven that agricultural waste can be successfully
utilised as a supplementary cementitious material (SCM), the use of SHA in conventional cement-based
composites is limited due to its high alkali (potassium) content. Therefore, the research investigates the
possibility of replacing the conventional alkali hydroxide chemical activator with potassium-rich SHA,
aiming to simultaneously address the environmental challenges posed by AAMs activators and SHA
landfilling. In this context, the chapter emphasises the potential contribution of this approach to fostering
circular economy principles and sustainable development in the construction sector.

The introduction also provides an overview of AAMs, including their definition, historical development,
and contemporary applications. The main limitations and challenges related to their testing and large-
scale implementation are also critically discussed. Together, these aspects provide a broader perspective
on the nature of AAMs, their current position and their potential role in the construction sector.

Chapter 2: LITERATURE REVIEW

The chapter “Literature review” presents a comprehensive overview of AAMs technology, component
materials, chemistry, alkali activation reaction products, and critical mix design parameters. Furthermore,
the fresh and hardened properties of AAMs are analysed, including workability and setting time, as well
as mechanical, physical, and durability properties. Particular attention is given to durability mechanisms
that depend on the chemistry of AAMs.

In accordance with the research focus presented in Chapter 1, a specific part of the literature review is
dedicated to the use of agricultural biomass ashes in AAMs technology. A classification by ash type and
potential application is provided, distinguishing between their use as precursors or activators. Potassium-
rich biomass ashes used as a replacement for alkali hydroxide activators are identified and further
analysed. Experimental results reported in the literature on AAM binders activated with these ashes are
systematically reviewed with respect to the chemical composition and pretreatment of the ashes, the mix
design of the AAM binders, the type of specimens, the curing regimes, and the tested properties.

Since no studies addressing potassium-rich ashes, such as SHA, at the concrete level were identified, the
available data at the paste and mortar levels were collected and analysed, serving as a basis for the design
of the experimental research. Only silica-rich ashes were studied as a replacement for the precursor or
silicate activator at the concrete level. Of the five identified papers, three assessed the durability
properties (acid and sulfate attack, water absorption, and chloride penetration). It is observed that the
reported experimental investigations on potassium-rich ashes are mostly limited to microstructural
analyses and mechanical properties, while studies addressing durability have not been identified.

The review and analysis of published scientific papers have enabled the establishment of a
comprehensive knowledge base, which serves as the foundation for identifying the research gap and
defining the experimental program. These findings further justify the selection of the topic of this
doctoral dissertation and highlight the originality of the research conducted within this field. The selected
literature, together with its systematic and clear evaluation, provides a thorough overview of the current
state of knowledge in the investigated field.

Chapter 3: EXPERIMENTAL RESEARCH

The chapter “Experimental research” provides a detailed description of the experimental programme. The
research is organised into four experimental phases, which are presented through their objectives, used
materials, mix designs (paste, mortar, concrete), mixing procedure, sample casting, curing, and applied
testing methods. The experimental program is adequately designed to assess the possibility of using SHA
as an alternative activator in slag-based AAMs. It is structured so that the conclusions obtained in one
experimental phase serve as an input for the subsequent phase. The experimental research is in
accordance with the plan and program defined in the doctoral dissertation proposal. Relevant information
is provided regarding the component materials, the mix design of the mortar and concrete mixtures, as
well as the samples and applied testing methods, thereby ensuring the reproducibility of the experimental
research. The testing methods applied in all phases are appropriately selected to enable the formulation of




all relevant conclusions.

The first phase provides a characterisation of component materials - GGBFS and SHA. The
characterisation is conducted through testing the chemical and mineralogical composition, functional
groups, particle size distribution, specific surface area, and real density. For the SHA, surface
morphology, particle shape, and water solubility were also determined.

The objective of the second phase is to optimise alkali-activated concrete (AAC) mixes with reduced
activator content to enhance their sustainability. The experimental program provided a systematic plan
for optimisation by varying alkali content, silicate modulus (Ms), and water-to-binder (w/b) ratio across
ten AAC mixes. Three mixes demonstrating optimal workability and compressive strength were selected
for further assessment. These mixes were tested for porosity, water penetration under pressure,
carbonation resistance, and resistance to chloride penetration to select the final reference mix.

The objective of the third experimental phase is to develop a SHA-activated binder and optimise its
workability and compressive strength. On the mortar level, the following parameters are varied: w/b
ratio (0.42, 0.45, 0.5); SHA content (15, 25 and 35 wt% GGBFS), curing regime (ambient temperature
and curing at 65°C for 5 days), and SHA dissolution time prior to mixing (Oh, 1h, 6h and 24h).
Additionally, potassium leaching and the pH value of the SHA suspension were monitored. The influence
of SHA content and curing regimes on changes in functional groups and reaction products was tested on
paste samples using FTIR and TGA analysis.

The fourth experimental phase aimed to investigate the influence of SHA on fresh and hardened
physical, mechanical and durability properties at the concrete level. Three AAC mixes were
compared: the reference mix with conventional chemical activators (selected in Phase 2), a mix activated
with SHA and sodium silicate, and a mix activated solely with SHA. Optimal SHA content was
determined based on the results of Phase 3. The tested properties included fresh properties (setting time of
the corresponding pastes, temperature, consistency, air content, density), hardened physical properties
(density, porosity, phase assemblage, capillary water absorption, shrinkage), mechanical properties
(compressive strength, flexural strength, modulus of elasticity) and durability properties (water
permeability under pressure, carbonation resistance, resistance to chloride penetration).

The presented experimental programme can be viewed as a systematic and progressive development of
mortars and concretes activated with SHA or with a combination of SHA and silicates. This approach
enabled attaining the aim of the doctoral dissertation and gaining a comprehensive understanding of the
influence of SHA on the properties of AAMs across multiple scales, from the microstructural to the
macroscopic level.

Chapter 4: RESULTS, DISCUSSION, AND CONCLUSIONS

Chapter “Results, discussion and conclusions” presents the outcomes of the experimental research, in
both numerical and graphical form. The results of individual experimental phases are followed by their
analysis, discussion and conclusions, as each phase represents a distinct stage, with its conclusions
serving as input for the subsequent phases.

The results of the material characterisation (Phase 1) were analysed in terms of the relevant physical and
chemical properties of GGBFS and SHA. The main oxides identified in GGBFS are SiO., CaO, and
MgO, classifying it as a neutral-to-basic slag. SHA predominantly contains K.O, CaO, SOs, and MgO.
Potassium in SHA is mainly present as arcanite. Analysis of scanning electron microscopy (SEM) images
showed that SHA particles are not porous and exhibit irregular shapes and rough surfaces. Compared to
SHA, GGBFS is significantly finer and more uniformly graded, whereas SHA displays a coarser and
broader particle size distribution. The solubility of SHA in water increased with increasing dissolution
time and temperature. Overall, the material characterisation confirmed that SHA has satisfactory
chemical and physical properties to be used as an alternative alkali-hydroxide activator in AAMs, with no
pretreatment or “as received”.

In Phase 2, the results were analysed by the influence of varied parameters on the properties of concrete
(mixes R1-R10). It was observed that the workability of AAS concrete is governed by the interdependent
action of w/b ratio, alkali content, and silicate modulus Ms, with Ms identified as the most influential
single variable. At the very low activator content, w/b ratio has a modest influence on the slump. Alkali
content above approximately 4 wt% has a greater marginal impact on slump than the w/b ratio, but only




for Ms > 1.0. Compressive strength in AAS concrete is governed primarily by Na:O content and silicate
modulus, with w/b ratio playing a secondary but consistent role when activator composition is held
constant. Below Ms = 1.0, Na2O content is the dominant strength variable, while at Ms > 1.0 the silicate
modulus becomes decisive. Based on these findings, three mixes were selected for further testing: two
with low activator content (R2, R5) and one with moderate activator content (R7). Evaluation of porosity
and durability indicated that reduced activator content can still provide satisfactory mechanical and
durability performance in AAC. It was concluded that the optimal alkali content and Ms for this system
are 4 wt% GGBFS and 0.42, respectively. The mix with these parameters (RS) was selected as the
reference AAC for Phase 4.

The optimisation of reference concrete mixes by reducing the content of chemical activators successfully
fulfilled the objective of Phase 2, contributing to the overall aim of the doctoral dissertation to improve
the sustainability of AAMs.

The results of Phase 3 were analysed in terms of the influence of varied parameters on the performance
of the three paste mixes (P15, P25, and P35) and three mortar mixes (M15, M25, and M35). An increase
in the w/b ratio increased the slump of mortar mixes. Satisfactory workability for quartz aggregate was
achieved with a w/b ratio of 0.45, whereas the introduction of crushed dolomite aggregate required a w/b
ratio of 0.5. It was found that higher SHA content reduces workability, consistent with the morphology of
SHA particles. However, higher SHA contents altered the formation of C-S-H and C-A-S-H gels, as
observed in the paste samples. Curing at 65°C promoted early strength development (attaining 89-98% of
the 28-day compressive strength) but resulted in lower 28-day compressive strength compared to ambient
curing. Immersion of SHA in water before mixing enhanced the dissolution of potassium ions and
resulted in higher compressive strength up to 14.7%, depending on the immersion duration, but it
negatively affected workability. The highest 28-day compressive strength of 55 MPa was obtained with a
mix containing 25% SHA (M25), without SHA pretreatment and dissolution in water before mixing,
cured at ambient temperature.

Selection of mix parameters for subsequent investigations was based on the optimal performance and
minimum technical requirements for potential application (curing regime and SHA dissolution). This
systematic approach enabled the efficient evaluation of numerous influencing parameters and properties,
ultimately identifying optimal SHA-activated mortar mixes and defining the mix design for SHA-based
AAC in the final phase of the research. In addition, variation of the mixing procedure represents a novel
aspect of the study, not previously addressed in the available literature.

The optimisation of the SHA-activated binder in terms of workability and compressive strength
successfully fulfilled the objective of Phase 3.

The results of Phase 4 were comparatively analysed with respect to the type of activator. Based on the
conclusions from Phase 3, two AAC mixtures incorporating SHA were designed: one activated solely
with SHA (SHA25) and another activated with a combination of SHA and a silicate activator (SHA-S), to
reflect the composition of the reference mixture. These mixtures were compared with the reference mix
from Phase 2 (R). The analysis was performed through comprehensive testing of fresh, mechanical,
physical, and durability properties of concrete, followed by evaluation of microstructural changes, phase
assemblage and porosity induced by SHA.

The conclusions indicate that SHA significantly compromises workability when combined with the
crushed aggregate. The SHA25 mix (activated with 25 wt% GGBFS of SHA) exhibited stiff consistency,
resulting in inadequate placement of concrete. Therefore, this mix was not further tested except for
compressive strength. Replacing NaOH with SHA in the mix SHA-S did not compromise mechanical
properties. The SHA-S attained approximately 50 MPa at 28 days of curing, compared to 46 MPa of the
reference R mix. After 90 days of curing, both mixes attained the same compressive strength of 57 MPa.
Tensile strength followed a similar trend at 56 days of curing. Incorporation of K* ions through SHA led
to reduced regularity of the gel, due to the size and charge density difference between K™ and Na*. This
resulted in 12% and 17% lower modulus of elasticity after 28 and 56 days, respectively, compared to the
R mix. The SHA-S mix also exhibited 25.6% higher capillary pore content than R samples after 28 days
of curing, while cumulative porosity, critical pore diameter, and threshold diameter remained largely
unaffected.

The water absorption behaviour of both mixes deviated from the standard bilinear model prescribed for
PC concrete, as expected for slag-based AAC. The rate of absorption for the mix with SHA was twice as
high as for the reference mix, although the final water absorption was similar. Introducing the SHA in the




mix doubled the shrinkage due to the higher moisture loss and higher matrix compliance, as confirmed by
the lower modulus of elasticity. This compliance, however, had a positive effect on reducing cracking
caused by drying.

Despite the higher capillary pore content and water uptake, SHA did not compromise durability.
Carbonation resistance at all exposure days was essentially identical for both mixes. MgO in SHA
contributed to the formation of additional hydrotalcite, which acted as a CO, absorbent. The increase in
total porosity of the SHA-S mix after carbonation was smaller (2.9% vs 4.9% for R), and critical and
threshold pore diameters increased less than in the reference mix. This suggested that the additional
hydrotalcite partially buffers the microstructural damage caused by C-A-S-H decalcification, leading to
less severe coarsening of the pore network. Thermogravimetric analysis confirmed this mechanism: SHA-
S shows both higher initial hydrotalcite content and a greater increase in hydrotalcite-related mass loss
after carbonation.

Mix SHA-S initially exhibited a higher chloride permeability at 28 days of curing, consistent with its
coarser pore structure. However, it surpasses the reference mix by 56 days, achieving a 20% lower
migration coefficient despite retaining significantly more capillary porosity. This decoupling of pore
structure from chloride transport performance indicates that chemical binding is the dominant mechanism
governing chloride resistance in the SHA-S system. The higher hydrotalcite content provided greater
chloride binding capacity through anion exchange in the hydrotalcite interlayer. The 52% reduction in
migration coefficient between 28 and 56 days versus 10% reduction in the reference mix suggests that
SHA alters hydrotalcite formation beyond 28 days of curing.

The fourth experimental phase successfully achieved its objective of investigating the influence of SHA
on fresh and hardened-state physical, mechanical, and durability properties at the concrete level.

Chapter 5: FINAL REMARKS, CONTRIBUTION, AND FUTURE PERSPECTIVES

The final, fifth chapter, “Final remarks, contribution and future perspectives,” summarises the
conclusions derived from individual experimental phases presented in the previous chapter. Based on the
findings, a final comprehensive conclusion regarding the potential application of the SHA as an
alternative activator in alkali-activated slag-based materials is formulated. The chapter also highlights the
scientific contributions of the doctoral dissertation, which are clearly explained and directly aligned with
the presented research results and conclusions. The study has opened several important research questions
worth further investigation. The proposed directions for future research are realistic, well-defined, and
promising for further advancement of AAMs activated with SHA.

It is also concluded that the selected references encompass contemporary research that is not only
scientifically relevant but also of significant practical importance to the field and the topic of the doctoral
dissertation.

Finally, all individual measurements and calculated values of the tested properties are given in the
appendices.
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VII  CONCLUSIONS AND RESEARCH RESULTS:

The doctoral thesis investigates AAMs with a particular focus on the use of SHA as an alternative
activator in slag-based systems. The research is structured in four experimental phases, each with specific
objectives, and the results are analysed to achieve the overall goals of the dissertation.

The following conclusions were drawn:

1. Material properties of SHA

SHA has satisfactory chemical and physical properties for use as an activator in AAMs, without any pre-
treatment.

2. Optimisation of reference AAC mixes
The optimal alkali content and silicate modulus for the reference AAC mix with low activator content are

4 wt% of GGBFS and 0.42, respectively. This ensures sustainable AAC mixes with reduced chemical
activator content without compromising workability, compressive strength and durability.

3. Development and optimisation of SHA-activated binder

The reaction between SHA and GGBFS produces C-S-H and C-A-S-H gels characteristic of alkali-
activated slag systems.

SHA reduces the workability of mortar mixes due to its irregular shape and rough particle surface. Based
on the experimental results, the following parameters were recommended:

e Optimal w/b ratio of 0.45 with SHA content of 25 wt% of GGBFS, balancing workability and
compressive strength.

e  For mortars with crushed 0-4 mm aggregate, workability and compressive strength were optimised
by increasing w/b to 0.5 and adding sodium silicate to achieve Ms =0.42.

SHA can serve as the sole activator for slag-based AAMs at the mortar scale. Key findings include:

e Curing at 65°C promotes early strength development, attaining 89-98% of the 28-day compressive
strength within the first days. However, elevated curing temperature reduces 28-day strength
compared to ambient curing.

e  Pre-dissolution of SHA in water enhances K* release and increases compressive strength by up to
14.7%, depending on immersion time, although this reduces workability due to accelerated early
reactions.

4. Properties of SHA-activated concrete

- Workability - SHA cannot be used as the only activator at the concrete level, due to the
significant workability reduction. The addition of sodium silicate to attain Ms=0.42 improves the
slump and allows proper placement and compaction of concrete.

- Mechanical properties - Replacing NaOH with SHA did not compromise mechanical properties.

e Mix with 25 wt% GGBFS of SHA and Ms=0.42 attained a 28-day compressive strength of
50 MPa (reference mix: 46 MPa). The small difference may result from the filler effect of
undissolved ash.

e After 90 days, both mixes reached the same compressive strength of 57 MPa, with tensile
strength showing a similar trend at 56 days.

e Incorporation of K* ions through SHA dissolution resulted in a lower modulus of elasticity
after 28 and 56 days, attributed to the weaker interlayer bonding of K* within the C-A-S-H
gel.

- Physical properties - Replacing NaOH with SHA does not significantly compromise porosity and
capillary water absorption, but it significantly increases shrinkage.

e Cumulative open porosity was the same for both concrete mixes. The replacement of NaOH
with SHA resulted in an increase in capillary pore content, without affecting the cumulative




open porosity, critical pore diameter, or threshold diameter.

e The capillary absorption behaviour of both mixes deviated from the standard bilinear model
prescribed for PC concrete, which is common for alkali-activated slag systems. The addition
of SHA increased initial absorption, due to the higher capillary porosity. Final water
absorption was only marginally higher for the mix containing SHA, confirming the
comparable total porosity of both mixes.

e The drying shrinkage of AAC doubled with the incorporation of SHA. It is governed by the
higher moisture loss from the coarser capillary pore network and the higher deformability of
the K*-modified matrix. However, the lower modulus of elasticity that contributed to higher
shrinkage simultaneously enabled greater stress relaxation through creep, preventing drying-
induced surface cracking despite the substantially higher total deformation.

- Durability properties - Replacing NaOH with SHA did not compromise the durability properties.
e Water permeability under pressure was the same for both mixes.

e Carbonation rates of both concretes were essentially comparable at all exposure ages. Mix
with SHA exhibited only a minor increase in carbonation rate. Despite the coarser pore
structure and the expected higher depth of carbonation, the higher hydrotalcite content
resulting from the additional MgO introduced by SHA acted as a CO. absorbent, buffering
the decalcification of the C-A-S-H gel.

o While the mixture containing SHA exhibited higher chloride permeability at 28 days, this
trend was reversed after 56 days of curing, when the permeability became lower than that of
the reference mix. The reduction in chloride permeability with the addition of SHA was
attributed to the greater chloride binding capacity resulting from the higher hydrotalcite
content.

Replacing NaOH with SHA induced changes in both the physical and chemical characteristics of the
reaction products. Across the tested durability properties, the results suggest that chemically governed
mechanisms surpass the influence of the physical ones, such as changes in pore structure.

VIII EVALUATION OF THE METHOD OF PRESENTATION AND INTERPRETATION OF
RESEARCH RESULTS:

The doctoral dissertation has been prepared in a systematic and well-structured manner, applying an
appropriate and rigorous scientific approach. The dissertation is enriched with chronologically arranged
photographs, which effectively complement the experimental findings and facilitate understanding of the
conducted work.

The research results are presented and described clearly and concisely through well-designed diagrams
and tables, which enhance the comprehensiveness of the analysis. The interpretation of the results is
systematically organised, logically explained, and supported by adequate analytical and statistical
methods. A comprehensive discussion is presented clearly. The conclusions of the research represent a
concise and coherent synthesis of the results, confirming that the stated hypotheses were critically
analysed and that the objectives of the doctoral dissertation were successfully achieved.

The candidate’s work fully corresponds to the defined topic and title, both in terms of its scope and
methodology. The research outcomes serve as a solid basis for future scientific research in this field.

Based on everything stated, the Committee finds that the presentation and interpretation of the research
results in this dissertation are well-structured, systematic, and visually effective. The Committee
positively evaluates the overall methodological and analytical quality of the doctoral dissertation.

IX FINAL EVALUATION OF DOCTORAL DISSERTATION:

1. Was the dissertation written in accordance with the previously submitted dissertation proposal?

The doctoral dissertation has been fully developed in accordance with the rationale, objectives,
and scope defined in the approved proposal. The research was conducted systematically and in line




with the planned experimental program. The research design and applied methods are appropriate and
sufficient for hypothesis testing, and no methodological limitations affecting the validity of the results
are evident. The research results indicate that the proposed scientific hypotheses are fully or partially
supported by the empirical findings, and the limitations identified during the study are acknowledged
and discussed. The dissertation is consistent with the proposed and achieved outcomes, with results
presented through clear, logically structured analysis leading to well-founded and scientifically sound
conclusions.

2. Does the dissertation contain all the important elements?

The dissertation contains all the essential elements required for a doctoral thesis. It includes the
title, table of contents, abstract, a comprehensive literature review, a clearly described research
methodology, a detailed presentation of results, and their thorough interpretation. The work is well-
structured and coherent, ensuring logical flow from the research objectives to the conclusions. Overall,
it demonstrates completeness, scientific rigour, and adherence to the standards expected for this type of
work.

3. Why does this dissertation provide original contributions to science?

Doctoral dissertation of Olivera (Bukvi¢) Bedov represents an original scientific contribution at the
intersection of two important research areas: improving the sustainability and reducing the CO:
footprint of AAMs, and the valorisation of locally available SHA within the technology of AAMs.
The research investigates the possibility of using SHA as an alternative hydroxide activator in AAM
systems, enabling the complete replacement of the conventional chemical hydroxide activator.

The original scientific contribution of the doctoral thesis is reflected in:
1. Valorisation of SHA as a local waste material

e SHA, a readily available agricultural by-product, is successfully upscaled as an alternative
alkali hydroxide activator for slag-based AAMs.

2. Optimisation of SHA-activated binder

e A comprehensive assessment of the influence of the w/b ratio, SHA content, mixing
procedures, and curing regimes on workability and compressive strength has been conducted.

e The research established optimal parameters for using SHA as received (without any pre-
treatment), producing a 100% waste-based binder with minimal technological requirements.

3. Understanding the influence of SHA on the physical, mechanical, and durability properties
of AAMs at the concrete level

e The research determined how SHA influences the chemical and physical properties of slag-
based AAC.

e For the first time in the literature, a comprehensive set of physical, mechanical, and
durability properties was tested on the AAC containing SHA (and potassium-rich biomass
ash in general), instead of a chemical alkali-hydroxide activator.

e The results provided critical insight into the mechanisms by which SHA modifies a wide
range of AAC properties, as well as associated technological challenges.

This doctoral dissertation advances the field by demonstrating the feasibility of using a locally
sourced, sustainable waste material (SHA) as an alternative activator, optimising its use in AAMs, and
providing a fundamental understanding of its impact on material properties. These contributions
represent both technological innovation and scientific advancement in sustainable construction




materials research.
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HasuB ¢akxynrtera, Ha3UB MPETXOIHO 3aBPIICHOT HMBOA CTYIHMja U CTEYEHH CTPYYHH/aKaIEMCKH
Ha3UB:

QDakynTeT TEXHUYKUX Hayka, YHuBep3uteT y HoBom Cany, Mactep akageMcKe CTyJuje, MacTep
UHXemep rpaljeBuHapcTBa

IlNoguHa ymuca Ha JOKTOPCKE CTYAMje M Ha3UB CTYAM]CKOT ITporpaMa JOKTOPCKUX CTyIHja:
2018, I'paheBuHApCTBO

11T

HACJIOB JOKTOPCKE JUCEPTALIUJE:

MoryhHocTn npuMeHe Mereia CYHIOKPETOBE JbyCKE Kao alTepHATHMBHOI aKTHBAaTOpa 3a aJjKaJlHO-
aKTHBHpaHe MaTepujaie Ha 0a3u 3rype

(Possibilities of sunflower husk ash utilization as an alternative activator for slag-based alkali-activated
materials)

IV NIPETJIEJ JOKTOPCKE JUCEPTALMNJE:

Joxropcka aucepranuja Onueepe (byksuh) bemos Hammcana je Ha eHriIeckoM je3uky. CTpyKTyHnpaHa je
y MeT MOoriaBjba Koja oOyxBarajy 126 crpanuia, 98 cinuka, 30 tabema u 198 Oubmmorpadcekux
pedepenun, HakoH dera ciueau 10 mpwtora. Ha modeTrky IOKTOpCcKe AucepTranyje OaTH Cy KJbydHa
JIOKyMEHTaI¥jcKka HH(OpMaIija Ha SHITIECKOM M CPIICKOM je3UKY, clicak ckpahennia, civka u taderna.

Caypikaj qucepTranuje, 1o IoriaBibuMa, je cienehu:

M

Introduction (YBox)

Literature review (IIpermex mutepaType)

Experimental research (ExcriepuMeHTaIHO HCTPaKUBALE)

Results, discussion, and conclusions (Pe3ynrary, quckycuja u 3aKIbydIm)

Final remarks, contribution, and future perspectives (3akibyuHa pasmMarpama, HayYHH JOIPHHOC U
NpaBLH JaJbUX UCTPAKUBAHA)

References (Pedepenre)

Appendices (ITpuno3n)




\4 BPEJHOBAIGE MOJEANHUX JEJOBA JOKTOPCKE JUCEPTAIINJE:

JlokTopcka mucepranyja caapKu CBE HEOIIXOAHE EIEMEHTE PONUCcaHe BaxkehnM MpaBmIHIIIMA.

JIoKTOpCKY IMcepTalujy YMHH TET MOrjiaBiba, Koja cy JIoruyHo nopehaHa u 1o0po CTpyKTyHpaHa, Kako
61 ce Morao caryiesaTi KOMIUIETaH 0OMM 00aBJLEHUX TEOPH]CKUX M EKCIIEPUMEHTAIHIX HCTPaKUBAba.

Chapter 1: INTRODUCTION (IToraassse 1: YBO/)

[1pBo noriaBbe jacHO Ae(UHHIIE MPEAMET HCTPAKUBAHA, MOTUBALIH]Y, LINJBEBE U METOJOJIOTH]Y paja.
[Torpeba 3a cipoBohermeM HCTpaKMBamka, Ka0 M BeroBa ONpaBJaHOCT, aJJIeKBaTHO cy 00pasiiokKeHe, 10K
Cy IJIaBHE XHUIIOTE3€e MPELH3HO GopMyiicane. JlaT je U caxkeT Imperiie HCTPaXKMBAuyKor Iporpama.
[pennoxxeHa METOI0I0THja HCTPAKMBAKHA OCMHUIIUBEHA j€ TaKO JJa OMOryhn CHCTEeMaTH4Hy aHaINU3y U
WHTEPIpETannjy T00MjeHNX pe3yirara.

[Ipenmer moKTOpCKe uicepTaldje Cy alKalHO aKTUBHUPAaHU MaTepujanu (eHril. alkali-activated materials,
AAM), Ge3lieMEeHTHa Be3HMBa KOja CE€ CMaTpajy HUCKOYIJbEHHYHOM ajJTEPHATHBOM IOPTIIAH] LIEMEHTY
(earn. Portland cement, PC). ToxoM moOCIeOmBUX HEKOMUKO neneHWja, AAM Cy HWHTEH3WBHO
HCTPpaXMBAaHM Kao TIOTCHIMjallHA CTpaTerdja 3a JekapOoHHU3aIjy rpaljeBUHCKE HWHIYCTpH]E.
Hucepramnyja je moceOHO ycMepeHa Ha ucnuTuBambe AAM crcTreMa 3aCHOBaHMX Ha TPAHYJMCAHO] 3TYpPH
Bucokux mnehu (ewrn. ground granulated blast furnace slag, GGBEFS), axtuBupanux: 1)
KOHBCHI[MOHAJIHUM XEMHjCKHM aJKaJIHUM aKTHBAaTOPHMaA, HATPHjyM-XHIPOKCHIOM M HaTpHjyM-
CHIJIMKAaTOM; 2) aJITepHATUBHUM aKTHBAaTOPOM - IIEMEIOM CYHIIOKpeTOBe Jbycke (eHri. sunflower husk ash,
SHA); 3) xomOunanujom SHA u HaTpujyM-CHIMKATA.

[IpemioxkeHO HCTpaKMBame MPOM3WIIA3H U3 JBa 3HA4ajHa CKOJOIIKa u3asoBa. IIpBu ce omHOCH Ha
YHILCHUIY Jla je TOTOBO LEJIOKYIaH EKOJOIIKM oTHcak AAM moBe3aH ca HPOU3BOIHOM XEMHJCKHX
aKTHBATOpa, IpU YeMy yIrmoTpeda alKaTHUX XUAPOKcHIa Moxe OuTH npaheHa ogpehernm 6e30eqHOCHIM
pusunuma. Jpyru nzazoB oxHocu ce Ha SHA, ormajgHm marepujaji KOju HacTaje y Hpolecy npepaje
CeMeHa CYHIIOKpeTa M caropeBama CYHIIOKpeToBe Jbycke. OBaj MaTepHwjall je JIOKAIHO OOCTYIaH Y
3Ha4YajHUM KOJMYMHamMa Ha noapy4djy Ayronomue Ilokpajune Bojsommne (Cpbuja) m Hajuemthe ce
oJTaXKe Ha JETNOoHHUje 0e3 MmpakTHyHe MpUMeHe. Mako je moka3aHo aa ce MOJbONPHBPEIAHU OTIIAJ MOXKE
YCIICNIHO KOPUCTHTH Kao0 MHUHEpPAHW JOJAaTaK LEeMeHTy (SHIJ. supplementary cementitious material,
SCM), ynotpeba SHA y KOHBCHIIMOHAJTHHM IIEMCHTHUM KOMITO3UTHMa OrpaHHuYeHa je 300T BHUCOKOT
caapkaja ankandja (xkammjyma). Crora ce y OKBHPY HCTpaXkmBama pa3MaTrpa MoryhHOCT 3ameHe
KOHBEHIIMOHAJTHUX XEMH]CKHUX aJKaJTHO-XMIPOKCUAHUX akTuBatopa ca SHA, Goratum KaiaujymoM, ca
LMJBEM HCTOBPEMEHOr pelllaBarba EKOJOMIKMX H3a30Ba TOBE3aHWX ca akTuBaTopuma 3a AAM-e u
omtarameM SHA. ¥V TOM KOHTEKCTY, NOIJIaBJb€ HarjamaBa MMOTEHIMjAIHH JONPHHOC OBOI' IIPUCTYTIA
yHanpehewy npuHIMNa HUPKyJIapHe eKOHOMH]jE M OJp)KUBOT pa3Boja y rpal)eBUHCKOM CEKTOpY.

VYBox takolhe omoryhaBa carnenaBame AAM, ykipyuyjyhu muX0By neduHHIN]Y, HCTOPHJCKH Pa3BoOj U
caBpeMeHe npuMeHe. [ 1aBHa orpaHnyemha U U3a30BU y BE3H Ca HHUXOBUM HCIHTHUBAEKEM U IPUMEHOM Y
IpeM o0MMY Takohe Cy KpUTHIKH pa3MOTpeHd. OBH acleKTH 3ajeIHO MPYXKajy MUPY CIUKY O IPUPOAN
AAM, BUXOBOM TPEHYTHOM IOJI0Kajy ¥ MOTCHIIMjATHO] YII03H Y Tpal)eBUHCKOM CEKTOpY.

Chapter 2: LITERATURE REVIEW (Iloraassse 2: [IPEI'JIE]]L JUTEPATYPE)

[Mornasswe ,JIpersen nureparype” mpyxka cBeoOyxBaTaH Iperie] TexHoioruje AAM, KOMIIOHEHTHUX
MaTepHjaia, XeMH]jCKHUX IIpoleca, IpoayKaTa peaklyje alKkalHe akTUBaLyje, Kao U KJbyYHHX [apamerapa
3a MPOjeKTOBamE cacTaBa MEIIaBUHA. AHalInM3WpaHa cy cBOjcTBa AAM y CBEXEM M OYBPCIOM CTamy,
yKJBY4yjyhu 00pauBOCT U BpeMe Be3uBamba, Ka0 U MEXaHHUKa, (PM3UUKa U TpajHOCHA CBOjcTBa. [loceOHa
Makiba ocBehieHa je MexaHu3MIMa TPajHOCTH KOj! 3aBUCE 01 XeMHjCKOT cacTaBa AAM.

VY ckiagy ca (OKycoM HCTpakHMBamba IPEJICTaBJLEHUM Y IPBOM IMOIJIaBJby, IOCE0aH Jeo Tperiiesa
guTeparype mocsehieH je ymoTpeOu Imemena MmosbonpuBpenHe Ouomace y texuojoruju AAM. [lara je
KJIacu(uKaIyja mpemMa THITy Ieresa U MOTeHINjalHOj IPIMEHH, Y3 pasrpaHnuemhe BUX0Be yIoTpede Kao
IpeKypcopa WM akTHBaTtopa. MIeHTH(UKOBaHU Cy W Jajbe aHAIM3MpaHW Ierneinn Ouomace Ooratu
KaIMjyMOM KOjH Ce KOpHCTE Kao 3aMeHa 3a alKalHe XHJIPOKCHAHE aKTHUBarope. EKcriepuMeHTaIHH
pe3ynratyd mpuKkazaHu y jgureparypu 3a AAM Be3uBa akTUBHUpaHA OBUM IMEMNEIMMa CHUCTEMATCKH CYy
Pa3sMOTPEHNU Ca acleKTa XEMH]CKOT cacTaBa M IPETXOJHOT TPETMaHa Ieresna, cactaBa MemasnHa AAM
BE3WBA, THIA NCIIUTHBAHUX y30paKa, pe)KuMa Here ¥ CIIUTHBAHNX CBOjCTaBa.

C o03upoM Ha TO Ja HHCY HIeHTH(HKOBaHA MCTpaXXHBama Ha HUBOY OETOHA Koja ce OaBe memeimmMa




OoraTuM KajaMjymMoM, Kao 1uTo je SHA, npuKylubeHH Cy M aHAIM3UPAHM JOCTYIIHH ITOJAalld Ha HUBOY
macte ¥ Majitepa, KOju Cy TMOCIY)XWIM Kao OCHOBAa 3a KpeHpame IporpaMa eKCIepUMEHTATHOT
ncrpaxuBama. Ha HuUBOy OeToHa, Kao 3aMeHa 3a IPEKypcop WM CHIIMKATHH aKTUBAaTOp, MPOyYaBaHH Cy
UCKJbYYHBO Ierenu Ooratu cuimnujymoMm. Of meT uIcHTU(GUKOBAHHMX pajoBa, TPH Cy OOyXBaTHia
HCIUTHBAKA TPAJHOCTH (ZIjCTBO KHCEIHMHA U cyndara, yHjamke BoJIe U MPOA0p XJIopuaa). YOUeHo je aa
Cy Jocajaliikba eKCIepHUMEHTaIHA HCTPaKUBamba Meneja 00raTux KajiujyMOM YIJIAaBHOM OrpaHUuYeHa Ha
aHaM3y MHKPOCTPYKTYpe M MeXaHHYKa CBOjCTBa, OK HCTpaKUBama Koja ce OaBe TpajHOIIhy HHUCY
nAEeHTH(UKOBaHA.

Ipernmen m anamm3a o00jaBJBCHMX HAYYHHMX pazoBa OMOTYhHMIM Cy YyCIIOCTaBJbame OICEKHE Oaze
nojiaTaka, Koja MpPEICTaBJba OCHOBY 3a WICHTH(GHKALMjy HEIOBOJBHO HCTPAXKCHHX acIieKaTa Yy OBOj
obnactu U GopMyJHcame NporpaMa eKCIepIMEHTATHOT HCTpaKuBama. Pesynratu npernena nureparype
JIOIATHO OIpaB/aBajy M300p TeMe OBE JOKTOPCKE AMCEPTALjeé M WCTUYY OPHIMHAJIHOCT CIIPOBEACHOT
ucTpaxupama. OnadpaHa JMTepaTypa, 3ajeHO ca FBbeHOM CUCTEMAaTHYHOM U JaCHOM €BaTyallnjoM, IpyKa
TeMeJbaH Iperiie/l TPEHYTHOT CTaba y HCTPAXKHUBAHOj 00IacTH.

Chapter 3: EXPERIMENTAL RESEARCH (IToraasme 3: EKCIIEPUMEHTAJIHO
HNCTPAKUBAIBE)

[lornaBme ,,EkcepyMMEHTaTHO WCTpaXHBambe“ AETaJbHO OIUCYje EKCIEPUMEHTAIHHU  IIPOTpaMm.
HctpaxuBarme je OpraHu30BaHO Y YETUPHU EKCIIEpUMEHTalIHE (ase, Koje Cy MpelcTaB/beHe KPo3 BUXOBE
LIWJbEBE, YNOTpeOJbeHe Marepujajie, cacTaB MellaBHHa (I1acTe, MaiTepH, OETOHM), MOCTYIKE Mellama,
yrpaluBamba M HEroBama y30paka M NPHMEHEHE METOJe HCIUTHBama. [Iporpam excrepuMeHTaaIHOT
HCTpaXWBama je aIeKBaTHO OCMHUIIbEH Kako Om ce wmcnurana MoryhHoct mnpumene SHA xao
ITEPHATUBHOT akTHUBaropa y AAM cucTeMnMa 3acHOBaHMM Ha 3rypH. IIporpam je CTpykTypHpaH Tako
Ja 3aKJbydlld TOOHjCHH Yy jeIHO] CKCIePHUMEHTaIHO] (a3u MPEACTaBibajy OCHOBY 3a HapemHy (asy.
ExcriepuMeHTaIHO HCTpaKMBamke CIPOBEJCHO j€ y CKIaay ca IUIAHOM M NPOTrpaMoM JeQHHUCAHUM Y
MPeAJIory JOKTOpCKe mucepranuje. JlaTw cy pereBaHTHH MOJAlld O KOMIIOHEHTHMM MarepujajiiMa,
cacTaBy MeIIaBHHA MaJTepa M OETOHA, Ka0 M O Y30pLUMa U IPUMEHEHUM METOlaMa NCTINTHBAKbA, YMME
je obe30eleHa TOHOBJBMBOCT E€KCHEPHMEHTAIHOI HCTpakuBamba. MeToJie MCIUTHBakha IPHUMEHEHE Y
cBUM (pazama aJeKkBaTHO Cy omaOpaHe Kako Om ce omoryhmio ¢opMmyiHcame CBHX PEJICBAaHTHUX
3aKJby4aKa.

Y mproj ¢dasu mpukazaHa je KapakTepu3anuja KoMmoHeHTHHX Marepujaia - GGBFS u SHA.
Kapakrepusanuja je crpoBeseHa HCIUTHBAKBEM XEMHjCKOT M MHHEPAJIOUIKOT cacTaBa, (YHKIMOHATHUX
rpyma, pacrojelie BeJIMYMHE YeCTHIa, crenuduyHe moBpuIvHe U cnennpryHe 3alpeMUHCKe Mace. 3a
SHA cy nonarHo oapelenn MopdoIorija HoBpIIHHE, OOJIUK YECTHIIA U PACTBOPIEUBOCT Y BOJIH.

ws npyre dase je onTHMH3anuja ajaKaJHO-aKTHBUPaHUX OeToHa (eHri. alkali-activated concrete,
AAC) ca cMameHHM CaJpiKajeM akKTHBAaTOpa pagd I00OoJbIIarha HUXOBE OIPXKUBOCTH. I[Imanom
EKCTIEPUMEHTATHOT HCTpaKUBama oMoryheHa je cucreMaTcka ONTHMH3alHja Kpo3 BapHpame calapxkaja
aNKajMja, CHIMKAaTHOT Moxayna (eHri. silicate modulus, Ms) u BOIOBE3MBHOT OxHOCca (CHII. water-to
binder ratio, w/b) y necer AAC MemaBuHa. 3a gajbe UCIIUTHBAKE M3a0paHe Cy TPH MEIIaBHHE KOje Cy
MOKa3ajie ONTHMAaJHy o0paiuBOCT M uBpcTohy mpH mputucKy. Ha onmabpaHumM MemiaBuHama cCy
UCIIUTHBAHN IOPO3HOCT, TyOWHa NpOJOpa BOAE IOJ IPUTHUCKOM, OTIOPHOCT Ha KapOoHaTH3auujy U
MIPOIOp XJIOPHIa Kako Ou Ouiia oabpaHa Kpajia peepeHTHA MEIIaBUHA.

Hum tpehe excnepmmenrtanHe (aze je pa3Boj W ONTHMHU3aNMja o0paguBocTH M 4Bpcrohe mpm
npuTucky Be3uBa aktuBupanor SHA. Ha nuBoy manrtepa Bapupanu cy cinexehm mapamerpu: w/b
omnoc (0,42; 0,45; 0,5), canpxaj SHA (15, 25 u 35 mac.% GGBEFS), pexxum Here (amOujeHTtanna
TeMIIepaTypa 1 Herosame Ha 65°C TokoM 5 naHa) u Bpeme pactBapama SHA npe memama (04, 1 4, 6 u n
24 4). IlogatHo, npaheHo je u3nyxuBame kanujyma u pH Bpennoct SHA cycnensuje. YTunaj caapxkaja
SHA wn pexuMa Here Ha NMpoMeHe (YHKIMOHATHHX Tpyna M NpOoAyKaTa peakidje MCIUTHBaH je Ha
y3opunma nacte kopumrhemem ®TUP u TT'A ananm3a.

Hums derBpTe excnepuMeHTanHe (aze Omo je mcnuTHBambe yrumaja SHA Ha cBexa u ouBpciaa
¢pu3nuKka, MexaHMYKa W TPajHOCHA CBOjcTBa HAa HUBOY Oerona. Ymopehusane cy tpu AAC
MeIIaBHHE: peepeHTHa MEIIaBUHA ca KOHBEHIIMOHATHUM XEMHUjCKUM aKTHBaTopuMa (m3abpaHa y ¢azu
2), MemaBWHa akTUBMpaHa SHA W HaTpujyM-CHIIMKAaTOM M MEIIAaBMHA akTHBHpaHa camo SHA.
Ontumanan caapxaj SHA oapeljen je Ha ocHOBy pesynrata u3 ¢ase 3. McnutuBama cy o0yxBaTHiia
CBOJCTBa Y CBEXKEM CTamy (BpeMe Be3WBama OAroBapajyhmx macTu, Temmeparypa, KOH3UCTEHIIH]a,




cazmpxaj Basllyxa, 3alpeMHHCKa Maca), (U3M4Ka CBOjCTBA y OYBPCIOM CTamy (3alpeMHHCKa Maca,
MOPO3HOCT, (ha3HM cacTaB, KaMMIapHO YIHjalbe BOJE, CKYIUbabhe), MeXaHHnyka cBojcTBa (UBpcToha mpu
MIPUTHCKY, YBpcToha mpw caBHjamy, MOMYJ €IaCTHYHOCTH) W TPajHOCHA CBOjcTBa (IIPOIOP BOAE MO
MIPUTHCKOM, OTIIOPHOCT Ha KapOOHATH3alHjy, OTIIOPHOCT Ha MPOJIOP XJIOPUIA).

IIpeacTaBibeHn TporpaM EKCIIEPHMEHTAHOT HCTPA)XKHBamba MOXKE CE MOCMaTpaTH Kao CHCTEMAaTCKH U
IIporpecuBaH pa3Boj Mairepa u OeroHa aktuBupanor SHA wim xomOunanujom SHA u cuimkara. OBaj
MIPHUCTYTI OMOTYNHO je OCTBapeme IIJba JOKTOPCKE OUCEpTaIlije M CTUIlakhe CBeOOYyXBAaTHOT pa3yMeBama
yrunaja SHA Ha cBojcTBa AAM Ha BHIIIe HUBOA, O]l MUKPOCTPYKTYPHOT JI0 MaKPOCKOIICKOT.

Chapter 4: RESULTS, DISCUSSION, AND CONCLUSIONS (Mloraasme 4: PE3YJITATH,
JAUCKYCHUJA U 3AK/bYYIIN)

IMornassse ,,Pe3yarary, IUCKyCHja U 3aKIBYUIH" IPUKA3Yje PE3yaTaTe eKCIEPUMEHTAITHOT HCTPAKHBADA,
HYMepHYKH W rpaduuku. Pesynarard mojeMMHAYHNX €KCIIEPUMEHTANHUX (asa mpare HBUXOBY aHAIH3Y,
JCKYCH]Yy H 3aKJbydKe, C 003MpOM Ha TO Jia cBaka (pasza mpencTaBiba OJBOjEHY ICIUHY, YHjU 3aKIJbYUIlH
CITy»e Kao OCHOBa 3a HapeaHe dase.

Pesynratn kapakrepmzamuje marepujana (®aza 1) aHamM3UpaHH Cy MO PEIIEBAHTHAM (OU3HYKHM H
xemujckuM cBojctBuMa GGBFS u SHA. I'maBu oxcugu nnentudukoann y GGBFS cy SiO., CaO n
MgO, wiro je knacudukyje kao HeyrpanHo-6azHy 3rypy. SHA mpesacxoano canpxu K20, CaO, SOs u
MgO, npu yemy je kamujyM y SHA yriaBHOM IpUCYTaH y OOJHKY apKaHWTa. AHaIH3a CIHKa JOOU]jEeHIX
ckeHHpajyhoM eeKTpOHCKOM MHUKPOCKOIHjOM IIoKa3ajia je na dectuue SHA Hucy moposHe u jaa uMmajy
HETIpaBMJIHE OOJMKE ca XpamaBUM IOBpIIMHaMa. 3a pasnuky ox SHA, koju mma KpynHHUje decTHLEe U
mupy pacrofeny BenuuuHa dectuna, GGBFS je 3nauajHo ¢uHMju Marepujayi ca yjeaHAuYEHHjOM
rpanynanujoM. PactBopsemBoct SHA y Boau mosehaBa ce ca moBehameM BpeMeHa U TeMIIepaTrype
pactBapama. Kapakrepusauuja marepujana notBpawia je na SHA umma 3amoBosbaBajyha xemujcka u
¢u3nuKa cBojcTBa 3a YHoTpeOy Kao anTepHATHBHH XHUJIPOKCHUIHM akTuBarop y AAM, Ge3 mperxojHe
obpare.

Y ®a3m 2 pesynTaTd Cy aHAIM3MPaHM KPO3 YTUIA] BapHpaHMWX IapamMeTrapa Ha CBOjCTBa OeTOHa
(memasune R1-R10). Youeno je aa obpaauBoct AAC OeroHa 3aBucu o Mel)ycoOHO 3aBUCHHX yTHIaja
w/b omHOCa, cagpxaja ankandja u Ms, mpu 4eMy je Mc naeHTH(HKOBaH Kao Haj3HAaYajHU]ja TOjeqMHAYHA
npomeHsbHBa. [Ipu Beoma MajoMm caiapxajy akTuBaropa, w/b nma ymepeH ytuiaj Ha cierame. Caapxaj
ankanvja u3Haa npubmmkHo 4 mac.% wma Behu ytuiaj Ha cierame on w/b, amm camo 3a Ms > 1,0.
Uspcroha npu nputrcky y AAC OeToHy yriiaBHOM 3aBHCH Of cajapkaja Na:O M CHIMKaTHOT MOAyJa,
npu 4emy w/b MMa CeKyHAapHY, ald KOH3UCTEHTHY YJIOTy KaJa je cacTaB aKkTHBAaTOpa KOHCTaHTaH.
Hcnon Ms = 1,0, canpkaj Na2O je noMuHaHTaH napaMeTap 3a uBpcrohy, Aok kox Ms > 1,0 cunukaTHn
MOJIyJI OCTaje npecynaH. Ha ocHOBY OBHX pe3yiTaTa, 3a Jlajbe HCIUTUBAKE H3a0paHe Cy TpHU MELIaBHHE:
IIBE ca HHUCKUM caapkajeM akrtuBaropa (R2, R5) u jemna ca ymepenum caapikajem akrtuBaropa (R7).
HcnmTrBama Mopo3HOCTH M TPAjHOCTH TOKa3alia Cy J1a CMambeH caJipaj akTHBaTtopa omoryhasa He camo
3amoBoJbaBajyha mexanmuka, Beh u TpajHocHa cBojcTBa AAC. 3akipydeHo je Aa Cy ONTHMaJaH CaApiKaj
ankanvja 1 Ms 3a oBaj cucreM 4 mac.% GGBFS n 0,42, peciektiBHO. MeliaBuHa ca OBUM IIapaMeTprMa
(R5) nzabpana je kao pedepentau AAC 3a Da3zy 4.

Ontummzanyja pedepeHTHHX OETOHCKMX MEIIaBHHA CMamemheM Caapikaja XEMHjCKHX aKTHBaTopa
YCIIENTHO je ucnyHmwia b Paze 2 u TonpuHena OMIITEM HUJbY JOKTOPCKE JHUCEpTalje - T000JbIIAbY
oapxuBocTd AAM.

Pesynratn d®a3e 3 aHanu3upaHu Cy Y KOHTEKCTY yTHIAja BapUpaHUX IapameTapa Ha CBOjCTBA TPH ITacTe
(P15, P25 u P35) u tpu manrepcke memasune (M15, M25 u M35). TloBehame w/b ogHoca noseno je 1o
noBehama cierama MAITEPCKUX MeIIaBuHA. 3a/10BOJbaBajyha o0paguBoCT 3a yrmoTpedy KBapIHOT mecka
mocturHyTa je npu w/b ox 0,45, mok je yBoheme npoOJbeHOT JTOJIOMHTHOT arperaTta 3axTeBaio w/b of
0,5. YoueHno je na Behu caapikaj SHA cMmamyje 00paanBoCT, HITO je Y CKIaay ca MOP(OIOrHjOM YeCTUIIA
SHA. Mehytum, Behu cagpxaju SHA ytumamm cy Ha ¢opmupame Behe KonmdmHE renoBa KajllHjyM-
cunukar-xujapara (eHri. calcium silicate hydrate, C-S-H) u xanuujym-aymo-cuinKara-xujapara (SHIIL.
calcium aluminate silicate hydrate, C-A-S-H), mTo je yodeHO aHaIM30M y30paka mactu. HeroBame Ha
65°C yruuano je Ha Opku pa3Boj paHe uBpcrolie Npu NPUTUCKY (mocTurHyTo je 89-98% y onaHocy Ha
yBpcrohy HakoH 28 gaHa), ajdM je pe3y/iTHUPAIIO HIKOM YBPCTONOM MpH NMPHUTHUCKY HakoH 28 naHa y
nopehemy ca HeroBameM Ha amOujeHTanHoj Temneparypu. [loramame SHA y Boxy mpe Memama




o0OJBIIANIO je pacTBapame KalWjyMOBHX jOHa M JIOBeJo 1o mnosehawma uBpcTohe mpu mpUTHCKY 1O
14,7%, y 3aBHCHOCTH O] Tpajarba IOTalara, ajld jeé HeraTWBHO YTHLANO Ha OOpaJMBOCT MEIIaBHHA.
Hajseha uBpcroha mpu nputncky HakoH 28 nana ox 55 MPa mocrurnyra je memasuHOM ca 25% SHA
(M25), 6e3 mperxonune obpane SHA u pacTBapama y BOAM Ipe Melllama, HETrOBaHOM Ha aMOMjeHTAIHO]
TEMIIEpATYPH.

W360p mapamerapa MeIIaBUHE 3a HapeJHa WCIHUTHBAaKba 3aCHOBAH je HAa HMOCTUTHYTUM OINTHMAJIHUM
CBOJCTBMMa WM MHHMMQJIHMM TEXHHYKAM 3aXTEBHMa 3a IIOTCHIMjaIHy NpPUMEHY (PEeXHUM Here M
pactBapambe SHA). OBakaB cucTeMarnyaH npucTyn omoryhmo je edukacHy eBanmyanujy OpojHHX
YTHIIajHUX TTapaMeTapa | CBOjCTaBa, IITO j€ Ha KPajy JOBEJO 10 HACHTHU(HUKAIIN]EC ONTHMAIHE MalTEPCKe
MemaBuHe aktuBupaHe SHA u nedunucama cacraBa memasuae 3a AAC Ha 6a3u SHA 3a mocnenmy
¢a3y ucrpaxxupama. [lopes Tora, BapHjaiuja MoCcTynKa Melllamba MPeICTaB/ba HOBU ACIEKT CTYIH]E KOjU
panuje HUje oOpal)eH y TOCTYITHO] JIUTEPaTyPH.

Onrumuzanyja Be3uBa aktuBupanor SHA y norneny oOpaauBocTy U uBpcTohie MpH MPUTUCKY YCHENTHO
je uctynmia nuss Paze 3.

Pesynratn ®a3e 4 ananu3upaHu Cy KOMIIApaTHBHO Ca aclieKTa THIa akTuBaTopa. Ha ocHOBY 3akipydaka
n3 ®aze 3, npojexroBane cy 1Be AAC MemaBuHe koje caapke SHA: jenna aktuBupana ucksbyunso SHA
(SHA25) u mpyra aktuBupana komOuHaijom SHA u cunukatHor aktmBaropa (SHA-S), y ckiamy ca
cacraBoM pedepeHTHe MemaBuHe. OBe MemaBumHe ymopeheHe cy ca pedepentHom m3 Paze 2 (R).
AHain3a je crpoBeieHa Kpo3 CBeoOyXBaTHA HCIUTHBAFa CBOJCTABA Y CBEXKEM CTalkby M MEXaHHUYKHUX,
(U3NYKIX U TPAjHOCHHUX CBOjcTaBa OeTOHa, mpaheHa OlleHOM MpoMeHa y MHKPOCTPYKTYPH, IPOIyKTAMA
peakiyje akTHBaIMje U MOPO3HOCTH, U3a3BaHUM aojgatkoM SHA.

Bakpyuny 1okazyjy aa SHA 3HauajHO cMmamyje 0O0paauBOCT Kaga ce KOMOWHYje ca IpoOJbeHUM
arperaroM. Memasuna SHA25 (aktuBupana ca 25% SHA y onnocy Ha macy GGBFS) je umana ciabo
IUTACTUYHY KOH3UCTEHIHU]y, LITO je JOBEJI0 [0 HeaJeKBaTHE yrpajie, Na Cy HeHa CBOjCTBA Jajbe
WCIIMTHBAaHA CaMO y TIOTJIeAy 4YBpcTohe MpM TMPHTHCKY. 3aMeHa HaTpujyM-xuuapokcnaa ca SHA Huje
yTUIlajia Ha MexaHn4ka cBojcTBa MeuraBuie SHA-S, mpu uemy je uBpcroha npu NpUTHCKY HakoH 28 naHa
HeroBama jJocturia npudmnkHo 50 MPa, y mopehemy ca 46 MPa xon pedepentae R memasune. Hakon
90 nana HeroBama, 00e MEIIaBUHE IIOCTUTJIE CY UCTY uBpcTohy mpu nputucky on 57 MPa. Uspcroha npu
caBHWjamy IpaTHia je CIIMYaH TPeHI HaKoH 56 maHa.

VYBoheme K* jona kxpo3 SHA noBeno je 1o cmamema ypel)eHOCTH Tena, ycien pasiiuke y BEINYUHH U
ryctuHu Haenektpucatba uamehy K u Na'. To je pesynrupanio 12% wu 17% HIKUM MOJIyJIOM
eIIACTHYHOCTH HakoH 28 m 56 maHa, pecriekTuBHO, y mopehemy ca R memasmaoMm. MemraBrnna SHA-S
Takohe je mokazama 25,6% Behu campikaj KamwiapHUX TOpa y OJHOCY Ha R y3opke HakoH 28 maHa
HEroBama, JOK Cy KyMyJIaTHBHA IIOPO3HOCT, KPUTUYHH IPEYHUK NOPa U TPAHWYHH IIPEYHUK MOpa OMim
UCTH.

[onamrame 06e MeIIaBuHE y HOTJIEAY YIIHjamka BOJE OACTYIANO je 0/ CTAHAAPAHOT OMIIMHEAapHOT Mojesa
npornucanor 3a PC 6eroH, mTo je ouekuBano 3a AAC 3acHOBaH Ha 3rypH. bp3uHa ynujama 3a MelIaBuHy
ca SHA 6una je nBa myta Beha Hero 3a peepeHTHY MEIIaBHHY, HAaKO je¢ KOHaYHA arcopIIirja Bojae Ouia
cimyHa. YBohewe SHA y MemaBuHY yIOBOCTPYYWIIO je CKymsbame 300r Beher ryoutka Boae u Behe
neopMaOHITHOCTH MATpPHUIIE, IITO je MOTBPHEHO HIDKUM MOYJIOM elacTu4HocTd. Beha nedopmadunnoct
je, MmehyTum, nMaina Mmo3uTHBAH YTUIIA] HA CMakEhe M0jaBe MPCIHHA YCIe] CYIIeHha.

VYupkoc BeheM canpxajy KanuiIapHUX T0pa U ynujamy Boae, SHA Huje Hapymmo tpajHoct. OTIOpHOCT
Ha KapOOHATH3AIHjy TOKOM CBHUX JaHa M3JI0KEHOCTH OWiia je CYIITHHCKH HISHTHYHA 3a 00e MEIIaBHHE.
MgO y SHA nonpuneo je ¢popmupamy Behe KonW4MHEe XUAPOTAIINTA KOju Jienyje Kao arncopoeHT COo.
IToehame ykymHe moposHoctd MemaBuHe SHA-S HakoH kapOoHaTh3aluje OWIO je Mame HEero y
pedepentroj memasunan (2,9% y omnHocy Ha 4,9% 3a R), kao u moBehame KPUTHYHOT M T'PaHUYHOT
npeyHuka nopa. To ykasyje na JOJaTHU XUAPOTAIIMT AEIMMHUYHO yOnakaBa MHUKPOCTPYKTypHa
omrehema m3azBana nekanmuduranujom C-A-S-H, mTo moBoam 10 Mame H3PaXCHOT YKPYIHaBama
Mpexke mopa. TepMorpaBUMeTpUjCcKa aHAIM3a MOTBpAMia je oBaj mexanm3am: SHA-S mokasyje u Behin
MIOYETHH calp)kaj XUAPOTaILuTa U Behe moBehame ryOuTKa Mace IOBE3aHOr ca XMAPOTAILMTOM HAKOH
KapOOoHaTHu3aluje.

Memasuna SHA-S je umana Behin npoaop Xjaopuaa HaKoH 28 maHa Here, y ckiamy ca BehiuM caapikajeMm
KanuiapHux mopa. Melytum, HakoH 56 naHa Here HaaMamMiIa je peepeHTHY MellaBuHY, MOCTIKyhn
20% HmxK KoeHULUMjEHT MHUrpalMje YIpKoc 3HaTHO BeheM caapikajy KamuiapHux nopa. PasnBajame
yTULaja CTPYKType IOopa M TPaHCHOPTa XJIOPHAA yKasdyje Ia je XEMHjCKO BE3UBame JOMHHAHTAaH
MeXaHM3aM KOjH ympaBsba otnopHouthy Ha xjopuze y cucteMy SHA-S. Behu caapikaj xuapoTanuuTa




omoryhuo je Behy crocoOHOCT Be3uBama XJIOpUAa KpO3 aHjOHCKY 3aMEHY Y CJIOjeBUMa XHUIPOTAJIIINTA.
CMmameme KoehuiujeHTa Murpaiuje 3a 52% usmely 28 u 56 mana y omuocy Ha 10% kom pedepeHTHe
MeIaBHHE yKkasyje 1a SHA nmocrentyje ¢popmupame XHIpOTANINTA U HAKOH 28 TaHa HeroBama.

Kpo3 4erBpTy excrniepuMeHTalHy (ha3y yCIIENIHO je OCTBapeH Wb - UCTIMTHBabE yTuliaja SHA Ha HUBOY
OeToHa, Kako Ha CBOJCTBA y CBEXEM CTamy, TaK0 M Ha (U3MUKA, MEXaHWUYKa M TPajHOCHA CBOJCTBA Y
OUBPCIIOM CTamy.

Chapter 5: FINAL REMARKS, CONTRIBUTION, AND FUTURE PERSPECTIVES (Iloraas/be
5: 3ak/by4yHa pa3MaTpama, HAYYHH JONPHHOC U NPABIHU AA/bUX HCTPAKHBaKA)

3aBpIIHO, [1ETO MOTJIABIbE, ,,3aKJby4YHa pa3MaTparmba, HayYH! JOIPHHOC U IPaBLH JaJbUX HCTPAKUBAmA™,
CyMHpa 3aKJbydKe MPOHMCTEKIC U3 II0jeIMHAYHUX CKCICPUMEHTATHHX (a3za MpeACTaBbEHUX Y
MPETXOAHOM MorIaBby. Ha ocHOBY moOujeHux pesynrata (GopMyiucaH je cBeoOyXBaTaH 3aKJbydakK O
Moryhuoctn mpumene SHA kao antepHatuBHOT akTHBaTopa y AAM-oBuMa Ha 6a3u 3rype. Y HOTJIaBJbY
cy Takolhje UCTAaKHYTH HAy4HH JIOIPUHOCH JOKTOPCKE AWCEpTaluje, KOju Cy jacHO OoOpasjiokeHd U y
CKJIaly ca TPHKAa3aHWM pe3yjTaTUMa M M3BEICHUM 3aKJbydlUMa. VCTpakWBame je€ OTBOPHIO BHIIE
3HaYajHUX Hay4YHWX NHTamba KoOja 3axTeBajy Jajba INpoydaBama. llpemnoxenn mnpaBiu Oyayhux
HCTpaXMBama Cy PEATMCTHUYHH, jacHO NeduHucann u obOehaBajy massm Hampenak y pa3Bojy AAM-oBa
akTuBUpaHux nomohy SHA.

Takobhe je 3akipyueHO &a onaOpaHa JHUTepaTypa oOyxBaTa caBpeMEHa HCTpaXHBama Koja Cy Hay4dHO
pelieBaHTHA U O MIPAKTUYIHOT 3Ha4aja 3a 00JIacT U TeMy JOKTOPCKE AMCepTalHje.

Ha xpajy, y npuiio3umMa cy 1aTH MOjeIMHAYHU PE3YITaTH MEPCHa U U3padyHaTe BPSIHOCTHA UCTIUTHBAHUX
CBOjCTaBa.

VI CIHHMCAK HAYYHHUX U CTPYUYHHUX PAJJOBA KOJU CY OBJAB/BEHHU NN
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VI SAK/bYUYIIM OJHOCHO PE3YJITATHU UCTPAKHUBAIbA:

Jokropcka mucepranuja uctpaxyje AAM ca moceOHUM ocBpTOM Ha mpuMeHy SHA kao antepHaTHBHOT
aKTUBAaTOpa y CHCTEMHMa 3aCHOBAaHMM Ha 3rypH. VcTpaxkuBame je CTPYKTyHpaHO Y YCTHPH
eKcriepuMeHTanHe ¢ase, o/ KOjUX je cBaka uMmaia creluduyHe uibeBe, a pe3yiTaTd Cy aHAJIM3UPaHH Y
CBpXY IIOCTH3amba KpajibuX LIWJbeBa JUcepTalyje.

W3Benenu cy cinenehn 3axipyyrin:

1. CsojcTBa maTepujana SHA

SHA mnocenyje 3anoBojbaBajyha xemujcka u (hu3MUKa CBOjCTBA 3a MPUMEHY Kao akTuBaTop y AAM, 6e3
noTpede 3a MPeTXOAHOM 00pagoM.

2. Onrumuzanuja pedpepeHTHUX AAC MemaBHHA

OnrumanaH caapikaj ajJKainja v CHIMKaTHA Moxyl Ms 3a pedepenTHy AAC MemaBuHy ca HICKAM
canpxajeM aktuBaropa uzHoce 4 mac.% GGBFS u 0,42, pecniektiBHo. OBUM ce 00e30el)yjy oapxuse
AAC memaBuHE ca CMal-SHUM CallpKajeM XeMHjCKAX aKTHBaTopa, 0e3 HapyliaBama 00paIiuBOCTH,
yBpcTohe Mpy NPUTUCKY U TPAJHOCTH.

3. Pa3Boj u onTuMH3anuja Be3uBa akTuBupanor SHA

Peaxmja m3mely SHA nu GGBFS moBomu no ¢popmupama C-S-H u C-A-S-H renoBa kapakTepuCTHIHUX
3a aJKATHO-aKTHBUPAHE CUCTEME 3aCHOBaHE Ha 3TYpH.

SHA cMamyje 00paanBOCT MaITEPCKUX MEIIABUHA yCJie]l HEPaBHIHOT O0JIMKa U XpaliaBe IOBPIINHE
yecTuia. Ha oCHOBY eKCIiepMMEHTAHUX pe3yJiTaTa Mpernopy4eHu cy cienehu napamerpu MeniaBuHe:

e Onrumanan w/b omnoc on 0,45 mpu canpxajy SHA on 25 mac.% GGBFS, unme ce mocrike
paBHOTeXa 3Mel)y 00paMBOCTH M YBPCTOhE MPU MIPUTHCKY.
e 3a mainrepe ca ApoOspeHHM arperatoM ¢pakmuje 0-4 mm, oOpaanBocT u uBpcToha mpu MPUTUCKY

OINITUMU30BAHE CY nosehameM w/b Ha 0,5 n J10JaBalkbEeM HanI/ijM-CI/IJ'H/IKaTa paau nmoctusama Ms
=0,42.

SHA ce MOXe KOPUCTHTH CaMOCTaJIHO Kao axkTuBaTop 3a AAM-e 3acHOBaHe Ha 3rypu, Ha HHUBOY
Manrtepa. HajBakHUju 3aKJbydIld 00yXBaTajy:

e Herosame Ha 65°C nocnermryje pa3Boj paHe uBpcrohe, mpy ueMy ce y IpBUM JaHUMa JOCTIKE 89-
98% uBpcTohe mpm HMpUTHUCKY HakoH 28 maHa. MelyTum, moBuineHa TemmepaTypa HEroBama
cMamyje uBpcTohy HakoH 28 1aHa y OJHOCY Ha HETOBamke Ha aMOUjEHTAITHOj TEMIIEPaTypPH.

o [Ilperxoano pacrBapame SHA y Boau nosehaBa ociobahawe K* jona u moBoam no mosehama
yBpcTohe mpu mpuTHCKY 10 14,7%, y 3aBHCHOCTH Of Tpajama pacTBapama, ajld HCTOBPEMEHO
cMamyje 00paJuBOCT yciea yop3aHe peakiyje akTHBaIMje Y ITOUYETHOM IEPHOTY.

4. CpojcTBa 0eToHa akTHBHpaHOr ca SHA

- O6pammBocT - SHA ce He MOXXE KOPHUCTUTH Kao jeIWHH aKTHBATOP Ha HHBOY OCTOHA, yCIen
3HAYajHOT CMamema oOpamuBocTH. JlonaBame HATPHjyM-CHIIMKATa paid mocTuzama Ms = 0,42
mo0oJbIlIaBa cierame U oMoryhasa ajiekBatHo yrpaljuBame u 30ujambe OeToHa.

-  Mexannuka cBojcTBa - 3amena NaOH ca SHA He yTnue Ha cMambeha MEXaHHYKHX CBOjCTaBa.

e Memasuna ca 25 mac.% GGBFS SHA u Ms = 0,42 nocturia je 4BpcTohy Ipu IPUTHCKY O]
50 MPa nakon 28 nmana (pedepentHa memaBuHa: 46 MPa). Mana pasnuka Moxe OUTH
nocneauna dunep edexra HepacTBOPEHOT Memnena.

e Hakon 90 mana, o0e MemaBuHE Cy JOCTHIIIE UCTY UBpcTOhy mpu nmpuTHCKY on 57 MPa, npu
yeMy uBpcroha Ipu 3are3amy M0Ka3yje CIM4aH TPeH ] HaKOH 56 JaHa.

e VYuomewme K' joHa myrem pactBapama SHA moBomu 10 cMamema MOIyJa €JacTUYHOCTH
HakoH 28 U 56 maHa, mTo ce obOjammaBa cnabujuM Besama y mehycmojeBuma C-A-S-H rema
yenen npucyctBa K jona.

- ®usuuka cBojcTBa - 3ameHa NaOH ca SHA He yTuye 3HAa4YajHO HA YKYIHY MOPO3HOCT U
KaIlWJIapHO YITUjame BOJIE, ajlk 3Ha4ajHO moBehaBa CKyIbaibe.




o KyMynatuBHa oTBOpeHa IOPO3HOCT je Omila ucta 3a 0be MemasuHe O6erona. 3ameHa NaOH
ca SHA nogena je o nosehama y/ena KanmuiapHuX mopa, 6e3 yTHiaja Ha yKyImHYy OTBOPEHY
MTOPO3HOCT, KPUTHYHH ¥ TPAaHWYIHU NTPEIHHUK TI0pa.

o KanunapHo ymujame Boie Kon 00e MEIIaBHHE OJCTYNa OJl CTaHAapAHOT OMIMHEapHOT
Mojena npomnucanor 3a PC 0eToH, 1mTo je yoOW4YajeHO 3a aJIKaJHO-aKTHBHPAHE CHCTEME
3acHoBaHe Ha 3rypu. HomaBame SHA moBehaBa moderHy Op3mHy ymujama ycien Behe
KanujiapHe 1nopo3HocTd. KoHauHa BpEAHOCT ylujamba BOAE jeé caMoO HE3HaTHO Beha kox
MemaBrHe ca SHA, mto notBphyje ciimuHy yKyIHy MOPO3HOCT JIBE MEIlIaBUHE.

o Ckymmame ycien cymema kogq AAC ce ynBoctpyuyje yBohemem SHA. VYcioBsseHo je
BehnM ryOUTKOM BIIare u3 Mpeke KpyIMHHjUX KammiapHux opa u BehoM gedopmabunaomhy
Marpune MoxudukoBane K jonuma. MelhyTuM, HWKHM MOAYN €JIaCTHYHOCTH, KOjH
nonpuHOocH BeheM CKyIubamy, UCTOBpeMeHOo omoryhaBa Behy pemakcammjy HammoHa ycien
Teuewa, YUMe Ce CIpedaBa [10jaBa MOBPIIMHCKUX MPCIUHA YCIIE] CyLIeHha, YIPKOC 3HATHO
BehuM yKynmHuM nedopmanujama.

- Tpajnocuna cBojcrBa - 3amena NaOH ca SHA He yTude HeraTUBHO Ha TPajHOCT.
o Ilponop BoJe Mo MPUTHCKOM je OHO HCTH 3a 00€ MelIaBuHE.

e Dbp3una kapOonaTm3ammje Kox o0a OeToHa je NPHOMMKHA 3a CBAaKO BpeMe Tpajarba
m3noxkeHoctn. MemasnHa ca SHA mokasyje camo Omaro moBehame Op3uHe
kapOoHatusauje. YHOpkoc Tpy0sBOj CTPYKTypd Tmopa U ouekuBaHO Behoj ayOuHuU
kapOonatu3amnyje, mosehan caapkaj XUIpOTaIIHTa, Kao nocieauna gogaraor MgO u3 SHA,
nenyje kao ancopoent CO: u yonaxasa nekanuudukanujy C-A-S-H rena.

e MHaxo memasuna ca SHA nma Behu nponop xyopuia HakoH 28 naHa Here, OBaj TPEH[ ce
Mema HakoH 56 JaHa HEroBama, Kaja IPoJop IOCTaje MamU y OJHOCY Ha pedepeHTHY
MemasnHy. CMameme ayOuHe mpojopa Xjiopuaa npu foxasawmy SHA mpumnmcyje ce Behem
KalaluTeTy Be3uBama XJIopuaa yciea nosehaHor caapxaja XuApoTaIUTa.

3amena NaOH ca SHA nmoBomm mo mpomeHa (U3HYKHUX M XEMHjCKHX KapaKTEpUCTHKA IIPOIyKara
peakuuje akTuBanuje. Y OKBHPY MCHMTHBAHUX TPAjHOCHUX CBOjCTaBa, pe3yJITaTH yKa3yjy Ja XeMHjCKH
MEXaHM3MHU UMajy TOMUHAHTAH YTHIA] Y OJJHOCY Ha (pU3HUYKe, Kao LITO Cy IPOMEHE Y CTPYKTYpH MOpa.




VIII OHEHA HAYUHA MMPUKA3A U TYMAYEIA PE3YJITATA HCTPAJKHUBAIbA:

Jlokropcka aucepraiyja je ypaljeHa CHCTEMaTHYHO, JaCHO je CTPYKTyHpaHa, y3 MPUMEHY aJCKBaTHOT U
HayYyHO yTeMeJBeHOT mpucTyma. Pan je oboraheH xpoHomomkn npukasaHuM ¢ororpadujama, Koje Ha
epuKacaH HAa4YMH JONYHYjy EKCIIEPUMEHTAHE pe3ylTaTe W OJIaKIIaBajy pasyMeBame CIIPOBEICHOT
HCTPaKUBAbA.

Pesynrartu uctpaxuBarma Cy NPUKa3aHHU U OMMCAHU jaCHO U CAXKETO, KPO3 J00PO OCMUIILbEHE JHjarpame
U Tabeie, IITO NONPUHOCH NpErjeHOCTH aHamu3e. VHTeprperauuja pesynrara je CHCTEMaTH4HO
OpraHW30BaHa, JIOTHYKU O0jalllbeHa W TMOTKPEIJbeHa OArOBapajyNMM aHAIUTHYKAM M CTATHCTUYKHM
Mmeronama. Jluckycuja je cBeOOyXBaTHa M jaCHO HM3JIOKEHA. 3aKJbyulld HCTPaXKMBamba IPEACTaBIbajy
CaXXeTy W KOXEPEHTHY CHHTE3y IOOHMjeHHX pe3ynTara, MOTBphyjyhm nma cy IOCTaBJbEHE XHIIOTE3E
KPUTHYKH aHAITM3UPAHE U Ja Cy LIMJEBU JOKTOPCKE IUCEPTalHje YCICIIHO OCTBAPEHH.

Pan kaHAMIATKHEE Y MOTIYHOCTH OAroBapa Ae(HHICAHOj TEMH M HACJIOBY, Kako IO OOMMY, TakO W IO
NPUMECHOj MeTomonoruju. J{oOujeHn pe3yiaratd OpeICTaBibajy YBPCTY OCHOBY 3a [ajba HaydHa
UCTpaXMBama y MPeJMETHO] 00J1acTH.

Ha ocnoBy cBera HaBezeHor, Komucuja oremyje 1a Cy MpuKa3 U TyMauehe pe3yiTaTa UCTPAKHUBAbA Y
JUCEPTAIIUjU jJaCHO CTPYKTYHUPAHHU, CUCTEMATHYHH U mperjieaHi. KoMucHja MO3UTUBHO OICHYjC YKYITHH
METO/IOJIOIIKK U aHATMTHYKY KBAJIMTET JOKTOPCKE JTUCEpTAIlHje.

IX KOHAYHA OIHEHA JOKTOPCKE JUCEPTAIINJE:

1. la v je mucepTanyja HaNMCaHa y CKIagy ca 0Opa3ioKeeM HaBeACHUM Y IIpHjaBH Teme?

JokTopcka gucepranuja je y mornyHoctd uspaheHa y ckiaay ca o0pasiiomemeM, HIM/bEeBUMA U
o0sacTu JeMHHCAHMM Yy 0J00PEHOM NperIory TeMe. VICTpaXXuBame j€ CIPOBEAECHO CUCTEMATHYHO U
y CKIaay ca IUIaHUPAaHUM EKCHEPHMEHTAIHUM IporpamMoM. KoHIeNT ucTpakuBama M NpPUMEHCHE
METOJIe CY a/IeKBaTHU 3a MPOBEPY XMUIOTE3a, IPU YeMy HHCY YOUCHA METOJIOJIOIIKA OrpaHnYeHha Koja Ou
yTHLAJa Ha BaJUIHOCT pe3yiraTta. Pe3ynTaTi HcTpaXknBama IOKasyjy Z1a Cy IIOCTaBJbEHE HAydHE
XHUIOTE3€ Yy MNOTHYHOCTU HIIHU BehI/IM ACJIOM TOTKPCIJbEHC eMHI/IpI/IjCKI/IM HajladuMa, y3 HaloMCEHY O
OorpaHHYCHUMAa KOja Cy HWACHTH(HKOBaHA TOKOM HCTpakmBama. Jluceprampja je y ckimagy ca
npeaBuheHUM W TIOCTUTHYTHUM pe3yiTaTuMa, KOjHu Cy IIpeICTaB/beHH KpO3 jacHy M JIOTMYKA
CTPYKTYpHpaHy aHaJH3y KOja BOJM Ka yTeMEJbeHUM U Hay4YHO 3aCHOBAHMM 3aKJbyUllMa.

2. la i qucepTaIija caAp>Ku cBe OMTHE eeMeHTe?

Jucepranuja caap:ku cBe OUTHe eJleMeHTe MOTPedHe 32 JOKTOPCKY Te3y. OOyxBaTa HACIIOB, Ca/IpKaj,
alCTPAKT, OICEXaH Mperjes JIUTepaType, jaCHO OMUCAHy METOJOJIOTH]Y HUCTPaKUBAA, AeTajbaH MPHKa3
pesynrara M HUXOBY TeMeJbHY HHTeprperauujy. Pang je moOpo CTpyKTypHpaH M KOXEpEeHTaH, ca
JIOTUYHUM TOKOM OJi IIOCTAaBJbCHUX LMJbEBA MCTPa)KUBama N0 3aK/bydyaka. Y IEIMHH, JUcepTanuja je
MOTIyHa, HAyYHO YTEMEJbEHA U Y CKIIa[y ca CTaHAapAxuMa KOjH Ce OUeKyjy 3a OBAaKBY BPCTY paja.

3. Ilo yemy je mucepTanyja OpUrHHAIAH JOTPUHOC HAYIH?
Hoxropcka mucepraumja Onusepe (bykuh) BenoB mpencraBiba OpUrHHaaH Hay4HW JONPHHOC Y
IIPECEKy JIBE 3HA4ajHE NCTPAXKHUBAUKE 00JIACTH: yHaIpehema oapXuBocTH u cMamema CO2 oticka AAM,
Kao W BaJiopu3alnuje JokaiaHo nocrynHor SHA y rexHonoruju AAM. UctpaxkuBame ncnuryje moryhnocr
npumeHe SHA kao anTepHaTUBHOT XUIPOKCHUIHOT akTHBaTopa y AAM cucremmuma, unMe ce omoryhasa
MOTIyHa 3aMEHA KOHBEHIIHOHATHOT XEMHjCKOT XHAPOKCHIHOT aKTHBATOPA.
OpurnHaJIH{ Hay4YHH JONPUHOC TOKTOPCKE AUCEpTaluje oriiesa ce y cienehem:

1. Banopusanuja SHA kao JoKkaaHOT OTHAJIHOT MaTepujaja

e SHA, nako J0CTynaH MOJHONPUBPEIHH HYCIPOH3BO/I, YCICIIHO jé IPUMCHECH Ka0 alTepPHATHBHU




ITKAITHO-XUIPOKCUIHN aKTHBATOp 32 AAM 3acHOBaHE Ha 3TypH.
2. OntuMu3anuja Be3uBa akTusupanor SHA

o Cnposezena je cBeoOyxBaTHa aHaiM3a yruiaja w/b ogHoca, cagpxaja SHA, moctynka Menama 1
pexrMa Here Ha 00paJiBOCT U YBPCTOhY NPY MIPUTHCKY.

e UcrtpaxuBamweMm cy aehuHHCAHH ONTHMAIHHM MMapameTpu 3a npumeny SHA 6e3 mperxomHe
MpUIIpeMe, YuMe je AOOWjeHO BE3WBO y IMOTIIYHOCTH 3aCHOBAHO Ha OTIIaTHOM MaTepHjaly, y3
MHUHHMAJTHE TEXHOJIOIIKE 3aXTEBE.

3. PazymeBamwe yrunaja SHA Ha ¢u3muka, MexaHM4YKa M CBOjcTBa TpajHocTH AAM Ha HUBOY
OeToHa

e VYrBpheno je Ha koju HaunH SHA yTuue Ha Xxemujcka u ¢uznyka cBojctBa AAC 3acHOBaHOT Ha
3rypH.

e [Ilo mpBU IyT y NUTEPAaTYpH HCIHTAH je LIMPOK CIEKTap (QUIMYKHX, MEXaHHYKHX U TPAjHOCHHX
cBojcraBa AAC xoju cagpxu SHA (u yommTe memene 6MomMace OoraTe KaliujyMOM), YMECTO
KOHBEHIIMOHATHOT aJIKaTHO-XHIPOKCHIHOT aKTHBATOPA.

o JloOmjenn pe3yiTaTu npyxajy KJbydHe yBuae y Mexanu3me kojuma SHA ytuue Ha cBojcTBa AAC,
Kao ¥ Ha npaTtehe TeXHOJIOLIKE H3a30Be.

JlokTopcka aucepranyja IOONPHHOCH YyHanpehemy oOmacTH Kpo3 JeMOHCTpalHjy H3BOIJBUBOCTH
NPUMEHE JIOKaJIHO JOCTYITHOT, OJIPKUBOT, OTHAaIHOT MaTepyjaia (SHA) kao antepHaTHBHOT aKTHBATOPa,
ONTUMHM3AIM]y Herope npumeHe y AAM cucremnmma, kao W o0e30ehuBame (GyHAaMEHTATHOT
pasyMeBama HBEroBOI yTHIaja Ha CBOjcTBa Marepdjana. OBH NONPHHOCH NPEICTaBIbajy MCTOBPEMEHO
TEXHOJIOIIKY MHOBAIM]y U 3Ha4ajaH HAy4YHHU HaIpeaak y o0nacTu oApKuBUX rpa)eBUHCKUX MaTepujaia.




4. Koju cy HezocTalny AucepTalyje 1 KakaB je I)bHXOB YTHIA] Ha pe3ysTaT UCTPaKHUBaba?

)IncepTalmja HEMa HeaoCTaTaka KOjI/l ou YTHIIAIA HA PE3yJaTaTe HCTPAKNBAKHA.

5. O0paznoxeme pe3yaTara MpoBepe OPUTHHATTHOCTH pajia (HyMEpUYKU U HAPATHBHO):

[IpoBepa OPUTHHATHOCTH TOKTOPCKE JHCEPTAllMje CIpOoBeAcHa je KopuinhemeM codTBepa 3a ACTEKIH]y
mwrarujapusma iThenticate y bubmmorerm ®akynrera TexHHMYKMX Hayka. Komucwja je w3BemTaj o
NOAYJAPHOCTH NPUMMUIIA SJICKTPOHCKUM ITyTeM M 3aKJby4HJIa 1a IPHjaBJbeHH MHICKC MOMY IAPHOCTH OJT
32% npousuiasu u3 MeT paHuje 00jaB/bEHUX PAIOBa KOjU YMHE CACTaBHHU JICO IUCEPTaIUje, a y KojuMa
je KaHAuIaTKumba NpBH ayTop. TakcaTHMBHO HAaBEIECHH HPOLEHTH IMOLYAAPHOCTH ca MOjeJHHAYHUM
pazoBHMa U3 U3BelITaja cy cienehu:

1. 13% (4230 peun) ca pamzoM Ha KOMe je KaHAWJaTKuma mnpsu ayTop: Bedov, O. Dragani¢, S.;
Vuceti¢, S.; Serdar, M. Optimisation of Sunflower Husk Ash-Activated Slag Binder. Buildings,
2025, 15(23), 4210. https://doi.org/10.3390/buildings15234210

2. 5% (1645 peun) ca pagoM Ha KOME je KaHIWIaTKuma npsu aytop: Bedov, O.; Dragani¢, S.;
Serdar, M. Biomass ash in alkali-activated materials technology - a scoping review. International
Conference Synergy of Architecture and Civil Engineering SINARG 2025, 2(1):695-705,
September 11-12, 2025, Ni8, Serbia. https://doi.org/10.62683/SINARG2025.097

3. 2% (501 peun) ca pagoMm Ha KOMe je KaHAUIATKUEb-a npsu ayTop: Bukvi¢ O.; Serdar M. Influence
of alkali content and silica modulus on the carbonation kinetics of alkali-activated slag concrete,
6th International Conference on Concrete Repair, Rehabilitation and retrofitting, MATEC Web
Conferences 364, 2022, Cape Town, South Africa,
https://doi.org/10.1051/matecconf/202236405004

4. 1% (410 peudn) ca pagoM Ha KOME je KaHAWAATKHIA NpBH ayTop: Bedov, O.; Andabaka, A.;
Draganié¢, S. Turning Agricultural Biomass Ash into a Valuable Resource in the Construction
Industry - Exploring the Potential of Industrial Symbiosis. Buildings, 2025, 15(2), 273.
https://doi.org/10.3390/buildings15020273

5. 1% (28 peun) ca pamgom Ha KOMe je KaHmuaaTKuiba mpBu aytop: Bukvi¢ O.; Serdar M. Freeze-
thaw resistance with de-icing salts of alkali-activated slag concrete: the influence of activator type
and dosage and comparison to the ordinary Portland cement concrete, 8th Doctoral Symposium in
Civil Engineering - Proceedings, 2022, pp. 213-224, doi:10.5592/CO/PhDSym.2022.17, Zagreb,
Croatia

Ananu3a m3BemTaja mokasyje na 22% o ykynHe uaeHTH(uKoBaHe momynapHoctu (32%) motude on
myOnMKanuja y KojuMa je KaHauaaTkuma aytop. [Ipeocramux 10% pacmopeheno je na 142 usBopa, npu
YeMy je MOJyAapHOCT 3a CBAKU IOjeANHAYHU U3BOp Mama ox 1%. C 003upoM jaa je aucepraiyja HamiucaHa
Ha CHIJIECKOM jE3WKy, MOAYNAPHOCTH C€ YIJaBHOM OJHOCEe Ha CTaHIapIHy TEPMHHOJIOTHjY Koja je
yobuuajeHa y oBoj obsactd, kao mto cement industry, Portland cement (PC) concrete, alkali-activated
materials, C-S-H and C-A-S-H gels, decalcification, sunflower husk ash, alternative activators, sodium
hydroxide, sodium silicate, and compressive strength. [Topen Tora, uneHTH(HKOBaHA CY MpEKIaNama y
Ha3WBHMa MHCTUTYIHMja. Ha ocHOBY aHanmm3e m3BemITaja o momynapHocTd, Kommcuja je 3akipydmiia 1a je
MOJJHETa JOKTOPCKa JicepTalja OpUrHHaIHO ayTOPCKO Jesio Kauauaatkumbe Onusepe (byksuh) benos.
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X HOPEJJIOT:

Ha ocHOBY HaBeIeHOT, KOMHUCH]ja MPEJIaKe:

Ja ce 1oKkTOpCKA 1McepTalMja NPUXBATH, 3 KAHAUWAATY 0100pHU oa10paHa.

Mecro u gatym:

Hosu Can, 28.03.2026.

1. Ap Huna Ultupmep, penoBHH

npocecop
, IPEJICETHUK

2. Ip Cuexana Byderuh, Banpenuu

podecop
, WIaH

3. dp Becna bBynatoBuh, Baupennu

podecop
, WIaH

4. Ip Bnagumup BykoOpaToBuh,
BaHPEIHU PO ecop
, YIaH

5. Ap Mapwujana Cepaap, BaHpeTHU

npogecop
, MCHTOD

HAIIOMEHA: YiaH KOMHCHj€ KOjH HE KCJIH Ja MOTIIMINE M3BEIITA] jep Ce HE CIaXKe Ca MHUILUBCHEM
BehuHe WIaHOBa KOMHCH]€E, AyKaH je 1a YHece y M3BEIITaj 00pa3iosKemke 0OTHOCHO pa3iiore 300T KOjuxX He

KEJIW Ia MOTIHIIC I/I3BGIHTaj Hn 1a UCTH IMOTIIUIIC.




