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SUMMARY

It is estimated that each year, approximately 8 billion cubic meters of concrete are produced
worldwide, a vast number comparable to 1 m3 per person, making the construction industry a major
contributor to overall global CO; emissions. Throughout the manufacturing process of the most
common cement binder, ordinary Portland cement (OPC), CO; emissions reach 842 kg per ton of
clinker produced. Besides production-related emissions, concrete is a brittle material prone to
cracking, wherein the mechanical performance and durability of the material degrade. In addition,
maintenance and repairs of concrete structures require material resources, adversely affecting the
concrete's overall environmental impact.

At the same time, concrete is a very popular building material, primarily due to its low price,
accessibility, and multifunctionality, enabling it to be used in most construction environments.
Given its versatility and widespread use, decreasing its carbon footprint is essential. It can be
achieved through different methods, such as partially replacing OPC with industrial by-products or
activating waste materials, using low-carbon cement, or reusing and recycling. Another area of
interest in achieving increased service life for concrete is developing and utilizing cementitious
materials with self-healing properties.

Cementitious materials have an inherent ability to self-repair cracks up to widths of 150 um.
However, wider cracks can be healed by employing various "stimulators" to boost the self-healing
process, such as adding specific types of fibers, crystalline admixtures, or particular exposure
conditions. Partial healing can also be achieved in extreme conditions. For example, structures that
sustained high-temperature damage can be partially healed by executing post-fire curing. The
recovery mechanism involves rehydration and self-healing of high-temperature cracks. Several
variables define the process efficiency, such as the curing conditions, binder type, loading
temperature, and post-fire cooling. The goal of this Ph.D. research project was to investigate the
physicochemical processes and mechanisms behind the autogenous self-healing of cementitious
materials. Two types of damage were evaluated: mechanical Cracking and high-temperature
damaged binders. Furthermore, identifying potentially novel stimulators for enhanced self-healing
properties was one of the project objectives. The application of low-carbon cementitious materials
was of primary interest.

A comprehensive exploratory and experimental program was devised and implemented to
evaluate factors affecting autogenous self-healing, including the age of the material, exposure
conditions, amount of unhydrated cement, and self-healing duration. Environmentally friendly
binders were primarily used for the different mix compositions. Observations were made at the
crack mouth and deep inside the crack by analyzing the crack closure and chemical composition of
the newly formed self-healing products. In addition, the strength recovery and durability of the
specimens were investigated. Quantitative analysis and correlations were examined between
microstructural features, geometrical crack characteristics, and self-healing efficiency parameters.
Physicochemical mechanisms for thermally and mechanically cracked cementitious materials were
studied. Machine Learning techniques were used to predict the compressive strength recovery after
high-temperature exposure numerically. Four algorithms were deployed and trained on a database
of results collected from the literature review, and corresponding hyperparameters were tuned for
optimized model results. Individual Conditional Expectation and Partial Dependency plots were
used to visualize and interpret the results.

It was observed that high cement content in the concrete mix does not guarantee an efficient
autogenous self-healing of cracks. A dense, impermeable binder microstructure constrained the
transport of silicon and calcium ions to the crack and reduced the precipitation of the healing
products. With the addition of fly ash, the crack closure ratio close to the crack mouth increased,
but recovery of flexural strength was not supported, presumably due to the small number of load-
bearing phases inside the crack. All SCM-limestone cementitious materials have shown superior
self-healing efficiency compared to pure OPC or OPC/limestone binders, presumably due to a
synergistic effect between the limestone and the mineral additions. The binder composition affected
the self-healing mechanism, leading to varying levels of performance recovery. Calcium carbonate
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was detected mainly at the crack mouth, whereas ettringite and calcium silicate hydrate (C-S-H)
were found deeper inside the crack. Flexural and compressive strength was regained, presumably
because of C-S-H and ettringite formation.

On the other hand, after calcite crystals sealed the crack at the surface, the concentration of the
ions inside the crack presumably increased, leading to better self-healing performance. Healing
based on pure water exposure had limited efficiency despite applying various water volumes and
temperature cycles. The highest crack closure was observed with the addition of a retarding
admixture in the curing water. The admixture supposedly blocked the formation of a dense
hydration shell on the surface of the unhydrated cement grains. Phosphorus and calcium were
detected in the self-healing phases within the crack. Recovery of flexural strength by forming C-S-
H in the crack was recorded when using water mixed with micro silica particles.

Using lime water with a small dosage of carbon nanomaterials displayed marginally improved
high-temperature crack closure and mechanical performance compared with ordinary cement paste
and tap water curing. Two distinct processes were identified for the recovery process of a thermally
cracked cementitious material, i.e., rehydration and self-healing of the cracks. Phase assemblage
and the cement paste porosity were exposed to changes with increasing loading temperature. These
changes were presumably partially reversed upon application of a water re-curing process after
cooling, i.e., the unhydrated cement grains further hydrate, forming new hydrates, pores are filled
with new hydration products, and existing phases react to form new ones, e.g., CaO reacted with
water to form Ca(OH),. It can be hypothesized that the mechanism of the crack healing is the same
as in the mechanically cracked concrete, i.e., based on diffusion-dissolution-precipitation processes.
The developed machine learning model interpretation indicated that strength recovery depends on
the temperature range that caused the damage, re-curing conditions, and the amount of fine and
coarse aggregate.

Keywords: cementitious materials, self-healing, exposure, fly ash, calcite, C-S-H, cracking
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SAMMANFATTNING

Uppskattningsvis produceras, cirka 8 miljarder kubikmeter betong 6ver hela virlden varje ar.
En stor méngd som &r jimforbar med 1 m® per person, vilket gér byggindustrin till en stor
bidragsgivare till de totala globala CO»-utsldppen. Under hela tillverkningsprocessen av det
vanligaste cementbindemedlet, vanlig Portlandcement (OPC), nar CO,-utslédppen 842 kg per ton
producerad klinker. Férutom produktionsrelaterade utsldpp &r betong ett sprott material som ar
benéget att spricka, varvid materialets mekaniska prestanda och hallbarhet forsdmras. Underhall
och reparationer av betongkonstruktioner krdver materialresurser, vilket negativt paverkar
betongens totala miljopaverkan.

Samtidigt ar betong ett mycket populért byggmaterial, frimst pa grund av 14gt pris, tillgénglighet
och multifunktionalitet, vilket gor att det kan anvéndas i de flesta byggmiljoer. Med tanke pa dess
mangsidighet och utbredda anvéindning &r det viktigt att minska dess koldioxidavtryck. Det kan
uppnés genom olika metoder, sdsom partiell ersittning av OPC med industriella biprodukter eller
aktiverande avfallsmaterial, anvidndning av cement med lag kolhalt eller ateranvdndning och
atervinning. Ett annat intresseomrade for att uppna 6kad livslédngd for betong ér att utveckla och
utnyttja cementbaserade material med sjdlvldakande egenskaper.

Cementbaserade material har en inneboende formaga att sjdlvreparera sprickor upp till bredder
pa 150 um. Men &dven bredare sprickor kan ldkas genom att anvinda olika "stimulatorer" for att 6ka
sjalvldkningsprocessen, sdsom att lagga till specifika typer av fibrer, kristallina tillsatser eller
sérskilda exponeringsforhallanden. Partiell 1akning kan ocksé uppnds under extrema forhéllanden.
Till exempel kan strukturer som fatt skador vid hoga temperaturer delvis ldkas genom att utfora
hirdning efter brand. Aterhimtningsmekanismen involverar rehydrering och sjilvlikning av
hogtemperatursprickor. Flera  variabler definierar ~ processeffektiviteten, sdsom
héirdningsforhallanden, bindemedelstyp, laddningstemperatur och kylning efter brand. Malet med
detta forskningsprojekt var att undersoka de fysikalisk-kemiska processerna och mekanismerna
bakom den autogena sjélvldkningen av cementbaserade material. Tva typer av skador utvérderades:
mekanisk sprickbildning och hogtemperaturskadade bindemedel. Dessutom var ett av projektets
mal att identifiera potentiellt nya stimulantorer for forbéttrade sjélvldkande egenskaper.
Anvindningen av cementbaserade material med 1ag kolhalt var av primért intresse.

Ett omfattande utforskande och experimentellt program utarbetades och implementerades for att
utvirdera faktorer som paverkar autogen sjélvldkning, inkluderande materialets alder,
exponeringsforhéllanden, méngd ohydratiserat cement och sjilvldkningsldngd. Miljovénliga
bindemedel anvindes i forsta hand for de olika blandningssammansittningarna. Observationer
gjordes vid sprickmynningen och djupt inne i sprickan, genom att analysera sprickforslutningen
och den kemiska sammansittningen av de nybildade sjéilvldkande produkterna. Dessutom
undersoktes héllfastheten och hallbarheten hos proverna. Kvantitativ analys och korrelationer
undersoktes mellan mikrostrukturella egenskaper, geometriska sprickegenskaper och sjalvldkande
effektivitetsparametrar. Fysikalisk-kemiska mekanismer for termiskt och mekaniskt spruckna
cementbaserade material studerades. Maskininldrningsalgoritmer anvéndes for att forutsdga
aterhdmtningen av tryckhéllfastheten efter exponering vid hog temperatur numeriskt. Fyra
algoritmer distribuerades och trinades pa en databas med resultat som samlats in fran
litteraturdversikten, och motsvarande hyperparametrar justerades for optimerade modellresultat.
Individuella villkorliga forvéntningar och partiellt beroende anvindes for att visualisera och tolka
resultaten.

Det observerades att hog cementhalt i betongblandningen inte garanterar en effektiv autogen
sjalvldakning av sprickor. En tét, ogenomtrianglig bindemedelsmikrostruktur begriansade transporten
av kisel- och kalciumjoner till sprickan och minskade utféllningen av lakningsprodukterna. Med
tillsats av flygaska oOkade sprickforslutningsforhallandet nédra sprickmynningen, men
aterhdmtningen av bojhallfastheten stoddes inte, formodligen pa grund av det ringa antalet barande
faser inuti sprickan. Alla cementbaserade SCM-kalkstensmaterial har visat verldgsen sjalvldkande
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effektivitet jamfort med rena OPC- eller OPC/kalkstensbindemedel, formodligen beroende pé en
synergistisk effekt mellan kalkstenen och mineraltillsatserna. Bindemedelskompositionen
paverkade den sjdlvlikande mekanismen, vilket ledde till varierande nivder av
prestandaaterhdmtning. Kalciumkarbonat detekterades huvudsakligen vid sprickmynningen, medan
ettringit och kalciumsilikathydrat (C-S-H) hittades djupare inuti sprickan. B6j- och tryckhallfasthet
atervanns, formodligen pa grund av C-S-H och ettringitbildning.

A andra sidan, efter att kalcitkristaller forseglat sprickan vid ytan, antas koncentrationen av joner
inuti sprickan 6ka, vilket leder till battre sjélvldkande prestanda. Lékning baserad pa exponering av
rent vatten hade begrénsad effektivitet trots olika vattenvolymer och temperaturcykler. Den hogsta
sprickforslutningen observerades med tillsats av en retarderande blandning i hérdningsvattnet.
Blandningen antas ha blockerat bildandet av ett tétt hydratiseringsskal pa ytan av de ohydratiserade
cementkornen. Fosfor och kalcium uppticktes i de sjilvlikande faserna i sprickan. Aterhimtning
av bojhallfasthet genom att bilda C-S-H i sprickan registrerades vid anvéndning av vatten blandat
med mikrokiseldioxidpartiklar.

Anvéndning av kalkvatten med en liten dos av kolnanomaterial visade marginellt forbattrad
sprickforslutning vid hog temperatur och mekanisk prestanda jamfort med vanlig cementpasta och
kranvattenhérdning. Tva distinkta processer identifierades for aterhdmtningsprocessen av ett
termiskt sprucket cementartat material, det vill sdga rehydrering och sjélvlakning av sprickorna.
Fasmontering och cementpastans porositet utsattes for fordndringar med Okande
belastningstemperatur. Dessa fordndringar reverserades formodligen delvis vid applicering av en
vattendterhdrdningsprocess efter kylning, det vill séga. de ohydratiserade cementkornen
hydratiseras ytterligare, bildar nya hydrater, porerna fylls med nya hydratiseringsprodukter och
befintliga faser reagerar for att bilda nya, till exempel reagerade CaO med vatten for att bilda
Ca(OH),. Det kan antas att mekanismen for sprickldakningen &r densamma som i den mekaniskt
spruckna betongen, det vill sdga baserad pa diffusions-upplosning-féllningsprocesser. Den
utvecklade tolkningen av maskininldrningsmodellen indikerade att hallfasthetsaterhdmtningen
beror pa temperaturomradet som orsakade skadan, aterhdrdningsforhallanden och méngden fin och
grov ballast.

Nyckelord: cementbaserade material, sjélvldkande, exponering, flygaska, kalcit, C-S-H,
sprickbildning



STRESZCZENIE

Szacuje si¢, ze kazdego roku na calym $wiecie produkuje si¢ okoto 8 miliardéw metrow
szeSciennych betonu, czyli okoto 1 m® betonu na osobe, co czyni przemyst budowlany jednym
z najwigkszych producentéw CO, w catkowitej globalnej emisji gazow cieplarnianych. W procesie
produkcji najpowszechniejszego spoiwa cementowego, cementu portlandzkiego, emisja CO; sigga
nawet 842 kg na ton¢ wyprodukowanego cementu. Poza emisjami zwigzanymi z produkcja, beton
jest materialem wrazliwym na warunki atmosferyczne, kruchym i podatnym na pgkanie, co
powoduje pogorszenie jego wiasciwosci mechanicznych oraz ogranicza trwato$¢. Naprawa
konstrukeji betonowych wymaga wykorzystania duzej ilo§ci betonu w celu regeneracji powstatych
uszkodzen, co takze niekorzystnie wptywa na srodowisko.

Z drugiej strony, beton jest bardzo popularnym materiatem budowlanym, przede wszystkim ze
wzgledu na niska cene, dostepnosc¢ i wielofunkcyjnos¢, pozwalajaca na zastosowanie tego materiatu
w wickszosci warunkow Srodowiskowych. Bioragc pod uwage wszechstronno$¢ i szerokie
zastosowanie betonu, niezb¢dne jest zmniejszenie jego $ladu weglowego. Mozna to osiggnac
roznymi metodami, takimi jak czeSciowe zastgpienie cementu portlandzkiego produktami
ubocznymi z przemyshu, zastosowanie pucolandw cementu niskoemisyjnego lub ponowne uzycie
i recykling wykorzystanego betonu. Innym obszarem zainteresowania, jest opracowywanie
i wykorzystywanie materialdow cementowych o wlasciwosciach samonaprawiajacych si¢ w celu
wydtuzenia czasu uzytkowania betonu.

Materialy na bazie cementu maja naturalng zdolno$¢ do samoleczenia pgknieé o szerokosci do
150 pm. Natomiast szersze peknigcia mozna naprawic, stosujac rozne ,,stymulantory” w celu
przyspieszenia procesu samoregeneracji, poprzez dodanie okre§lonych rodzajow widkien,
domieszek krystalicznych lub stworzenie okreSlonych warunkéw ekspozycji. CzeSciowa
regeneracj¢ beton potrafi rowniez osiagna¢ w ekstremalnych warunkach. Na przyktad materiaty,
ktore ulegly uszkodzeniu w wysokiej temperaturze, potrafig czgsciowo dokonaé samoleczenia
powstatych spekan. Mechanizm regeneracji w tym przypadku obejmuje ponowna ,,pielggnacje”
materiatu, ktora utatwia samoleczenie peknie¢ wysokotemperaturowych. Wydajno$é tego procesu
zalezy od kilku zmiennych, takich jak temperatura, w ktorej materiat zostat uszkodzony, rodzaj
spoiwa cementowego, czy tez sposob pielegnacji.

Celem niniejszej pracy doktorskiej bylo zbadanie proceséw 1 mechanizmow
fizykochemicznych lezacych u podstaw autogenicznej samonaprawy materiatow na bazie cementu,
z naciskiem na zastosowanie spoiw niskoemisyjnych. Przeanalizowano dwa zrodta powstawania
uszkodzen: spegkania mechaniczne oraz spowodowane wptywem wysokiej temperatury. Ponadto,
celem projektu bylo zidentyfikowanie nowych stymulatoréw, ktére moga utatwiaé lub przyspieszac
proces samoleczenia materiatu.

W ramach realizacji projektu opracowano i wdrozono kompleksowy program eksploracyjny
i eksperymentalny w celu oceny czynnikow wplywajacych na autogeniczng samonaprawe betonu,
w tym: wieku materiatu, warunkéw ekspozycji, ilosci nieuwodnionego cementu i czasu trwania
samonaprawy. Projektujac sktad mieszanek zastosowano przede wszystkim spoiwa przyjazne dla
srodowiska. Obserwacje prowadzono u wylotu pgknigcia oraz gltgboko wewnatrz rys, analizujac
proces uszczelniania, a takze sktad chemiczny zwiazkéw chemicznych powstatych w trakcie
samoleczenia. Ponadto zbadano wytrzymato$¢ i trwatos¢ probek. Praca badawcza obejmowata
analiz¢ iloSciowa wynikow oraz poszukiwanie zwigzkéw pomiedzy cechami mikrostruktury
materialu, geometrig rysy i efektywnoscia samoleczenia. Na podstawie uzyskanych wynikow
przeanalizowano mechanizmy fizykochemiczne samoregeneracji materialu w zaleznosci od zrodta
uszkodzen, biorac pod uwage zniszczenie pod wplywem czynnikow termicznych i mechanicznych.
W celu zbudowania modelu matematycznego regeneracji wytrzymatos$ci na $ciskanie w procesie
samoleczenia, wykorzystano rézne algorytmy uczenia maszynowego (Machine Learning). Model
zostal wyszkolony na duzym zbiorze danych uzyskanych z przegladu literatury. Przetestowano i
zoptymalizowano cztery rozne algorytmy, na ktorych podstawie wybrano model z najbardziej
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trafng prognoza. Do wizualizacji i interpretacji wynikow wykorzystano wykresy czg¢sciowej
zalezno$ci (Partial Dependence) oraz indywidualnych oczekiwan warunkowych (Individual
Conditional Expectation).

Zaobserwowano, ze duza zawarto$¢ cementu w mieszance betonowej nie gwarantuje
skutecznego procesu samonaprawy spekan. Gesta, nieprzepuszczalna mikrostruktura spoiwa
ograniczala transport jonow do peknigcia blokujac wytracanie si¢ produktéw naprawy. Po dodaniu
popiotu lotnego wspdtczynnik zamknigcia peknigé w poblizu ujscia pegknigcia zwigkszyt sie, ale
wytrzymato$¢ na zginanie nie zostata dostatecznie odzyskana, prawdopodobnie z powodu matej
liczby faz no$nych wewnatrz peknigeia. Spoiwa cementowe na bazie wapnia i materiatow
niskoemisyjnych (pucolan) wykazaty lepsza skutecznos¢ samonaprawy w poréwnaniu z cementem
portlandzkim, prawdopodobnie dzigki efektowi synergii pomi¢dzy sktadnikami spoiwa. Sktad
spoiwa wptywal na mechanizm samonaprawy, prowadzac do réznych pozioméw odzyskiwania
wlasciwosci mechanicznych. U wylotu szczeliny wykryto glownie weglan wapnia, natomiast
ettringit i uwodniony krzemian wapnia (C-S-H) stwierdzono w glgbi szczeliny. Pierwotne
parametry mechaniczne tj. wytrzymalo§¢ na zginanie i S$ciskanie, zostaly odzyskane
prawdopodobnie z powodu tworzenia si¢ hydratu krzemianu wapnia (C-S-H) i ettringitu.

Z drugiej strony, po tym, jak krysztaty kalcytu uszczelnity peknigcie na powierzchni, stezenie
jonéw wewnatrz pekniecia prawdopodobnie wzrosto, prowadzac do lepszej wydajnosci
samonaprawy. Naprawa szczelin w wyniku ekspozycji na czysta wod¢ miata ograniczong
skuteczno$¢ pomimo zastosowania réznych objetosci wody i cykli temperaturowych. Najwigksze
zamkniecie rys zaobserwowano po dodaniu do wody domieszki opdzniajacej. Domieszka miata
blokowaé tworzenie si¢ gestej powtoki hydratacyjnej na powierzchni nieuwodnionych ziaren
cementu. W fazach powstalych w obrgbie pgknigecia wykryto fosfor i wapn. Uzycie wody
zmieszanej z mikroczastkami krzemionki umozliwilo odzyskanie wytrzymatosci na zginanie
poprzez tworzenie C-S-H w peknigciu.

W przypadku obciazenia termicznego, materiat z niewielkim dodatkiem nanorurek weglowych,
ktory byt pielegnowany woda wapienna, wykazywat nieznacznie lepsza skutecznos¢ samoleczenia
w poréwnaniu ze zwyklym zaczynem cementowym pielegnowanym woda. Zidentyfikowano dwa
odrgbne procesy regeneracji spgkanego termicznie materialu cementowego, tj. rehydratacje
i samonaprawe peknigé. Sktad fazowy i porowato$¢ materiatu zmieniaty si¢ znacznie wraz ze
wzrostem temperatury obcigzenia. Zmiany te zostaly prawdopodobnie czgsciowo odwrdcone po
zastosowaniu pielggnacji woda po obnizeniu temperatury materiatu, tj. nieuwodnione ziarna
cementu ulegly dalszej hydratacji, tworzac nowe fazy, pory wypehity si¢ nowymi produktami
hydratacji, a istniejace fazy przereagowaty tworzac nowe, np. CaO przereagowat z woda tworzac
Ca(OH)..

Mozna postawi¢ hipotezg, ze mechanizm samonaprawy pekniec jest taki sam jak w betonie
zarysowanym mechanicznie, tj. oparty na procesach dyfuzja-rozpuszczanie-wytracanie. Ponadto,
interpretacja modelu matematycznego procesu regeneracji wytrzymatosci na Sciskanie wykazata,
ze najwazniejszymi czynnikami warunkujacymi odzyskanie whasciwoséci mechanicznych betonu na
bazie cementu portlandzkiego jest maksymalna temperatura obcigzenia termicznego, warunki
ekspozycji (pielggnacja) oraz ilosci drobnego i grubego kruszywa.

Stowa kluczowe: materiaty na bazie cementu, samoleczenie, ekspozycja, popiot lotny, kalcyt, C-
S-H, zarysowanie
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The in-built ability of the material to automatically sense and repair the
damage, including sealing of cracks, recovery of mechanical
performance, and durability.

A substance that enhances the autogenous self-healing performance of
the cementitious material, i.e., the recovery of durability and/or
mechanical properties. It can be related to inner conditions, e.g., mix
composition or environmental exposure.

Cracks formed when the material is subjected to mechanical loading,
e.g., by compression, tension, or bending.

Cracks formed when the material is subjected to high temperatures.

The healing of the crack deeper inside the specimen, in this thesis
sometimes referred to as “internal crack closure.”

The healing of the crack at the crack mouth/opening, at the surface, in
this thesis, also referred to as “external crack closure” or “surface crack
closure.”

Self-healing stimulator applied externally on the material, e.g., by
immersion of the specimen in a solution. In this thesis, also referred to
as “exposure,” “exposure conditions,” and “healing treatment.”
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Average crack width

Artificial neural networks

Backscatter electrons

Calcium carbonate / CaCOs

Surface crack closure ratio, defined by Eq. (3.2)

Ca(OH), / Portlandite

Portlandite change with respect to the intact state, defined by Eq. (4.13)

Portlandite change with respect to the damaged state, defined by Eq.
4.14)

calcium silicate hydrate

Compressive strength recovery with respect to the intact specimen
before temperature loading, defined by Eq. (4.10)

Compressive strength recovery of 100% damage, defined by Eq. (3.7)
Compressive strength recovery of 80% damage, defined by Eq. (3.7)

Compressive strength recovery with respect to the damaged specimen
after temperature loading, defined by Eq. (4.11)
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Engineered Cementitious Composites
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Fly ash
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Compressive strength recovery with respect to the intact specimen
before temperature loading, defined by Eq. (4.8)

Compressive strength recovery with respect to the damaged specimen
after temperature loading, defined by Eq. (4.9)

The cumulative rate of water absorption, defined by Eq. (3.3)
Initial crack area
Inner product

Change in Si/Ca ratio of the inner product of C-S-H with respect to the
intact state, defined by Eq. (4.13)

Change in Si/Ca ratio of the inner product of C-S-H with respect to the
damaged state, defined by Eq. (4.14)

Recovery / changes of the cumulative water absorption at 180 min for
healed and undamaged specimens, defined by Eq. (3.5)

Recovery / changes of the cumulative water absorption at 25 min for
healed and undamaged specimens, defined by Eq. (3.4)

Exposure to lime water with a cycle length of 3 days wet and 3 day dry
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Mean Absolute Error, defined by Eq. (4.4)

Maximum crack width

Mean Squared Error, defined by Eq. (4.2)
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Normalized Root Mean Squared Error, defined by Eq. (4.6)
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"Our planet which gets smaller every
year, with its fantastic proliferation of
mass media, is witnessing a process
that escapes definition, characterized
by a refusal to remember."
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1980 Literature Nobel Prize winner






INTRODUCTION

1. INTRODUCTION

United Nations Sustainable Development Goals (SDG) cannot be fulfilled without a
radical transformation of the concrete industry. By 2050, the world population is predicted
to increase from 7.6 billion to 10 billion (United Nations, 2019). Meanwhile, twice as many
people will live in metropolitan areas. Therefore, environmentally friendly, robust, and
functional building materials with long service life are necessary for a sustainable built
environment. Concerning quantity, concrete is the most important building material,
second after water most used substance in the world (UN Environment et al. 2018). Each
year, concrete production reaches over 8 billion cubic meters, equal to 1 m? per person per
year (Salet and Wolfs, 2016). In 2020, approximately 4.17 billion tons of ordinary Portland
cement (OPC) were produced, an increase of over 30 since the 1950s (CEMBUREAU,
2022). The calcination and grinding connected to the OPC production lead to the emission
of around 800 kg of CO> per ton of clinker (di Summa et al. 2022), contributing to 6-10%
of the total anthropogenic greenhouse gas emissions (IEA, 2009). The price of carbon
dioxide is increasing due to rigorous emission targets, which is described as the so-called
“Time Value of Carbon” (Karimpour et al. 2014). This process will potentially result in a
doubling of cement prices by 2030 (Imbabi et al. 2012). The high demand for urban living
places, the exponential growth of the construction industry, and its colossal environmental
impact call for substantial technological intervention.

On the other hand, concrete is also a cheap, robust, and versatile building material made
with local ingredients, which can be applied in almost any environmental conditions. There
are no alternatives to concrete, as replacing it with other building materials, e.g., steel or
timber would lead to an even higher carbon footprint (Ferrara, 2019). Therefore, efforts are
needed to reduce the carbon emissions of concrete by, e.g., partial replacement of OPC
with industrial by-products, activated waste materials, application of low carbon types of
cement, or reusing and recycling concrete (Environment, U. N. et al.).

In addition, due to their brittle nature, cementitious materials are prone to cracking.
Interconnected cracks form discontinuities in the hydrated binder matrix, which facilitate
aggressive substances' transport path into the material (Borg et al. 2018). This affects
concrete’s durability, causes corrosion of steel reinforcement, and decreases the service life
of concrete structures. In 2016, the Association for Materials Protection and Performance
(former NACE International), in their report titled "International Measures of Prevention,
Application, and Economics of Corrosion Technology (IMPACT)," estimated that the
global costs of corrosion reached 2.5 trillion USD, equal to 3.4% of the global GDP (Gross
domestic product). Approximately 10% of this cost is connected to the construction
industry. Furthermore, the repair and maintenance of concrete structures is a reoccurring
necessity since at least half of the repaired structures fail again, 75% of those in the first 10
years of service (Borg et al. 2018). This situation is inconvenient not only from the
economic point of view but also brings societal and environmental issues. The current post-
COVID unstable economy and a lingering climate disaster demand that society shifts to
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durable long-lasting building materials, which do not require extensive repairs or material-
costly replacements. Therefore, one can ask an important question:

What can be done to increase the durability of
cementitious materials?

Biomimicry is the concept of designing functional materials following nature (Jamei
and Vrcelj, 2021). Biological organisms possess extraordinary properties, e.g., they can
survive in extreme environments and have unprecedented energy absorption capabilities
and mechanical performance. (Ahamed et al. 2022). Cementitious materials exhibit unique
similarities with biological organisms, i.e., they are capable of self-repair (Figure 1.1).

CONCRETE TISSUE

Concrete

Skin
Unhydrated

cement particles Blood vessels

Muscle tissue

Crack — Wound

Transport of ions from l

the microstructure
I Bleeding

Unhydrated
cement particles

Healing products Blood clot

Figure 1.1. Self-healing of concrete by mimicking tissue healing; modified from
(Tavangarian & Li, 2015)!

Self-healing materials can be described as “materials which have a negative rate of
damage formation at one or more stages in their lifetime” (De Rooij et al. 2013). Skin, a
composite built of several components such as blood vessels and muscle tissues, is an
example of a self-healing material. Throughout its “service life”, skin is subjected to
damage, i.e., wounds and cuts, which, with little human intervention, is self-repaired owing
to the physicochemical processes occurring in the material (Figure 1.1). Similarly, concrete
has an intrinsic ability to heal cracks in the presence of moisture, called autogenous self-
healing (Rajczakowska et al. 2019a). The International Union of Laboratories and Experts

! Reproduced from (Tavangarian & Li, 2015) with permission from Elsevier
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in Construction Materials, Systems, and Structures (RILEM) defines autogenous self-
healing as a mechanism of material recovery that involves only its original components,
i.e., hydrated binder, aggregates, and potential additives (De Rooij et al., 2013). This
phenomenon was empirically observed already in the XIX™ century by the French
Academy of Science (Wu et al., 2012). The presence of white precipitates was noticed in
the cracks of water-retaining structures and pipes. The autogenous self-healing is quite
efficient in narrow cracks, having a width of up to 150 pm. It depends on numerous
variables, i.e., concrete mix composition, healing time, concrete age, environmental
exposure, crack width, and temperature. Because of crack healing, the durability and/or
mechanical performance of concrete can be partially recovered.

Following the skin analogy, mechanical injury, such as a cut is only one type of
relatively straightforward damage that can affect the tissues. What about other problems
such as burns, acne, dermatitis, carcinomas...? These skin conditions often change the
surrounding tissues, alternating the healing mechanism. A cancerogenic process spreading
into other body parts also requires more extensive treatment or stimulus than a shallow
wound. Similarly, cementitious materials can self-heal damages that occurred due to
different kinds of deterioration processes, e.g., alkali-aggregate reaction, sulfate, and
chloride attack as well as a high-temperature exposure. However, the initial conditions, i.e.,
the hydrated cement paste microstructure, change because of physical and chemical
processes resulting from the non-mechanical loading imposed (Figure 1.2). This leads to a
more complex self-healing mechanism.
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Figure 1.2. Comparison of mechanical (a) and thermally induced (b) damage in hydrated
cement paste; modified from (Rajczakowska et al. 2023c¢).



The autogenous self-healing process can be improved by applying certain stimulators,
i.e., substances that enhance the recovery of durability and mechanical properties.

“As our knowledge expands, we recognize the vastness

of our ignorance”
Stanistaw Lem, “Short Circuits”, 2004

The self-healing of cementitious materials has been of interest to the scientific
community, construction companies, and engineers for decades. The potential that lies in
this solution is immense. It could become a “quick fix” to the durability issues, resulting in
decreased costs of repairs and maintenance of structures. Consequently, the carbon
emissions connected to the rehabilitation of buildings would be drastically reduced.
Recently performed Life Cycle Assessment (LCA) analysis shows that the environmental
impact of concrete can be reduced by 56%—75% thanks to self-healing properties (Van
Belleghem, 2019).

Nevertheless, despite continuous scientific efforts, there are still knowledge gaps that
hinder large-scale applications of this technology. Due to the multi-variability of the self-
healing process, the mechanism is still not fully understood. This limits full control over
the recovery. There are still few studies dealing with self-healing of durability-related
deterioration processes. Continuous development of novel cementitious binders with
different chemical compositions leads to changes in the intact hydrated material
microstructure. This affects, to a great extent, the healing process. Finally, the up-scaling
of modern production technologies, i.e., 3D printing, creates new challenges for developing
efficient self-healing materials.

1.1. AIM AND OBJECTIVES

The aim of this study was to investigate the governing factors of the autogenous self-
healing mechanism for the mechanically and thermally induced cracks in cementitious
materials.

The following objectives were defined:

1. Compare different self-healing methodologies with respect to the fresh and
hardened properties of concrete, their cost, safety, and full-scale applications.

2. Adapt and/or modify a testing methodology for the experimental evaluation of the
autogenous self-healing

3. Apply interpretable artificial intelligence modeling for a data-driven analysis of the
self-healing process

4. Investigate/develop novel stimulators of the autogenous self-healing process, with
a focus on environmentally friendly binders
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5. Study effects of different variables on the self-healing mechanism of mechanically
and thermally cracked cementitious materials

6. Propose a self-healing model(s) based on physicochemical processes for
mechanically and thermally cracked cementitious materials

1.2. RESEARCH QUESTIONS

The following research questions were defined.

1. What is a more reliable self-healing approach for concrete considering the
efficiency, impact on fresh and hardened properties, cost, safety, and full-scale
applications? (Paper I)

2. How do the mix composition and age affect the efficiency of the autogenous self-
healing process of mechanically induced cracks? (Papers II and IV)

3. What are the driving factors of the self-healing of thermally induced cracks?
(Paper V)

4. What is the effect of environmental exposure on the self-healing of mechanically
and thermally cracked cementitious materials? (Paper III, VII and VIII)

5. Which geometrical parameters of the crack impact the self-healing of mechanically
induced cracks? (Paper 1V)

6. What are the differences in self-healing mechanisms of mechanically and thermally
induced cracks? (Papers II-VIII)

1.3. SCIENTIFIC APPROACH

This research was initiated with the literature review on the self-healing of cementitious
materials. Firstly, the autogenous and autonomous approaches were compared with respect
to their effect on the initial concrete properties in the fresh and hardened state as well as
functionality. Based on the analysis, autogenous self-healing was selected as more practical
and compatible with concrete properties at a present technological level. Further literature
studies included an investigation of the physicochemical principles of self-healing and
critical factors affecting its efficiency. Furthermore, different types of auto-repaired
damage were included in the analysis, i.e., related to mechanical loading and deterioration
processes. Identified knowledge gaps indicated two research paths: the self-healing of
mechanically and thermally induced cracks.

Two approaches were selected to obtain an initial understanding of the self-healing
mechanism. For mechanically induced cracks, initial experiments were performed to scan
for significant factors potentially affecting the self-healing efficiency, i.e., high amount of
cement, age, time of healing, and presence of fly ash. The analysis results pointed out that
a dense microstructure is a factor potentially preventing efficient healing, whereas fly ash
facilitated calcite precipitation on the surface. A simplified healing mechanism was
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proposed, and several research questions were formulated. The further experimental
analysis consisted of the effect of exposure conditions, binder composition, and
microstructure.

A large database was created based on the literature review for thermally induced
cracks. The data were analyzed using machine learning modeling. The performed feature
importance analysis revealed a strong dependence between the compressive strength
recovery and the healing exposure conditions, i.e., re-curing regime. The obtained results
enable the formulation of research questions and the planning of further experiments.
Furthermore, the effect of exposure on the healing of high-temperature cracks was
included. Finally, the results were analyzed and discussed. The main physicochemical
processes controlling the self-healing of the mechanically- and thermally- induced cracks
were identified.

An overview of the scientific approach is presented in Figure 1.3.
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Figure 1.3. Scientific approach.

1.4. LIMITATIONS

The performed research had the following limitations:

e There are several chemical and physical triggers of concrete deterioration processes,
i.e., high temperature, alkali-aggregate reaction, chloride penetration, sulfate attack,
and carbonation. Each of these processes leads to damage that can be potentially auto-
repaired by cementitious materials. However, in this study, only high-temperature
exposure was considered, i.e., thermally induced cracks, as a representation of the
deterioration processes.
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e The focus of this doctoral thesis was on experimental research. Experiments were
performed on a small-scale. The up-scaled tests are still in progress while preparing
this manuscript, and results are excluded from this Ph.D. thesis.

e The number of specimens corresponding to each analyzed case in the initial studies
(Paper II and IIT) was small. Therefore, the results should be treated as qualitative
rather than quantitative. In the case of Paper II, it stems from the fact that it was
planned as a preliminary “scanning” of several factors influencing the self-healing
efficiency. In Paper III, the investigation is based on microscopic studies, i.e.,
Scanning Electron Microscope (SEM) and optical microscope. The procedure
involved polishing the specimens several times to achieve different cross-sections of
the crack. Due to time restrictions, the number of specimens was limited.

e The chemical analysis of the self-healing material formed inside the cracks was
performed using (SEM) with Energy Dispersive Spectroscopy (EDS). The Author is
aware of other methods which could be employed, e.g., X-ray powder diffraction
(XRD) or thermogravimetry (TGA). Nevertheless, these methods usually require
powder-like material for analysis. Initial trials revealed that the extraction of formed
material from cracks is unreliable. Therefore, experimental procedures for preparing
the cross-sections of the crack for the SEM analysis were developed and applied. It
should be noted that it does not give quantitative information which can be generalized
to all specimens.

o Differences in sizes and types of specimens could influence the obtained results. Two
types of specimens were used in the case of mechanically cracked specimens, i.e.,
standard 40 mm x 40 mm x 160 mm beams and small 12 mm x 12 mm x 60 mm
beams. The reason for the small size of the beams was to prevent unnecessary
contamination/alteration of the healing material during the cutting of the specimens
for SEM analysis. Mechanically cracked specimens were made of mortars, whereas
cement paste was used for the high-temperature cracking. The choice was based on
the initial trials performed and the possibility of acquiring comparable surface
cracking patterns.

1.5. STRUCTURE OF THE THESIS

This doctoral thesis is a compilation of seven research papers (Papers I — VII) and one
conference contribution (Paper VIII). The thesis consists of six chapters, which are briefly
outlined below:

Chapter 1  Introduction Key papers

It is an overview of the study. It describes the aim and
scope of the research, and the research questions,
together with study limitations.



Chapter 2 Literature review Paper 1

Presents a literature review on the self-healing of
mechanically and thermally cracked cementitious

materials.
Chapter 3  Mechanically induced cracks Papers II-1V
Focuses on the self-healing of cementitious materials Paper VIII

with mechanically induced cracks. Materials and
methods, as well as research results, are included.

Chapter 4  Thermally induced cracks Papers V-VII

Presents details regarding the self-healing of
cementitious materials subjected to high-temperature
loading. Machine learning modeling, materials and
methods, and research results are included.

Chapter 5  Discussion and outlook Papers I1-

Combines all results with a discussion and analysis of the vin

physicochemical processes related to self-healing;
Ongoing research and perspectives for further studies are
considered

Chapter 6  Conclusions Papers I-VIII

Formulates conclusions; an approach to answering the
research questions is made;

1.6. LIST OF APPENDED PUBLICATIONS

The following publications formed the basis for this research and were appended in the
end of the thesis.

PAPER 1 Rajczakowska, M., Habermehl-Cwirzen, K., Hedlund, H., &
Cwirzen, A. (2019). Autogenous self-healing: a better solution for
concrete. Journal of Materials in Civil Engineering, 31(9),
03119001.

https://doi.org/10.1061/(ASCE)MT.1943-5533.0002764

Contributions: Conceptualization — A. Cwirzen; Methodology, literature studies,
and their analysis, writing of the original draft of the paper — M.
Rajczakowska; Draft reviewing and editing — K. Habermehl-
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Main findings:

PAPER 11

Contributions:

Main findings:

PAPER III

INTRODUCTION

Cwirzen and A. Cwirzen; Supervision and project administration —
H. Hedlund

The paper presents a state-of-the-art review of self-healing concrete
approaches. A comparison of autogenous and autonomous self-
healing is done concerning their influence on intact concrete
performance. Fresh as well as mechanical properties were studied. In
addition, self-healing efficiency and price are analyzed. Analysis
indicated that autogenous self-healing is the most compatible and
efficient methodology thus far.

Rajczakowska, M., Nilsson, L., Habermehl-Cwirzen, K., Hedlund,
H., & Cwirzen, A. (2019). Does a High Amount of Unhydrated
Portland Cement Ensure an Effective Autogenous Self-Healing of
Mortar?. Materials, 12(20), 3298.

https://doi.org/10.3390/ma12203298

Conceptualization, methodology, validation, investigation, formal
analysis, software, data curation, visualization, writing—original
draft preparation — M. Rajczakowska; Methodology, validation,
investigation — L. Nilsson; Conceptualization, writing—review and
editing, resources, supervision, project administration, and funding —
A. Cwirzen; Resources, supervision, project administration, and
funding — K. Habermehl-Cwirzen and H. Hedlund.

In this paper, the first experimental results are presented. The
autogenous self-healing of Ultra-High-Performance Concrete
(UHPC) subjected to water immersion is investigated. The influence
of several variables is studied, i.e., cement amount, the addition of fly
ash, concrete age, and healing time. Results suggested that the
amount of unhydrated cement is not the driving factor in the healing
efficiency. The dense microstructure presumably prevented the
transport of ions from the binder matrix to the crack. A simplified
model of the self-healing process is proposed.

Rajczakowska, M., Habermehl-Cwirzen, K., Hedlund, H., &
Cwirzen, A. (2019). The effect of exposure on the autogenous self-

healing of ordinary Portland cement mortars. Materials, 12(23),
3926.

https://doi.org/10.3390/ma12233926
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Contributions:

Main findings:

PAPER IV

Contributions:

Main findings:

Conceptualization, methodology, validation, investigation, formal
analysis, software, data curation, visualization, writing—original
draft preparation — M. Rajczakowska; Conceptualization,
methodology, writing — review and editing, resources, supervision,
project administration, and funding — A. Cwirzen; Resources,
supervision, project administration, and funding — K. Habermehl-
Cwirzen and H. Hedlund.

In this paper, self-healing of cement mortar under different
environmental conditions was investigated. Different groups of
healing treatments were proposed, i.e., different water immersion
regimes, temperatures, application of chemical admixtures and
application of solutions containing micro-particles. Water exposure
led to relatively small crack closure. Phosphate-based retarding
admixture- and micro-silica-water mixtures were found to be the
most efficient environmental stimulators.

Rajczakowska, M., Tole, I. Habermehl-Cwirzen, K., Hedlund, H.,
& Cwirzen, A. (2023). Autogenous self-healing of low embodied
energy cementitious materials: effect of multi-component binder and
crack geometry

Under review in Construction and Building Materials, November
2022

Conceptualization, methodology, validation, investigation, formal
analysis, software, data curation, visualization, writing—original
draft preparation — M. Rajczakowska; investigation, software, data
curation — I. Tole; writing — review and editing, resources,
supervision, project administration, and funding — A. Cwirzen;
Resources, supervision, writing — review and editing — K.
Habermehl-Cwirzen; supervision — H. Hedlund.

This study studied the self-healing of multicomponent binders with a
high amount of limestone. Several factors were analyzed, i.e., binder-
related parameters such as phase composition and porosity, as well
as crack geometry. The self-healing efficiency was described using
sorptivity change, compressive strength recovery, and crack closure.
Quantitative analysis was performed, and correlations between
different variables and self-healing efficiency were studied.
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PAPER V

Contributions:

Main findings:

PAPER VI

Contributions:

INTRODUCTION

Rajczakowska, M., Szelag, M. Habermehl-Cwirzen, K., Hedlund,
H., & Cwirzen, A. (2023). Interpretable machine learning for
prediction of concrete post-fire self-healing

Under review in Materials, January 2023

Conceptualization, methodology, validation, investigation, formal
analysis, software, data curation, visualization, writing—original
draft preparation — M. Rajczakowska; methodology, validation,
writing — review, and editing — M. Szelag; writing — review and
editing, resources, supervision, project administration, and funding —
A. Cwirzen; project administration, supervision — K. Habermehl-
Cwirzen; supervision — H. Hedlund.

This paper used machine learning (ML) methods to predict the
compressive strength recovery of high-temperature damaged
cementitious materials. Exhaustive literature studies were performed
to prepare a large database for the modeling. Twelve input variables
were selected, i.e., w/c, age of concrete, amount of cement, fine
aggregate, coarse aggregate, peak loading temperature, duration of
peak loading temperature, cooling regime, duration of cooling, curing
regime, duration of curing, and specimen volume. A model was
selected among four ML methods, i.e., Support Vector Machines
(SVM), Regression Trees (RT), Artificial Neural Networks (ANN),
and Ensemble of Regression Trees (ET). Monte Carlo analysis was
performed to assess the robustness of the selected model. Partial
Dependency and Individual Conditional Expectation Plots were used
to interpret the model. In addition, feature importance analysis was
performed.

Rajczakowska, M., Szelag, M., Habermehl-Cwirzen, K., Hedlund,
H., & Cwirzen, A. Is Cement Paste Modified with Carbon
Nanomaterials Capable of Self-Repair after a Fire?. Nordic Concrete
Research, 67(2), 79-97.

Conceptualization, methodology, validation, investigation, formal
analysis, software, data curation, visualization, writing—original
draft preparation — M. Rajczakowska; methodology, validation,
writing — review, and editing — M. Szelag; writing — review and
editing, resources, supervision, project administration, and funding —
A. Cwirzen; project administration, supervision — K. Habermehl-
Cwirzen; supervision — H. Hedlund.
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Main findings:

PAPER VII

Contributions:

Main findings:

PAPER VIII

In this paper, the self-healing of the cement paste with multi-wall
carbon nanotubes (MWCNTSs) exposed to water immersion was
studied. Two loading temperatures were applied, i.e., 200°C and
400°C. Compressive and flexural strength recovery was evaluated.
Cracking patterns, before and after healing, were assessed with the
use of image processing methodology. Microscopic studies using
SEM and an optical microscope were performed to assess crack
closure deeper inside the specimens.

Rajczakowska, M., Szelag, M. Habermehl-Cwirzen, K., Hedlund,
H., & Cwirzen, A. (2023). Autogenous self-healing of thermally
damaged cement paste with carbon nanomaterials subjected to
different environmental stimulators

Submitted to Case Studies in Construction Materials, January 2023

Conceptualization, methodology, validation, investigation, formal
analysis, software, data curation, visualization, writing—original

draft preparation — M. Rajczakowska; Conceptualization,
methodology, validation, writing — review, and editing — M. Szelag;
writing — review and editing, resources, supervision, project

administration, and funding — A. Cwirzen; project administration,
supervision — K. Habermehl-Cwirzen; supervision — H. Hedlund.

In this paper, self-healing of thermally induced cracks was studied
under different re-curing regimes, i.e., environmental exposures.
Three types of cyclic treatments were used: water immersion,
retarding admixture mixed with water, and limewater. In addition,
cement pastes with and without MWCNTs were analyzed. Self-
healing efficiency was evaluated based on strength recovery and
crack closure. SEM studies of the crack closure deeper inside the
specimen were performed together with a chemical analysis of the
composition of the filling material. In addition, changes in
microstructural parameters after the healing process were analyzed,
i.e., porosity and C—S—H composition.

Rajczakowska, M., Habermehl-Cwirzen, K., Law, D., Gunasekara,
C., Hedlund, H., & Cwirzen, A. (2020). Improved self-healing of
mortars with partial cement replacement. In 74th RILEM Annual
Week and 40th Cement and Concrete Science Conference, 31
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INTRODUCTION

August-4 September 2020. Hosted online by The University of
Sheffield.

Conference abstract, poster, and presentation

Contributions: Conceptualization, methodology, validation, investigation, formal
analysis, software, data curation, visualization, writing—original
draft preparation — M. Rajczakowska; writing — review and editing
—D. Law and C. Gunasekara; writing — review and editing, resources,
supervision, project administration, and funding — A. Cwirzen;
project administration, supervision — K. Habermehl-Cwirzen;
supervision — H. Hedlund.

1.7. ADDITIONAL PAPERS/CONFERENCES

The Author of this thesis was happy to collaborate with other scientists on research
directly and indirectly linked to the work presented in this dissertation. Below, there are
conference and journal papers listed being the outcome of these cooperations. However,
these works were excluded from the scope of this doctoral thesis.

Journal papers:

Kothari, A., Rajczakowska, M., Buasiri, T., Habermehl-Cwirzen, K., & Cwirzen, A.
(2020). Eco-UHPC as Repair Material—Bond Strength, Interfacial Transition Zone and
Effects of Formwork Type. Materials, 13(24), 5778.

Tole, 1., Rajczakowska, M., Humad, A., Kothari, A., & Cwirzen, A. (2020). Geopolymer
based on mechanically activated air-cooled blast furnace slag. Materials, 13(5), 1134.

Tole, 1., Habermehl-Cwirzen, K., Rajczakowska, M., & Cwirzen, A. (2018). Activation
of a raw clay by Mechanochemical process—effects of various parameters on the process
efficiency and cementitious properties. Materials, 11(10), 1860.

Humad, A. M., Provis, J. L., Habermehl-Cwirzen, K., Rajczakowska, M., & Cwirzen, A.
(2021). Creep and long-term properties of alkali-activated swedish-slag concrete. Journal
of Materials in Civil Engineering, 33(2).

Ghasemi, Y., Rajczakowska, M., Emborg, M., & Cwirzen, A. (2020). Shape-dependent
calculation of specific surface area of aggregates versus X-ray microtomography.
Magazine of Concrete Research, 72(2), 88-96.
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Conference abstracts:

Rajczakowska, M., Habermehl-Cwirzen, K., Hedlund, H., & Cwirzen, A. (2019). Self-
Healing Potential of Geopolymer Concrete. Multidisciplinary Digital Publishing Institute
Proceedings, 34(1), 6.

Kothari, A., Rajczakowska, M., & Cwirzen, A. (2022). UHPC overlay as sustainable
solution to preserve old concrete structures. In International Conference on Concrete
Repair, Rehabilitation and Retrofitting (ICCRRR 2022), Cape Town, South Africa, October
3-5,2022. EDP Sciences.

Special publications:

Rajczakowska, M. (2019). Self-healing concrete (Licentiate thesis, Luled tekniska
universitet).

Cwirzen, A., Rajczakowska, M. (2022). Sjéilvlakning av betong — en drom eller
verklighet?. Bygg & teknik. nr 6-2022.

Rajczakowska, M., (2021). Kapitel 22.7:1 Sjdlvldkning av sprickor, Betonghandbok
Material del 2, p. 614-618.
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LITERATURE REVIEW

2. LITERATURE REVIEW

In Chapter 2, the literature review on self-healing cementitious materials is performed.
First, the basic definitions and principles are discussed. Then, self-healing approaches for
cementitious materials are presented and compared, including autonomous methods
(bacteria and capsule-based) and autogenous self-healing. Since this doctoral thesis focuses
on the autogenous approach, a detailed analysis of factors influencing recovery efficiency
is carried out based on the selected publications. Furthermore, the self-healing of thermally
damaged concrete is described as an example of non-mechanical damage. Finally, the
modeling progress in this field is evaluated.

2.1. SELF-HEALING PRINCIPLES

Healing injuries is critical for biological organisms and governs their longevity (Yang
et al. 2015). Analogously, for synthetic materials, auto-repair of damage allows them to
extend their service life without costly repairs and maintenance interventions. Self-healing
materials "exhibit the ability to repair themselves and to recover functionality using the
resources inherently available to them" (Blaiszik et al. 2010). Performance recovery is
possible owing to the stimuli-responsive attributes of the materials (Yang and Urban,
2015). The sequence of self-healing starts with the trigger, e.g., mechanical damage.
Afterward, similarly to biological organisms, the transport of healing substances toward the
damage site occurs, and chemical/physical repair takes place (Blaiszik et al. 2010,
Rajczakowska et al. 2019d). Up to now, self-healing properties have been designed for
different materials, e.g., polymers (White, 2001; Li and Zuo, 2020; Sun et al., 2021),
ceramics (Greil et al., 2020), metals (Ferguson et al., 2014), and concrete (De Belie et al.
2018).

The concept of self-healing was first introduced in polymer science in 1970 (Malinskii
et al., 1970; Van Tittelboom & De Belie, 2013). Over the past decades, several different
approaches have been explored, including capsule-based healing (Figure 2.1a), vascular
networks (Figure 2.1b), and intrinsic healing (Blaiszik et al. 2010).

Capsules are small containers filled with a monomer released into the crack upon
damage (Figure 2.1a). Subsequently, the substance polymerizes inside the crack after
reaction with the catalyst, leading to the crack mending (White et al., 2001; Hager et al.,
2010). The capsules provide a one-time use solution, i.e., once broken, the healing agent is
consumed and cannot be refilled.

Vascular networks (Figure 2.1b) are interconnected hollow channels embedded in the
material through which the healing material is transported. When a crack hits the wall of
the channel, it breaks and releases the self-healing agent. Afterward, the network can be
externally refilled with the healing substance, allowing for multiple healing, contrary to the
capsules-based approach (Blaiszik et al. 2010)
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Capsule and vascular networks are autonomic self-healing methods requiring
sequestered self-healing agents. On the other hand, intrinsic, i.e., autogenous, self-healing,
requires only external triggers to succeed (Blaiszik et al. 2010). In addition, external and
internal stimulators can increase the efficiency of the process.

2.2. SELF-HEALING CEMENTITIOUS MATERIALS

Concrete is a building material with high compressive strength but weak in tension.
This behavior results in cracking, i.e., the formation of discontinuities in the hydrated
binder matrix, which facilitates the ingress of aggressive substances into the material. As a
result, concrete deteriorates, leading to durability issues and reinforcement corrosion,
consequently hindering its structural performance. Several processes contribute to the
deterioration, e.g., carbonation, alkali-aggregate reaction, sulfate attack, freezing, and
thawing (Tang et al. 2015).

The maintenance and repairs related to concrete cracking are costly and time-
consuming. Therefore, the development of cementitious materials capable of self-repair is
of paramount importance. There are two major self-healing approaches for the self-healing
concrete: autonomous (Figure 2.2bc) and autogenous self-healing (Figure 2.2a).

In the autonomous auto-repair, the self-healing components are specially designed
external substances which are purposefully embedded in the concrete mix during casting,
e.g., microcapsules or bacteria. On the other hand, the autogenous method assumes that the
self-healing property stems directly from the standard concrete ingredients, i.e., hydrated

2 Reproduced from (White et al., 2001) with permission from Nature Publishing Group.
3 Reproduced from (Islam and Bhat, 2021), Creative Commons Attribution-Non Commercial 3.0 License
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cement binder. Therefore, its efficiency can be improved by optimizing, e.g., mix
composition and alternating environmental exposure.

During the past decade, many studies on autonomous self-healing have been published
focusing on impressive self-healing efficiency obtained, primarily at the laboratory scale.
Nevertheless, since concrete is a crude material with a harsh internal environment and high
pH, self-healing methods designed initially for other types of materials, e.g., microcapsules,
demonstrated considerable difficulties concerning concrete properties in the fresh and
hardened state.

matabolic
(b) conversian enzymatic
organic acid 1 i

crack wall

H;0

Figure 2.2. Approaches used for the self-healing of concrete: (a) autogenous self-healing,
(b) bacteria-based autonomous self-healing (left — metabolic conversion mechanism, right
— enzymatic ureolysis), (c) capsule-based autonomous self-healing (Rajczakowska et al.
2019a)*

The next subchapters discuss the principles of the concrete self-healing approaches,
i.e., autonomous and autogenous self-healing. Bacteria and capsule-based healing is
analyzed as autonomous methods. Vascular networks and shape memory polymers are
excluded from this review. Finally, the limitations of both methods are compared
concerning the original properties of concrete, upscaling, complexity, and price.

2.3. AUTONOMOUS SELF-HEALING

2.3.1. Bacteria-based approach

Sealing of cracks facilitated by bacteria was observed already in 1995 (Gollapudi et al.
1995). External application of bacteria-modified mortars for concrete repair was also
studied (Orial et al., 2002; De Muynck et al., 2008; Van Tittelboom et al., 2010;
Ramakrishnan et al., 2013). In the past decades, autonomous bacteria-based self-healing of
concrete was explored (Jonkers and Schlangen, 2007; Jonkers et al., 2010; Tziviloglou et
al., 2016).

4 Reproduced from (Rajczakowska et al. 2019a) with permission from ASCE
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Two mechanisms of bacterial auto-repair of cementitious materials were studied:
metabolic conversion of organic acid (Figure 2.2b left) and enzymatic ureolysis (Figure
2.2b right). The former involves the transformation of a precursor compound, e.g., calcium
lactate, into calcium carbonate according to the following reaction:

Ca(C5Hs0,), + 70, — CaCO5 + 5C0O, + 5H,0

Bacteria are the catalysts of this reaction, facilitating the cracks filling with the produced
calcite (Jonkers, 2011). The superior effectiveness of the process, six times higher than
autogenous self-healing, relies on the additional reaction of the produced carbon dioxide
with the Portlandite inside the crack, resulting in the growth of calcium carbonate (Jonkers,
2007).

On the other hand, the principle of enzymatic ureolysis is the production of urease by
bacteria following the reactions below (e.g., Van Tittelboom et al. 2010):

CO(NH,), + H,0 —» NH,COOH + NH4
NH,COOH + H,0 - NH; + H,CO,4
H,CO; & HCO3 + H*
2NH; + 2H,0 © 2NH] + 20H"~
HCO3 + H* + 2NHJ + 20H™ « CO3~ + 2NH} + 2H,0

In addition, the calcium ions from inside the crack are deposited on the surface of bacteria
which act as nucleation sites (Figure 2.2 right). Calcium ions react with carbonates,
resulting in the calcite precipitation as follows:

Ca?* + Cell - Cell — Ca?*
Cell — Ca?* + CO%~ - Cell — CaCO; |

As in the case of metabolic conversion of organic acid, the self-healing phases sealing the
crack are calcium carbonate compounds.

Bacteria can be placed in concrete directly or encapsulated in different materials, e.g.,
ceramsite (Chen et al. 2016) and lightweight aggregate (Tziviloglou et al. 2016), following
the capsule-based approach (Section 2.3.2).

More up-to-date information regarding bacteria-based self-healing can be found in the
comprehensive reviews, e.g. (Roy et al. 2020; Nodehi et al. 2022; Bagga et al. 2022).

2.3.2. Capsule-based approach

Autonomous self-healing of cementitious materials based on capsules involves
embedding the healing agent into a small container to protect it from premature release
before the damage occurs. The healing agent is discharged when the crack propagates
through the capsule (Figure 2.2¢). This process leads to sealing and blocking the crack
propagation, resulting in permeability and strength recovery (Wang et al., 2017).
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Three components play a significant role in the mechanism of capsule-based self-
healing. First, the encapsulated chemical compound is the healing agent released to the
crack. The most studied healing agents include epoxy resins (Han & Xing, 2016; Perez et
al., 2015; Wang et al., 2017) and sodium silicate (Giannaros et al., 2016; Alghamri et al.,
2016; Tan et al., 2016; Kanellopoulos et al., 2015,2016; Mostavi et al., 2015) or two-
component polyurethane foam (Van Tittelboom et al., 2011; Hilloulin et al., 2015). Second,
the capsule shell material, i.e., the protective coating, is designed to restrict the healing
agent inside the capsule. Compatibility of different shell materials for concrete applications
was tested, e.g., glass (Van Tittelboom et al., 2011; Qureshi et al., 2016), ceramic (Van
Tittelboom et al., 2011), polymers (Kanellopoulos et al., 2016; Lv et al., 2016; Hilloulin et
al., 2015) or lightweight aggregate (Sisomphon et al., 2011; Alghamri et al., 2016). Finally,
the critical feature of the capsule-based approach is the release mechanism, i.e., the trigger,
which leads to the damage of the capsule walls and the subsequent release of the healing
agent. In cementitious materials, the cracks act as mechanical triggers. However, other
release mechanisms were also proposed, e.g., sunlight (Zhu et al. 2023) and ultrasound
(Song et al. 2022).

The current state of the art of capsule-based self-healing can be found in comprehensive
reviews, e.g. (Huang et al. 2022).

2.4. AUTOGENOUS SELF-HEALING

Autogenous self-healing of cementitious materials involves solely the components
typically used as concrete ingredients, e.g., hydrated binder or fibers (Figure 2.2a). It
requires favorable environmental conditions for the process to be activated. The discovery
of autogenous self-healing dates back to 1836 when white precipitates were noticed in the
cracks of structures, such as retaining structures, culverts, and pipes, by researchers from
the French Academy of Science (Wu et al., 2012). In the past decades, many studies focused
on this phenomenon's efficiency and physicochemical background. Several processes were
linked to the self-healing activity, e.g., dissolution of specific ions inside the crack,
continuous hydration, deposition, and crystallization of healing phases (Hearn and Morley,
1997).

Since concrete constantly evolves concerning its mix composition and is applied under
various environmental conditions, the physicochemical mechanism of autogenous self-
healing is still under investigation. However, three major groups of self-healing processes
were suggested, i.e., mechanical, physical, and chemical (De Rooij et al., 2013).
Mechanical processes include blocking the crack with fine particles originating, e.g., from
the crack surface. Physical processes are associated with the swelling of the hydrated binder
inside the crack. On the other hand, the chemical mechanism involves ongoing hydration
of unhydrated cement grains and calcite precipitation. The latter depends on several factors,
such as temperature, the pH value, and the concentration of Ca>" and COs?" ions in the crack
solution, and it can be described with the following chemical reactions (Edvardsen, 1999):

Ca?* + CO%~ « CaCoO, (PHwater > 8)
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Ca®* + HCO3 « CaCO5 + H* (7.5 < pHyater < 8)

The sealing of the cracks is caused by the formation of different phases on the walls of
the crack, i.e., crystal-like, consisting of mainly CaCO; and gel-like products, including
calcium silicate hydrate (C-S-H) (Huang et al., 2013).

Autogenous self-healing is a time-dependent process (Huang et al., 2013) governed by
many factors related to environmental conditions, mix composition, type of damage, or
crack geometry (Figure 2.3), which makes it complex and somewhat unpredictable. For
instance, the spatial distribution of the self-healing phases presumably depends on the
distance from the surface; however, its mechanism and kinetics are not entirely explained
(Gagné & Argouges, 2012; Sisomphon et al., 2012).

Environmental exposure

during healin
B 8 Mix composition

%'¢® Pores

O Unhydrated

cement grain

/

Damage
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o
C-5-H phase 3 1 =
Microstructure and
chemical composition

Figure 2.3. Factors affecting autogenous self-healing of concrete.

In the following sections, the influence of the main factors on autogenous self-healing
is discussed.

2.4.1. Effect of crack geometry

Geometrical characteristics of the crack influence the crack sealing, consequently
affecting the durability and strength recovery. Cracks widths above 200 um were observed
to heal faster because there was more space for the growth of the healing phases, and the
transport of CO; and water was facilitated (Gagné & Argouges, 2012). However, the crack
closure ratio was smaller for wider cracks than for the narrow ones, with the opening below
50 um (Gagné & Argouges, 2012). In contrast, permeability tests demonstrated that the
healing rate is higher for narrower cracks (Reinhardt and Jooss, 2003; Van Tittelboom et
al., 2012). A similar observation was made for high-strength cementitious composites in
case of a wider crack range, up to 600 um (Tomczak and Jakubowski, 2018). The healing
efficiency of the crack's widths above 300 um in water exposure was below 20% (Gagné
& Argouges, 2012). Maximum crack width of approximately 80 um was closed entirely in
the case of Engineered Cementitious Composites (ECC) with slag cured in wet/dry cycles.
Crack width reduction ratio (Qiu et al., 2016; Tomczak and Jakubowski, 2018) and strength
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regain (Hilloulin et al., 2016) negatively correlated with the initial maximum crack width.
The calcite formation rate depended on crack width (Edvardsen, 1999).

Other crack geometry descriptors were used to describe the self-healing efficiency. The
crack area demonstrated better responsiveness to the change of healing than the crack width
parameter (Ahn et al. 2021). The average surface crack area correlated with the decrease in
flow rate due to healing; however, a significant variation of results was obtained, possibly
due to self-healing occurring deeper inside the crack but not on the surface (Roig-Flores et
al. 2015). Limitation in the healable crack depth was noticed, suggesting that the self-
healing takes place primality at the surface (Suleiman and Nehdi, 2018; Tomczak and
Jakubowski, 2018). Crack tortuosity increased due to healing because of the formation of
obstacles inside the crack (Hou et al., 2022).

Despite the proven effect of crack density and complexity parameters, e.g., tortuosity
or surface roughness, on the transport properties of cementitious composites (Zhou and
Pang, 2012; Akhavan and Rajabipour, 2012), there is little evidence linking these
parameters to the healing efficiency.

2.4.2. Effect of mix composition

The mix composition of cementitious materials affects the self-healing efficiency and
recovery mechanism. Therefore, the addition of Supplementary Cementitious Materials
(SCMs) and mineral additives as potential self-healing stimulators was extensively studied
(Table 2.1).

Table 2.1. Supplementary Cementitious Materials and mineral additives used for
autogenous self-healing (Rajczakowska et al. 2019a)°.

SCM/additions References

(Alyousifet al. 2015; Darquennes et al. 2016; Huang et al. 2014; Hung
etal. 2018; Jiang et al. 2015; Mehdipour et al. 2018; Olivier et al. 2016;
Slag Qian et al. 2009; Qiu et al. 2016; Ryou et al. 2015; Sahmaran et al.
2013; Sahmaran et al. 2015; Schlangen et al. 2006; Van Tittelboom et
al. 2012)
(Alyousifet al. 2015; Herbert and Li 2013; Herbert and Li 2012; Hung
and Su 2016; Hung et al. 2018; Kan and Shi 2012; Liu et al. 2017; Liu
et al. 2017b; Ma et al. 2014b; Mehdipour et al. 2018; Na et al. 2012;
Ozbay et al. 2013; Qian et al. 2009; Ryou et al. 2015; Sahmaran et al.
Fly ash 2013; Sahmaran et al. 2015; Sahmaran et al. 2008; Sherir et al. 2016;
Sherir et al. 2017a; Sherir et al. 2017b; Siad et al. 2015; Siad et al.
2017; Suryanto et al. 2016; Termkhajornkit et al. 2009; Van Tittelboom
et al. 2012; Yildirim et al. 2014; Zhang and Zhang 2017; Zhu et al.

2012)
Lime (Jo et al. 2015; Siad et al. 2015; Yildirim et al. 2014)
Silica (Jiang et al. 2015; Nishiwaki et al. 2015; Ryou et al. 2015)
Metakaolin (Ryou et al. 2015)

3 Reproduced from (Rajczakowska et al. 2019a) with permission from ASCE
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(Ahn and Kishi 2010; Ferrara et al. 2014a; Ferrara et al. 2016a; Jiang
et al. 2014; Jiang et al. 2015; Jo et al. 2015; Qureshi and Al-Tabbaa
2016; Roig-Flores, M. et al. 2015; Roig-Flores, M. et al. 2016; Sherir
et al. 2016; Sherir et al. 2017a; Sherir et al. 2017b; Siad et al. 2017;
Sisomphon et al. 2012; Sisomphon et al. 2013)
(Alyousif et al. 2015; Ferrara et al. 2016b; Ferrara et al. 2017; Herbert
and Li 2013; Herbert and Li 2012; Homma et al. 2009; Hung and Su
2016; Kan et al. 2010; Kan and Shi 2012; Kim, D. J. et al. 2014; Liu et
al. 2017; Liu et al. 2017; Ma et al. 2014; Mehdipour et al. 2018;
Fibers Nishiwaki et al. 2012; Nishiwaki et al. 2014; Nishiwaki et al. 2015;
Ozbay et al. 2013; Roig-Flores et al. 2015; Sherir et al. 2017; Sherir et
al. 2017, Siad et al. 2015; Sisomphon et al. 2013; Snoeck and De Belie
2012; Suryanto et al. 2016; Yang et al. 2011; Yildirim et al. 2014; Yu
et al. 2010; Zhang and Zhang 2017; Zhu et al. 2012; Zhu et al. 2016)

Crystalline
admixtures

The effect of basic mix parameters on self-healing was vague, suggesting high
dependence of the self-healing process on other variables, such as the type and extent of
damage, crack width, or environmental conditions. For the water-to-cement ratio range
between 0.35 and 0.60, no clear relation was found between w/c and self-healing efficiency
(Gagné & Argouges, 2012). In contrast, an increase in water to cement ratio from 0.4 to 0.5
negatively affected self-healing, presumably due to a smaller amount of unhydrated cement
(Tittelboom et al., 2012). On the other hand, the effect of the amount of cement on the self-
healing efficiency was inconclusive in the case of high-strength concrete (Tomczak and
Jakubowski, 2018). Low w/c and high cement amount were potentially the causes of the
successful strength recovery of Ultra-High-Performance Concrete (UHPC) (Hilloulin et al.
2016; Granger et al. 2007). The aggregate presence presumably negatively affected the
calcite precipitation conditions (Edvardsen, 1999). On the other hand, the recycled
aggregate seemed to affect autogenous self-healing positively, but the underlying
mechanism was not known (Medjigbodo et al., 2018).

Replacement of cement with alternative binders was found to enhance the self-healing
properties in most cases. The addition of fly ash or slag positively affected the self-healing
of UHPC, with the most pronounced effect at an early age (7 days), presumably due to a
pozzolanic reaction (Beglarigale et al. 2021). Alternative binders improved the self-healing
due to ongoing hydration for smaller cracks; however, the strength recovery was minimal
(Van Tittelboom et al. 2012). The positive effect of slag on self-healing appeared in several
studies (Huang et al., 2014; Darquennes et al., 2016; Olivier et al., 2016). The ongoing
hydration mechanism was suggested due to a slower hydration rate and a high amount of
unhydrated binder. Cementitious materials with a high slag volume (66 wt%) demonstrated
enhanced recovery; however, saturated calcium hydroxide solution was used as
environmental exposure activating the process (Huang et al. 2014). A higher amount of fly
ash replacement (27 wt%) increased the self-healing rate, possibly due to ongoing hydration
(Amos Esteves et al. 2021). Ongoing hydration and pozzolanic action were suggested as
the presumable explanation for the enhanced self-healing of mortars modified with 10 wt%
silica fume, 30 wt% fly ash, and 50 wt% slag. A recent investigation of ternary cementitious
materials, including slag and metakaolin, concluded that enhanced stiffness recovery could
be achieved due to ongoing hydration and the formation of large quantities of healing
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products (Namnoum et al. 2021). Nevertheless, the information on the self-healing of
ternary and quaternary environmentally friendly binders is scarce since primary OPC and
binary mixes were studied.

Crystalline admixtures (CA) and expansive additives added directly to the concrete mix
enhanced the self-healing efficiency. The crack closure and water permeability change
were evident, with the increased maximum healable crack width from 150 um to 400 um.
(Sisomphon et al., 2012). The mechanism presumably involved increasing pH, which
optimized the conditions for calcite precipitation (Sisomphon et al., 2012). A higher rate
and efficiency of healing were achieved by adding CA to concrete (Ferrara et al. 2014;
Roig-Flores et al. 2015). In addition, the reliability of the healing process was higher, with
a lower variation of results (Roig-Flores et al. 2016). Recent metanalysis on the effect of
crystalline admixtures (de Souza Oliveira et al. 2021) suggested that the self-healing
boosting by CA depends on their type and the optimum mix composition; a dosage of up
to 2% was efficient (de Souza Oliveira et al. 2021). Water was required for the self-healing
to occur both with and without CA (Roig-Flores et al. 2015). Recently, steel fiber reinforced
UHPC with slag and CA showed high mechanical performance recovery compared to the
reference mix, despite the same crack closure (Cuenca et al. 2021). The possible synergistic
effect between fibers and CA was hypothesized.

2.4.3. Effect of environmental conditions

Despite a high dependency of the healing process on environmental conditions, few
studies considered exposure's effect on recovery efficiency and mechanism (Table 2.2).

Table 2.2. Previous studies on the effects of exposure on the efficiency of the autogenous
self-healing of Portland cement-based materials (Rajczakowska, 2019d).6

Exposure type Reference

(Qian et al. 2009; Qian et al. 2010; Yang et al. 2011; Sahmaran et
al. 2013; Jiang et al. 2014, 2015; Suleiman and Nehdi, 2018)
(Qian et al. 2010; Yang et al. 2009; Yang et al. 2011; Kan and Shi,

Constant water immersion

Wet/dry cycles 2012; Qiu et al. 2016)

Temperature (Reinhardt & Jooss, 2003; Suleiman and Nehdi, 2018).
Relative humidity (Suleiman and Nehdi, 2018).

Freeze-thaw cycles (Zhu et al. 2012; Sahmaran et al. 2013)

Sea water (Palin et al. 2015; Danner et al. 2019)

Air/CO, (Qian et al. 2009; Qian et al. 2010; Sahmaran et al. 2013)
NaOH/dry cycles (Qiu et al. 2016)

Saturated Ca(OH), solution (Huang et al. 2014; Huang & Ye, 2015)

For example, constant water immersion was found efficient exclusively for narrow
cracks; however, only surface crack closure was evaluated (Qian et al. 2009; Qian et al.
2010; Yang et al. 2011; Sahmaran et al. 2013; Jiang et al. 2014, 2015). The flow of water
negatively affected the healing, presumably decreasing the ion concentration inside the

¢ Reproduced from (Rajczakowska, 2019d), Creative Commons 3.0 License
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crack (Jiang et al., 2015). Furthermore, an X-ray microtomography investigation concluded
that there were no healing phases inside the cracks of cementitious exposed to water
(Suleiman and Nehdi, 2018). No improvement was obtained by applying different
temperatures and relative humidity cycles (Suleiman and Nehdi, 2018). In contrast, higher
temperatures accelerated the self-healing reactions (Roig-Flores et al., 2016). On the other
hand, in the case of Engineered Cementitious Composites (ECC), for crack width below 50
um, cyclic water immersion enabled self-healing (Yang et al. 2009). Furthermore, dual
kinetics of the recovery process was observed, i.e., fast during the first five curing cycles
and then slowing down (Yang et al., 2009; Yang et al., 2011; Kan and Shi, 2012; Qian et
al., 2010; Huang et al. 2014). Air exposure and freeze/thaw cycles did not promote self-
healing (Sahmaran et al. 2013, Zhu et al. 2012; Qian et al. 2009, Qian et al. 2010). The
presence of the additional ions in the water, e.g., seawater exposure, facilitated the healing
process, with successful crack closure of crack widths up to 0.5 mm. Nevertheless, the
strength was affected negatively (Palin et al. 2015).

The types of phases formed inside the healed cracks were generally independent of
exposure conditions, consisting mainly of C-S-H (Kan and Shi, 2012; Sahmaran et al.,
2013; Zhu et al., 2012), calcium carbonate and calcium hydroxide (Qian et al., 2009; Jiang
et al. 2015; Kan and Shi, 2012; Sahmaran et al. 2013; Zhu et al. 2012). In cementitious
materials with slag binder, various self-healing exposures governed the phase growth
suggesting different mechanisms of action. For instance, water led to calcite formation due
to carbonation, sodium hydroxide formed C-S-H by the alkali activation process (Qiu et al.
2016), while calcium hydroxide solution resulted in the growth of C-S-H, ettringite,
hydrogarnet and OH—hydrotalcite inside the crack (Huang et al. 2014).

2.4.4. Effect of fiber addition

The potential positive effect of fibers on self-healing in water was already suggested in
1984. The formation of healing products of the interface between steel fibers and cement
matrix was observed (Gray, 1984). Recent years brought impressive development in
understanding the role of fibers in the self-healing process. Cementitious materials with
fiber addition demonstrated enhanced self-healing behavior, e.g., ECC (Yang et al. 2009),
Fiber Reinforced Cementitious Composites (FRCC) (Nishiwaki et al., 2012), and, lately,
ultra-high-performance fiber-reinforced concrete (UHPFRC) (Moreira et al. 2022). Types
of fiber material for self-healing concrete are summarized in Table 2.3.

Generally, the volume fraction of fibers added to concrete depends on the required
effect. For instance, low and moderate amounts, between 0.2% and 1%, are added to control
the plastic shrinkage cracking (Cuenca & Ferrara, 2017). On the other hand, fracture
toughness and fatigue resistance can be boosted by using higher volumes of fibers, between
1% and 2%, as secondary reinforcement. The success of ECC is associated with their
optimized design to achieve strain-hardening behavior, i.e., the ability to endure increasing
loading and deformation after first cracking, thanks to the addition of fibers (Li, 1998). This
bridging effect of fibers enables crack width control, forming many narrow cracks with
widths below 100 pm.
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Table 2.3. Types of fiber material for self-healing concrete (Rajczakowska et al. 2019a)’.

Healing agent Reference
(Keskin et al., 2016)
(Yang et al., 2009)
(Sahmaran et al., 2013)
(Yang et al., 2011)
(Liu et al., 2017)
Polyvinyl alcohol (PVA) (Siad et al., 2017)
(Nishiwaki et al., 2012)
(Nishiwaki et al., 2014)
(Nishiwaki et al., 2015)
(Snoeck et al., 2014)
(Kan & Shi, 2012)
(Nishiwaki et al., 2012)
(Nishiwaki et al., 2014)
Polyacetal (POM) (Nishiwaki et al., 2012)
(Sanjuan et al., 1997)
(Nishiwaki et al., 2012)
(Nishiwaki et al., 2014)
(Homma et al., 2009)
(Snoeck & de Belie, 2012)
(Snoeck et al., 2015)
(Kim et al., 2014)
(Nishiwaki et al., 2014)
(Ferrara et al., 2016)
(Homma et al., 2009)

Ethylene vinyl alcohol (EVOH)

Polypropylene (PP)

Polyethylene (PE)

Natural fibers

Steel

The effect of fibers on the autogenous self-healing of cementitious materials is based
on two mechanisms, i.e., crack width control and potential polarity of fiber material.

The former was observed for ECC under different environmental exposures (Yang et
al., 2005; Zhang and Zhang, 2017) and mix compositions (Zhang et al., 2014). Furthermore,
considering the high dependence of the self-healing efficiency on the initial crack width
(Section 2.4.1), crack width reduction to values below 100 um (Nishiwaki et al., 2014) or
even 50-80 um (Yang et al., 2009; Liu et al., 2017; Siad et al., 2017; Kan & Shi, 2012)
significantly facilitates the strength and durability recovery.

On the other hand, a boosting effect related to the polarity of the fibers was observed
in some cases. Such fibers, the polyvinyl alcohol (PVA), exposed inside the crack become
nucleation sites for calcium ions and promote the formation of the self-healing phases
(Nishiwaki et al., 2012). Higher self-healing efficiency was obtained for the specimens
containing PVA fibers compared to the polypropylene (PP) fibers, which did not
demonstrate polarity (Nishiwaki et al., 2012; Choi et al., 2016). Due to their hydrophilic
character, natural fibers also boosted the recovery of cementitious materials, assisting the
formation of calcium carbonate crystals (Snoeck, 2015). C-S-H and calcium carbonate were
found inside the cracks of fiber-reinforced cementitious materials (Keskin et al., 2016;

7 Reproduced from (Rajczakowska et al. 2019a) with permission from ASCE
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Yang et al., 2009; Sahmaran et al., 2013; Yang et al., 2011; Liu et al., 2017; Kan & Shi,
2012).

2.4.5. Effect of non-mechanical damage

Cementitious materials exhibit autogenous self-healing properties when subjected to
both mechanical and non-mechanical types of deterioration. The former occurs when the
structure is subjected to, e.g., compression, tension, or bending, and cracks occur upon
reaching the material's strength limit (Yao et al., 2012). In this case, the chemical
composition of the material is stable, with cracking being an "inhomogeneity" introduced
into its microstructure. The self-healing mechanism of the mechanically induced cracks
depends on several variables, e.g., binder composition (Rajczakowska et al., 2019;
Sahmaran et al., 2013), age and healing time (Tomczak & Jakubowski 2018), initial crack
width (Reinhardt & Jooss, 2003), environmental exposure (Rajczakowska et al., 2019c;
Suleiman & Nehdi, 2021), or the presence of fibers (Nishiwaki et al., 2012). Two major
processes contribute to the sealing of the cracks, i.e., continued hydration of the unhydrated
cementitious binder and calcium carbonate formation (de Rooij et al., 2013; Huang et al.,
2021). Partial strength and durability recovery can be achieved as a result of cracks being
filled with self-healing products, i.e., a mixture of calcium silicate hydrate (C—S—H),
calcium carbonate, and calcium hydroxide (CH) (Zhang et al., 2020).

On the other hand, the non-mechanical type of loading includes durability-related
damage such as chemical attacks, e.g., carbonation, chloride ingress, sulfate attack, alkali-
aggregate reaction (AAR), or physical actions, e.g., freeze and thaw and high-temperature
exposure (Yao et al., 2012). These processes cause cracking and chemical alterations of the
cementitious binder, potentially leading to a more complex self-healing mechanism.
However, there is limited data on the relation between the non-mechanical loading and the
self-healing process.

Concrete exposed to a marine environment, i.e., a mixture of chloride and sulfate ions,
partially sealed the cracks below 200 um (Tian et al., 2022). The impurities from the
seawater blocked the crack, obstructing the self-healing process. Brucite, dolomite, and
calcite were found in these cracks (Tian et al., 2022). Chloride exposure did not alter the
self-healing mechanism for ordinary Portland cement and 50 wt% of slag mortars unless
magnesium sulfate was present in the solution (Maes et al., 2016). Compared to water
treatment, exposure to sulfates and chlorides enhanced the self-healing activity of the ECC
(Liu et al., 2017). Major self-healing products were ettringite and gypsum. Nevertheless,
due to its microstructure with a narrow crack width of approximately 50 pm, the material
was only moderately affected by the chemical attack with slight deterioration (Liu et al.,
2017). ECC with slag and fly ash also demonstrated good strength recovery under chloride
and marine tidal exposures (Shumuye et al., 2022). Healing of the cracks caused by the
AAR and refined porosity was observed for mortars subjected to cyclic water immersion
(Munhoz et al., 2021). Freeze and thaw cycles, with water as the freezing medium,
enhanced the self-healing more than when de-icing salts were used (Zhu et al., 2012).
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2.5. AUTOGENOUS VS. AUTONOMOUS SELF-HEALING

Autogenous and autonomous methods were compared concerning their effect on fresh
and young concrete properties, hardened concrete properties, efficiency, price, and full-
scale applicability. The critical analysis based on the available literature was presented in
detail in Paper I (Rajczakowska et al. 2019a). In this doctoral thesis, only a summary of
this investigation is shown. It should be mentioned that the scope of the review was based
on the literature available until 2019. The limitations of each self-healing method have been

listed in Table 2.4 (Rajczakowska et al. 2019a).

Table 2.4. Summary of the limitations of autonomous and autogenous self-healing
strategies (Rajczakowska et al. 2019a).®

Autogenous self-healing

Area Autonomous self-healing methods
methods
* Loss of workability due to
. . . fibers
* Low survival rate of capsules and bacteria during .
. * Higher amount of cement
the mixing process, resulting in an increased
Fresh and * Loss of workability with increased number of e . .
hydration heat, higher shrinkage,
young capsules . .
. . an increased crack risk
concrete * Bacteria nutrients slow down or even completely .
. . . * Problems with proper fiber
hinder hydration of Portland cement leading to . - e
dispersion and sensitivity to the
lower strength values .
mixing process
* Insufficient fiber-matrix bond
* Glass capsules increase the risk of alkali-silica
reaction
 Material incompatibility between the capsule shell
and the binder matrix results in a negative alteration
of the microstructure and chemical composition of
the surrounding binder matrix
* The increase in the volume fraction of capsules, * The hydrophilic nature of PVA
decreases the compressive strength and the fracture  fibers causes their premature
Hardened : i
concrete toughness of the matrix rupture under tension,
* Reduction of the Young's Modulus of elasticity of  « The use of fly ash decreases the
the binder matrix due to a lower Young's Modulus compressive strength
of the capsule material as well as the presence of
voids left by ruptured capsules
* Higher volume fraction of bacteria leads to a
strength loss
* SAP application greatly decreases the strength of
concrete
* Too low stresses created by the forming crack are
not able to break the capsule shell » Age of the specimen at
* Capsules with switchable properties of the shell cracking has a great influence on
are often not brittle enough to be broken by the the healing efficiency
forming crack * The healing process might take
Efficiency * Premature polymerization of the healing agent several days/weeks

inside the capsule due to contact with moisture
lowers the probability and effectiveness of the
healing process

* Lack of water and oxygen hinders the healing
process in the case of bacteria-based systems

* Exposure conditions might be a
limitation for the healing to occur
* Only limited crack widths can
be fully healed

8 Reproduced from (Rajczakowska et al. 2019a) with permission from ASCE
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* Capsules might be debonded from the surrounding
matrix causing crack formation around it instead of
breaking the capsule

* The high viscosity of the healing agent can cause
problems with efficient penetration of the crack

* The total maximum volume fraction of capsules is
limited due to workability issues and loss of
strength which leads to a lower healing efficiency

* Chemical interaction between epoxy and hardener
or bacteria with nutrient can hinder the healing
process

* Very high price in comparison to the methods used
for autogenous healing

* Difficult to apply on the full scale

Price and full
scale

* Higher CO; footprint due to
higher amount of binder

2.6. SELF-HEALING OF THERMALLY INDUCED CRACKS

One example of non-mechanical loading which affects the potential self-healing of
cementitious materials is exposure to high temperature, e.g., a fire. Concrete subjected to a
high temperature undergoes drastic physical and chemical changes, including a gradual
disintegration of all the major phases (Li et al., 2020). Ettringite decomposes at
approximately 90°C, followed by the disappearance of C-S-H gel between 200°C and 450°C
and the transformation of Portlandite into lime at approximately 530 — 560°C (Castellote et
al., 2004). After cooling, the moisture from the air is absorbed, leading to the reaction of
CaO to form calcium hydroxide and larnite (Ca2SiOs) (Castellote et al., 2004). Water
evaporation causes cracking and coarsening of porosity, which leads to strength and
durability deterioration (Poon et al., 2001; Rajczakowska et al., 2022).

Properties of concrete subjected to high-temperature loading can be partially self-
healed by exposure to re-curing treatments, i.e., environmental stimulators. Several
processes are speculated to contribute to this auto-repair, e.g., rehydration of disintegrated
phases and sealing microcracks with self-healing products. However, the effect of different
variables on the recovery process is still not fully understood. For instance, the effect of
basic material properties was found inconclusive. Some studies reported a lack of
dependence of the self-healing on the binder-related parameters, such as cement amount
(Li et al. 2017) or mix composition (Lin et al. 2011). On the other hand, adding SCMs was
important, however, with varied results (Poon et al., 2001; Mendes et al., 2011; Ming et al.,
2020). FA enhanced the recovery, whereas slag (S) had a negative effect (Mendes et al.,
2011). The synergy between calcium carbonate whisker (CW) and FA was identified (Ming
et al., 2020). High-strength concrete was found to be more efficient, and the dense
microstructure was indicated as one of the causes (Henry et al., 2011; Poon et al., 2001). A
combination of cooling and the re-curing process was found to be necessary for the self-
healing activation. In general, water re-curing together with air cooling led to better self-
healing performance than air alone (Akca & Ozyurt, 2018; Henry et al., 2011; Lin et al.,
2011; Poon et al., 2001). On the other hand, water cooling resulted in rapid deterioration
due to expansion presumably caused by the reaction of lime with water (Mendes et al.,
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2011; Poon et al., 2001). Despite the significant dependency of the thermally cracked
concrete self-healing on the re-curing conditions, only two major types of treatments were
studied, i.e., involving exposure to air or water (Rajczakowska et al. 2023a). A summary
of different studies on the recovery of high-temperature damage is presented in Table 2.5.

Table 2.5. Examples of self-healing performance of different fire-exposed cementitious
materials (FA — fly ash, GGBFS — granulated ground blast furnace slag, OPC — ordinary
Portland cement, MK — metakaolin, SF — silica fume) (Rajczakowska et al. 2022)°.

Loading . . .
Reference temperature Binder Additives/  Type of cqohng Self-healing performance
o type fibers and re-curing
(O]
. . Blended binders have better
Air cooling mechanical and durabilit
OPC, SF, and water re- y
Fotvoe curin recovery than pure OPC
yp g Water re-curing and lower
(Poon et al. FA, Air cooling .
600, 800 - . loading temperature lead to
2001) GGBFS, and air re- . .
. . efficient self-healing
MK curing (with 2h .
High-strength concrete had a
concrete water pre-
soaking) better recovery than normal-
strength concrete
OPC; Air-coolin
(Henry et al normal and re—curign Water re-curing exposure gave
Yy ©550 and high- - ne the highest strength and
2011) Water cooling .
strength . durability recovery
mortars and re-curing
Furnace
cooling and air
re-curing Air (furnace/room) cooling
(Karahan, 400, 600, OPC: Roorp cooling  and air-recuring caused ﬁthher
- and air re- compressive strength reduction
2011) 800, 1000 mortar . . . .
curing Water cooling and air-recuring
Water cooling  lead to strength recovery
and air re-
curing
Air cooling .
Higher strength recovery for
and water re- : .
. 400, 500, . . water re-curing. Mix
(Lin et al. 600, 800 OPC; ) curing . didnot h
2011) p ’ concrete Air cooling proportions did not have a
1000 - significant effect on the
and air re- .
. healing performance
curing
For 800°C one week of
Furnace furnace-air and water-air
OPC cooling and treatment resulted in no
(Mendes et ¢ room re-cuing  healing
al. 2011) 400, 800 S)(r}chrI::tSé ) Water cooling ~ Water cooling caused
and room re- additional damage
curing GGBFS showed worse
performance after 800 °C
. +F- . L.
(Lietal. 300 top(e:F A]T ) Air-cooling in  Better recovery for furnace-
2017) c}(l)glcrete’ the furnace and  cooled specimens

® Reproduced from (Rajczakowska et al. 2022), Creative Commons Attribution-NonCommercial-
NoDerivatives 3.0 License
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water/ RH of The amount of cement did not
95% re-curing  affect the healing
Air-cooling in

room
conditions and
water/ RH of
95% re-curing
OPC Air cooling Cracks healed with CaCO3 and
(Akca and GGBFS, Steel fibers, and re-curing H;(;re:rsggsrﬁlegl;?rcf;_cure d
Ozyurt, 1000 F-type polypropyle  Air cooling I:a rrf) les
2018) FA; ne fibers and water re- mp . .
concrete curing Air re-curing gave negative
results
CW improved the mechanical
calcium Furnace performance recovery at 400
(Mingetal. 200, 400, OPC. FA carbonate cooling and and FA at 800°C
2020) 800 ’ whisker water fe-curin The synergistic effect of CW
(CW) € and FA on self-healing was

observed

2.7. MODELING OF AUTOGENOUS SELF-HEALING

The research on cementitious materials, as in other areas of material science, evolves
according to four paradigms of science (Figure 2.4), i.e., empirical, theoretical,
computational, and data-driven science (Agrawala and Choudhary, 2016; Li et al., 2022).
Many studies on autogenous self-healing of cementitious materials use trial-and-error
experiments (De Rooij et al., 2013), following the first paradigm (Figure 2.4). Even though
the self-healing concept has been around for decades, it is still relatively new. Concrete is
a heterogeneous composite with high complexity arising from infinite mix combinations,
novel binder chemistry, and variation of physical properties (Li et al. 2022, Van Damme
2018; Scrivener et al. 2008). Considering the multi-variability of the self-healing process,
there is limited experimental data available that covers all aspects of autogenous self-
healing. Nevertheless, developing an accurate self-healing model would not only facilitate
understanding of the self-healing mechanism but also lead to savings on the expensive
experimental campaigns.

There were few attempts to explain the relationship between the concrete
microstructure vs. the self-healing properties with the application of theoretical science,
e.g., the hydration, morphology, and structural development model (HYMOSTRUC)
(Huang and Ye, 2012; Huang et al., 2013), following the second paradigm of science
(Figure 2.4). With the increasing availability of computational power, the models were
expanded using numerical simulations (Figure 2.4, third paradigm), e.g. (Di Luzio and
Cusatis, 2013) (Chen and Ye, 2019). In recent years, as an auxiliary direction, machine
learning (ML) predictions (Figure 2.4, fourth paradigm) emerged. This type of modeling
can identify trends and patterns on large datasets, considering multiple variables and
nonlinear relations while maintaining high accuracy. The following sections present a brief
overview of autogenous self-healing models, including mechanically and thermally
damaged concrete.
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Figure 2.4. The four paradigms of concrete science, i.e., empirical, theoretical,
computational, and data-driven (Li et al. 2022); modified from (Agrawala and Choudhary,

2016)1°

2.7.1. Theoretical models

A 2D reactive transport model based on thermodynamics theory as well as water
transport and ion diffusion theory, were used to model self-healing by ongoing hydration
(Huang and Ye, 2012; Huang et al., 2013). The simulation was done by HYMOSTRUC
software. First, the amount of self-healing products was calculated using thermodynamics
modeling (Figure 2.5). Then, the amount of extra water necessary for efficient self-healing
was also calculated (Huang and Ye, 2012). Later the model was also extended to 66wt%
slag cement (Huang et al. 2014) Effect of carbonation on self-healing was studied using
thermodynamic modeling. Finally, the crack-filling kinetics analysis was performed.
Mechanical recovery of the material was not considered.

An analytical model linking the macro-scale cracking pattern with the mesoscale
stiffness recovery of a single crack was developed for ECC (Ma et al. 2019). The predicted
macro-scale stiffness recovery was compared with the experimental values of the
composite stiffness. The model successfully predicted the self-healing of ECC at any strain
(Ma et al. 2019).

10 Reproduced from (Li et al. 2022; modified from (Agrawala and Choudhary, 2016), Creative Commons
license Attribution 4.0 International (CC BY 4.0)

35



v

Initial lon
conditions : Thermody ; concentration
on ermodynamics
Input e
Py diffusion | | model
Boundary Solid
conditions products

Figure 2.5. Further hydration model scheme by (Huang and Ye, 2012)'!

There is scarcely any data on concrete's high-temperature damage recovery modeling.
Mechanical properties recovery was predicted with a theoretical model based on the stress-
strain curves fitting (Neto et al. 2022). The model was applied for cement-lime masonry
mortars, and a good agreement with experimental results was observed. A complex multi-
scale modeling framework was proposed considering carbonation, de-carbonation, and re-
carbonation processes (Iwama and Maekawa, 2022). The model could predict the
compressive and tensile strength after high-temperature loading and subsequent healing by
exposure to different relative humidity levels. It is worth noting that presently American
Concrete Institute (ACI, 2007) and Eurocode codes (2004) consider the performance of
concrete after a fire. Unfortunately, the models do not include the cooling and curing
conditions (Alhamad et al., 2022).

2.7.2. Computational simulations

A simulation of the mechanism of self-healing by ongoing hydration of unhydrated
cement nuclei (UCN) was proposed by He et al. (2007, 2009). A concurrent algorithm-
based computer simulation system called SPACE (Software Package for the Assessment
of Compositional Evolution) was used. The random spatial distributions of different
numbers of UCNs were generated, and cracks with different widths were simulated. The
area fraction of the UCNs "crossing" the propagating crack suggested the healing capacity.
The maximum healable crack was calculated and correlated with cement properties, e.g.,
fineness. Power's hydration model was applied for the prediction (He et al., 2009; Jensen
and Hansen, 2001).

Similarly, models were formulated which allowed for the calculation of the self-healing
efficiency based on the ongoing hydration mechanism, applying different cracking modes:
the splitting crack mode (Lv and Chen, 2012, Figure 2.6) and dome-like crack mode (Lv
and Chen, 2013). The same assumptions were made in the case of another study by (He et
al. 2009). The amount of unhydrated cement and UCN particle size distribution were the
most influential factors.

! Reproduced from (Huang and Ye, 2012) with permission from Elsevier
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Figure 2.6. The scheme of a splitting crack mode: (A) UCN intersected by crack plane; (B)
single UCN split by the crack plane. (Lv and Chen, 2012)2.

Water penetration in cement paste was predicted using the moisture transport numerical
model based on the finite difference method (Huang et al. 2010). It was observed that the
penetration increases with the presence of cracks. The model did not explicitly address the
self-healing process; however, it gave bases for the analysis of crack water penetration.

A hydro-chemo-mechanical model for predicting mechanical recovery was developed
for UHPC using the finite element method (Hilloulin et al. 2014). It was concluded that a
significant mechanical performance recovery could be attributed to a relatively small crack
closure if the filling material exhibits mechanical properties close to the intact specimen.

Self-healing by calcite precipitation in ECC was studied with chemical-diffusive
modeling (Aliko-Benitez et al. 2015) and the finite element method. A simulation of the
self-healing of a water-immersed large-scale concrete structure was successfully
performed.

The SMM (Solidification-Microprestress-Microplane) model M4 (Di Luzio and
Cusatis, 2013) numerical model was used to predict mechanical property recovery (Di
Luzio et al. 2018) Ongoing hydration mechanism was studied with a high prediction
accuracy; however, the model had some limitations, e.g., it neglected the effects of calcium
leaching and dissolution.

Both crack closure and geometrical changes were simulated using the Lattice
Boltzmann single-component model supported by thermodynamics (Chen and Ye, 2019).
An ongoing hydration mechanism was considered; however, no mechanical recovery was
considered, only with respect to the crack closure. It was demonstrated that full crack
closure could occur in some places inside the crack without affecting the overall crack
closure in a significant way.

12 Reproduced from (Lv and Chen, 2012), copyright 2012 by Walter de Gruyter, Creative Commons 3.0
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2.7.3. Data-driven modeling

There were few attempts to address the autogenous self-healing of cementitious
materials using machine learning and artificial intelligence.

An artificial neural network (ANN) with a hybrid genetic algorithm was used to predict
crack closure due to autogenous self-healing (Suleiman and Nehdi, 2017). Eleven input
variables were considered: cement content, water-to-cement ratio, type and dosage of
supplementary cementitious materials, bio-healing materials, and expansive and crystalline
additives. As a result, the high accuracy of the model was achieved, with a coefficient of
determination R? equal to 0.99762 (Suleiman and Nehdi, 2017).

Another approach compared six different ML algorithms to predict healing
performance measured by crack width and resonance frequency changes (Huang et al.
2021). The following methods were used: ANN, a k-nearest neighbor, a decision tree
regression, a support vector regression, and ensemble models: a gradient boosting
regression and a random forest. An extensive database of 1417 measurements was built
based on a literature study. Sixteen features were considered, such as type and dosage of
healing material, fiber diameter, length, and tensile strength, the initial cracking data and
initial cracking width, the time for healing, the healing condition (environmental exposure),
the amount and type of cement, the amount of superplasticizer, fine aggregates, fly ash,
slag, and the water-binder ratio. The highest accuracy (R?=0.958) was obtained for the
ensemble GBR model (Huang et al. 2021).

The ensemble methods, i.e., AdaBoost, bagging, and stacking, were used to increase
the prediction accuracy of ML algorithms for the modeling of self-healing of ECC based
on the final crack width (Chen et al. 2022). As a result, all algorithms demonstrated low
error and reasonable accuracy (R? above 0.85). Nevertheless, only four input variables were
selected, i.e., initial crack width, fly ash, silica fume, and hydrated lime powder (Chen et
al., 2022).

An interesting combination of meta-analysis and ANN modeling was proposed by
(Gupta et al. 2021). Six input variables were studied, i.e., cement and SCM amounts, fiber
content, w/c ratio, crack width, and healing time. Contrary to the other studies which
focused on crack closure, here, the self-healing index was considered the model's response,
considering both durability and mechanical performance recovery. In addition, the self-
healing mix optimization graphs were suggested. Nevertheless, a relatively low R? value
was achieved, approximately 0.77, for the validation and testing set.

Despite a relatively large amount of data on recovery of high-temperature damage, no
attempts have been made to apply data-driven modeling for this type of self-healing.
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2.8. MACHINE LEARNING ALGORITHMS

Understanding and designing synthetic materials relies on four major components:
processing, structure, properties, and performance (PSPP) (Olson, 1997). Science follows
the "forward" cause-and-effect path, from processing to performance, whereas engineering
— the "inverse" goals and means flow. Scientific observations and results of experiments,
e.g., measurement of properties based on material composition, can be used to build
forward models to predict material performance. On the other hand, the inverse models can
maximize the material's performance by finding the most optimal composition/structure
(Agrawala and Choudhary, 2016). The inverse models can also be used for materials
discovery, e.g., implementation into the experimental workflow (Figure 2.7).

Materials
Property

Dataset

Supervised | ing techniq Selection, Validation
(e.g. ANN, decision trees) | (Simulations, Experiments)

) Si—

Ordered list
Combinatorial of materials
setof Predictive ranked by
materials Model predicted

property

—

Figure 2.7. An example of an inverse model following the PSPP approach (Agrawala and
Choudhary, 2016)"

The forward prediction, based on a large material dataset obtained, e.g., from the
available literature, can be used as an inverse model to find possible nonlinear dependencies
or identify factors having a significant effect on the performance. Based on the analysis,
new experiments can be designed to confirm the hypothesis. Those newly generated results
can then be added to the database to develop a revised version of the forward predictive
model (Figure 2.7).

Machine learning tools are often applied to create a data-driven forward PSPP model
as they allow for regression analysis and high-accuracy predictions on large datasets with
multiple input variables. In the following subsections, several ML algorithms applied
within the scope of this study are shortly described. This section was redrafted from
(Rajczakowska et al., 2023a).

13 Reproduced from (Agrawala and Choudhary, 2016), Creative Commons license Attribution 4.0
International (CC BY 4.0)
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2.8.1. Artificial neural networks

Artificial Neural Networks are computing systems inspired by and strive to mimic the
working of a human brain - a subset of machine learning and the main field of study for
deep learning (Paruelo & Tomasel, 1997). It is a supervised learning technique commonly
used for a wide range of problems for classification and regression. A basic network, called
the feedforward net, consists of several fully connected layers. These are the input layer
(with input variables), one or more hidden layers, and the output layer, interconnected by
axons representing weights for each input connection together with the so-called biases,
i.e., the deviation between weights (Strieth-Kalthoff et al., 2020).

2.8.2. Regression tree and an ensemble of trees

A decision tree is a non-parametric supervised learning algorithm used to generate a
predictive model for classification and regression tasks. As the name suggests, it has a
hierarchical, tree-like structure consisting of a starting root node, which may branch out to
multiple nodes. Eventually, each branch ends up in a terminal node, referred to as the leaf
node. It is very popular due to its ease of use and interpretability (Yang et al., 2017).

An ensemble regression tree is a combination of several individual regression trees.
The objective is to increase the model's predictive performance, compared to individual
trees, by using the "wisdom of crowds" principle (Strieth-Kalthoff et al., 2020). Regression
analysis achieves better prediction accuracy by taking the average vote from multiple
decision trees. As a result, it performs very well in classification and regression tasks;
however, it is characterized by computational complexity.

There are two general ensemble algorithms, i.e., bagging and gradient boosting. The
former is constructed tree-by-tree, whereas the latter is iteratively (Strieth-Kalthoff et al.,
2020).

2.8.3. Support Vector Machines

Support Vector Machines, developed by Vapnik on statistical learning theory (Vapnik,
1999), are supervised learning models that can be applied to classification and regression
tasks. This technique aims to find the most optimal hyperplane that offers the greatest
margin between the support vectors — the data points at the edge of the different classes
(Asteris et al. 2021). Data are compared using Kernel functions, usually nonlinear (Strieth-
Kalthoff et al., 2020). The algorithm offers high accuracy and low generalization error.
SVM for regression problems uses an alternative e-insensitive loss function. Details
regarding this method can be found in (Vapnik, 1999; Vapnik, 1999).
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2.9. SUMMARY

In Chapter 2, a literature review was performed to describe briefly the concepts related to
the self-healing of cementitious materials and determine the research gaps.

The following main conclusions/research gaps were established based on
Chapter 2 and Paper I

e Autogenous self-healing, based on usual concrete ingredients, seemed cheaper,
easier, and safer than autonomous methods when analyzing typical
requirements of current concrete technology. Therefore, concerning the actual
structural applications, autogenous self-healing is a better solution for concrete.

e There are elements of the autogenous self-healing mechanism which are not
fully understood. For instance, the effect of basic mix parameters, e.g., cement
amount, is still inconclusive. Therefore, the underlying physicochemical
processes should be studied in search of relations between microstructural
parameters/chemical composition and self-healing efficiency.

e With the continuous evolution of environmentally friendly binders, there is a
need to verify the effect of multiple SCMs on self-healing properties.

e Majority of research on autogenous self-healing deals with mechanical loading.
However, durability-related issues are an important cause of damage in
concrete. In addition, there is scarce data on the relationship between self-
healing and non-mechanical loading, including high-temperature exposure.

e The efficiency of the autogenous self-healing is limited to a narrow crack range
and does not assure the healing of the crack at depth or mechanical strength
recovery. The potential commercial success of this method requires further
studies of novel stimulators.

e Data-driven modeling appears to be a promising direction for accurately
predicting self-healing properties. However, despite a relatively large amount
of data on the recovery of high-temperature damage, no attempts have been
made to apply machine learning for this type of self-healing.
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MECHANICALLY INDUCED CRACKS

3. MECHANICALLY INDUCED CRACKS

In Chapter 3, the autogenous self-healing of mechanically induced cracks is studied.
The methodology is presented in Figure 3.1. The goal of the initial studies (Study 4) was
to confirm the self-healing efficiency dependence on the amount of unhydrated cement
particles. Therefore, the UHPC was investigated, due to its high amount of cement and low
water-to-cement ratio, resulting in a large amount of unhydrated binder. In addition, several
elementary variables possibly affecting the healing process were studied: type of cement,
healing duration, and age at cracking. Based on the preliminary evaluation and within the
context of literature, the self-healing mechanism was suggested, and features possibly
hindering the efficiency of the process were identified (Obstacles 1 and 2, Figure 3.1).
These elements determined further experimental setup, including Studies B and C. In Study
B, the effect of exposure conditions on the self-healing of cement mortars was investigated,
focusing on overcoming Obstacle 1. On the other hand, Study C investigated the effect of
mix composition-related parameters on the auto-recovery process to address Obstacle 2.

Chapter 3 describes the materials and methods (Section 3.1) and analysis of the
obtained results (Section 3.2.). The results are divided into subchapters (Sections 3.2.1-
3.2.6) representing the factors related to the self-healing mechanism, i.e., healing time,
cracking age, exposure conditions, mix composition, crack geometry, and initial
microstructure of the material. A thorough discussion of the results and their implications
regarding the proposed mechanism is presented in Chapter 5.

Chapter 3 was redrafted based on (Rajczakowska et al. 2019bc) and (Rajczakowska et
al. 2023b).
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Figure 3.1. The overview of the methodology used in Chapter 3.
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3.1. EXPERIMENTAL SETUP

3.1.1. Materials

Mortars and pastes were prepared using ordinary Portland cement (OPC) produced by
Cementa (Skovde, Sweden). In Study A, two types of cement were used, i.e., CEM 142.5
N and CEM II/A-V 52.5 N commercial blend with approximately 20% of fly ash included.
In Studies B and C, only CEM 142.5 N was applied. The chemical composition of the types
of cement is listed in Table 3.1.

Table 3.1. Chemical composition of the applied types of cement (Rajczakowska et al.
2019b), fly ash (FA), and blast furnace slag (S) (Rajczakowska et al. 2023b).

Study A, B, C Study A Study C
Chemical analysis CEMI425N CEM II/A-V 525N FA S
Mean value (%)

CaO 63.30 57.1 1.37 38.5
SiO2 21.20 22.2 60.2 379
ALO3 3.40 6.20 17.7 13.2
Fe203 4.10 3.40 2.78 0.37
MgO 2.20 2.90 0.43 7.78
Na.O 0.18 0.31 0.60 0.45
K>O 0.56 1.20 0.58 0.64

In Study C, partial cement replacement was done by a mixture of limestone (LM), fly
ash (FA), ground granulated blast furnace slag (S), and silica fume (SF). Australian low-
calcium (Type F) FA and slag provided by Thomas Cement from Bremen, Germany, were
used, with chemical composition presented in Table 3.1. The choice of binder materials is
argued in the discussion part of the thesis (Chapter 5) since it connects to the conclusions
from Study A.

In addition, quartz and silica fume were used to prepare Ultra-High-Performance
Concrete (UHPC) in Study A. Elkem Microsilica (Oslo, Norway) Grade 920D (SF),
limestone powder Nordkalk Limus 40 from Nordkalk AB and quartz Norquartz 45 were
used. The grading of the SCMs is shown in Figure 3.2a.

Two types of fine aggregate provided by Baskarpsand AB (Habo, Sweden) with
particles smaller than 1 mm were used (Figure 3.2b). A fine aggregate of type B15 was
used in Study A, B, C, and B35 only in Study A. No coarse aggregate was applied.

To enable a low w/c ratio of the UHPC, a water-reducing admixture was used, i.e.,
polycarboxyl ether superplasticizer (SP), type BASF (Gothenburg, Sweden)
MasterGlenium SKY 600.
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Figure 3.2. (a) Grading of SCMs and limestone (Study C) (Rajczakowska et al. 2023b). (b)
grading curves of fine aggregates B15 (Study A4, B, C) and B35 (Study A) as well as UHPC
mix grading curve (Study A) (Rajczakowska et al. 2019b).

Two types of polymer fibers were used, i.e., polyvinyl alcohol (PVA) and
polypropylene (PP), with an approximate diameter of 0.025 mm and length of around 5
mm, in varied amounts. The primary purpose of the fibers was to enable crack width control
during the cracking procedure. However, a potential boosting effect was also taken into
consideration, as reported by others (Nishiwaki et al. 2012). Therefore, in Study A, a
relatively high amount,1.5%vol of PVA fibers, was used, and in Study B, 1.0%wt (of
cement) PVA fibers. The difference in dosing is connected to the different sizes of mortar
specimens used, and it was determined based on a trial-and-error approach. On the other
hand, in Study C, the PP fibers were applied in a relatively low amount, 0.5%wt of binder,
to decrease the “boosting” effect, however, maintain the crack control properties. PP fibers
were found to perform worse than PVA, considering self-healing efficiency, due to lack of
polarity (Nishiwaki et al. 2012).

Mix compositions of the mortars and pastes produced are shown in Table 3.2 (Study A
and B) and Table 3.3 (Study C). The justification for the choice of mortar ingredients is
discussed in Chapter 5.

Two types of molds were used to prepare the specimens, i.e., steel molds with
dimensions 4 cm x 4 cm X 16 cm and Teflon molds with dimensions 1.2 cm x 1.2 cm x 6
cm. The former is a standard-size mold used for mortars. The latter was designed to
facilitate microstructural analysis while enabling mechanical properties testing. It was
anticipated that excessive preprocessing, e.g., using water, could affect the phases formed
due to healing and alter the microstructure. Therefore, small specimen sizes did not require
extensive cutting to prepare the samples for the impregnation necessary for Scanning
Electron Microscope (SEM) analysis. Furthermore, Teflon was used as a mold material to
omit the necessity for oil application on the mold walls. For larger quantities of mortar, 4
cm x 4 cm x 16 cm beams, a Hobart mixer was used, whereas for 1.2 cm x 1.2 cm X 6 cm
specimens — a small vacuum mixer type Bredent was used.

The paste in Study C was prepared by mixing the binder components with water in a
vacuum mixer, type Bredent, at 390 rpm for 2 min. The pastes were cast into cylindrical
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polypropylene molds with a diameter of 33 mm, which were then sealed for 7 days
(Rajczakowska et al. 2023b).

Table 3.2. Mortar mix composition for Study A and B (modified from Rajczakowska et al.

2019ab)

U
Ingredient (kg/m%)
Cement type CEM 1
wic 0.22
Cement 1000
FA 0
S 0
Water 220
Quartz 300
B15 350
B35 350
SF 200
SP 22.5
PVA fibers 1.5%vol
28-day 143 +11
compressive

strength [MPa]

Study A
A
(kg/m’)
CEM 1

0.45
675
0

0
303.7

1196
0
0
0
1.5%vol
395+2.5

Study B
B C CFA
(kg/m?) (kg/m®)  (kg/m’)
CEM 11, fly CEM 1 CEM1
ash 20%
0.45 0.35 0.35
675 960 768
Included in 0 192
cement
0 0
303.7 336 336
0 0 0
1196 960 960
0 0 0
0 0 0
0 7.7 7.7
1.5%vol 1.0%wt 1.0%wt
36.5+2.0 Not measured

cs
(kg/m?)
CEM1

0.35
768
0

192
336

960
0
0
7.7
1.0%wt

Table 3.3. Mortar and paste mix composition for Study C (limestone (LM), fly ash (FA),
blast furnace slag (S), and silica fume (SF)) (Rajczakowska et al. 2023b).

REF
LMS0
FA12.5
FA25
FAS0
S12.5
S25
S50
SF12.5
SF25
SF50
FA' S
FA SF
S SF
FA S SF

OPC
(CEM I)

(€9)
1000

500
500
500
500
500
500
500
500
500
500
500
500
500
500

LM
®

0
500
437.5
375.0
250.0
437.5
375.0
250.0
437.5
375.0
250.0
250.0
250.0
250.0
125.0

FA
@

0
0
62.5
125.0
250.0

[ =i kel )

0
125.0
125.0

0
125.0

Study C

S SF
(2) (®

0 0

0 0

0 0

0 0

0 0
62.5 0
125.0 0
250.0 0

0 62.5

0 125.0

0 250.0
125.0 0

0 125.0
125.0 125.0
125.0 125.0

w/b
(O]

0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4

B15*
(€9)

1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000

*B15 and PP were not used in the case of paste preparation
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Mortars were removed from the molds after 24 hours and cured in plastic containers
underwater at 20°C. The curing time was 1 day (mix Ul, Al, and B1), and approximately
12 months (mix U12) in Study A, and 7 days in Studies B and C. In Study A, the effect of
the material’s age on the self-healing process was under investigation. On the other hand,
in Study B and C, the material's early age was anticipated to improve the healing efficiency
due to the larger amount of unhydrated binder.

3.1.2. Mechanical crack induction

Two types of mechanical crack induction methods were used, i.e., the three-point
bending test (Study A, B, and C) and the compression test (Study C).

The three-point bending test was conducted as a modified flexural strength test based
on EN 1015-11:2019 (2019). Both specimen sizes were used, i.e., 1.2cmx 1.2 cm x 6 cm
and 4 cm x 4 cm x 16 cm beams. A universal loading machine with displacement control,
type Wykeham Farrance, with a 50 kN loading cell combined with the QuantumX MX440B
universal measuring amplifier (HBM, Darmstadt, Germany) was used. A constant loading
rate of 0.5 mm/min was applied. Since, as mentioned in Section 2.4.1, the effect of crack
width on self-healing is significant, in this research, crack widths below 300 pm, an
accepted service state limit were maintained in anticipation of a reasonable crack closure
(Roig-Flores et al. 2015). Several research studies dealt with this crack range, e.g.,
(Edvardsen 1999), (Roig-Flores et al. 2015), (Gagné & Argouges 2012), and (Ahn et al.
2021). The maximum crack opening was controlled by observation with a digital optical
microscope, type Dino-Lite Pro AM-413T (Dino-Lite Europe, Naarden, The Netherlands)
with a 1.3 MP camera and a field of view of 1280%1024 pixels.

The compression test was performed with the uniaxial compression machine, type
Instron, model 1342 (Instron, Norwood, United States). Non-standard specimen size was
used, i.e., 4 cm x 4 cm x 4 c¢m, prepared by cutting the 4 cm x 4 cm x 16 cm beams. Since
the damage degree was observed to affect the recovery of mechanical performance due to
autogenous self-healing (Zhong and Yao, 2008), two damage degrees were applied in this
study, determined by trial tests. First, at 7 days the specimens were loaded until failure
(100% damage) to determine the compressive strength and induce larger cracks and higher
degree damage. Then, additional samples were loaded up to 80% of the maximum load
they could withstand (80% damage) to achieve less apparent damage and possibly smaller
crack widths within the material.

3.1.3. Self-healing exposure

After crack induction, the specimens were kept under specific environmental
conditions, i.e., exposure conditions, for the healing duration, which varied between the
experiments. Below a description of each setup is presented with a brief justification.

In Study A, continuous complete immersion in tap water at 20 °C for 21 days was
applied without renewal or movement of water. The exposure was expected to maximize
the effects of the self-healing due to ongoing hydration process for the mortars with a high

49



amount of unhydrated cement. The specimens were kept together in a plastic container,
which could have affected the ion concentration in the solution. Nevertheless, the
conditions were kept the same for all the samples.

On the other hand, the goal of Study B was to verify the effect of different
environmental conditions on the self-healing process. Therefore, the exposures were
chosen based on the conclusions from Study A, which served as a preliminary exploratory
investigation (Figure 3.1). A detailed discussion of the results and connections between the
studies is presented in Chapter 5. The applied treatments and their scientific justification
are summarized in Table 3.4.

Table 3.4. Exposure conditions applied in this study with justification — Study B
(Rajczakowska et al., 2019c¢).

Exposure Abbreviation Justification

Air EXP 0 Non-healed samples

Deionized water mixed with Accelerator in  EXP 1 Increasing the rate of hydration process
proportions 3:1 (immersion) inside the crack; possibly faster healing;

different composition of hydrates
(Elkhadiri et al. 2009; Escalante-Garcia &
Sharp, 1998; Matschei & Glasser, 2010)
Deionized water mixed with Retarder in EXP 2 Slowing down the hydration — more
proportions 3:1 (immersion) hydrates can precipitate on the surface of
unhydrated cement grains (Escalante-
Garcia & Sharp, 1998; Kjellsen et al.,

1991)

Saturated lime water immersion EXP 3 The more Ca?' ions in the solution, the
higher the pH

Coca-Cola immersion EXP 4 Introducing phosphate anions into the self-

healing solution; possibly beneficial
retarding effect of sugar on the hydration
of self-healing products
Deionized water immersion EXP 5 Reference exposure
Deionized water immersion with cyclic EXP 6
evaporation (72 h cycle)
Dry/wet (deionized water) cycles 24 h/24h  EXP 7
Deionized water immersion up to 1 mm EXP 8
height of the sample
Deionized water immersion up to 5 mm EXP9

Changing the water regime by introducing
the cycles of evaporation as well as
different water volumes to modify the
concentration of ions inside the crack

height of the sample

Water immersion temperature cycle 24 h/ EXP 10 Increasing/decreasing the rate of the

20°C and 24 h/ 40°C hydration process as well as changing the

Water immersion temperature cycle 24 h/ EXP 11 hydration product composition. Possible

20°C and 24 h/ 5°C ettringite formation leads to a higher
strength regain in case of lower
temperature (Liu et al., 2017; Xu et al.,
2012)

Deionized immersion with micro-silica EXP 12 Providing the nucleation sites inside the

particles 1.25%w crack for the self-healing products

In the case of Exposure 1, a commercial SIKA accelerator contained 40%—-60% nitrate
salts and 40%—60% water. The retarding admixture applied in Exposure 2 was SIKA
Retarder, described by the producer as modified phosphates containing sodium
metaphosphate (20%-30%), sodium gluconate CsH11NaO7 (2%—5%), and water (70%—
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80%) (Rajczakowska et al., 2019c¢). Treatment with the commercially available drink Coca-
Colawas also applied. This substance includes water, high fructose corn syrup, white sugar,
carbonic-acid gas, phosphoric acid (approximately 530 mg/L) (Bello et al., 1996), and
caffeine (Choi et al., 2019). However, the detailed chemical composition is unknown
(Rajczakowska, 2019d). The healing process was maintained for 28 days for each exposure.
Each specimen was kept in an independent cylindrical plastic container, and deionized
water was used to ascertain control over the ion concentration of the solution.

In Study C, four cycles of 3 days wet and 3 days dry phases were applied to simulate a
more realistic, considering field conditions and self-healing exposure. The length of the
cycles was determined by trial and error on the small specimens (1.2 cm x 1.2 cm x 6 cm
beams) by visual observations of the crack closure. Each set of specimens belonging to the
same binder composition was immersed in tap water in the same plastic container and
sealed during the wetting phase. A similar water level was maintained for all containers.
During the drying phase, the specimens were removed from the water and kept in the same
room with a crack opening facing up at approximately 20°C and 40% RH. The water was
exchanged after each cycle to facilitate the possible calcium-leaching process. The purpose
was to impose higher ion concentration gradients and potentially increase the ion transfer
into the crack. In previous studies, the calcium leaching caused corrosion by renewed
deionized water was studied in relation to the radioactive waste disposal facilities; however,
the rate of the reactions was slow (Adenot and Buil, 1992).

3.1.4. Self-healing efficiency measurements

The self-healing efficiency was assessed based on several parameters, i.e., ultrasound
transmission time, crack closure, strength recovery, and water absorption rate changes. In
addition, the effect of the material’s microstructure at the moment of cracking was
considered (e.g., porosity, unhydrated cement amount) and crack geometry. The
experimental setup differed in each study depending on the research questions and logistics.
The list of measured parameters in each Study is presented in Table 3.5.

Table 3.5. List of parameters measured in Study A, B, and C.

Study A Study B Study C
Ultrasound transmission time Crack closure — crack mouth Crack closure — crack mouth
Crack closure — crack mouth Crack closure — at depth Compressive strength recovery,

. o . - two damage degrees
Chemical composition and Chemical composition and £e deg

morphology of healing products ~ morphology of healing products =~ Water absorption rate

Unhydrated cement amount The pH of the healing solution Crack geometry parameters
Flexural strength recovery Flexural strength recovery (tortuoslhty, fractal dimension,
crack width)

Initial microstructure of the
hydrated binder (porosity, Si/Ca
ratio, portlandite, and calcite
amounts)
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Below, the methods used to characterize the self-healing in this research are briefly
summarized.

The transmission time was measured using the Pundit Lab instrument with exponential
transducers and a frequency of 54 kHz following EN 12504-4:2004 (2004) standard. The
readings were performed before cracking (#,0), after cracking (¢,/) as well as, after 14 (¢, 14)
and 21(#,2:) days of healing. The transmission time recovery ratio R; was defined as
(Rajczakowska 2019d, Rajczakowska 2019b):

Ry =2t [ 3.1)

where 7 is the moment in time of healing, #,¢1s the transmission time before cracking, and
t,:1s the transmission time at the moment i of healing.

The crack closure at the crack mouth was calculated based on the images obtained with
a digital light microscope, type Dino-Lite Pro AM-413T with a 1.3 MP camera and a field
of view of 1280 x 1024 pixels (Rajczakowska et al. 2019b). A special stand was designed
to acquire the images in the same position before and after healing (Figure 3.3a). The
analyzed crack length was approximately 32 mm in Study A and C (4 cm x 4 cm x 16 cm
beams) and 10 mm in Study B (1.2 cm x 1.2 cm x 6 cm beams). In Study B, two surfaces
were analyzed, Surface 1 at the side of the specimen and Surface 2 at the crack opening
(Figure 3.43b). In addition, four specific image positions were selected in Study C to
facilitate crack geometry analysis (Figure 3.3c¢).

T Crack opening
Surface 2 Crack opening
Crack

surface \inage 4
/ & Image 3
= Image 2
| Image 1

T

(a) (b) ©

Figure 3.3. (a) Picture of the optical microscope setup, (b) the scheme for taking a picture
of the crack, (c) four image positions used in Study C; modified from (Rajczakowska et al.,
2019c¢) and (Rajczakowska et al. 2023b).

The images were converted to 8-bit grayscale, and the crack was segmented from the
image by applying thresholding algorithms. Details can be found in papers II, 111, and TV
(Rajczakowska et al. 2019bc and Rajczakowska et al. 2023b). The Fiji image processing
package (Schindelin et al. 2012) was used for image processing and analysis. The
calculation was performed on the binarised images of cracks, where white pixels (of value
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1) depicted the crack area and black pixels (of value 0) the hydrated binder matrix
(Rajczakowska et al. 2019b). The crack closure ratio CC was calculated as follows:
Ap — Ap

cC = i -] (3.2)

where A, and A4, are the area (sum of white pixels) of the crack before and after healing,
respectively.

In addition, the cracks were studied at depth to verify the self-healing phases formed
deeper inside the specimen, using two methods. Method 1 involved splitting the mortar
specimen into two parts and assessing the crack plane (Figure 3.4). The morphology and
chemical composition of the formed self-healing products were evaluated using SEM with
Energy Dispersive Spectroscopy (EDS).

On the other hand, Method 2 was based on the SEM and EDS analysis of the specimen
cross-sections (Figure 3.5). The middle part of the beam was cut to fit a sample fragment
in the resin impregnation mold. The specimens were then impregnated in epoxy resin under
vacuum using Struers CitoVac and Labosystem (Struers, Ballerup, Denmark). Struers MD
Largo discs and DP-Spray M diamond suspensions with decreasing particle sizes were
applied to polish the surface of the sample. Polishing was done twice to obtain two cross-
sections, i.e., Cross-section 1 just below the surface (approximately 1 mm below the
surface) and Cross-section 2, in the middle of the sample height (6 mm below the surface).

The analysis was conducted using Jeol JISM-IT100 SEM (JEOL Ltd., Tokyo, Japan)
with Bruker EDS (Bruker Corporation, Billerica, MA, USA). To avoid charging, the
imaging was done in secondary electron (SE) and backscatter electron (BE) modes under a
low vacuum. At least three points were analyzed for each self-healing product. Details of
the procedures are described in Papers II and III (Rajczakowska et al. 2019bc).

Mortar specimen

Crack opening

Crack plane

* Crack surface

< Yo

/

Edge of the
crack plane

Centre of the
crack plane

Figure 3.4. Crack studies deeper inside the specimen — Method 1 (Rajczakowska et al.
2019d).
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(a) Surface 2
Crack opening

Cutting plane

Surface 1

Figure 3.5. Crack studies deeper inside the specimen — Method 2 (Rajczakowska et al.
2019c¢).

The water absorption rate test was conducted using a similar procedure to ASTM
C1585 standard (2020). Non-standard specimens were used, i.e., 4 cm X 4 cm x 16 cm
beams. Firstly, the samples were oven-dried at 55°C until the weight change was less than
0.2%. Afterward, the beam's surface was covered with a silicone layer on four sides to
establish a quasi-one-directional water movement (Zhang et al. 2014). Covered beams were
situated in a plastic container filled with water up to a level of approximately 4 mm above
the bottom surface of the specimen (Figure 3.6). Sample mass changes were measured in
specific time intervals, i.e., 0, 5, 15, 25, 45, 60, 120, and 180 min, after the removal of
surplus water with a cotton cloth. Between the measurements, the specimens were kept in
water (Gupta et al. 2018). The cumulative rate of water absorption / in each moment t was
calculated according to the following formula:

Am

where Am is the change in mass of the sample (g), 4 is the area of the bottom surface (mm?)
and p is the density of water (g/mm?®) (Rajczakowska et al. 2023b).

Crack surface under

Cracked mortar 2 .
a layer of silicone Container

beam4 x 4 x 16 cm

\ \_ \
Water \ Direction of Silicone
/ water uptake
l. _1~4 mm

Crack opening~~

Figure 3.6. Water absorption rate test setup (Rajczakowska et al. 2023b).

The test was performed on the healed specimens after four dry/wet cycles. As a
reference, the water absorption rate of intact specimens was measured on the same day, i.e.,
7+24 days. The performance of the damaged specimens before healing was not included in
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the analysis. Initially, the test was performed on the specimens after cracking for selected
binders; however, the results were inconclusive. Comparison with the intact mortars gave
a better indication of the healing performance in relation to the initial properties of the
material. This study uses a similar approach for compressive strength recovery evaluation.
Comparison with undamaged state, excluding the cracked (non-healed) mortars, was also
studied by other researchers, e.g. (Feng et al. 2019) or (Gupta et al. 2018). Since the damage
variation might alter the results, a thorough evaluation of the crack mouth's geometry was
performed, demonstrating a low scatter of the crack characteristics (Section 3.2.5). In
addition, an average value of three specimens was analyzed to decrease the error.

The following self-healing efficiency parameters were defined based on the water
absorption rate measurement:

IR25 =I5 =I5 [mm] (3.4)
IR180 = Ligon — ligoun [mm] (3.5)
S.
SR25 = =21 [ (3.6)
st,un

where Ip5, and I,s,,, are the values of cumulative water absorption at 25 min for healed
and undamaged specimens, respectively, and I;gq 5, and I;gg .., are the values of cumulative
water absorption at 180 min for healed and undamaged samples, respectively. On the other
hand, S>s denotes the coefficient of sorptivity, and S,5, and S,s ., are the slopes of the
initial 25 min of the water absorption curves for healed and undamaged specimens,
respectively. Smaller values of /R2, IR180, and SR25 correspond to more successful healing
(Rajczakowska et al., 2023b).

Compressive strength recovery was measured on 4 cm x 4 cm x 4 cm specimens for
two damage degrees, 80% (CSR80) and 100% (CSR100), as described in Section 3.1.2.
The values of healed specimens were compared with the intact specimens measured on the
same day, i.e., at 7+24 days, to avoid bias concerning the possible ongoing
hydration/pozzolanic activity in the material during the healing period. The compressive
strength recovery parameter CSRp; was calculated according to the equation below:

CSRpy, = iﬂ -] (3.7)
un
where PL is the preloading peak load (80 or 100%), Sp; is the compressive strength after
healing of a specimen subjected to a given preloading peak load and S,,,, is the reference
compressive strength of undamaged cubes. The efficiency of the healing process is greater
for higher values of the CSR parameter (Rajczakowska et al., 2023b).

Flexural strength recovery was tested on the 1.2 x 1.2 x 6 cm specimens using the three-
point bending setup described in Section 3.1.2. Two recovery definitions were used, S,
and S, formulated as follows (Rajczakowska et al. 2019bc):
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(3.8)

Sy —So
S==5— 3.9)

where Sy represents the flexural strength of the pre-cracked samples stored in the air and
tested at the same time as healed specimens, Sy depicts the flexural strength of the healed
specimens, S, denotes the flexural strength of the intact specimens. A higher value of the
flexural strength recovery indicates more efficient self-healing (Rajczakowska et al.
2019bc).

The geometry of the cracks before healing was described using various parameters, i.c.,
initial crack area (ICA), maximum crack width (MCW), average crack width (ACW),
tortuosity (T), and fractal dimension (FD). Calculation of the parameters was done based
on the optical images of the crack taken in four positions on the 4 cm x 4 cm x 16 cm beams
(Figure 3.3). Image analysis was performed using the Fiji image processing package
(Schindelin et al. 2012). The main steps in the calculation procedure are presented in Figure
3.7. (Rajczakowska et al., 2023b).

The local thickness algorithm (Hildebrand & Riiegsegger, 1997) was applied to
calculate the width of the crack (MCW and ACW) using the Local Thickness plugin in the
Fiji package (Saito & Toriwaki, 1994). After image binarization, 32-bit local thickness
maps were produced (Figure 3.7al), with pixel values associated with the crack width in
each point (Rajczakowska et al. 2023b). Afterward, local thickness histograms were
generated (Figure 3.7a2). The MCW was assumed as the maximum value from the
histogram, whereas the ACW was computed as a weighted average based on the number
of counts per each crack width (Rajczakowska et al., 2023D).

The crack tortuosity (T) characterizes how the crack shape differs from the straight line
and it can be calculated according to the following equation (San Wu et al. 2006):

Lactual
T= —

LEuclidean

-] (3.10)

where Lgctyqr 18 the actual length of the crack and Lgycjigeqn 1S the shortest distance
between beginning and the end of the crack in Euclidean space (San Wu et al. 2006;
Rajczakowska et al. 2023b). The higher the T parameter, the “windier” the crack, with T
equal to 1 corresponding to a straight line. To calculate the tortuosity of the cracks, the
binarized images were preprocessed (Figure 3.7b1-b3). First, dilation was applied to
consolidate scattered parts of the crack together (Figure 3.7bl), followed by a
“skeletonization” procedure (Arganda-Carreras et al. 2010; Lee et al. 1994) with the use of
the Skeletonize(2D/3D) plugin available in the Fiji package. Obtained skeleton (Figure
3.7b2) was cleaned from artifacts below 70 pixels (Figure 3.7b3). The obtained crack
outline was measured using Analyze Skeleton(2D/3D) Fiji plugin to determine L,ctyq:
and Lgycrigean distances (Rajczakowska et al., 2023D).
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Original image

Binarised image

2000 ym
(b) Tortuosity

(a) Local thickness
(al) |': Lacal thickness map Dilated crack

. - -
0 --,'..-"‘"

2000 pm

(a2) Histogram — Local crack thickness

Counts

6.8 Local thickness (pm) 200

‘ 2000 pym

Maximum crack width (MCW)
Average crack width (ACW) Tortuosity (T)
Figure 3.7. The image processing procedure for the (al-a2) calculation of maximum crack
width (MCW), average crack width (ACW), and (b1-b3) tortuosity (T) (Rajczakowska et
al. 2023b).

The complexity of the crack was represented by the fractal dimension (FD), which
indicates the arrangement change with the change in scale. Fractal dimension “given as an
integer number gives information about the degree of filling a given metric space with the
object being analyzed” (Szelag, 2020). For instance, for a curve, the range of fractal
dimension can be equal between 1 and 2 (Szelag, 2020). FD can be calculated using several
methods; however, in this study, the box-counting algorithm was used due to its
uncomplicated character. This method includes placing a series of boxes of decreasing
dimensions over the image of the crack. Then, the number of boxes that contain the crack
for each box size is determined (Foroutan-pour et al. 1999). The definition of the FD for
the box-counting method is presented below (Szelag, 2020):

(3.11)

where N, denotes the number of boxes intersecting the crack in the image, and ¢ represents
the scale, that is, the box size in relation to the image size. This limit is calculated in practice
as a slope of the regression line of the log-log plot of the data (Szelag, 2020; Rajczakowska
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et al. 2023b). In this research, FracLac for Image] (Karperien, 2013) software was used to
compute the FD of the cracks. The largest box was limited to 45% length of the shorter
edge of the image. A linear grid sampling size with twelve different grid orientations was
used (Rajczakowska et al. 2023D).

Parameters and chemical composition of the hydrated binder microstructure were
determined using SEM and XRD techniques. The inner C-A-S-H phase's porosity and
Si/Ca ratio were calculated based on SEM imaging, whereas Portlandite and calcite phases
were estimated by semi-quantitative analysis of peaks from the XRD measurements. Below
a short description of the sample preparation and measurement procedures is presented.

Preparing SEM specimens included cutting approximately 3 mm thick slices from the
middle of the sample. The procedure roughly followed the one in the study of Georget et
al. (2021). The solvent exchange method was used for hydration stoppage with isopropanol
for 7 days. Specimens were dried in a desiccator for 48 hours before resin impregnation
and polishing were done using Struers CitoVac and Labosystem. Polished sections were
prepared with Struers MD Largo discs and DP-Spray M diamond suspensions with 9 pm,
3 pum, and 1 pm particles for subsequent polishing steps. The first step of polishing lasted
30 min and 20 N pressure was used; the second step — 2 h and 25 N, and finally, 3 h and 25
N for the thirst step. Lubrication and cooling were done with paraffin-based lamp oil instead
of water to preserve the specimen microstructure. Ultrasonic bath cleaning in isopropanol
was applied between each step. Before the analysis, the impregnated and polished
specimens were stored again in a desiccator for 48 hours for drying (Rajczakowska et al.,
2023b).

Microstructural analysis was performed using Jeol JISM-IT100 SEM with Bruker EDX
in BE mode under a low vacuum with 30 Pa pressure, an accelerating voltage of 15 kV,
and a working distance of 12+1 mm.

The porosity of the hardened binder was calculated as an average value from 30 SEM
BE images taken at 400 x magnification (Figure 3.8a), following the overflow method
(Wong et al. 2006). Image processing was done using Fiji image processing package
(Schindelin et al. 2012) with ImageJ2 software (Schindelin et al. 2015; Rueden et al. 2017),
whereas OriginPro (v 2020) software was used to estimate the final threshold, i.e., the so-
called critical overflow point (Figure 3.8b). The porosity was calculated as the number of
black pixels in relation to the total number of pixels corresponding to the image, based on
the images binarised with the determined earlier threshold. The average porosity value from
30 images was considered (Rajczakowska et al., 2023b).

On the other hand, the Si/Ca ratio of the inner product (IP) C—A—S—H was calculated
following the guidelines from the publication of Rossen and Scrivener (2017). Images at
4000x magnification were analyzed in 10 different locations of the specimen. Point analysis
was used for the elemental analysis by selecting 10 points manually within the boundaries
of I[P C—A—S-H (Figure 3.9a). The number of X-rays per acquisition was equal to 50,000
counts per analysis (approximately 7 min per location), and it was kept constant for all
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measurements. The so-called Edge of the Cloud of Points method (Rossen & Scrivener,
2017) was used to estimate the average atomic ratio Si/Ca of IP C—A—S-H (Figure 3.9b).
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Figure 3.8. (a) example of SEM image (BE 400x) for porosity analysis; (b) Porosity
threshold estimation from cumulative curve (Rajczakowska et al. 2023b).
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Figure 3.9. (a) 4000x BSE-SEM image of a polished section with marked 10 EDX
measurement points in the inner product (IP) C-A-S—-H in one location; (b) fitting
procedure for IP C-A-S—-H Si/Ca ratio based on (Rossen and Scrivener, 2017)
(Rajczakowska et al. 2023D).

The specimens for XRD analysis were prepared following a procedure similar to the
RILEM TC-238 recommendation (Snellings et al. 2018). First, a 3 g of paste, crushed with
mortar and pestle into a fine powder, was immersed in 100 ml of isopropanol for 15 min to
stop hydration. Then, the material was vacuum filtered on the Biichner filter and oven-dried
at 40°C for around 8 min.

An XRD, type Empyrean from PANalytical with PIXcel 3D detector (Malvern
Panalytical Ltd., Royston, UK) was used with Cu-K radiation and a wavelength of 1.54060
A, generated at 45 kV and 40 mA. Each measurement lasted approximately 15 min
following a step size of 0.0260, and the angle range of 26 was from 5° to 65°. Identification
of Portlandite and calcite phases was made using Panalytical’s Highscore Plus software,
equipped with a COD database. The semiquantitative calculation was performed with
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OriginPro’s Quick Peak tool to estimate the first peak area and half-maximum height
(FWHM) for each phase after the baseline subtraction (Rajczakowska et al., 2023b).

3.2. RESULTS AND ANALYSIS

3.2.1. Effect of material's age at cracking

The age effect was evaluated for the UHPC specimens cracked at one day (mix Ul)
and approximately 12 months (mix Ul2) after casting. Since the mix composition for
UHPC contains a large amount of cement, a relatively high amount of unhydrated cement
particles would be expected, even at a mature age. Therefore, based on the ongoing
hydration mechanism, similar healing efficiency was expected for both materials.
Nevertheless, based on the obtained results, the age effect on self-healing was inconclusive.

The crack closure ratio was higher for the early-age specimen Ul, reaching
approximately 0.65 compared to 0.45 for U12 (Figure 3.10c). Nevertheless, the variation
of the results was high, possibly due to local crack width differences. Visually no
significant differences were observed (Figure 3.10a). Large amounts of white cuboid
crystals were observed on the surface of the PVA fibers, bridging the crack for both
specimens (Figure 3.10de).
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Figure 3.10. Light microscope image of the crack: (a) before healing for sample U12; (b)
after 21 days of healing for sample U12; (c) crack closure ratio for samples Ul and U12;
(d) SEM BSE image (300x) of the crack at the surface for the sample U12; (¢) SEM BSE
image (300x) of the self-healing products deposited on the PVA fiber in the specimen U12
(Rajczakowska et al. 2019b).

In terms of flexural strength recovery, the Ul specimen demonstrated better
performance despite relatively low surface crack closure, which could presumably suggest
the formation of the C-S-H phases forming deeper inside the crack due to the ongoing
hydration of unhydrated cement (Figure 3.11). It should be noted that the SEM analysis of
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the polished section did not show significant differences between the two mixes in terms
of the amount of unhydrated cement, with 17.02 % for mix Ul and 17.34 % for mix U12.

Nevertheless, evaluation of the internal crack planes (Figures 3.12 and 3.13) revealed
a higher amount of C-S-H phases for the early-age specimens Ul. In addition, ettringite
was observed in the case of Ul, presumably contributing to the higher strength regain
(Gonzalez et al., 1997). Cracks of both mixes were filled with calcite crystals to some
extent.
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(a) (b)
Figure 3.11. (a) The mean flexural strength measured before healing but after cracking
(bH) and after healing of the initially cracked samples (h) (b) flexural strength recovery
ratio for mixes U1 and U12. (Rajczakowska et al. 2019b).

Figure 3.12. SEM SE images (1000x and ~300x) of the crack plane for Ul and Ul2
(Rajczakowska et al. 2019b).
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Furthermore, the spatial distribution of the healing products was studied, i.e., at the
crack mouth (Area A, Figure 3.13) and inside, approximately in the middle of the crack
(Area B, Figure 3.13). The morphology and chemical composition of the observed two
distinct phases was evaluated (Table 3.6).
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Figure 3.13. Spatial distribution of the self-healing products inside the specimens after 21
days (BE images, 1500x) (Rajczakowska et al. 2019b).

Table 3.6. Results of the SEM-EDS analysis (Rajczakowska et al. 2019b).

Atomic Norm. %

Elements
Product Type 1 Product Type 2
C 18.48 18.45
Ca 19.08 8.39
Si 0.00 7.36
Al 0.00 0.95
(¢} 62.44 63.85
K 0.00 1.00
Ca/Si 0.00 1.14

The results of elemental point analysis with SEM-EDS suggested that the cubic-like
morphology corresponded to calcium carbonate, with no silicon present (Product 1, Table
3.6). This healing phase was observed primarily in Area A, at the edge of the crack plane.
On the other hand, needle-like morphology, dominating in Area B, was labeled as C-S-H,
with Ca/Si ratio close to 1 (Product 2, Table 3.6).

The self-healing performance of UHPC was less pronounced than anticipated
considering a high amount of unhydrated cement particles. The recovery further diminished
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with the age of the material. Since both materials had a similar amount of unhydrated
cement particles based on the SEM analysis, another factor influenced the materials’
performance. It can be hypothesized that a dense binder matrix microstructure with a low
water-to-cement ratio and a high amount of silica fume hindered the transport of ions from
the hydrated binder into the crack (Figure 3.1, Obstacle 2)

3.2.2. Effect of healing duration

Ultrasound transmission time measurements were used to estimate the changes in
healing with time for mixes Al, B1, Ul, and Ul2. It was observed that after an initial
substantial increase caused by the crack induction, transmission time gradually decreased,
possibly due to the formation of healing phases (Figure 3.14a). Transmission time recovery
(Figure 3.14b) was reached approximately after 14 days of healing in water for all mortar
mixes, which agrees with other studies (Kan & Shi, 2012; Ma et al., 2014).
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Figure 3.14. (a) Transmission time evolution for samples Al, B1, Ul, and Ul12, (b)
transmission time recovery ratio evolution for samples Al, Bl, Ul, and UIl2
(Rajczakowska et al. 2019D).

It can be hypothesized that at the beginning of the self-healing process, the local water-
to-cement ratio inside the crack is high due to a small number of unhydrated particles
uncovered, which can likely cause accelerated hydration leading to a high initial growth
rate of healing phases (Huang et al., 2013). Furthermore, formed healing products could
block the dissolution of the calcium ions into the crack by creating a dense shell on the
cement grain surface, consequently slowing down the self-healing process (Obstacle 1,
Figure 3.1) (Huang et al., 2013).

3.2.3. Effect of environmental exposure

Four environmental exposure groups were studied, i.e., different water immersion
regimes, temperature cycles, water containing accelerating/retarding chemical admixtures,
and water containing additional ions or particles (Table 3.4). Each specimen was kept in a

63



separate container, and the treatment lasted 28 days. In addition, mortar specimens based
on OPC were tested with w/c equal to 0.35 and cement to sand ratio equal to 1 (Table 3.2).

Water immersion

Optical microscope and SEM images before and after 28 days of healing of Surface 1,
Cross-section 1, and Cross-section 2 are shown in Figure 3.15 for Exposures 5, 6, 7, 8, and
9 (water immersion, water evaporation, dry/wet cycles, water/1 mm and water/ 5 mm). No
significant healing at the crack mouth or internally was observed for the applied water
immersion regimes (Rajczakowska et al., 2019c¢).

Water imm. Surface 1 Water imm. Cross-section 1 Water imm. Cross-section 2

Water full immersion (EXP 5)
0 days
S mm

Water full immersion (EXP &) A :
0 days g \ 100 um

3 mm : —
- e - ——

Water/evap. Surface 1

Walerlevaparation (EXP 6)
0 'days

3 mm

——

Water/evaparation [EXP &)
268 days

3. Inim

100 pm i
+

Water/t mm  Surface 1 Water/1 mm Cross-section 1 Water/t mm Cross-section 2

Water/1 mm (EXP 8) i B :- F i .
Odays v i

Water/1 mm (EXP.8)
28 days
Imm

Water/5 mm (EXP 9)
0 days

Water/5 mm (EXP 8)
28 days

3 mm

Figure 3.15. Example images of Surface 1 observed with the optical microscope before (0
days) and after healing (28 days) and the SEM (BSE, 200x) and cross-sections (SEM BSE,
200x) of the specimens healed for 28 days in Exposures 5-9 (water immersion, water
evaporation, dry/wet cycles, water/l mm, water/ 5 mm) (Rajczakowska et al., 2019c).
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Measurement of the pH of the healing solution suggested that high pH was obtained
after the initial 12 hours for all water exposures (Figure 3.16a). Subsequently, the pH value
stabilized for Exposures 5, 8, and 9, whereas a continuous decrease was observed for
Exposures 6 and 7, reaching approximately 9-10 after 28 days.
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Figure 3.16. (a) pH changes vs. time for Exposures 5-9; Crack closure ratio for Exposures
5-9: (b) Surface 1, (c) Surface 2. (Rajczakowska et al. 2019c¢).

Self-healing at crack opening (Surface 2) was below 20% for all environmental
conditions (Figure 3.176c). Exposure 8, with the smallest volume of water, exhibited the
lowest crack closure at Surface 1 (Figure 3.16b). The best crack closure performance at
Surface 1 was demonstrated by Exposures 5 and 6, associated with continuous water
immersion and evaporation, respectively. Calcite precipitates with a Si/Ca ratio of 0.18
were noticed both at the surface and deeper inside the crack (Figure 3.17ac), leading to the
complete sealing of crack widths up to 50 pm.

(a) Waterfevaporation (EXP 6) (b) Dry/wet cycles (EXP 7)

Surface 1 Surface 1
VA = \‘&3«5 ~ 4

(c} Water/evaporation (EXP 6) (d ry/wet cycles (EXP 7)
Cross-section 1 Cross-section 1

Only somagelf
L) deposited om th

SilCa=0.18+0.01 el

Lk

Figure 3.17. (a) Surface 1 Exposure 6 (SEM BSE 600x); (b) Surface 1 Exposure 7 (SEM
BSE 600x); (c) Cross-section 1 Exposure 6 (SEM BSE 600x); (d) Cross-section 1 Exposure
7 (SEM BSE 100x) (Rajczakowska et al., 2019¢).
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In the case of Exposure 7 (cyclic water immersion), only minimal self-healing was
observed with calcium carbonate present at the crack mouth (Figure 3.17b) and inside, on
the surface of PVA fibers (Figure 3.17d). A short wetting phase (1 day) could be the
possible reason for the failure of this healing treatment, i.e., there was not enough time for
the calcium ions to transfer to the crack.

In addition, water exposure possibly led to the release of sulfates from the unhydrated
cement grains, which facilitated the formation of ettringite inside the cracks (Figure 3.18).
This healing phase was observed for Exposures 5, 8, and 9.

(a) Water full immersion (EXP 5) (b) Water/ 1mm (EXP 8) (c) Water/ 5Smm (EXP 9)
Surface 1 Surface 1 Surface 1

(d) Water full immersion (EXP 5) (e) Water/ 1mm (EXP 8) (f) Water/ Smm (EXP 9)
Cross-section 1 Cross-section 1 Cross-section 1

Figure 3.18. (a) Surface 1 Exposure 5 (SEM BE 600x), (b) Surface 1 Exposure 8 (SEM
BSE 600x), (c) Surface 1 Exposure 9 (SEM BSE 600x), (d) Cross-section 1 Exposure 5
(SEM BSE 600x), (e) Cross-section 1 Exposure 8 (SEM BSE 600x), (f) Cross-section 1
Exposure 9 (SEM BSE 600x) (Rajczakowska et al., 2019¢).

Temperature cycles

Two exposures involving complete water immersion with cyclic temperature changes
were evaluated, i.e., Exposure 10 with 24h at 20°C followed by 24h at 40°C and Exposure
11 with 24h at 20°C followed by storage at 5°C.

Similar crack closure of approximately 60% was achieved on Surface 1 and 2 for both
Exposures 10 and 11 (Figure 3.19bc). In comparison, reference Exposure 5, cured
continuously in water at 20°C, obtained a negligible crack closure on Surface 2 (Figure
3.19¢). Representative images of the crack mouth and specimens' cross-sections are shown
in Figure 3.20. Over time, pH changes were observed for Exposures 10 and 11 (Figure
3.19a). A significant decrease was observed after 148 h as opposed to the reference
Exposure 5, which maintained the constant pH of the solution.
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Figure 3.19. (a) pH changes in time for Exposures 5, 10, and 11; Crack closure ratio for
different temperature exposures: (b) on Surface 1, (c) on Surface 2 (Rajczakowska et al.,
2019c¢).

Calcite precipitation was the main healing phase for Exposure 10 (Figure 3.212ab),
where higher temperatures possibly accelerated the reaction (Roig-Flores et al., 2016). On
the other hand, calcite and ettringite were observed in the low-temperature cycle (Exposure
11, Figure 3.21cd), which agrees with other studies (Liu et al. 2017). Furthermore, analysis
of the cross-sections of the specimens revealed limited quantities of self-healing products
deeper inside the cracks for both temperatures. Nevertheless, based on the crack closure
results, it can be concluded that temperature cycles have a presumably positive effect on
crack healing; however, the healing is limited, possibly due to the short cycle. A similar
observation was made by other researchers (e.g., Suleiman and Nehdi, 2018).

40°C Surface 1 40°C Cross-section 1 40°C  Cross-section 2
40°C (EXP 10) Odays SIS od Sl

3Imm

40°C (EXRP 10) 28 days ;
00 pm

Cross-section 1
5°C (EXP 11) - 0days

Figure 3.20. Representative images of surfaces and cross-sections of specimens healed at
various temperature variation cycles (Exposure 10 and 11) (Rajczakowska et al., 2019c).
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(a) 40°C (EXP 10) Surface 1 (b) 40°C (EXP 10) Cross-section 1

Figure 3.21. (a) Calcite on the surface of the crack healed at 40°C (EXP 10, SEM SE image
150x), (b) Calcite inside the crack (Cross-section 1) healed at 40°C (EXP 10, SEM BSE
image 800x), (c) Ettringite on the surface of the crack healed in 5°C (EXP 11, SEM SE
image 200x), (d) Ettringite on the surface of the crack healed in 5°C (EXP 11, SEM SE
image 200x) (Rajczakowska et al., 2019c¢).

Accelerating and retarding admixtures

An attempt to modify the reaction rate inside the crack was made by adding
accelerating (Exposure 1) and retarding admixtures (Exposure 2) into the water exposure.
Representative images of Surface 1 and specimens' cross-sections for Exposure 1 and 2 are
demonstrated in Figure 3.22.

Retarder Surface 1 Retarder Cross-section 1 Retarder Cross-section 2

o

Retarder (EXP 2) 0 days

Retarder (EXP.2). 28 days

T “ W% min

Accelerator Surface 1 Accelerator Cross-section 1 Accelerator Cross-section 2

Accelefator (EXP 1) 0 days

Accelerator (EXP 1) 28 days

1004m : i DO / 100:um
# eyt . e

3 mm

Figure 3.22. Representative images of the surface and cross-sections of the specimens
healed in Exposures 2 (Retarder) and 1 (Accelerator) (Rajczakowska et al., 2019¢).

68



MECHANICALLY INDUCED CRACKS

It is visible that the retarding admixture addition facilitated the crack closure both at
the crack mouth and deeper inside the crack, as detected on SEM images of the cross-
sections (Figure 3.22 top). The crack closure ratio was close to 1 for both Surface 1 and 2
(Figure 3.23bc), indicating almost complete crack sealing. On the other hand, the efficiency
of healing in accelerating admixture did not show a substantial increase in comparison to
reference Exposure 5, where tap water was used (Figure 3.23bc)
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Figure 3.23. (a) pH changes in time for Exposures 5, 1, and 2; Crack closure ratio for
Exposures 5, 1, and 2: (b) on Surface 1, (c¢) on Surface 2 (Rajczakowska et al., 2019¢).

Analysis of the pH changes indicated that accelerator exposure did not affect the pH of
the solution, as it followed the pattern of the reference Exposure 5 (Figure 3.23a). In
contrast, a nearly constant pH equal to approximately 9 was obtained in the case of
Exposure 2 (retarding admixture) throughout the healing process (Figure 3.23a).

(a) Accelerator (EXP 1) Surface 1 (b) Accelerator (EXP 1) Surface 1
4, . - ¥. =

(c) Accelerator (EXP 1) (d) Accelerator (EXP 1)
Cross-section 1 Cross-section 2
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Figure 3.24. Different forms of calcite on the Surface 1 of EXP 1 specimen: (a) SEM BE
2500x, (b) SEM BE 200x, (¢) EXP 1 Cross-section 1 — visible calcite layer (SEM BE 200x),
(d) EXP 1 Cross-section 2 healing products (SEM BE 100x) (Rajczakowska et al., 2019c).
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In addition, the morphology and chemical composition of the healing phases at the
crack mouth and inside the crack was performed using SEM with EDS. In the accelerator
(Exposure 1) case, calcium carbonate dominated as a healing product with various
morphologies (Figure 3.24ab). The formation of different types of CaCOs could be
presumably linked to the different concentrations of ions CO3> and Ca®" in the healing
solution (Kirov et al., 1972; Choi et al., 2017) compared to the pure water immersion
(Exposure 5). Nevertheless, the healing process was restricted almost entirely to the crack
mouth, with only a limited amount of calcite presumably mixed with C-S-H, with a Si/Ca
ratio of 0.19, visible at the cross-sections (Figure 3.24cd).

(a) Retarder (EXP 2) (b) Retarder (EXP 2)
Cross-section 1 - top Cross-section 1 - bottom

SilCa = 0.31 £ 0.08 SifCa = 0.44 +0.03
i CalP=1601+0.17 8 CaP =814 £087

(c) Retarder (EXP 2) (d) Retarder (EXP 2)
Cross-section 2 - top Cross-section 2 - bottom

SifCa = 0.34 £ 0.06 . Si/Ca =041 £0.02
Ca/P =174 +0.06 irp § Ca/P=7.84 £0.65

Figure 3.25. (a) Self-healing products at Cross-section 1 at the top of the crack — close to
the crack opening (EXP 2, SEM BSE image 600x), (b) Self-healing products at Cross-
section 1 at the bottom of the crack (EXP 2, SEM BSE image 100x), (c) Self-healing
products at Cross-section 2 at the top of the crack (EXP 2, SEM BSE image 600x), (d) Self-
healing products at Cross-section 2 at the bottom of the crack (EXP 2, SEM BSE image
600x) (Rajczakowska et al., 2019¢).

On the other hand, in the case of retarding admixture (Exposure 2), distinct chemical
composition and morphology of the self-healing products were observed (Figure 3.25).
SEM analysis detected the formation of phases containing calcium and phosphorus with
traces of silicon and aluminum. In addition, a pattern was noted concerning the Si/Ca and
Ca/P, which presumably increased with the distance from the surface (crack mouth) at both
cross sections 1 and 2 (Figure 3.25a-d, Figure 3.26ab), suggesting a higher concentration
of ions deeper inside the crack.
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Figure 3.26. (a) Si/Ca atomic ratio of the self-healing products vs. the crack length
measured at Cross-sections 1 and 2 for Exposure 2 (Retarder), (b) Ca/P atomic ratio of self-
healing products vs. crack the length measured at Cross-sections 1 and 2 for the Exposure
2 (Retarder) (Rajczakowska et al., 2019c¢).

The presence of phosphorus in the elemental analysis of the self-healing materials
inside the crack is associated with the chemical composition of the retarding admixture
containing sodium metaphosphate. It can be speculated that chemical reactions occur inside
the crack, including ions from the dissolved admixture in water, with the ions transported
into the crack from the unhydrated cement grains and binder matrix, e.g., calcium from
Portlandite. The phosphate-based admixture retarding action is associated with the forming
of an adsorption layer on the anhydrous clinker grains, isolating them from contact with
water and preventing the release of ions into the crack (Tan et al. 2017). It can be
hypothesized that the phosphate anions bond with calcium ions to form unstable
compounds (Kalina et al. 2016). However, later the phosphate compounds likely dissolve
into the crack, forming less soluble phases, such as C-S-H and, with high enough phosphate
concentration, calcium hydroxyapatite (HAP) (Kalina et al. 2016; Bénard et al. 2005). The
growth of calcium-phosphate compounds could explain the low pH of the crack solution
(Mekmene et al., 2009). The visible cracking of the healing products inside the crack
(Figure 2.25b) might be related to shrinkage caused by other chemical reactions (Bénard et
al., 2008). It should be noted that the cracking could result in a durability decrease;
therefore, further testing of this approach, e.g., water permeability tests, should be
conducted.

Additional ions/particles in the self-healing solution

Environmental exposures, including water mixed with additional ions and particles,
were studied as a possible stimulator of the healing process, i.e., additional phosphate ions
(Exposure 4, Coca-Cola), calcium ions (Exposure 3, lime water), and micro-silica particles
(Exposure 12). Exemplary images of the crack mouth and specimen cross-sections are
demonstrated in Figure 3.27. It is visible that each of the exposures had a significant effect
on the crack closure.
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Figure 3.27. Representative images of surfaces and cross-sections of specimens healed in
Exposures 3 (lime water), 4 (Coca-Cola), and 12 (water and 1.25%w micro-silica particles)
(modified from Rajczakowska et al., 2019c).

On Surfaces 1 and 2, the crack closure of the analyzed Exposures 3, 4, and 12, reaching
between 60% and 80%, was considerably higher than that of the reference Exposure 5
(Figure 3.28bc). The crack mouth was almost entirely closed (crack closure equal to 80%)
for the micro-silica mixture (Exposure 12); however, Exposure 2 (retarding admixture)
presented better performance, reaching almost 100% (Figure 3.28bc). The pH of the healing
solutions increased at the beginning, followed by a substantial decrease and stabilization at
approximately 9, after 14 days (Figure 3.28a).
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Figure 3.28. (a) pH changes in time for Exposures 5, 3, 3, 4, and 12; Crack closure ratio
for Exposures 5, 3, 3, 4, and 12: (b) on Surface 1, (c) on Surface 2 (Rajczakowska et al.,
2019c¢).
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Analysis with SEM and EDS suggested that in the case of limewater exposure
(Exposure 3), a mixture of calcite and C-S-H was formed externally and, to some extent,
deeper inside the crack (Figure 3.30cd). The chemical composition of the formed phases
was relatively constant with the distance from the crack mouth, with a Si/Ca ratio of around
0.3 (Figure 3.29b). On the other hand, in the micro-silica water mixture (Exposure 12), a
dense layer of calcium carbonate mixed with C-S-H was observed at the surface and
slightly below it at Cross-section 1 (Figure 3.30ab). Deeper inside the crack, the Si/Ca of
the crack filling increased (Figure 3.29¢). Investigation of the morphology of the found
material indicated that, presumably, micro-silica particles sedimented inside the crack and
blocked it at higher depths (Figure 3.30b). Those particles possibly served as nucleation
sites for the self-healing products, i.e., calcite, closer to the crack mouth, where the ion
concentration was optimal (Figures 3.28 and 3.30a).
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Figure 3.29. Si/Ca atomic ratios: (a) Exposure 4 (Coca-Cola); (b) Exposure 3 (Lime water),
(c) Exposure 12 (micro-silica) (Rajczakowska et al., 2019c).
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Figure 3.30. (a) Self-healing products in Cross-section 1 in the middle of the crack (EXP
12, SEM BSE image 400x), (b) Self-healing products at Cross-section 2 at the bottom of
the crack (EXP 12, SEM BSE image 400x), (c) Self-healing products at the Cross-section
1 in the middle of the crack (EXP 3, SEM BSE image 500x), (d) Self-healing products at
the Cross-section 2 in the middle of the crack (EXP 3, SEM BSE image 1000x)
(Rajczakowska et al., 2019c¢).
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In contrast, Exposure 4 followed a similar behavior as Exposure 2, possibly due to the
presence of phosphate ions and sucrose (Zhang et al. 2010). Calcium-phosphate-like
compounds were observed in the crack, with Ca/P between 3 and 9 and some silicone
(Figure 3.31). The Si/Ca ratio of the healing products at a distance from the crack mouth
did not show significant changes. Nevertheless, the unknown chemical composition of the
Coca-Cola solution prevents a complete understanding of the possible self-healing
mechanism.

(a) Coca-Cola (EXP 4) (b} Coca-Cola (EXP 4)
Cross-section 1 - bottom Cross-section 1 - middle

SilCa=0.231£0.03
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W SilCa=040+003 8 SilCa=041+0.04

Figure 3.31. Exposure 4, Self-healing products in Cross-section 1 (a) at the bottom of the
crack (SEM BSE image 400x), (b) in the middle of the crack (SEM BSE image 600x); Self-
healing products at Cross-section 2 (c¢) in the middle of the crack (SEM BSE image 600x),
(d) at the top of the crack (SEM BSE image 100x) (Rajczakowska et al. 2019c¢).

Exposure conditions vs. Strength recovery

Further analysis included verification of flexural strength recovery (Figure 3.32c) for
selected environmental conditions which demonstrated relatively efficient crack healing,
i.e., Exposure 2 (Retarder), Exposure 3 (limewater), Exposure 4 (Coca-Cola), Exposure 5
(reference, water immersion), Exposure 6 (water evaporation), Exposure 12 (water with
micro-silica) and Exposure 0 (cured in the air) as control. In addition, to verify the influence
of the changes in healing mixture concentration, two new amounts of Retarder and micro-
silica were used, i.e., 7 wt% and 2.5 wt%, as Exposures 2a (retarding admixture) and 12a
(micro-silica), respectively. Furthermore, the crack closure ratio for Surface 1 (Figure
3.32a) and Surface 2 (Figure 3.32a) was calculated based on the optical microscope images
for the same specimens on which the strength was measured.

The crack closure ratio for analyzed specimens was relatively high in the case of
Surface 1 for all exposure conditions (Figure 3.32a). On the other hand, Surface 2
demonstrated a lower value with higher variation, possibly because the large width of the
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crack at the opening was relatively constant (Figure 3.33b). In general, the best
performance was obtained for Exposure 2 (retarding admixture)
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Figure 3.32. (a) Crack closure of selected exposures for Surface 1; (b) Crack closure of

selected exposures for Surface 2; (c) Strength recovery for selected exposures (modified
from Rajczakowska et al., 2019¢) (Rajczakowska et al. 2019c¢).
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Nevertheless, the flexural strength recovery was not impressive, with values similar to
air exposure, which had no crack closure (Exposure 0, Figure 3.32ab). A more pronounced
recovery was only visible for Exposure 12 (water with micro-silica particles). On the other
hand, the sealed cracks of Exposure 2 (retarding admixture) did not lead to strength regain.
A more thorough discussion of the results with possible mechanisms behind self-healing is
presented in Chapter 5 of this thesis.

Exposure conditions vs. Mix composition

In addition, selected healing exposures were applied for mortars with partial cement
replacement. Samples were prepared with Portland cement CEM 142.5 N and 20wt% (by
binder) replacement with blast furnace slag (mix CS) and fly ash (mix CFA). The water-
to-binder ratio was 0.35, and binder to sand ratio was 1 (Table 3.2).

All the specimens exhibited visible self-healing at the crack mouth, except for the
reference ones cured in air. Images of the side of the crack (Surface 1) for selected
exposures (water cycle, lime water, and Retarder 30%), obtained before (0 days) and after
healing (28 days) are shown in Figure 3.33 for slag samples and Figure 3.34 for fly ash
samples.

Day 0 Watercycle Day 0 Lime water Day 0

--’r 1-

Figure 3.33. Optical microscope images before (day 0) and after healing (day 28) of slag
samples for selected exposures (Rajczakowska et al. 2020).
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Day 0 Watercycle Day0 Lime water Day 0 Retarder 30%

Day 28

Figure 3.34. Optical microscope images before (day 0) and after healing (day 28) of fly
ash samples for selected exposures (Rajczakowska et al. 2020).

The calculation based on the digital optical microscope images confirmed that the crack
closure above 50% was achieved for almost all the exposures (Figures 3.35a and 3.36a).
The most effective healing was achieved for a 30% retarder mixture for slag and fly ash
mixes. Very good crack closure was also observed in the 7% retarder and micro-silica
mixture exposures. Water cycles were more effective than constant water immersion. Lime

water did not significantly improve the crack closure compared with deionized water
conditions.
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Figure 3.35. Self-healing results of slag samples for different exposures: (a) crack closure,
(b) strength recovery (Rajczakowska et al. 2020).
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Figure 3.36. Self-healing results of fly ash samples for different exposures: (a) crack
closure, (b) strength recovery (Rajczakowska et al. 2020).
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None of the exposures resulted in significant flexural strength recovery. However, the
highest strength regain was found in lime water specimens for slag samples and retarder
mixtures for fly ash mortars (Figures 3.35b and 3.36b).

The pH measurements showed significant differences for water cycles, lime water, and
retarding admixture (Figure 3.37). It suggests different kinetics and mechanisms behind the
self-healing processes inside the crack. The observed characteristics of the pH changes are
consistent with previous findings for cement mortars (Rajczakowska et al. 2019c¢).
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Figure 3.37. Registered pH changes for selected exposures for: (left) slag and (right) fly
ash specimens (Rajczakowska et al. 2020).

Figure 3.38. Scanning Electron Microscope images of the self-healing products inside the
crack of the specimens exposed to water cycles: (a) slag (SEM BSE 100x), (b) slag (SEM
BSE 600x), (c) fly ash (SEM BSE 100x), (d) fly ash (SEM BSE 600x) (Rajczakowska et
al. 2020).
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Scanning Electron Microscope analysis demonstrated that most self-healing products
inside the cracks healed in water and limewater corresponded to calcium carbonate crystals
(Figures 3.38abcd and 3.39abcd). A similar pattern was identified earlier (e.g., Huang et al.
2014).

Calium
carbonate ™. .

Figure 3.39. Scanning Electron Microscope images of the self-healing products inside the
crack of the specimens exposed to lime water: (a) slag (SEM BSE 100x), (b) slag (SEM
BSE 600x), (c) fly ash (SEM BSE 100x), (d) fly ash (SEM BSE 600x) (Rajczakowska et
al. 2020).

The morphology of the self-healing products of the samples exposed to retarding
admixture, which exhibited the most effective crack closure, was visibly different (Figure
3.40ab). Further chemical analysis using EDS indicated a mixture of C-S-H and calcium
phosphate compounds.

Figure 3.40. Scanning Electron Microscope images of the self-healing products inside the
crack of the specimens exposed to retarding admixture: (a) slag (SEM BSE 100x), (b) slag
(SEM BSE 600x), (c) fly ash (SEM BSE 100x), (d) fly ash (SEM BSE 600x)
(Rajczakowska et al. 2020).
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MECHANICALLY INDUCED CRACKS

The further potential of the retarding admixture was demonstrated based on the images
of the cross-section of the slag specimen (Figure 3.41). It was visible that the crack was
filled with self-healing products on the surface and inside the sample. On the other hand,
the specimen exposed to water cycles did not show a similar trend, despite relatively
successful external crack closure. Unfortunately, internal healing did not contribute to
flexural strength recovery (Figures 3.35b and 3.36b).
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Figure 3.41. Cross-section of the crack for the slag specimen exposed to (a) water cycle,
(b) retarding admixture (Rajczakowska et al. 2020).

3.2.4. Effect of mix composition
Initial study — high strength mortars and UHPC
Preliminary studies (Study A, Figure 3.1) focused on evaluating the self-healing of

UHPC mixes (Ul) compared to high-strength mortars, with 20%wt fly ash (Bl) and
without fly ash (A1). All specimens were cracked at one day and contained PVA fibers.

Figure 3.42. Example of light microscope images of the crack before healing. Four images
were taken for each sample: (a) Al, (b) B1, (¢) Ul, and after 21 days of storage in water:
(d) A1, (e) B1, (f) Ul. (Rajczakowska et al. 2019b)
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Representative images before and after healing for each mix are shown in Figure 3.42.
All mixes demonstrated visible partial crack sealing, with the highest crack closure ratio of
approximately 0.8 for mix B1 containing 20%wt of fly ash (Figure 3.43a). In addition,
white precipitates were visible on the surface of the PVA fibers suggesting that they
facilitated the self-healing process by serving as nucleation sites (Kan et al., 2010). At the
crack mouth, calcium carbonate precipitation was observed with cuboid-like crystals
visible on SEM images (Figure 3.43bc)
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Figure 3.43. (a) Crack closure ratio; and SEM BE images (300x) of the crack at the surface
for (b) B1, (c) Ul. (Modified from Rajczakowska et al. 2019b)

Specimens Al and U1, based on OPC, demonstrated strength recovery (Figure 3.44ab);
however, a noticeable scatter of the results could be observed, possibly due to the impact
of crack characteristics, such as crack depth and tortuosity. In addition, it should be noted
that the values of healed specimens (stored in water) were here compared with those of pre-
cracked specimens kept in the air, justifying a high calculated recovery ratio (Figure 3.44a).
Nevertheless, a significant difference was observed between the OPC mixes and mix Bl
with fly ash, which did not achieve any strength regain (Figure 3.44b). As mentioned
earlier, mix B1 exhibited high crack closure; however, the primary healing phase was
calcite. On the other hand, as pointed out in Section 3.2.1, C-S-H phases were found deeper
inside the crack of the Ul specimen, indicating that this load-bearing phase possibly
contributed to the strength regain.
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Figure 3.44. (a) Flexural strength of cracked samples measured before healing (bH) and
after healing (H), (b) flexural strength recovery ratio S for each type of mix. (Rajczakowska
et al. 2019b)
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MECHANICALLY INDUCED CRACKS

Supplementary Cementitious Materials and limestone

Mortars with 50% cement replacement with limestone and SCMs (Table 3.3) were
studied in the next stage of the research (Study C, Figure 3.1). Crack closure, mechanical
performance regains, and water absorption rate was investigated as self-healing efficiency
parameters.

Figure 3.45 shows the optical microscope images of the crack fragments for each mix
before and after healing. Again, a white filling is noticeable in the cracks after healing,
presumably corresponding to the calcium carbonate phases formed due to the calcite
precipitation process.

REF before LM50 before

——smre—
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FA S before FA S after FA SF before FA SF after

T

S SF before S SF after FA S SF before FA S SF after

Figure 3.45. Images of the cracks before and after self-healing for selected mix
compositions (Rajczakowska et al. 2023b)

I mm

Based on the optical microscope images, the calculated crack closure at the crack
mouth is demonstrated in Figure 3.46. The crack closure parameters were divided based on
the average crack width (Figure 3.46). The results suggested that the crack healing was
more distinct for crack widths below 130 pm; however, the efficiency of crack closure was
relatively low, with values below 60%, which can be possibly associated with the cyclic
healing exposure (Suleiman and Nehdi, 2018). Therefore, increasing the wetting phase's
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length or the total healing time could presumably promote more pronounced crack healing
(Luo et al. 2021).
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Figure 3.46. Crack closure (CC) for mixes: (a) REF and LM50, (b) FA12.5/25/50, (c)
S12.5/25/50, (d) SF12.5/25/50, (e) FA S and FA SF, (f) S SF and FA S SF (Rajczakowska
et al. 2023b)

The addition of limestone (LM50) improved the crack closure compared to the OPC
mix (REF) (Figure 3.46a). Mortars with a high amount of slag, S25, and S50, demonstrated
the highest crack closure reaching around 60% (Figure 3.46¢). Other slag-based binders,
i.e., ternary and quaternary binders FA S, S SF, and FA S SF, also performed better than
the reference mix with pure OPC (Figure 3.46ef). On the other hand, the addition of fly ash
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MECHANICALLY INDUCED CRACKS

(mixes FA12.5, FA25, and FA50) seemed to hinder crack closure, possibly due to the low
amount of CaO and decreased reactivity in Type F fly ash used (Namnoum et al. 2021).

Adding up to 25% of silica fume had no visible effect on the crack closure compared
to the limestone mix (LM50). In contrast, a negative influence of silica fume was observed
for the SF50 mix (Figure 3.46d).

Compressive strength recovery parameters, CSR80 and CSR100, are presented in
Figures 3.47 and 3.48. In addition, the compressive strength results, mean value, and
standard deviation, after 28 days and after the healing process of each damage extent (80%
and 100%) are included in Annex A, Table A.1.
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Figure 3.47. Compressive strength regains for all the mixes after self-healing: (a) after
80% damage, (b) after 100% damage (Rajczakowska et al. 2023b).
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Figure 3.48. Changes of compressive strength regain with the wt% limestone replacement
with FA, S, and SF: (a) after 80% damage, (b) after 100% damage (Rajczakowska et al.
2023b).
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A low amount of fly ash (mix FA12.5) led to the most distinct strength recovery, both
for 80% and 100% induced damage; however, higher amounts of fly ash (mixes FA25 and
FAS50) were less efficient (Figure 3.47ab, Figure 3.48ab). On the other hand, the relation
was inverse for slag, i.e., increasing the slag content resulted in better strength recovery,
which is primarily visible for lower damage extent (parameter CSR80, Figure 3.47a).
Finally, no noticeable differences in CSR were obtained for varying the silica content;
however, the overall effect of silica fume addition was favorable compared to the OPC mix
(REF).

Nevertheless, several matters related to the proposed methodology should be discussed,
which presumably had a high impact on the CSR results. First, it can be seen that the CSR
values, especially for CSR80, are higher than 1. The definition of the CSR parameter used
in this study compares the "healed" compressive strength with the strength of the intact
specimens on the day of testing, i.e., 7 + 24 days. The approach was aimed to eliminate the
bias resulting from the early age of cracking (7 days), which would occur if healed strength
was compared to the strength before healing (at cracking, 7 days), ignoring the hydration
and pozzolanic reaction taking place during the healing period, i.e., 24 days (Beglarigale et
al. 2021). Therefore, this element cannot justify the high values of healed strength.

However, it should be noted that binders applied in this study contain large amounts of
low-reactivity materials. For instance, F-type fly ash has very low reactivity, and even up
to 90 days are required to reach the equivalent of 28-day strength (Gopalan, 1993). The
higher fly ash replacement is used, the greater part of reactions occur at a later age
(Gopalan, 1993). The cracked specimens had low hydration degrees, so many unhydrated
particles were still present. Cracking was induced by compression, resulting in microcracks
forming in the whole volume of the material. Damaged and intact specimens were subjected
to water immersion for the healing period. Since the hydration and pozzolanic reaction were
still ongoing, it can be speculated that water from the healing solution could reach the
unhydrated grains via the microcrack network better than in the case of intact samples,
possibly accelerating the hydration. For higher amounts of fly ash, there might not have
been enough Ca(OH), for the pozzolanic reaction, hence lower mechanical performance.
In addition, other studies found dry and wet cycles to positively affect the compressive
strength of SCM binders with fly ash, slag, and over 8% silica fume compared with the
OPC mix (Toutanji et al. 2004). Even though seawater was used (Toutanji et al. 2004), the
mechanism's similarities cannot be ruled out.

In addition, the cracks at 80% maximum load damage were likely finer than at 100%.
Therefore, there is a higher probability of a complete crack sealing with self-healing
products, in contrast to the cracks that occurred for a higher degree of damage. This effect
is visible when comparing parameters CSR80 (Figure 3.47a) and CSR100 (Figure 3.47b).
The strength recovery decreased for each mix with increasing damage amount. Other
studies found the extent of damage significant for self-healing strength recovery. For
example, it was observed that there is a specific "threshold" damage for the self-healing
process efficiency (Zhong and Yao, 2008). Below the threshold, the self-healing efficiency
increases with the greater extent of damage, whereas an opposite relation occurs above the
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MECHANICALLY INDUCED CRACKS

threshold. For certain loading degrees, materials' compressive strength after healing was
observed to be slightly higher than before, even in the case of the OPC mixes cracked at 28
days (Zhong and Yao, 2008). These literature findings agree with the results of this
research, i.e., CSR80 for REF was equal to 1.16. Therefore, it can be concluded that the
strength recovery parameter possibly combines the reactions inside the binder matrix and
the crack self-healing.

Finally, possibly due to immature microstructure and varied damage within the
specimen's volume, the scatter of the results of the "healed" compressive strength is rather
high, on average between 5 and +7 MPa (Annex A, Table A.1), which, for generally low
strength of the SCM-modified specimens (20-40 MPa), contributes to a noticeable error.
Nevertheless, the strength regains differences are relatively significant between the OPC
mix and the SCM-limestone binders; thus, the conducted analysis can be considered valid.

A water absorption rate test was used to compare the transport properties recovery of
the mortars. Figure 3.49 demonstrates the absorption curves versus the square root of time
for each mix composition, whereas Figure 3.50 shows water absorption recovery
parameters at 25 and 180 min (IR25 and IR180) and sorptivity recovery during 25 min
(SR25). In addition, in Annex A, Table A.2, cumulative values of water absorption at 25
min (I125) and 180 min (I180, end of experiment) are listed together with the calculated
sorption coefficient for the first 25 min S25 (mean values and standard deviations). It
should be mentioned that only the results of the water absorption rate tests were acquired
for the healed and intact specimens. The methodology is described in Section 3.1.

Mixes with large amounts of slag and silica fume (S50 and SF50) demonstrated healing
efficiency almost two times better than the REF mix, both in terms of IR25 and IR180
(Figure 3.50a). In addition, slag binder S50 obtained results of SR25 close to 1 (Figure
3.50b), indicating that the recovery of material reached almost the value of the intact state,
which is also visible in Figure 3.49c. The increase in fly ash from 12.5% to 50% hindered
the self-healing process, whereas the opposite was visible for slag and silica fume binders.
These results are consistent with the compressive strength results.

Higher strength and water absorption recovery parameters were observed compared to
crack closure, measured at the crack mouth. It could indicate that the healing products
formed deeper inside the crack, which would not be detectable by the optical microscope
measurement. There can be several explanations for healing products growing inside the
specimen. For instance, the crack geometry in depth might be different, e.g., uniform,
convex and concave, and the sealing would occur in the narrowest points of the crack (Roig-
Flores et al. 2015). On the other hand, the concentration of ions changes with crack depth,
presumably controlled by the calcite layer formed at the crack mouth (Rajczakowska et al.
2019b). Therefore, different ion concentrations might facilitate the formation of load-
bearing phases deeper inside the crack, e.g., C-S-H, which could enable strength recovery.
In addition, healing products precipitation at depth but not at the crack mouth was found to
be more pronounced for the wet/dry water immersion cycles (Luo et al. 2021).
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3.2.5. Effect of crack geometry

Crack tortuosity and fractal dimension were calculated based on the images of the crack
taken in four positions (Section 3.1, Figure 3.5). In addition, the average and maximum
crack widths were calculated using the local thickness algorithm (Section 3.1).

In Figure 3.51, the tortuosity (Figure 3.51a) and fractal dimension (Figure 3.51b) of the
crack are presented, belonging to each average crack width group, i.e., 100, 130, 170, and
190 um. No significant relation between the crack width changes and tortuosity was
observed. On the other hand, the complexity of the crack presumably increased with the
increased crack width (Figure 3.51b)
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Figure 3.51. Relation between crack complexity parameters and average crack width: (a)
tortuosity (T), (b) fractal dimension (FD) (Rajczakowska et al. 2023b).
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Figure 3.52. Complexity parameters of the cracks for each mix (scatter with mean line and
normal distribution): (a) tortuosity (T), (b) fractal dimension (FD) (Rajczakowska et al.
2023b).
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Analysis of the crack complexity parameters for each mortar mix indicated that only minor
differences occurred. Despite a significant spread of the results, average tortuosity was
between 1.1 and 1.13 (Figure 3.52a), whereas the fractal dimension (FD) for all the
cementitious materials was between 1.26 and 1.37 (Figure 3.52b). These findings could
suggest that, on average, the induced cracks did not vary significantly between the mix
compositions, which validates to some extent the results of the water absorption rate test,
relying on the similarity of damage. Minor differences could be attributed to the three-point
bending test used to produce cracks and lack of coarse aggregate, leading to relatively linear
cracks with limited complexity.

Pearson's linear correlation coefficients were calculated to examine the relations
between initial crack geometry (ICA, T, FD, MCW, ACW) and self-healing efficiency
(CSR80, CSR100, IR25, TR180, SR25, CC). Depending on the number of observation
pairs, the statistical significance of the correlation coefficients were calculated at the
significance level o = 0.05. The coefficient values are presented in Figures 3.53ab and
3.54a, with marked statistically significant intervals.
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Figure 3.53. Pearson's linear correlation coefficients between initial crack geometrical
parameters and (a) water absorption rate recovery, (b) compressive strength recovery
parameters (Rajczakowska et al. 2023b).
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Figure 3.54. (a) Pearson's linear correlation coefficients between initial crack geometrical
parameters and crack closure (b) relation between MCW vs. IR180 (Rajczakowska et al.
2023b).
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Based on the acquired results, it is visible that the crack geometry had a limited effect
on the crack closure at the crack mouth (CC) (Figure 3.54a) as well the strength recovery
(Figure 3.53b). Nevertheless, a more particular relation could be observed between the
fractal dimension (FD), maximum crack width (MCW), and recovery of transport
properties (IR180). The correlation coefficient equals 0.74 for FD — IR180 and 0.89 for
MCW — 1R 180, indicating a relatively strong correlation between these parameters (Figure
3.53a, Figure 3.54b). It could indicate that the more complex and wider the crack, the lower
the self-healing performance of the material.

A very low correlation between crack closure and maximum and average crack width
was surprising; however, they might be connected to the narrow range of values within the
parameters. Therefore, future studies should focus on verifying the crack geometry effect
on self-healing by investigating more extreme cracking cases without varying other
potentially influential factors, such as binder composition.

3.2.6. Effect of initial microstructure

The effect of initial microstructural parameters related to the binder composition was
investigated to facilitate the understanding and discussion of the self-healing mechanism.

First, the XRD studies were conducted on the initial intact microstructure of the
hydrated binder paste for each composition at 7 days (Figure 3.55a-d). Particular attention
was given to the amount of Ca(OH)2 and CaCOs3 as presumable sources of calcium ions.
These phases were marked with P and C in Figure 3.55a-d, corresponding to Portlandite
and calcite.
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Figure 3.55. XRD patterns with marked Portlandite (P) and calcium carbonate (C) phases
(Rajczakowska et al. 2023b).

The results revealed that, as expected, different binder formulations had different C and
P peak intensities due to varied chemical compositions and chemical reactions occurring in
the hydrated binder matrix. Therefore, a semi-quantitative comparison was performed by
calculating the area under the first peak of each phase for Portlandite and calcite (Table
3.7).

Table 3.7. Calculated peak areas for Portlandite and calcium carbonate (Rajczakowska et
al. 2023b).

Mix Portlandite Calcium carbonate

At approx. 20=18° At approx. 20=29°

Peak Area (-) FWHM (-) Peak Area (-) FWHM (-)
REF 78.001 0.123 22.806 0.199
LMS50 82.546 0.103 230.526 0.188
FA12.5 86.041 0.113 285.189 0.182
FA25 87.740 0.108 251.088 0.177
FA50 88.863 0.111 153.797 0.185
S12.5 75.843 0.115 241.069 0.187
S25 68.424 0.107 196.889 0.168
S50 51.268 0.116 137.819 0.159
SF12.5 93.414 0.106 370.029 0.173
SF25 55.699 0.113 201.401 0.206
SF50 37.819 0.115 137.511 0.175
FA S 73.534 0.124 124.986 0.190
FA SF 52.063 0.119 164.117 0.214
S SF 45.042 0.104 153.214 0.194
FA S SF 35.681 0.109 81.325 0.183
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Minimal changes in the amount of Portlandite were observed for different amounts of
FA replacement (Table 3.7). A decreased amount of Ca(OH), for S and SF presumably
indicated that it was consumed in the pozzolanic reaction at 7 days since these binders are
more reactive than FA. The lower consumption of Portlandite for FA binder can also be
linked to low porosity (Figure 3.58), limiting the transport within the dense matrix and
restricting the reactions (Durdzifski 2016). On the other hand, the calcium carbonate
phases decrease with the increasing ratio of SCMs, with the smallest values for ternary and
quaternary binders - FA SF, S SF, and FA S SF, which can possibly be associated with the
calcite consumption (Durdzinski, 2016).

In addition, the Si/Ca ratio of the inner, high-density product of C—A—S—H gel was
studied based on the SEM with EDS procedure presented in Section 3.1. Values between
0.4 and 0.6 were obtained depending on the mix composition (Figure 3.56). More
significant amounts of silica fume replacement (mix SF50) resulted in a higher Si/Ca ratio
equal to approximately 0.62, which was significantly higher than the OPC mix (REF) with
a Si/Ca value of 0.42.
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Figure 3.56. Effect of the mix composition on the IP C—A—S—H Si/Ca ratio (Rajczakowska
et al. 2023b).
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Figure 3.57. Effect of the mix composition on the porosity of the paste (Rajczakowska et
al. 2023b).
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In addition, the porosity calculation based on the SEM images (Section 3.1) showed
apparent differences between different mix formulations (Figure 3.57, Table A.3. Annex
A). For example, fly ash (FA12.5 and FA50), low slag (S12.5), silica fume (SF12.5), and
limestone (LM50) mix exhibited relatively low porosity values between 3 and 5%. On the
other hand, the OPC mix (REF), high slag (S50) and silica fume (SF50) replacement, and
quaternary mix FA S SF were characterized by high porosity, reaching values of
approximately 15%.

Pearson's linear correlation coefficient was calculated to examine the relations between
phase composition (calcite, Portlandite, Si/Ca), microstructure (porosity), and self-healing
efficiency (CSR, CC, IR25, IR180, SR25). The coefficient values are shown in Figure 3.58,
with marked significant intervals calculated depending on the number of observation pairs
at the statistical significance level o = 0.05.

(a) Corelation (D)

Correlation
CC100 0.21 0.23 coefficient Cc100 coefficient
1 1
CC130+ 0.22 0.18 * CC130 *
06 0.6
CC170 0.15 0.2 CC170
0.2 0.2
CC190 -0.053 0.12 cCc190
-0.2 -0.2
CSR100 -0.24 -0.073
-0.6 0.6
CSR80|  -0.015 0.019 * -0.11 34 % ’
; > et @ )
O‘a@ é\\c’ . Statistically & rb\a‘ . Statistically
Qo\ ;lgnlﬁcant & 9 significant
interval Qo interval
Correlation Correlation
coefficient coefficient
1 1
* *
P os P os
02 0.2
-0.2 -0.2
-0.6 -0.6
* *
-1 -1
.| statistically (59 , | statistically
significant & ? significant
interval QC interval

Figure 3.58. Pearson's linear correlation coefficients (r) between microstructure
parameters/chemical composition and self-healing efficiency (Rajczakowska et al. 2023b).

A moderate negative correlation (correlation coefficient above 0.5) was obtained
between the porosity of the hardened paste and water absorption recovery parameters
(IR180 and IR25) (Figure 3.58c). In other words, a more porous binder matrix presumably
leads to more efficient healing, which agrees with previous results in Study 4 (Initial
studies). In addition, a more permeable matrix possibly enables the transfer of ions from
the binder to the crack. However, no correlation was observed between the porosity and
compressive strength recovery (Figure 3.58a). Therefore, it indicated that other variables,
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such as the phase assemblage of the hardened binder, possibly drove the strength recovery.
On the other hand, a moderate positive correlation was noticed between the amount of
calcite and strength recovery, especially for the higher degree of damage (CSR100)
(Figures 3.58b and 3.29a).

It should be mentioned that the porosity calculation was restricted by the two-
dimensional character of the analysis, i.e., based on polished cross-sections of the
specimen. As a result, it does not adequately describe the three-dimensional
interconnectivity of the pores, critical from the point of view of the substance transport to
the crack, which could be visualized using other techniques such as X-ray
microtomography. In addition, the effect of pore size distribution and tortuosity of the
transport path could be relevant (Durdzinski, 2016).

The crack closure parameter (CC) showed a limited correlation with the amount of
Portlandite. It could indicate that a smaller amount of Portlandite initially in the matrix
leads to a higher degree of crack sealing at the crack mouth (Figure 3.58b).
Correspondingly, a moderate positive correlation was observed between the Portlandite and
water absorption recovery parameters, IR180 and IR25 (Figures 3.58d and 3.59b). In other
words, less pronounced healing can be possibly expected when there is a high amount of
Portlandite initially. Again, it could signify that more critical features govern the self-
healing process.
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Figure 3.59. Most significant correlations with linear fit: (a) Calcite vs. CSR100, (b)
Portlandite vs. IR180 (Rajczakowska et al. 2023b).

Since Portlandite is necessary for the pozzolanic reaction of SCMs, the analysis of the
relation between Ca(OH); and self-healing efficiency is affected by the reactivity of the
binder components used in this study. For instance, a relatively low Portlandite amount at
7 days for silica fume (Table 3.7) could be caused by the fact that the pozzolanic reaction
has already consumed most of the available CH. Therefore the remaining Ca(OH) could
serve as a calcium supply for the self-healing process. In contrast, low reactivity
characteristics of fly ash result in more CH accessible at cracking age, which could be
required for pozzolanic reaction later instead of supporting the self-healing of the cracks.

A more thorough discussion of the combined results from Studies A, B, and C, is
presented in Chapter 5.
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3.3. SUMMARY

In Chapter 3, the self-healing of mechanically cracked cementitious materials was
studied, considering the environmental exposure, mix composition, cracking age, healing
time, initial crack geometry, and microstructure.

The following main conclusions were established based on Chapter 3:

e A high amount of cement alone does not guarantee a successful self-healing
performance

e Transport of ions from hydrated binder into the crack is crucial, and in the case
of materials with dense binder matrix, such as UHPC, it can hinder their
recovery performance

e Under constant water immersion, fly ash supported crack closure by calcite
precipitation, but did not exhibit strength recovery, due to a limited amount of
C-S-H at depth

e A pattern was observed regarding the spatial distribution of self-healing phases,
i.e., calcium carbonate at the crack mouth and C-S-H and ettringite deeper
inside the crack. Calcium carbonate did not support strength recovery but
presumably controlled the ion concentration inside the crack

e All SCMs-limestone cementitious materials have shown better self-healing
efficiency than pure OPC or OPC/limestone binders. Binder composition
affected the self-healing mechanism leading to different levels of performance
recovery

e The portlandite amount demonstrated higher correlation with the crack closure
than the strength regains, contrary to the calcite amount. A higher amount of
calcium carbonate in the hardened binder matrix results in a significantly higher
strength regain due to the self-healing process

e Water absorption rate changes were found to be dependent on the geometrical
complexity of the crack measured externally at the crack mouth

o Exposure to water alone enabled self-healing but only to a limited extent.
Adding phosphate-based retarding admixture into the water resulted in a
pronounced crack closure. On the other hand, mixing water with micro-silica
promoted the recovery of strength
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THERMALLY INDUCED CRACKS

4. THERMALLY INDUCED CRACKS

Chapter 4 deals with the autogenous self-healing of high-temperature damage in
cementitious materials. The methodology is presented in Figure 4.1. The goal of Study A
was to construct an accurate prediction (mathematical model) of the compressive strength
recovery due to the self-healing process based on an extensive database of experimental
results from the literature. The obtained regression model was then analyzed, and the results
of the interpretation pointed out the most critical variables affecting self-healing (Variables
1 and 2, Figure 4.1). In addition, after the literature review, Variable 3 was selected as a
potential stimulator of the self-healing process (Figure 4.1). These elements determined
further experimental plan, executed within Study B (Figure 4.1). In Study B, research was
conducted to assess the self-healing efficiency of the high-temperature damage considering
the influence of Variables 1, 2, and 3.

Chapter 4 describes the machine learning modeling (Section 4.1) and experimental part
(Section 4.2.). Section 4.1 presents the modeling process and modeling results analysis
together with the model interpretation. On the other hand, Section 4.2 includes information
about the materials and methods used (Section 4.2.1) and an analysis of the obtained results
(Section 4.2.2). Similarly to Chapter 3, the results are divided into subsections representing
the factors related to the self-healing mechanism, i.e., environmental conditions, loading
temperature, microstructural changes, and nanomaterials. A thorough discussion of the
results and their implications regarding the proposed mechanism is presented in Chapter 5.

Chapter 4 was redrafted after (Rajczakowska et al. 2022), (Rajczakowska et al. 2023a),
and (Rajczakowska et al. 2023c).

Compressive Study A

thefature
strength recovery Machine learning oviow
prediction modeling
}‘%:L.,.j'g‘ ! T -
Variable 1| | Variable 2 - Variable 3
Tem peraturaf Study B
Exposure conditions Exborimental
MWCNTs P

403 self-healing
< mechanism(s)

Figure 4.1. The methodology used in Chapter 4 — thermally induced cracks.
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4.1. MACHINE LEARNING MODELING

4.1.1. Data source

Machine learning predictions are based on a large number of data, with the required
number of observations at least one order higher than the number of variables (Li et al.,
2022). Considering that the experiments are costly and time-consuming in cement and
concrete science, adopting results from other studies is a pragmatic, generally accepted
method (e.g., Chou et al. 2014, Naseri et al. 2020, Young et al. 2019, Feng et al. 2020).
Consequently, in this study, a database was constructed containing 197 records from twelve
independent experimental studies found in the literature (Table 4.1). The database details
are presented in Table B.1. of Annex B.

Table 4.1. Sources used for the database construction (Rajczakowska et al. 2023a).

No. Reference Samples in dataset
1 (Akca & Ozyurt, 2018) 2

2 (Endait & Wagh, 2020) 56
3 (Hamad, 2017) 3

4 (Henry et al., 2008) 4

5 (Henry et al., 2011) 8

6 (Horiguchi & Suhaendi, 2010) 4

7 (Karahan, 2011) 11
8 (Lin et al., 2011) 48
9 (Mendes et al., 2011) 5
10 (Poon & Azhar, 2003) 24
11 (Suresh et al., 2022) 4
12 (Yaragal et al., 2015) 28

Total 197

Certain limitations of using different studies in the database should be acknowledged.
First, the characteristics of raw ingredients used for cementitious materials preparation,
e.g., fineness of cement, and grading of the aggregates, may differ between the studies;
hence their effect on the healing process will be difficult to verify. Similarly, other
parameters, such as the casting procedures and conditions, types of molds, and curing
applied, may diverge, affecting the developed model’s generalization ability.

The following input variables of the model were selected: w/c, age of concrete, amount
of cement, fine aggregate, coarse aggregate, peak loading temperature, duration of peak
loading temperature, cooling regime, duration of cooling, curing regime, duration of curing,
and specimen volume. The choice of variables was made based on two factors. First, the
potential influence on the high-temperature damage self-healing was considered; state of
the art on self-healing of thermally induced cracks was studied in Chapter 2, Section 2.6 of
this thesis. Secondly, the data availability was decisive concerning the selection of inputs.
Therefore, parameters that were found in many studies were given priority.
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A few assumptions and delimitations were chosen considering the input variables.
First, cooling (I8) and curing regime (I10) were taken into account as binary categorical
variables, with values “0” and “1” corresponding to air and water exposure, respectively.
This simplification was caused by the lack of detailed cooling and curing conditions, e.g.,
relative humidity or temperature, reported in the literature. Specimen size effect (112) was
considered indirectly by calculating the sample volume used for compressive strength
testing. The cooling time was assumed to be 120 min based on the data reported in several
studies, even when it was not specified directly. Some data points were removed from the
database in case of missing information, e.g., when no compressive strength was reported
or when exclusively cooling was applied with no curing regime. Finally, the effect of fibers
and Supplementary Cementitious Materials was disregarded due to limited data, i.e.,
records containing these materials were removed from the database.

The model's output was described by the compressive strength recovery (CSR) of the
high-temperature damaged concrete due to the self-healing process. Compressive strength
test is standardized; therefore, it can be expected that the results of this measurement are
associated with less bias than, e.g., an in-house developed crack closure experimental
method. In addition, it was the most reported property in the analyzed studies. The CSR
parameter can be defined as follows (Rajczakowska et a. 2023a):

csR=22 [ .
0o

where oy, depicts the compressive strength after the self-healing process, and gy is the
compressive strength of the intact specimens before the temperature loading.

Statistical descriptors of each variable, including minimum (Min) and maximum (Max)
values, median, mean, standard deviation (Std), and skewness (Sk), are listed in Table 4.2.
In addition, the histograms and relation of each input to the output are presented in Annex
B, Figure B.1.

Table 4.2. Statistical descriptors of the inputs and output (Rajczakowska et al., 2023a).

Input/ Name Unit Min Max Median  Mean Std Sk
Output
11 w/c - 0.3 0.68 0.5 0.51 0.11 0.37
12 Age days 3 90 28 43.65 30.70 0.45
13 Cement kg/m3 300 767 392 422.80 84.87 2.24
14 Fine aggregate kg/m3  638.04 1620 768 896.20  257.66 1.42
15 Coarse aggregate kg/m3 0 1201.59 914 818.98 329.04 -1.56
16 Peak loading °C 400 1000 600 569.04  148.65 0.70
temperature
17 Duration of peak min 60 200 120 92.49 33.51 0.44
loading temperature
18 Cooling regime - 0 1 - - - -
19 Duration of cooling min 10 4320 120 1146.50 1816.16  1.17
110 Curing regime - 0 1 - - - -
111 Duration of curing days 1 180 27 34.33 45.72 2.22
112 Specimen volume cm’ 64 21205.8 1000.0 28235 36169 2.8
(o) Compressive strength - 0.018 1.03 0.66 0.65 0.22 0.74
recovery
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Since one of the assumptions of regression analysis, e.g., ordinary least squares
regression models, is the independence of variables, the correlation analysis of the chosen
input was performed (Sage et al., 2022). As a result, strong correlations (R > 0.7) between
several input variables were observed (Figure 4.2). For instance, concrete mix composition
parameters were found to be correlated, i.e., w/c (I1) and cement amount (I3) (R = -0.7),
cement mount (I3) and coarse aggregate (I5) (R =-0.7) and fine aggregate (I4) and coarse
aggregate (I5) (R =-0.9). In addition, a strong correlation (R = 0.9) was found between age
(I2) and cooling duration (19) variables.

Nevertheless, despite the presence of correlations between a few input variables, all
inputs were considered for the modeling stage to perform a complete model interpretation,
which agrees with the study of (Ly et al., 2021).
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Figure 4.2. The correlation matrix of the input and output variables, symbol “x” depicts a

statistically insignificant correlation (Rajczakowska et al. 2023a).

4.1.2. Modeling process

All calculations were performed in MATLAB software, version R2022b. Parts of the
statistical analysis were done using OriginPro, version 2021. The prediction process is
described below.

Step 1. Dataset division

The dataset containing 197 records was divided into two parts: for training and
validation, 85% (167 records) and 15% for testing (30 records). The twelve input variables
were: w/c, age of concrete, amount of cement, fine aggregate, coarse aggregate, peak
loading temperature, duration of peak loading temperature, cooling regime, duration of
cooling, curing regime, duration of curing, and specimen volume. The output was
compressive strength recovery.
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Step 2. Model optimization and performance assessment

To assess the models’ accuracy, performance indices were calculated, i.e., the Mean
Squared Error (MSE), Mean Absolute Error (MAE), coefficient of determination (R?), Root
Mean Squared Error (RMSE), and Normalized Root Mean Squared Error (NRMSE),
according to the following equations:

wse = S =07 (4.2)
n
n _ 4.3)
RMSE = M [_]
n
wap = St =ol (44)
n
ORI (G Vi (45)

XL (t-D)?

RMSE
NRMSE = ——-100 [%] (46)

where 7 is the number of data points, 7 is the measured (target) value for the i-th specimen,
y is the predicted value from the model for the i-th specimen and ¢ depicts the mean value
from the measured data. The coefficient of determination (R?), which can be equal between
0 and 1, showed how well the model fitted the data. The higher the value, the better the fit.
Low values of the errors, i.e., MSE, MAE, RMSE, and NRMSE, indicated a high precision
of the model.

Four ML approaches were analyzed, i.e., Support Vector Machines (SVM), regression
trees (RT), an ensemble of regression trees (ET), and artificial neural networks (ANN).
Background information regarding these algorithms is discussed in Chapter 2, Section 2.8
of this thesis. Training, validation, and testing were performed for 320 combinations of
different hyperparameter sets (Table 4.3).

A k-fold cross-validation technique was applied (Saud et al. 2020), with £ parameter equal
to 5, to prevent overfitting and obtain a flexible model. In this method, the training and
validation dataset (167 records) was divided randomly into five subsets, called the folds,
from which one was used for validation and the other four — for training. The process was
repeated k-times by shuffling the training and validation sets—each time the performance
indices were calculated. Finally, the reported value of the performance was the average of
all folds. A minimum value of the average MSE from cross-validation was considered the
guiding parameter for the optimal model selection.
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Table 4.3. Hyperparameters used to train the models (Rajczakowska et al. 2023a).

Algorithm Support Vector Regression Ensemble of Artificial neural
g Machines (SVM) trees (RT) regression trees (ET)  networks (ANN)
N f1
Kernel function umber of layers
. . Boosted/Bagged (1-3)
(Gaussian, linear, .. .
. . Minimum leaf size (I- ~ Number of
cubic, quadratic) 10) neurons in the
Kernel scale (1-1 Minimum leaf
Parameters ernel seate (1-15) : Number of learners layer (2-12)
Box constraint - size (1-15) 20-100
constant (20-100) Activation

Learning rate (0.01-1)  function (ReLu,

Epsilon - constant .. .
P tansig, sigmoid)

Step 3. Robustness analysis

Additional robustness analysis was performed on the five models with the lowest
validation MSE from Step 2. For this purpose, Monte Carlo simulations were applied to
verify the models’ sensitivity to training-testing dataset splits. The MCS “uses random
sampling and statistical modeling to estimate mathematical functions and mimic the
operations of complex systems” (Harrison, 2010). The principle of the method relies on the
“law of large numbers,” which states that the average of the large samples converges to the
expected value p when the number of samples n—c. The Monte Carlo estimator can be
computed as follows (van Dao et al., 2020):

C(N)—llNX 4.7

=zw % :
i=1

where X denotes the mean value of the variable X, and N is the number of Monte Carlo

simulations (van Dao et al., 2020).

The following steps were performed to assess the robustness of the model:

e All data (197 records) were split randomly into 80% and 20% parts for training
and testing, respectively. A random number generator implemented in
MATLAB software was used.

e The models were then trained again on the randomly split datasets; 800 Monte
Carlo simulations were performed per model (in total, 4000 simulations). Each
time the MSE and R? were calculated for both training and testing.

e The statistical analysis was performed on the results of MSE and R? for each of
the five models to assess the efficiency.
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Step 4. Model interpretation

The goal of this study was to make the model’s "black box" interpretable so that the
mechanism of post-fire self-healing could be better understood. This was achieved by
verifying how changes in each input variable impacted the corresponding changes for each
output response when the other variables were fixed. Partial Dependency plots (PDPs)
(Friedman, 2001) and individual conditional expectation (ICE) plots (Goldstein et al.,
2015) were used for interpretation.

A PDP demonstrates a dependency of the average response on the particular input
(Rajczakowska et al. 2023a). When strong dependencies between the predictors exist, the
PDP does not give conclusive results. In this case, the ICE plots can provide supplementary
information (Goldstein et al., 2015) by demonstrating the functional relation for single
observation (Casalicchio et al., 2018). This way, the heterogeneity of the response can be
studied. For instance, in the absence of relations between variables, the curves on the ICE
plot lay on top of each other, whereas, in the opposite case, differences between single ICE
curves will be present (Goldstein et al., 2015).

In this study, PDP and ICE plots were used for the causal interpretation of one of the
models from Step 3. In addition, feature importance analysis was performed, and
compressive strength recovery dependency on each input variable was investigated
(Rajczakowska et al. 2023a).

4.1.3. Results and analysis

All ML algorithms performed better than linear regression in terms of errors, i.e., MSE,
MAE, RMSE, R?, and NRMSE (Table 4.4, Figure 4.3).

Table 4.4. Performance of the most accurate models for each ML approach (Rajczakowska
et al. 2023a).

ap ::;I:ach E::;:::td:rls Dataset MSE[-] MAE[] R![] RMSE[] NI&/I]S E
. . Validation ~ 0.0079 *  0.0651 * 0.826* 00889 *  13.7*
RT  Min leafsize2 1 ing 0.0067  0.0667  0.892  0.0821 12.6
gyy  Cubic kernel, Validation ~ 0.0078 * 0.0672*  0.827*  0.0886*  13.6*
Kernel size 3 Testing 0.0092  0.0731 0852 0.0960 14.8
LSBoost algorithm, Validation 0.0044 *  0.0448 * 0903 *  0.0664 * 10.2 *
Min. Leaf size 3,
ET  Number of learners, . o 0.0031 00424 0950  0.0557 8.6
40, Learning rate
0.5
Layers 8:12:12,  Validation ~ 0.0084 * 0.0617* 0.815* 0.0915*  14.1*
ANN Activ.ation '
function: Testing 0.0063 0.0598 0.899 0.0795 12.2
sigmoid
LR Validation ~ 0.0149 * 0.0914* 0.672* 0.1219*  18.8 *
) Testing 00232 0.1119 0628  0.1524 234

* The value is an average from 5-fold cross-validation
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A regression tree (RT) model, with the lowest cross-validation MSE equal to 0.0079,
was obtained for the minimum leaf size 2. Cubic kernel function with a kernel size of 3
produced the lowest validation MSE equal to 0.0092 for the SVM approach. ANN
architecture with three hidden layers (8, 12, and 12 neurons) and sigmoid activation
function achieved the cross-validation MSE of 0.0084. The ensemble of regression trees
(ET) demonstrated the lowest MSE equal to 0.0044. The optimal hyperparameters for this
model were the boosting algorithm LSBoost, minimum leaf size equal 3, the number of
learners equal to 40, and 0.5 learning rate. It can be noticed that the ET model also achieved
the lowest NRMSE for both validation and testing sets, equal to 10.2% and 8.6%,
respectively. In comparison, linear regression yielded NRMSE equal to 18.8% and 23.4%,
which was over two times higher than the ET (Rajczakowska et al. 2023a).
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Figure 4.3. Comparison of the prediction accuracy for the best model within different ML
approaches (RT, ET, ANN, and SVM) and linear regression (LR): (a) MSE for validation
and testing; (b) R? for validation and testing (Rajczakowska et al. 2023a).
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Figure 4.4. Comparison of the prediction speed and training time for best model within
different ML approaches (RT, ET, ANN and SVM) and linear regression (LR)
(Rajczakowska et al. 2023a).
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In addition, the models' prediction speed and training time were compared (Figure 4.4).
Training speed is essential since a fast calculation enables spending more resources on
hyperparameter optimization (Wan et al. 2021). The slowest prediction speed, reaching
around 3000 observations/second, characterized ANN and LR. The ET model was the
fastest algorithm (14000 observations/second) with the shortest training time of
approximately 7 seconds. On the other hand, the SVM model demonstrated a relatively fast
prediction speed with around 10000 observations per second; however, the training of this
algorithm took approximately 22 seconds. Reducing the dimensionality of data, i.e.,
applying Principal Component Analysis, could potentially improve the training speed of
the algorithms (George and Vidyapeetham, 2012; Wan et al., 2021).

The ET approach with boosting algorithm demonstrated the lowest error indices,
highest R2, and lowest training time. Furthermore, analysis of all the calculated
combinations revealed that five models with the lowest cross-validated MSE belonged to
the ensemble approach (Table 4.5) (Rajczakowska et al. 2023a).

Table 4.5. Five best performing models’ performance (Rajczakowska et al. 2023a).

Model Model Dataset MSE [-] MAE [-] R2 [] RMSE [-] NRMSE [%]
parameters
LSBoost Validation ~ 0.0044 * 0.0448 * 0.903 * 0.0664 * 10.2 *
algorithm,
Min. Leaf size 3,
Number of Testing 0.0031 0.0424 0.950 0.0557 8.6
learners 40,
Learning rate 0.5
LSBoost Validation ~ 0.0044 * 0.0483 * 0.903 * 0.0662 * 10.2 *
algorithm,
Min. Leaf size 5,
Number of Testing 0.0048 0.0519 0.923 0.0692 10.6
learners 100,
Learning rate 0.1
LSBoost Validation ~ 0.0044 * 0.0463 * 0.902 * 0.0666 * 10.2 *
algorithm,
Min. Leaf size 3,
Number of Testing 0.0043 0.0476 0.931 0.0657 10.1
learners 20,
Learning rate 0.5
LSBoost Validation ~ 0.0045 * 0.0485 * 0.901 * 0.0669 * 10.3 *
algorithm,
Min. Leaf size 2,
Number of Testing 0.0045 0.0491 0.928 0.0669 10.3
learners 100,
Learning rate 0.1
ET5 LSBoost Validation ~ 0.0045 * 0.0492 * 0.901 * 0.0671 * 10.3 *
algorithm,
Min. Leaf size 5,
Number of Testing 0.0053 0.0543 0.915 0.0728 11.2
learners 80,
Learning rate 0.1
* The value is an average from 5-fold cross-validation

ET1

ET2

ET3

ET4
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The earlier ET models' prediction capacity (Table 4.5) was similar, with cross-validated
MSE below 0.005 and R2 above 0.9. The model fit for ET1 for the validation and testing
set is presented in Figure 4.5.
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Figure 4.5. ET1 model fit for (a) training and validation, (b) testing dataset (modified from
Rajczakowska et al. 2023a).

The hyperparameter effect on the model performance, i.e., cross-validated MSE, was
also analyzed. The results suggested that for higher learning rates above 0.5, a smaller
number of learners was acceptable (Figure 4.6b), e.g., 20 in model ET3. On the other hand,
low learning rates below 0.1 required learners' numbers above 80 to achieve the same
accuracy. In addition, the association between the number of learners and minimum leaf
size was less pronounced, with the learners' number being the driving factor (Figure 4.6a)
(Rajczakowska et al. 2023a).
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Figure 4.6. Hyperparameters effect on the ET model with LSBoost algorithm MSE for the
training and validation dataset: (a) minimum leaf size vs. the number of learners, (b) a
number of learners vs. log of the learning rate (Rajczakowska et al. 2023a).

Monte Carlo simulations of the effect of random training-testing dataset split on the
model accuracy were performed for the five models with the best performance (Table 4.5).
Changes in testing dataset MSE and R? are presented in Figure 4.7ac, whereas normal
distributions are in Figure 4.7bd. It can be observed that 800 Monte Carlo realization is
presumably sufficient to achieve convergence (Rajczakowska et al. 2023a).
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Figure 4.7. Results of the Monte Carlo simulations for models ET1 - ET5: (a) changes of
MSE test, (b) normal distribution fitting of MSE, (c) changes of R? test, (d) normal
distribution fitting of R? (Rajczakowska et al. 2023a).

Calculation of normalized convergence was performed for all the models according to
Eq. (4.7). Examples of Normalized convergence curves for MSE and R? of the testing set
for model ET1 are presented in Figure 4.8. Curves for other models are in Annex C, Figure
C.2. The mean value from the 800 realizations and its 95% Confidence Interval (CI) bounds
were marked in blue (Figure 4.8). The number of MCS realizations for the stability of
testing MSE was compared for all the models (Table 4.6). Models ET1 and ET4 converged
after approximately 350 realizations, models ET3 and ET5 after 500 realizations, and
model ET2 after 700 realizations (Table 4.6) (Rajczakowska et al. 2023a).
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Figure 4.8. Exemplary Monte Carlo normalized convergence of MSE and R? for the testing
set for model ET1 (modified from Rajczakowska et al. 2023a).
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Finally, the statistical descriptors of the MSE and R? for the testing dataset are listed in
Table 4.6. It can be observed that Model ET1 demonstrated the lowest mean value of MSE
(MSE=0.0042) and the highest R? coefficient (R?=0.907). At the same time, negligible
differences in standard deviation were observed (Rajczakowska et al., 2023a).

Table 4.6. MCS performance summary for the testing dataset (Rajczakowska et al. 2023a).

' R? [] MSE [-] Approximate no. of MCS
Model Min Max Mean Std Min Max Mean Std realizations for
MSE convergence [-]
ETI 0437 0.979 0.907 0.049 0.0012 0.013 0.0042 0.0018 350
ET2 0.690 0.974 0.901 0.043 0.0010 0.012 0.0045 0.0016 700
ET3  0.537 0.977 0.900 0.047 0.0012 0.012 0.0045 0.0017 500
ET4 0.585 0.970 0.901 0.046 0.0016 0.015 0.0044 0.0017 350
ETS5 0.512 0.972 0.895 0.048 0.0016 0.012 0.0047 0.0017 500

Model ET1 had the best prediction capacity based on the performance, speed, and
robustness analysis. A causal interpretation of this model was performed using PDPs and
ICE plots (Figure 4.9). In Figure 4.9, the thick red curve depicts the PDP, i.e., the average
of all the individual grey curves. Dots represent the measured value of the specific variable.
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(I1), (b) age (12), (c) cement amount (13), (d) fine aggregate (14), (¢) coarse aggregate
(I5), (f) temperature (16), (g) duration of peak temperature (I7), (h) cooling regime (I8),
(i) cooling duration (19), (j) curing regime (110), (k) curing duration (I11), (1) specimen
volume (I12) (Rajczakowska et al. 2023a).
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As expected, the loading temperature variable is critical regarding the possibility of
post-fire self-healing (Figure 4.9f) since it influences the amount and type of damage
occurring in cementitious materials and causes chemical and physical changes in their
microstructure (Rajczakowska et al. 2023a). For instance, calcium hydroxide decomposes
at approximately 400—500°C while calcite and calcium silicate hydrate (C—S—H) at 700—
900°C (Ming & Cao, 2020). Some of the reactions are reversible, e.g., rehydration of
portlandite by reaction of calcium oxide with water in the presence of moisture. However,
rapid rehydration of portlandite leads to expansion and, consequently, further loss of
strength. This can possibly be associated with the noticeable CSR decline at around 500°C
(Figures 4.9f, 4.10f). Another decrease in the strength recovery can be visible after
approximately 700°C. It can be related to the increase in materials porosity and severe
cracking. Self-healing of wider cracks is difficult without external stimulators (Reinhardt
& Jooss, 2003). These results agree with previous experimental studies, e.g. (Poon et al.,
2001).

The PDP suggests that the compressive strength recovery could be causally sensitive
to the curing regime, with changes between approximately 0.5 to 0.75 (Figures 4.9j)
(Rajczakowska et al. 2023a). This follows other studies on this topic where water curing
(here marked as “1”) led to significant durability and mechanical performance recovery
(Akca & C)zyurt, 2018; Henry et al., 2011; Lin et al., 2011), in contrast to the air curing
(here marked as “0”). The studied model's limitation is dividing the curing regimes into
two general groups. The curing effect could be more pronounced in the case of a more
detailed analysis of environmental conditions, e.g., knowing the exact value of relative
humidity and temperature. Currently, no such data have been systematically reported in the
literature. The curing time PDP indicates that major changes occur within the first 50 days,
with strength recovery values between 0.58 and 0.7. Later, there is a negligible CSR
variation, below 2% (Rajczakowska et al. 2023a).

In contrast to the curing, the strength recovery is presumably causally insensitive to
both the cooling regime (Figures 4.9h) and cooling time (Figures 4.9j), with CSR changes
of approximately 2% and 4%, respectively (Rajczakowska et al. 2023a). The longer the
cooling, the less significant the strength regain (Figures 4.9j). On the other hand, the ICE
single observation curves do not follow the same pattern, i.e., some of the curves decrease
and some increase, suggesting an interaction of the cooling regime variable with other
inputs. Interestingly, analogical findings were reported in the literature. For example, water
cooling had a deteriorating effect on strength recovery (Mendes et al., 2011), presumably
due to the fast rehydration of portlandite, while in other cases, water cooling facilitated
recovery, in contrast to air exposure (Karahan, 2011).

There are several variables with minor influence on the predicted self-healing strength
recovery. Concrete’s age changes (Figure 4.9b) caused only a small difference in the values
of strength recovery, between approximately 0.63 and 0.71. The healing efficiency is
slightly higher at an early age, presumably due to unhydrated cement particles, which can
hydrate in the presence of moisture, increasing strength (Endait & Wagh, 2020). After 20
days, no observable changes were noted (Figures 4.9b). Looking at the PDP plots, the mix
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properties related to the binder, such as w/c (Figures 4.9a) and cement amount (Figures
4.9¢), exhibited a minor influence on the strength recovery, with only approximately 5%
(0.05) change in relation to initial compressive strength (Rajczakowska et al. 2023a), which
agrees with experimental results published by (L. Li et al., 2017; Lin et al., 2011).
Nevertheless, comparing the ICE single observation curves, it can be noticed that there are
differences in the shape of the curves for both variables, which can suggest the effect of
another input interaction (Goldstein et al., 2015). A strong correlation (R = -0.7) between
these predictors (Figure 4.2) could have altered the actual dependency. The specimen
volume was insignificant according to the PDP (Figure 4.91). If the effect of sample size is
negligible, this study's conclusions could presumably be applied in the field on large-scale
elements. Another modeling (Ly et al., 2021) and experimental research (Hamad, 2017;
Zabihi & Eren, 2014) pointed out the secondary effects of specimen size on compressive
strength. Regardless, this hypothesis still requires further verification in case of high-
temperature damage recovery.

In opposition to the binder-related mix components, fine (Figure 4.9d) and coarse
aggregates (Figure 4.9¢) had a relatively significant influence on the strength recovery, with
CSR changes between 0.61-0.69 and 0.62-0.72, respectively (Rajczakowska et al. 2023a)..
The effect of fine aggregate is negative until the amount is around 1000 kg/m3 as opposed
to coarse aggregate. A recent review paper (Li et al., 2020) compared post-fire healing for
cement paste, mortar, and concrete. It was observed that concrete showed better healing
efficiency than paste and mortar. The possible reason could be the formation of cracks
resulting from different thermal expansion coefficients of aggregate and hydrated binder,
which form an interconnected network probably having a higher capacity for the
precipitation of self-healing products as well as facilitating the transport of the healing
substances and moisture into the crack (L. Li et al., 2020; Schneider, 1988). Figure 4.10
shows a two-dimensional heatmap PDP for fine and coarse aggregate. Based on this
relation, an optimal mix composition for high strength recovery can be suggested. It is
visible that the highest value of CSR can be achieved for the fine aggregate amount of
approximately 600 kg/m3 and coarse aggregate between 1000-1200 kg/m>. Nevertheless,
these variables' high correlation (R = -0.9) should be underlined (Figure 4.2 - upper).
Similarly, the w/c ratio of approximately 0.34-0.4 and fine aggregate below 700 kg/m?
could presumably warrant better healing than other mix parameters (Figure 4.2 - lower).

To visualize the significance of the impact of the variables on the modeled response,
predictor importance analysis was computed (Figure 4.11). This method calculated the sum
of changes in the node risk due to splits on every input. Subsequently, the sum was divided
by the number of branch nodes. More information on the algorithm can be found in (The
MathWorks, 2022). The analysis revealed that the loading temperature and curing were
highly impactful, with the estimates approximately three times larger than the rest of the
variables.

Further sensitivity analysis was conducted by re-training the model with different
numbers of variables to compare the changes in the values of MSE. First, the model was
trained and tested only with every single variable (Figure 4.12ab), and afterward, by
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removing one variable per calculation (eleven variables included) (Figure 4.12cd). It is
noticeable that, once more, temperature and curing have the most significant influence on
the model error.
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Figure 4.10. Heatmap PDP for the two variables; upper: coarse and fine aggregate vs.
strength recovery (Rajczakowska et al. 2023a); lower: w/c and fine aggregate vs. strength
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(Rajczakowska et al. 2023a).
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4.2. EXPERIMENTAL SETUP

Based on the model interpretation (Subchapter 4.1), experimental evaluation was
performed to study the possibility of improving the self-healing process by applying novel
environmental stimulators. First, selected treatments from Chapter 3 were applied. In
addition, the cement paste was modified with a small dose of carbon nanomaterials, i.e.,
0.1%wt binder of Multi-Wall Carbon Nanotubes (MWCNTs). MWCNTs positively affect
cement hydration due to their high specific surface; they act as nucleation sites (Xiao et al.,
2021). In addition, MWCNTs bridge the cracks and boost mechanical performance (Yao
& Lu, 2021). These attributes could potentially promote the self-healing process.

The overview of the experimental setup is presented in Figure 4.13.
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Figure 4.13. Overview of the experimental setup (Rajczakowska et al. 2023c¢).

4.2.1. Materials

Ordinary Portland cement (OPC) CEM 1 42,5 N (Cementa Heidelbergcement Group,
Stockholm, Sweden) was used to prepare cementitious materials (Table 4.7).

Table 4.7. Chemical composition of Portland cement (Rajczakowska et al. 2022).

Chemical Ca0O SiO: ALO; Fe20s; MgO Na,0O KO SOs Cl
compound
Mean value [%] 63.3 21.2 3.4 4.1 2.2 0.18 0.56 2.7 <0.01
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Two types of cement pastes were produced: with (CNT) and without (REF) multiwall-
carbon nanotubes (MWCNTs). Industrial grade (92+%), untreated MWCNTs (Nanocyl
SA, Sambreville, Belgium) were used with a diameter equal to 7-16 nm, and a length of
0.5-2.0 pum. The nanomaterials were added in the amount of 0.1%wt of cement. The
overview of the experimental setup is presented in Figure 4.13.

First, the nanomaterials dispersion was prepared. MWCNTs were mixed with tap water
and surfactant in the weight ratio of 1:2. Water-to-cement ratio was kept equal to 0.4. A
commercially available polycarboxylate-based superplasticizer Sika ACE 30 (Sika, Baar,
Switzerland) was chosen as a surfactant. Then, the ultra-sonification technique was applied
to disperse the mixture using Hielscher sonicator UP200St (Hielscher Ultrasonics, Teltow,
Germany) with an amplitude of 100% and 10 min sonification time (Figure 4.14a).

(b) (d)
“* MWCNT dispersion
Day 1 | b

(c)
MWCNT dispersion

Figure 4.14. (a) ultrasonicator with the piezoelectric probe, MWCNT dispersion (b) 1 day
after sonification, (c) 26 days after sonication, (d) oven (Rajczakowska et al. 2022).

All parameters, i.e., ultra-sonification constants and surfactant amount, were
determined based on the trial-and-error approach. Preliminary testing indicated the stability
of the dispersion controlled over 26 days (Figure 4.14bc). The final mix composition is
presented in Table 4.8.

The dispersion was mixed with cement in a Hobart mixer for 3 min and cast into 40 x
40 x 160 mm steel molds. The specimens were removed from the molds after approximately
24 hours and cured under complete water immersion for 28 days.

Table 4.8. Parameter combinations (modified from Rajczakowska et al. 2023c).

Name C W MWCNT SP Temp. Conditions
® © (2) (2) (W)
REF 0 1000 0.4 0 0 No high temperature  Intact material, 28-day
(only drying in strength
50°C)
CNT 0 1000 0.4 1 2 No high temperature  Intact material, 28-day
(only drying in strength

50°C)
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200 REF bh 1000 0.4 0 0 200 Before healing (no
exposure applied)

200 REF W0 1000 0.4 0 0 200 Water cycle, 5 days wet, 1
day dry

200 REF W 1000 0.4 0 0 200 Water cycle, 3 days wet, 3
days dry

200 REF R 1000 0.4 0 0 200 Retarding admixture mixed

with water cycle, 3 days
wet, 3 days dry

200 REF L 1000 0.4 0 0 200 Lime water cycle 3 days
wet, 3 days dry

400 REF bh 1000 0.4 0 0 400 Before healing (no
exposure applied)

400 REF W0 1000 0.4 0 0 400 Water cycle, 5 days wet, 1
day dry

400 REF W 1000 0.4 0 0 400 Water cycle, 3 days wet, 3
days dry

400 REF R 1000 0.4 0 0 400 Retarding admixture mixed

with water cycle, 3 days
wet, 3 days dry

400 REF L 1000 0.4 0 0 400 Lime water cycle 3 days
wet, 3 days dry

200 CNT bh 1000 0.4 1 2 200 Before healing (no
exposure applied)

200 CNT W0 1000 0.4 1 2 200 Water cycle, 5 days wet, 1
day dry

200 CNT W 1000 0.4 1 2 200 Water cycle, 3 days wet, 3
days dry

200 CNT R 1000 0.4 1 2 200 Retarding admixture mixed

with water cycle, 3 days
wet, 3 days dry

200 CNTL 1000 0.4 1 2 200 Lime water cycle 3 days
wet, 3 days dry

400 CNT bh 1000 0.4 1 2 400 Before healing (no
exposure applied)

400 CNTWO0 1000 0.4 1 2 400 Water cycle, 5 days wet, 1
day dry

400 CNT W 1000 0.4 1 2 400 Water cycle, 3 days wet, 3
days dry

400 CNTR 1000 0.4 1 2 400 Retarding admixture mixed

with water cycle, 3 days
wet, 3 days dry

400 CNT L 1000 0.4 1 2 400 Lime water cycle 3 days
wet, 3 days dry

4.2.2. Thermal crack induction

The maximum loading temperatures were selected based on trial tests. As Chapter 2
(literature review) describes, cementitious materials undergo significant chemical and
physical changes resulting from temperature loading. These changes get more severe with
the increasing temperature. The analysis of the developed model (Section 4.1) also
underlined the importance of exposure temperature on self-healing efficiency. Therefore,
two temperatures were investigated in this study, 200°C and 400°C. This temperature range
includes changes in C-S-H due to dehydration (starting from 20°C), and partial
disintegration of Portlandite, which completely decomposes around 400-500°C (Szelag,
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2020). In addition, changes in cementitious materials after 200°C are rarely reported in the
literature (Nalon et al. 2021); therefore, this study aimed to fill in this research gap.
Unfortunately, higher temperatures lead to the extremely fragile microstructure of the
specimens and could not be studied with the designed experimental setup.

After 28 days of curing, one of the surfaces of each sample was grinded with an
oscillating grinder before being placed in the furnace to remove impurities and facilitate
the observation of the cracking patterns after loading the sample. The procedure consisted
of two steps. First, the specimens were dried at 50°C for 7 days. After drying, the
temperature loading was applied at 200°C and 400°C. The oven (Figure 4.14d) was
preheated to the desired temperature before placing the specimens. The samples were
exposed to high temperatures for 2 hours. Hot samples w quickly removed from the oven
and cooled down by the natural temperature drop in room temperature at approximately
20°C.

4.2.3. Self-healing exposure

Upon cooling, the thermally cracked specimens were immersed in sealed containers
with environmental stimulators (Table 4.8) to activate the healing process.

The choice of environmental exposures was performed based on the analysis from
Chapter 3 (Table 3.4); however, only selected conditions were studied. Four treatments
were applied: cyclic water immersion with cycle 5 days wet and 1 day dry (WO0) and cycle
3 days wet and 3 days dry (W), as well as following the latter cycle, immersion in a 30%wt
mixture of retarding admixture and water, and limewater (L). The same retarding admixture
used as in the case of mechanical cracks (Chapter 3), i.e., SIKA Retarder, described as
modified phosphates containing sodium metaphosphate (20%-30%), sodium gluconate
CsH11NaO7 (2%-5%), and water (70%-80%). The application of cyclic wetting conditions
was aimed at mimicking more realistic field conditions. In comparison, a water cycle with
a 5-day wetting phase was proposed to verify the effect of longer immersion on recovery.
In total of 24 days of healing were assumed, i.e., four treatment cycles. A complete list of
studied parameter combinations is presented in Table 4.8. Twenty-seven beams were
prepared for each mix (in total fifty-four specimens), i.e., three beams to test the intact
cement paste, six beams after temperature loading (three beams for each temperature,
200°C, and 400°C), and eighteen beams for the measurements after the healing process
(three beams per exposure per temperature).

4.2.4. Self-healing efficiency measurements

Three-point bending test was performed to measure the flexural strength recovery using
auniversal loading machine with displacement control, type Wykeham Farrance, with a 50
kN loading cell combined with the QuantumX MX440B universal measuring amplifier
(HBM, Darmstadt, Germany) (Figure 4.15c). Twelve beams were tested per mix: three
intact samples, three after 200°C and 400°C temperature loading, and three after self-
healing in each environmental stimulator. Two parameters described flexural strength
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recovery, i.e., FSRO (Eq. 4.8) and FSRt (Eq. 4.9), defined in the following equations
(Rajczakowska et al. 2022):

O-f,h

FSRO = <—— 1) -100% [%] (4.8)
O'f‘o
O-f,h

FSRt = <— - 1) -100% [%] (4.9)
Of bh

whereay o is the flexural strength of the intact specimen at 28 days. oy, and oy j, are the
flexural strengths before and after healing, respectively (Rajczakowska et al. 2022).

(a) (b)

specimen's
cross-section

\ crack filled
T with resin
specimen

epoxy resin

Figure 4.15. (a) preparation of the specimen cross-section for internal healing evaluation,
(b) the specimen’s cross-section embedded in resin, (c¢) a three-point bending setup
(Rajczakowska et al. 2022).

Compressive strength recovery (CSR) was tested with the uniaxial compression
machine, type Instron, model 1342 (Instron, Norwood, United States). Half-beams from
the flexural strength measurement were used: five intact specimens, five samples after
200°C and 400°C temperature loading, and five samples after the healing process for each
exposure. Two types of CSR parameters, i.e., CSRO (Eq. 4.10) and CSRt (Eq. 4.11) were
determined as follows (Rajczakowska et al. 2022):

Oc,h

CSRO = <— - 1> -100% (4.10)
0c,0
O-c,h

CSRt = ( - 1) -100% @.11)
Oc,bh
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THERMALLY INDUCED CRACKS

where o o is the compressive strength of the intact specimen at 28 days; o, and o, j, are

the compressive strengths before and after healing, respectively (Rajczakowska et al.
2022).

Cracking patterns on the specimen’s surface caused by high-temperature loading was
evaluated using an optical scanner Canon CanoScan LiDE 300 (Figure 4.16a). High-
resolution 1200 dpi images with 1 pixel corresponding to approximately 20 pm were
obtained for the surface of the sample before (Figure 4.16b) and after healing (Figure
4.16¢). The cracking patterns were binarised (Figure 4.16cd) following the procedure of
(Szelag, 2020) based on a machine learning image processing algorithm. A Trainable Weka
Segmentation Fiji software plugin was used. Changes in the crack area before and after
healing, i.e., the crack closure SCC, were calculated according to Eq. 4.12 below
(Rajczakowska et al. 2022):

Ap
SCC = (1 - —) 100% [%] (4.12)

Apn
where Ay, and Aj, are the number of pixels associated with the crack area before and after

the healing process, respectively (Rajczakowska et al., 2022).

(b) Original image
before healing

(a) 0| Cracking SeES

pattern

(c) Original image
after healing

ol M.ﬂﬂn
(d) Binarized image
before healing

(e} Binarized image
after healing

Figure 4.16. (a) scanner with one of the specimens, (b) scanned image of the cracking
pattern after temperature exposure, and (c) after 24 days of water healing, the binarised
image of the cracking pattern (d) after temperature exposure, (e) after 24 days of water
healing (Rajczakowska et al. 2022).

The internal crack filling was studied using a digital optical microscope, type Dino-
Lite Pro AM-413T. The end of the specimen was immersed in epoxy resin (Figure 4.15a)
to glue the fragile cracked microstructure, and after hardening, a cross-section was prepared
(Figure 4.15b). One cross-section per specimen was studied (Figure 4.17a). Afterward, the
slice was cut into smaller parts which were once again impregnated and polished for SEM
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analysis as described before. The filling of the cracks and the chemical composition of the
healing material inside the cracks was verified using SEM with EDX (Figure 4.17b).

(b)

%

200, 0%CNT 400, 0%CNT SEM ANA

sample surface

<

% b

ot S
Carbon=10.3% 3000x
)ay Oxygen=62.7%
j 24 Silicone=1.4%
A a‘_CaIcium=25.5%

magnification 50x

Figure 4.17. (a) Exemplary cross-section images, (b) exemplary SEM images and EDS
analysis of the healing material inside the crack (Rajczakowska et al. 2022).

Microanalysis of the cement paste was performed using SEM Jeol JSM-IT100with a
Bruker EDX. Small pieces of specimens were impregnated in epoxy resin and polished,
using paraffin-based lamp oil as lubrication and cooling. Struers CitoVac and Labosystem
(Struers, Ballerup, Denmark) were applied. Diamond sprays with decreasing particle sizes
were used for polishing, i.e., 9 um, 3 pm and 1 um particle suspensions. To clean the surface
from possible particle contamination, samples were rinsed in an isopropanol-filled
ultrasonic bath. No coating was used for the SEM microanalysis. Details regarding this
methodology are presented in Chapter 3.

Images were taken in backscatter electron (BE) mode at a low vacuum with the pressure
set to 30 Pa, the accelerating voltage was 15 kV, and the working distance was 12+1 mm.
Changes in volume fractions of Portlandite and unhydrated cement and porosity were
calculated based on the thirty images captured at different locations with magnification
400x for each sample before and after self-healing. Image analysis was performed with the
Fiji image processing package (Schindelin et al. 2012) with ImageJ2 software (Schindelin
et al. 2015; Rueden et al. 2017). Segmentation of the pores was done using the overflow
method (Wong et al. 2006). Grayscale histogram thresholding was used to determine the
thresholds for the portlandite and unhydrated cement (Scrivener). The C—A—S—H inner (IP)
and outer products (OP) composition was measured with EDX and calculated according to
the procedure presented by (Rossen & Scrivener, 2017) to determine Ca/Si ratio variations
before and after the self-healing process. Details regarding this methodology are presented
in Chapter 3. The changes in microstructural parameters (Table 4.9) with relation to intact
X0 and thermally damaged specimen Xt were calculated according to the following
equations:

120



THERMALLY INDUCED CRACKS

Xn

x0 = (22 1) -100% [%] 4.13)
X
Xn

Xt = (— - 1) -100% [%] (4.14)
Xpn

where X, X, Xpy, are the values of the microstructural parameters after healing, before the
loading, and after temperature exposure, respectively.

Table 4.9. Microstructural parameters description.

Intact state Damaged state Parameter

Symbol Symbol [%]

OPO OPt Change in Si/Ca ratio of the outer product of C-S-H
1PO 1Pt Change in Si/Ca ratio of the inner product of C-S-H
PO Pt Porosity change

uco ucCt Unhydrated cement change

CHO CHt Portlandite change

4.3. RESULTS AND ANALYSIS

4.3.1. Effect of environmental conditions

The effect of the applied environmental conditions on self-healing strength recovery
was studied. The results of compressive strength measurements after temperature loading
(bh) and after healing treatments (W0, W, R, L) are presented in Figure 4.18 for loading
temperatures of 200°C (Figure 4.18a) and 400°C (Figure 4.18b). In addition, the recovery
of strength (CSRt) with relation to damaged specimens’ strength is shown with a scatter
plot (Figure 4.18ab). The intact specimens’ strength at 28 days for mixed REF and CNT
was measured at 58.45 +2.72 MPa and 57.18 + 2.69 MPa.
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Figure 4.18. Compressive strength results: (a) 200°C, (b) 400°C (Rajczakowska et al.
2023c¢).
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Figure 4.19. Self-healing products on the fractured surface of selected specimens after
compression test (modified from (Rajczakowska et al. 2023c).

It is visible that the differences between the compressive strength recovery of different
exposures for 200°C are minimal. The lack of significant compressive strength recovery at
200°C is not surprising since it can be related to the fact that cementitious materials tend to
exhibit higher strength after temperature exposure up to 250°C (Poon et al. 2001a).
Exposure to lime water increased strength after healing for the CNT mix (Figure 4.18a,
Table 4.10). An even more pronounced effect was noticed in the case of 400°C both for
REF and CNT, with compressive strength reaching up to 65 MPa, which is approximately
15% higher than the intact strength and more than 20% higher than the temperature-
damaged samples (Figure 4.18b, Table 4.10). Retarding admixture gave lower strength
regain for both mixes. Strength recovery with respect to the damaged state can possibly be
attributed to the porosity decrease and healing of the temperature cracks. Self-healing
products were found at compression failure surfaces of 400°C (Figure 4.19).
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Figure 4.20. Compressive strength recovery concerning intact specimens (CSRO): (a)
200°C REF, (b) 200°C CNT; (a) 400°C REF, (b) 400°C CNT; (n.s. — not a significant
difference) (Rajczakowska et al. 2023c).
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The compressive strength recovery with respect to the intact specimen’s strength was
analyzed (Figure 4.20ab, Table 4.10). Interestingly all mixes, regardless of conditions,
regained their initial strength with values of strength regain approximately equal to 1 or
above. However, only in the CNT mix and 200°C temperature loading case (Figure 4.20b)
was it observed that the retarding admixture exposure was significantly worse than the
limewater cycle and the longer water immersion cycle (WO0). In addition, a comparison
between the water cycles indicated that more prolonged water exposure is more beneficial
for CNT mix at 200°C (Figure 4.20b). No significant differences were observed between
REF (Figure 4.20ac) and CNT mix at higher temperature loading (Figure 4.20d).

The results of flexural strength measurements after temperature loading (bh) and after
healing treatments (W0, W, R, L) are presented in Figure 4.21 for loading temperatures of
200°C (Figure 4.21a) and 400°C (Figure 4.21b). In addition, the recovery of strength
(CSRt) with relation to damaged specimens’ strength is shown with a scatter plot (Figure
4.21ab). The measured flexural strength values of intact specimens for REF and CNT
samples were equal to 3.33 £ 0.8 MPa and 3.78 + 0.53 MPa, respectively.

4 50 4 50
(a) (b)
- 40 e 40
— 837 u3f

= 3 30 a3 30
o =

= — 20 £

< £ =]

B2 oS Ba

£ B o®

n [T a [L‘II_J §

™ I =1

S B - 10 @1

E 1d | - [

© i 20

[
0] 11 1 BEEY 0
bh Wolw |R| L |
CNT | CNT

Figure 4.21. Flexural strength results: (a) 200°C, (b) 400°C (modified from (Rajczakowska
et al. 2023c¢).

Subjecting cement paste to 400°C resulted in a significant loss of flexural strength,
which did not recover to the intact specimen levels after self-healing for REF or CNT mixes
(Table 4.9). In the case of the REF mix, a 20-42% (depending on exposure) increase with
respect to the damaged state (FSRt) was noticed after healing the 400°C cracks (Figure
4.21, Table 4.10). For specimens with carbon nanomaterials, the flexural strength regained
after curing was close to zero, or, in some cases, an additional 20% decrease in relation to
the damaged state was observed. Nevertheless, flexural strength showed high variability of
the results with large standard deviations for both 200 and 400°C (Figure 4.21ab); therefore,
the results are not significant.

Literature studies on post-fire recovery of cementitious materials rarely report results
on flexural strength, focusing primarily on compressive strength regain. Nevertheless, low
flexural strength values were observed after the healing process (Vysvafril et al. 2014),
which agrees with this study. The large spread of the flexural strength results stems from
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the high-temperature cracking patterns being randomly distributed and highly variable
within the specimen population (Rajczakowska et al., 2022). In addition, the self-healing
products formed on the walls of the cracks may not form a strong bond with the hydrated
binder, resulting in the development of “weak” zones that are especially harmful in
bending. Higher compressive strength but lower flexural strength could indicate that the
samples become more brittle than intact cement paste. A similar effect was observed by
(Vysvaril et al. 2014). The strength recovery indexes' results for compressive and flexural
strengths are summarized in Table. 4.10.

Table 4.10. Calculated strength recovery parameters (modified from (Rajczakowska et al.
2023c¢).

Specimen Temp. [°C] Case/exposure  CSRO [-] CSRt [-] FSRO [] FSRt [-]
bh 1.9 0.0 1.2 0.0
W0 5.2 33 250 0B
REF \ 7.1 5. 187 {187
R 3b - 5 8 235
200 L 0.5 18 -4 -3k
bh 9.9 0.0 -fh 0.0
w0 176 7.0 (389 0.1
CNT W 4.9 4k 184 22
R -3 21 (264 -[E4
L 1441 3.8 -4B 3.
bh 184 0 [ 5589 0.
W0 6.9 1953 [8 7 370
REF W 9.5 220 (385 356
R 6.7 194 6 194
400 L 127 258 (382 424
bh -1k 0. (389 0.
WO 8.4 1781 [5584 -2k
CNT w 2047 305 [96 > 85
R 0.8 9. (289 4.5
L 128 2200 [ o 28 s

Sealing cracks at the specimen surface was analyzed as a possible indirect indication
of durability recovery. For all specimens, white precipitates were observed inside the cracks
(Figure 4.22). In addition, initial visual observation suggested that narrow cracks were fully
closed in most cases, whereas wider cracks, particularly visible for the higher temperature
loading, were only partially filled with rehydrated phases (Figure 4.22b).
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(a) (b)

Magnification 50x

Magnification 200x Magnification 200x

Figure 4.22. Example of optical microscope images of the crack surface after healing for
mix REF after (a) 200°C, (b) 400°C temperature loading (Rajczakowska et al. 2022).

To make a quantitative comparison between applied environmental exposure, the
surface crack closure parameter was calculated (Table 4.11). All exposures lead to partial
healing of the cracks with an efficiency between approximately 30-60% for 200°C
temperature loading. The highest SCC index was obtained for limewater in the case of REF
(SCC=55.1%) and CNT mixes (SCC=57.5%). More prolonged water exposure gave
comparable (SCC=58.5%) crack sealing in the case of the CNT mix. In the case of 400°C
temperature loading, the crack closure results are significantly lower, with negative values
for short water cycles. The highest efficiency was observed for the retarding admixture for
both REF (SCC=17.7%) and CNT specimens (SCC=51.8%).

Table 4.11. Calculated surface crack closure (SCC) before and after healing based on the
segmented cracking pattern images (modified from (Rajczakowska et al. 2023c).

Temperature loading 200°C  Temperature loading 400°C

Mix Exposure

Mean [% Std [%] Mean [%)] Std [%]
W0 i 74 5.0 ' 10.6
\ i 6.8 -14.5 1.4
REF .
R 253 7 L 120
' 6.0 %8.9 12
w0 | 6.7 5.7 1.4
W i 188 -15.7 115
NT
¢ R 6.8 [:il.S B AEX
L1102 L 128 1.0
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In addition, the average (Figure 4.23ab) and maximum (Figure 4.23cd) crack widths before
and after the healing process were calculated based on the obtained cracking patterns
images. In the case of the average crack width, a weighted average from the local thickness
distribution histogram was computed starting from the size of 2 pixels to avoid including
noise.
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Figure 4.23. Crack width changes before and after self-healing in different exposures (red
— W, blue — R, green — L): (a) average crack width at 200°C, (b) average crack width at
400°C, (¢) max crack width at 200°C, (d) max crack width at 400°C (Rajczakowska et al.
2023c).

The average crack width of CNT decreased by approximately 10% with all the self-
healing treatments at 200°C (Figure 4.23ab). Lime water resulted in the most efficient
healing for CNT and REF, with approximately 14% and 11% crack reduction, respectively.
For 400°C, the best results were obtained in retarding admixture exposure (R), with
approximately 33% and 19% average crack width decrease for CNT and REF, respectively
(Figure 23ab).

On the other hand, it is visible that there is a considerable variation between the
specimens in each exposure concerning the maximum crack width changes (Figure 4.23cd).
In the case of water exposure (W), there is even an increase in maximum crack widths,
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which correlates with the negative values of SCC (Table 4.11). The short drying and
wetting cycles may cause swelling and expansion due to rehydration and subsequent
shrinkage of the hydrated cement material. At 200°C, changes in max width were
negligible. At 400°C, the best combination was the CNT in the retarding admixture,
achieving an average 16% (approx. 50 um) narrower crack. None of the other cases lead to
a maximum crack width decrease, which agrees with the values of SCC (Table 11).

It should be noted that the calculation of the maximum crack width has limitations as
the parameter represents a local maximum which does not give sufficient information about
healing. In addition, more complex descriptors of cracking patterns could be appropriate to
describe the self-healing process. For instance, a local crack width distribution can be
calculated according to the procedure described in Chapter 3 (Figure 4.24ab).

(a) CNT 400 R Before (b) CNT 400 R After
v |
> o k!
¥ cracking X e cracking »
L a4 pattam | . * pattern 5
=7 S
10 mm 10 mm
— R —
(c) (d)
0.3 1
mbefore mafler
0.25 _; 08

~ 02 = :

“é § 0.6 5

£0.15 >

2 Z 04

G- B e T e bafors

o2
0.05 L e 3BT
" AR o M
56 106 166 206 256 306 0 50 100 150 200 250 300 350
Local crack widlh (um) Lacal erack width (um)

Figure 4.24. Changes of local crack width distribution for mix CNT subjected to 400°C
and cured in retarding admixture: (a) fragment of the cracking pattern before healing, (b)
after healing; (¢) histogram of crack widths; (d) cumulative distribution function of crack
widths.

An exemplary calculation has been performed for mix CNT subjected to 400°C and
cured in retarding admixture before and after healing (Figure 4.24c¢). It suggested a bimodal
distribution of crack widths (Figure 4.24) changes with the healing process, i.e., the number
of narrow cracks below 100 um increases whereas the number of wide cracks above 200
um — decreases. The relation is also visible when the cumulative distribution functions are
compared (Figure 4.24). Similar observations were made for all the mixes.

Analysis of the cross-sections of the sample with the optical microscope demonstrated
the presence of the healing material inside the cracks of all specimens (Figure 4.25). White
precipitates were visible deep inside the crack. In some cases, e.g., specimen 400 REF L,
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there was a larger formation at the crack opening, but little self-healing phases formed
inside the crack.
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Figure 4.25. Optical images of the specimen's cross-section show cracks filled with
healing products (Rajczakowska et al. 2023c).

In addition, SEM observations of the healing materials inside the crack were performed
(Figures 4.26-4.29). The most pronounced internal crack closure, i.e., sealing the crack
deep inside the specimen, was visible for specimens cured in retarding admixture solution
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(Figure 4.26-4.29cd). This effect was consistent for both loading temperatures, regardless
of the mix composition. Based on SEM analysis combined with EDX, several types of self-
healing product morphology were observed with varied Si/Ca, Al/Ca, and P/Ca ratios and
amount of sodium (Figure 4.30, Table 4.12). Irregular particles were detected inside the
specimen and a homogenous filling mixture of presumably calcium phosphate with C—
S—H (Table 4.12). Close to the surface (Figures 4.28¢c and 4.29c¢), a homogenous filling of
possibly a mixture of calcium phosphate compounds with C—S—H with higher amounts
of sodium was found.

Figure 4.26. SEM images of self-healing products in the polished section of the 200°C
cracks for REF specimens in different exposures (Rajczakowska et al. 2023c¢).
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Figure 4.27. SEM images of self-healing products in the polished section of the 200°C
cracks for 0.1% CNT specimens in different exposures (Rajczakowska et al. 2023c).

129



§ Seff-hesing "
-~ preducts

Selfhealing
pmclgr:ls i
- —

Figure 4.28. SEM images of self-healing products in the polished section of the 400°C
cracks for REF specimens in different exposures (Rajczakowska et al. 2023c¢).

Figure 4.29. SEM images of self-healing products in the polished section of the 400°C
cracks for 0.1% CNT specimens in different exposures (Rajczakowska et al. 2023c).

In the case of the water and lime water exposures, the self-healing phases presumably
corresponded to the calcium carbonate layers at the surface and C-S-H mixed with calcium
carbonate deeper inside the crack (Table 4.12). This agrees with earlier results obtained for
mechanically cracked cementitious materials (Rajczakowska et al. 2019b). In addition,
Ettringite presence was also speculated based on the sulfur detection, e.g., for 200 REF W
(Table 4.12).
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Table 4.12. Morphology and chemical composition of the healing products based on EDS
analysis (Rajczakowska et al. 2023c).

Temp. Paste Exposure Morphology Chemical composition
type
200°C REF W - calcium carbonate mixed with C-S-H - Si/Ca=0.05+0.002, Al/Ca=0
- ettringite needles - Si/Ca=0.13+0.02,
Al/Ca=0.19+0.02, presence of
Sulphur 2.14+0.3 %
REF R - inside the specimen two types of - inside the specimen:
products: * Si/Ca=0.37+0.05,
* irregular particles Al/Ca=0.03+0.02, presence of
* homogenous filling - mixture of Sodium, Sulphur, Potassium
calcium phosphate with C-S-H * Si/Ca=0.10+0.03,
- close to the surface - homogenous Al/Ca=0.01+0.02, P/Ca=0.51+0.05,
filling - mixture of calcium phosphate small amount of Sodium, Potassium
with - close to the surface -
C-S-H Si/Ca=0.08+0.02, Al/Ca=0,
P/Ca=0.76+0.14, higher amount of
Sodium 2.3+0.8 %,
REF L - inside: possibly C-S-H mixed with - Si/Ca=0.25+0.02, Al/Ca=0, very
calcium carbonate small amounts of Sodium,
- close to the surface: calcium carbonate  Potassium
layers - Si/Ca=0.07+0.02, Al/Ca=0, very
small amounts of Potassium
CNT W - calcium carbonate mixed with C-S-H -Si/Ca=0.16+0.10,
Al/Ca=0.02+0.03, very small
amounts of Magnesium, Potassium
CNT R - inside: homogenous filling - mixture - inside - Si/Ca=0.10+0.01,
of calcium phosphate with C-S-H Al/Ca=0.008+0.02, P/Ca=0.92+0.07,
- close to surface: homogenous filling - higher amount of Sodium 3.09+1.49
mixture of calcium phosphate with C-S- %,
H - outside - Si/Ca=0.53+0.45,
Al/Ca=0.05+0.08, P/Ca=0.92+0.16,
higher amount of Sodium 2.68+1.00
%,
CNT L - healing products not visible on the -
cross-section
400°C REF W - calcium carbonate mixed with C-S-H - Si/Ca=0.05+0.003, Al/Ca=0
- ettringite needles - Si/Ca=0.10+0.006,
Al/Ca=0.19+0.007, higher amount
of Sulphur 2.64+0.6 %
REF R - inside the specimen different types of  -inside the specimen:

products with mixture of porous and
homogeneous filling (mixture of
calcium phosphate with C-S-H) with
varied Si/Ca, Al/Ca and P/Ca ratios and
amount of Sodium:

- close to the surface - homogenous
filling - mixture of calcium phosphate
with C-S-H with higher amounts of
Sodium

* homogeneous type 1:
Si/Ca=0.09+0.02, Al/Ca=0,
P/Ca=0.45+0.04, Sodium 2.46+0.4
%,

* homogeneous type 2:
Si/Ca=0.21+0.03, Al/Ca=0.06+0.01,
P/Ca=0.69+0.08, Sodium 5.04+0.9
%,

* homogeneous type 3:
Si/Ca=0.07+0.008, Al/Ca=0,
P/Ca=0.48+0.07, Sodium 3.32+0.9
%,

- close to the surface -
Si/Ca=0.09+0.01, Al/Ca=0,
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P/Ca=0.97+0.06, higher amount of
Sodium 6.7+0.8 %,

REF - inside: calcium carbonate and possibly - Si/Ca=0.06+0.005, Al/Ca=0 and
C-S-H mixed with calcium carbonate Si/Ca=0.14+0.04, Al/Ca=0.01+0.02
- close to the surface: calcium carbonate ~ with small amount of Magnesium
layers and Potassium
- Si/Ca=0.005+0.004, Al/Ca=0
CNT - inside: calcium carbonate mixed with - Si/Ca=0.06+0.009, Al/Ca=0
C-S-H - Si/Ca=0.04+0.01, Al/Ca=0
- close to the surface: calcium carbonate
layers
CNT - inside: homogenous filling - mixture - inside - Si/Ca=0.14+0.06,
of calcium phosphate with C-S-H and Al/Ca=0.02+0.02, P/Ca=0.37+0.14,
calcium carbonate higher amount of Sodium 2.37+1.14
- close to surface: homogenous filling - %,
mixture of calcium phosphate with C-S- - outside - Si/Ca=0.86+1.10,
H Al/Ca=0.03+0.08, P/Ca=0.97+0.25,
higher amount of Sodium 3.62+2.95
%,
CNT - calcium carbonate mixed with C-S-H - Si/Ca=0.05+0.004, Al/Ca=0

400 REF R Type 2

Py T R T

400 REF R Type 3

Figure 4.30. Different types of self-healing products (Table 4.12) in 400 REF R specimen
(Rajczakowska et al. 2023c).

4.3.2. Effect of loading temperature

The relation between the maximum loading temperature and self-healing efficiency
was evaluated based on the obtained results of the strength recovery (CSR0, CSRt, FSRO,
FSRt) and surface crack closure (SCC). Two distinct groups of points are visible regarding
the relation between CSR0, SCC, and FSRO and CSRt, SCC, and FSRt, which suggests the
influence of the loading temperature on the healing process (Figure 4.31). This relation was
observed earlier in this Chapter, and it is in agreement with other studies (e.g., Poon et al.,
2001).
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(b)
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Figure 4.31. 3D scatter plot of: (a) SCC vs FSRO and CSRO, (b) SCC vs FSRt and CSRt
(Rajczakowska et al. 2023c¢).

In addition, a correlation analysis between temperature and self-healing efficiency
parameters was performed using the point-biserial and Pearson correlation coefficients
(Figure 4.32).

Temp. | Temp. 0.87 -0.80 052 -0.77

0.8
CNT| =  CNT 0.43 06

0.4
CSRO | x %  CSRO 070 53

CSRt

, x ’ CSRt 073 048 078 |0

FSRO \ x @ \ FSRO 0.70 i
S 04

FSRt @ g 03 i

scc scC 0.8

O
c:‘C.!

Figure 4.32. Correlation coefficients for different pairs of variables (“x” marks statistically
non-significant correlations); significant level of 95% (Rajczakowska et al. 2023c¢).

Temperature demonstrated a high positive correlation with the CSRt with R=0.87 and
a moderate positive correlation with the FSRt with R=0.52 (Figure 4.32). Both of those
parameters describe strength regains in relation to the damaged specimens. The results
suggest that the more damaged the material's structure, the more efficient the self-healing
process, i.e., the more strength is recovered. It can be related to the wider cracks, which
have more space to form self-healing phases. Another reason could be the more porous and
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cracked hydrated cement matrix, which facilitates the transport of ions and healing material
into the cracks, leading to better healing.

In contrast, the FSRO, i.e., flexural strength regain with respect to the performance of
the intact specimens, showed a high negative correlation with loading temperature (Figure
4.32). Since the loss in flexural strength was only 1-7% after 200°C but 30-50% after
400°C, the damage which occurred in the specimens was challenging to heal at higher
temperatures, i.e., the cracks were too wide, which could justify the negative correlation.
No statistically significant correlation was observed for the CSRO, which agrees with the
literature and ML model analysis (Figure 4.9f). The first significant drop in CS0 would be
expected in the temperature above 400°C due to the decomposition of Portlandite.

The surface crack closure (SCC) also demonstrated negative relation to the
temperature. As mentioned before, the increasing width of the cracks for higher
temperature loading was presumably more difficult to close fully.

In addition, Figure 4.32 indicates that there are a few correlations between the self-
healing efficiency parameters. For instance, flexural strength recovery FSRO positively
correlates with the surface crack closure SCC (Figure 4.32). It is visible that this relation is
presumably associated with the temperature loading (Figure 4.33a) since two “clusters”
points can be observed, corresponding to 200°C (brown color) and 400°C (green color).
The crack sealing was significantly higher for lower temperatures, and the flexural strength
loss was less pronounced. In contrast, a negative correlation was found between surface
crack closure SCC and compressive strength recovery CSRt, i.e., with respect to the
damaged state. Once again, two clusters of points are visible, linked to the loading
temperature (Figure 4.33b). The samples gained relatively more compressive strength after
healing from 400°C temperature damage, yet the surface crack closure was very low in this
case. It suggests that the mechanism of strength regain is presumably governed by another
phenomenon, e.g., internal crack healing or chemical changes in the binder matrix, e.g.,
rehydration of phases.
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Figure 4.33. Relation between self-healing parameters: (a) SCC and FSRO, (b) SCC and
CSRt (Rajczakowska et al. 2023c).
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4.3.3. Effect of nanomaterials

A small dosage of carbon nanomaterials, i.e., 0.1wt% of MWCNTSs, was added to the
cement paste as a possible “booster” of the self-healing process. However, the correlation
results (Figure 4.32) show no statistically significant correlations between MWCNTSs and
self-healing efficiency parameters. Nevertheless, differences were analyzed between the
REF mix and CNT for each applied exposure group (Figures 4.34 and 4.35).

It can be noticed that for more prolonged water exposure (W0), the MWCNTs generally
have a positive influence both on compressive strength recovery (Figures 4.34ab) and
surface crack closure (Figures 4.35ab). However, the effect is not visible for the shorter
water cycle (W). It could be related to the fact that these materials act as nucleation sites
and potentially promote further hydration; therefore, they need extended time of re-curing

in water.
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Figure 4.34. CNT vs CSRO: (a) 200°C, (b) 400°C (Rajczakowska et al. 2023c).
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Figure 4.35. CNT vs SCC: (a) 200°C, (b) 400°C (Rajczakowska et al. 2023c).

For 400°C loading, there is a positive effect of MWCNTSs on the SCC in the case of

retarding admixture (R); however, it is not visible after 200°C loading (Figure 4.35). This
can be an outcome of several factors. Firstly, the carbon nanomaterials might be bridging
the microcracks and creating the nucleation sites on the crack planes inside the material,
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facilitating the formation of the healing phases. In the case of retarding admixture, there is
not only calcium carbonate and C-S-H forming in the cracks but also other compounds
(Table 4.12), which possibly enables crack closure. The effect might be more pronounced
for higher temperatures due to more cracks and pores forming an interconnected network
to transport the calcium ions and healing activator into the crack.

The differences in the behavior of mixes REF and CNT are not pronounced. Nevertheless,
only one dosage of MWCNTs was used. Therefore, observation of self-healing
cementitious materials with varying content of nanomaterials could be beneficial.

4.3.4. Effect of microstructural changes

Chemical and physical transformations of the cement paste due to the healing process
were studied based on changes in Si/Ca ratio for the inner and outer product of the C-S-H
gel (Figures 4.36 and 4.37), porosity (Figure 4.39), unhydrated cement (Figure 4.40), and
Portlandite (Figure 4.41) changes.
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Figure 4.36. Box charts of measured Si/Ca ratios for C-S-H for REF mix: (a) IP 200°C, (b)
OP 200°C, (c) IP 400°C, (d) OP 400°C (Rajczakowska et al. 2023c¢).

The differences in Si/Ca ratios for IP and OP measured for different exposures are between
10-20%, both in the case of REF (Figure 4.36) and CNT mixes (Figure 4.37). Considering
the variation of measurements, they can be considered negligible. It indicates that possibly
no major chemical changes occur in the C-S-H structure until 400 °C, which is consistent
with the literature (e.g., Jia et al. 2019).
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Figure 4.37. Box charts of measured Si/Ca ratios for C-S-H for CNT mix: (a) IP 200°C,
(b) OP 200°C, (c) IP 400°C, (d) OP 400°C (Rajczakowska et al. 2023c).

Nevertheless, it should be noted that the obtained values of the Si/Ca are relatively low.
The increase of Ca/Si (so decrease of Si/Ca) in IP and OP was observed for the OPC paste,
e.g., 0.48 for 400°C (Jia et al. 2019). However, in this study, values of approximately
0.4+0.05 were measured also for the control specimens, dried at 50 °C. The carbonation of
the specimens during preparation or inhomogeneities within the cement paste beams can
be the cause. It might also be related to the SEM measurement setup since lack of applied
coating results in higher current and low vacuum mode necessary to get an appropriate
signal and avoid charging, thus possibly leading to intermixing of several phases, C-S-H,
CH, AFt (Jia et al. 2019, Rossen and Scrivener, 2017).

The volume fractions of Portlandite and unhydrated cement were calculated using
thirty SEM BSE images. Figure 4.38 presents an example of SEM cross-sections of
0.1%CNT, i.e., intact (control) samples, after 200°C and 400°C temperature loading (before
healing) and after healing in water.

Based on the visual observations, it can be speculated that the temperature loading
caused an increase in porosity (Figure 4.38). Dehydration and shrinking of the hydrated
phases presumably cause these changes, e.g., the free and absorbed water is lost at 105°C
(Rajczakowska et al. 2022, Ma et al. 2015, Feldman et al. 1971), dehydration and
decomposition of the main phases start, i.e., AFt/AFm phases at 105 °C, C-S-H at 200°C
and portlandite at 350°C (Ming et al. 2020, Ma et al. 2015). At 400°C, there is an increased
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formation of microcracks and coarsening of porosity due to, e.g., evaporation of capillary
water (Ma et al. 2015), which is visible in Figure 4.37. However, after healing, the hydrated
binder matrix looks similar to the control (Figure 4.38)

Before healing

CNT0.1%

1% 400deg  CNTO0.1% 400deg

Figure 4.38. Microstructure changes for 0.1%CNT (Rajczakowska et al. 2022).

24 24

—
w

-
—
o
-~

20- 20
gﬂﬁ- 3316
E‘u 212
a gl E 8

o

o2

s

o

0.1%CNT

0.1%CNT

Figure 4.39. Porosity results: (a) 200°C, (b) 400°C (Rajczakowska et al. 2023c).

Further hydration of unhydrated cement grains in thermally cracked cement paste could
lead to performance recovery. However, obtained results suggest that the amount of
unhydrated cement does not change significantly, oscillating around 12% before and after
the temperature exposure and after the self-healing process (Figure 4.40ab).
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Figure 4.41. Portlandite fraction: (a) 200°C, (b) 400°C (Rajczakowska et al. 2023c).

This observation was confirmed with the calculation of porosity (Figure 4.39). The
initial porosity (0) for both mixes was approximately 10%. After temperature exposure, the
porosity increased to 14-18% (bh). However, it decreased again after healing, reaching the
level of the intact specimen (Figure 4.39). The effect was visible for all exposure
conditions. Presumably, the rehydrated phases formed in the pores, filling the matrix.

The fraction of Portlandite phases did not change for 200°C temperature exposure
(Figure 4.41a). In contrast, 10-30% changes were observed after 400°C temperature
loading. Other studies observed that the amount of Portlandite and C-S-H does not change
significantly until the temperature reaches 400°C (Zhang et al. 2013). Nevertheless, it was
also noted that the hydration products shrink below 400°C (Dias et al. 1990, Zhang et al.
2013). Since the C-S-H phases start decomposing earlier than Portlandite, the relative
amount of Portlandite may be presumably higher at 400°C, as observed in this study.

In addition, the correlation analysis between the microstructural parameter changes
(Table 4.9) and self-healing efficiency was performed to verify the relations (Figure 4.42).
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Figure 4.42. Pearson correlation coefficient for the microstructural parameters (x — non-
significant correlations) (Rajczakowska et al. 2023c¢).

It is visible that most of the correlations are statistically insignificant due to a limited
number of observations (Figure 4.42). Nevertheless, the Portlandite change concerning the
damaged state (CHt) was found to be negatively correlated with the CSRt. As shown in
Figure 4.43a, this relation is strictly related to the temperature loading. As mentioned
before, the increased amount of Portlandite after 400°C exposure can be related to the
decomposition and shrinkage of other phases, e.g., C-S-H and AFt/AFm, leading to a
relatively higher fraction of CH in the binder matrix. More CH and higher porosity
presumably contribute to lower compressive strength of thermally damaged specimens.
Therefore, a more significant change in CH after healing results in a higher strength
increase concerning the damaged state (CSRt).

On the other hand, the FSRO is positively correlated with the CHt (Figure 4.42). This
relation is also directly connected to the loading temperature (Figure 4.43b). In this case,
the healing was minimal, with a large spread of the results; therefore, it is impossible to
speculate on this relationship's physical causes.
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Figure 4.43. Relation between (a) CHt and CSRt, (b) CHt and FSRO (Rajczakowska et al.
2023c).
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4.4. SUMMARY

In Chapter 4, the self-healing of thermally cracked cementitious materials was studied using

computational and experimental methods.

The following main conclusions were established based on Chapter 4:

ML methods enabled the construction of the strength recovery model of
thermally damaged concrete with accuracy twice as good as linear regression.

Ensemble of regression trees with boosting algorithm obtained the lowest error
and training time.

Performed sensitivity analysis and interpretation of the model with the PDPs
and ICE plots pointed out the importance of the loading temperature and curing
treatment on the self-healing efficiency. According to the model, the binder-
related mix components had a secondary role in the process; however, the
model did not consider SCMs.

Using substances other than water did not significantly improve the self-healing
efficiency of thermally cracked cement paste.

For 400°C loading, there was a positive effect of MWCNTs on the SCC in the
case of retarding admixture, which was not visible in the case of 200°C loading.

For more prolonged water exposure, the MWCNTSs positively affected the
compressive strength recovery; the effect was not observed for the shorter water
cycle; presumably, an extended time of re-curing in water is needed for these
materials to “boost” the hydration process.

In general, self-healing was more pronounced for 400°C damage, possibly due
to more cracks and pores forming an interconnected network transporting the
calcium ions and environmental stimulator into the crack.

Self-healing products were observed inside the cracks for all exposures, both at
the crack mouth and deeper inside the crack. Calcite dominated in the case of
water and limewater, whereas a mixture of C-S-H, calcite, and calcium-
phosphate compounds for retarding admixture exposure.

The amount of unhydrated cement did not change during the self-healing
process; however, the porosity decreased significantly compared to the
damaged state. Presumably, the rehydrated phases formed in the pores, filling
the matrix.
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DISCUSSION AND OUTLOOK

5. DISCUSSION AND OUTLOOK

5.1. AUTOGENOUS SELF-HEALING MECHANISM

This research consisted of several stages to deepen the understanding of the autogenous
self-healing mechanism (Chapter 1, Figure 1.1). During initial studies (Chapter 3.1), an
"extreme" mix composition was chosen, i.e., UHPC, to confirm that the amount of available
unhydrated cement drives self-healing. The results suggested that this dependency is not as
strong as predicted. Furthermore, lower crack closure was observed for the UHPC mix than
in mortars with lower cement amount and higher water-to-cement ratio (Rajczakowska
2019, Rajczakowska et al. 2019b). The conclusions from this investigation led to the
formulation of the proposed self-healing mechanism (Figure 5.1).
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Needle-like products

(C-8-H)
== | _ Mortar
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Figure 5.1. Observed self-healing patterns in initial studies (Rajczakowska et al., 2019b).

Different self-healing processes dominated inside the crack and at the crack mouth.
White cuboid crystals, identified as calcium carbonate, were observed at the crack mouth,
supporting the sealing of the crack. This process could presumably lead to durability
recovery by blocking the movement of aggressive substances into the crack. On the other
hand, a mix of various hydrated phases, including C-S-H, CaCQOs, and Ettringite, were
examined deeper inside the cracks of the specimens with higher flexural strength recovery
(mix Al and Ul). These findings were in agreement with the previous studies, e.g.,
(Granger et al., 2007ab).

The two types of observed autogenous self-healing behavior can be linked to the
generally accepted mechanisms, i.e., calcium precipitation and ongoing hydration (e.g., De
Rooij et al. 2013).

Calcite precipitation is driven by the diffusion-dissolution-precipitation processes
connected to the leaching of calcium from the Portlandite and C-S-H due to water exposure.
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First, calcium ions are transported by diffusion because of the difference in concentration
between the tap water and the pore solution of the hydrated binder (Adenot and Buil, 1992).
The ions react inside the crack with the carbonate ions originating from the atmospheric
CO; dissolved in water. In this study, the calcite crystals were found in large quantities
adjacent to the crack opening, which can be related to a locally favorable environment.
Presumably, close to the surface, carbonate and calcium ions concentrations are optimal for
the chemical reactions (precipitation) to occur (Sisomphon et al., 2012). The water
remaining inside the sealed crack (Figure 5.1) has a higher ion concentration which
facilitates the growth of other self-healing phases, such as C-S-H, Portlandite, and ettringite
(Huang et al., 2013).

In addition, in the initial studies, the dependency of the self-healing process on the
material's age was observed. Aged UHPC specimens (U12) obtained substantially smaller
crack closure than the 1-day-old sample (U1). Furthermore, the early-age specimen was
characterized by the higher interconnected porosity suggesting that the pore network is a
critical factor for the auto-repair process. The formation of self-healing products inside the
crack is governed by the availability of ions, i.e., calcium, transported from the hydrated
phases. Thus, dense hydrated cement binder with low porosity, e.g., like in UHPC, may
prevent or slow down this process.

The self-healing features affecting the mechanism were identified based on the initial
study results. First, the amount of unhydrated cement particles resulting from a high amount
of binder and the low water-to-cement ratio does not seem to assure an efficient recovery
of the material properties. At the same time, adding fly ash led to the successful sealing of
the crack with calcite. However, it did not achieve corresponding strength regain, possibly
due to hindering the formation of C-S-H inside the crack. This observation pointed out a
potential strong dependency of the healing efficiency on the presence of SCMs. Based on
the performed results analysis of the preliminary study, the following hypotheses were
addressed in the follow-up research:

e Hypothesis 1: The impermeable hydration product shell, quickly formed on the
surface of freshly exposed unhydrated cement, prevents the ongoing hydration
process inside the crack.

e Hypothesis 2: The dense binder matrix with low interconnected porosity related to,
e.g., the low water-to-binder ratio leads to insufficient calcium and silicone ion
concentration inside the crack.

e Hypothesis 3: The supplementary cementitious materials, e.g., fly ash, support the
crack sealing due to calcite precipitation.

5.1.1. Hypothesis 1 — environmental exposure

Hypothesis 1 was addressed by testing various environmental conditions, i.e., healing
exposures, which could enhance self-healing by increasing the ion concentration inside the
crack and controlling the hydration rate (Chapter 3.2.1). Four groups of potentially
stimulating substances were investigated: various water immersion regimes, temperature
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effect, the hydration rate-modifying admixtures, and mixtures of water with other
ions/particles. Scientific justification of exposure conditions selection was specified in
Table 3.5, Chapter 3 of this thesis. It is important to note that similar crack opening width
was maintained in all the specimens, considering the influence of the crack width on the
healing efficiency. The results of the experiments are outlined in Table 5.1.

Table 5.1. Summary of the results of various environmental conditions, Chapter 3.2
(Rajczakowska et al., 2019c¢).

Exposure Abbreviation  External self-healing Internal self-healing
Deionized water EXP 1 Minimal crack closure; Almost no healing; Several
mixed with Several calcite crystals of microns thick calcite layer
Accelerator in various shapes under the surface, inside —
proportions 3:1 few thicker deposits of
(immersion) calcite mixed with CSH
(Si/Ca=0.19)
Deionized water EXP 2 The crack almost wholly Very high internal crack
mixed with Retarder healed; calcium phosphate closure; Calcium phosphate
in proportions 3:1 compounds on the surface compounds as well as CSH;
(immersion) with some amount of sodium  Si/Ca and Ca/P increasing
originating from the self- with crack depth
healing mixture
Saturated lime water EXP 3 Very good external self- Almost no internal self-
immersion healing: a dense layer of healing; few self-healing
calcite crystals present at the ~ products with an average
surface Si/Ca of 0.3
Coca-Cola immersion EXP 4 Efficient external crack Self-healing products
closure; calcium phosphate visible inside with CSH-like
compounds with Ca/P ranging precipitates with Si/Ca of
from 1.5t0 2.5 around 0.3-0.4; some
calcium phosphate products
present
Deionized water EXP 5 Minimal external healing, Ettringite is visible close to
immersion ettringite and calcite crystals  the surface; no internal self-
filling the crack healing
Deionized water EXP 6 Some crack closure; large A layer of calcite inside of
immersion with cyclic calcite crystals covering the the sample closure to the
evaporation (72 h crack surface, few self-healing
cycle) products in deeper parts of
the crack
Dry/wet (deionized EXP 7 Almost no external self- No internal self-healing
water) cycles 24 h/24 healing with a small calcite except for few healing
h crystal layer at the surface products deposited on the
PVA fibers' surface
Deionized water EXP 8
!mmersion up tol Minimal external healing,
mm height of the L . S
sample ettr}nglte prf?sent, no Ettringite is VlSl'ble close to
PN noticeable differences the surface; no internal self-
Deionized water EXP9 .
. . between exposure 8 and 9 healing
immersion up to 5§
mm height of the
sample
Water immersion EXP 10 Minimal external healing,

temperature cycle 24
h/20°C and 24 h/
40°C

calcite crystals filling the
crack

Hardly any internal healing,
with only single calcite
crystals

147



Water immersion EXP 11 Efficient external crack

temperature cycle 24 closing; calcite crystals inside
h/20°C and 24 h/ 5°C the crack as well as a thick

layer of ettringite
Deionized immersion ~ EXP 12 Very high external self- Agglomerates of micro-
with micro-silica healing with densified calcite  silica particles inside the
particles 1.25%w structure filling the crack crack without self-healing

products.

The results of the experiment pointed out several patterns. First, the environmental
conditions based on water exposure (EXP 5-9, Table 5.1) demonstrated limited crack
closure and strength recovery. Temperature affected the phases forming in the crack, with
a large amount of ettringite visible for mortar exposed to water at 5°C (EXP 11, Table 5.1).
It can be speculated that the self-healing process can be enhanced by longer exposure time
and mix composition optimization.

Two environmental conditions were found to facilitate the self-healing process, i.e.,
adding micro silica particles into the water (EXP 12, Table 5.1) and mixing water with
retarding admixture (EXP 2, Table 5.1). In addition, the following mechanisms supporting
these outcomes can be hypothesized.

In the case of micro-silica-based exposure (EXP 12), the particles possibly sedimented
from the water mixture into the crack and acted as nucleation sites for the growth of self-
healing phases (Figure 5.2). A similar phenomenon was observed when PVA fibers were
present. In hydrating cement, the silica fume particles were observed to accelerate C-S-H
formation by seeding (Roberts 1989, Cheung et al. 2011); therefore, they might presumably
speed the formation of C-S-H inside the crack as well. Since the C-S-H is the load-bearing
phase, presumably responsible for the strength recovery after the healing process, it could
explain this exposure's relatively high flexural strength recovery. On the other hand, since
agglomerated particles were observed deeper inside the crack, the sedimentation process
might have led to the blockage of the cracks, resulting in improved strength.

Microsilica
particle
@ Portlandite

Unhydrated
cement grain
Calcite
¥ C-5-H

Figure 5.2. Possible self-healing mechanism for samples exposed to the micro-silica-water
mixture.
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On the other hand, the retarding admixture exposure may act according to two
processes (Figure 5.3). It should be mentioned that since the exact chemical composition
of the commercial retarding admixture is complex (Chapter 3.1), the hypothesized
processes are only a possible theory.

Retarding
admixture
Portlandite

Phosphorus
containing
compounds

XY,

Calcite

C-5-H

Figure 5.3. Possible self-healing mechanism for samples exposed to Retarder mixed with
water (modified from Rajczakowska et al., 2019c¢).

First, the formation of a dense hydration shell on the unhydrated cement grains exposed
by a crack is prevented by a typical retarding action, possibly due to the adsorption of the
phosphate/phosphonate ions on the surface of unhydrated cement grains (Figure 5.3). As a
result, the growth of the self-healing phases, i.e., C-S-H, Portlandite, and Ettringite, is
delayed, allowing the ions to release into the crack. Analysis with SEM and EDX revealed
the increasing amount of the C-S-H with the distance from the sample's surface (Chapter
3.2), suggesting a higher concentration of calcium and silicate ions deeper inside the crack,
reinforcing this hypothesis. It should be noted that this treatment was only done on freshly
formed cracks. Old cracks which were in contact with moisture have not been studied.

Second, a parallel activity of this particular retarding admixture may be associated with
the direct reaction between the phosphate/phosphonate ions from the retarder and calcium
ions in the mixture inside the crack (Figure 5.3). Precipitation of homogenous compounds
with relatively high amounts of calcium and phosphorus was observed during SEM and
EDX analysis (Chapter 3.2), facilitating nearly complete crack closure. Analogical
reactivity was detected in the wastewater treatment research, where calcium released from
the C-S-H reacted with the phosphate anions (Maeda et al., 2018; Karageorgiou et al., 2007;
Naus et al., 2007; Guan et al., 2013). Formed compounds, e.g., HAP, were found to be
more stable and less soluble than calcium hydroxide (Naus et al. 2007); however, they
exhibit low flexural strength. This characteristic could explain a minimal regain of strength
in this self-healing exposure (Chapter 3.1).
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5.1.2. Hypothesis 2 and 3 — mix composition

To address Hypotheses 2 and 3 (Chapter 5.1), the effect of the microstructure of
different mortar mix compositions on the self-healing efficiency was studied. Furthermore,
mortars with 50% cement replacement by limestone in connection with SCMs (Chapter
3.1, Table 3.2) were analyzed since one of the project objectives was to focus on
environmentally friendly materials. Limestone is a locally available, relatively cheap
material, commonly used as a filler with up to 15%wt cement to improve concrete
properties. However, due to the predicted depletion of the SCMs sources, such as fly ash
or slag, limestone appears to be a prime candidate for decreasing concrete carbon footprints.
Aside from the climate impact and accessibility, the following supportive arguments for
the material choice were considered, associated with Hypotheses 2 and 3:

e Above 15%wt of cement replacement with limestone leads to higher open porosity
and permeability (Courard and Michel, 2014), partially due to the dilution effect
(Bentz, 2006), which could presumably facilitate the transfer of ions into the crack.

o For early-age cracks, it can be beneficial that limestone accelerates the hydration of
cement, leading to the production of larger quantities of Portlandite at an early age. In
addition, since Portlandite appears to be the primary source of calcium ions, a more
considerable amount of Ca(OH). could potentially enable more calcium to leach into
the crack. The positive correlation between the addition of CaCO; and the formation
of new calcite due to calcium hydroxide leaching was observed in earlier studies
(Catinaud et al., 2000).

e The combined application of limestone and SCMs forces significant changes in the
phase assemblage and microstructure of the hydrated binder, which can have positive
and negative consequences for the healing process. For example, more Portlandite at
an early age facilitates the pozzolanic reaction due to hydration acceleration.
However, a resulting consumption of the Portlandite may cause a decreased
concentration of ions inside the crack. On the other hand, a lower amount of
Portlandite suggests less calcium in the pore solution, which, under water exposure,
may lead to a higher diffusion rate of calcium from the hydrated binder due to a higher
concentration gradient. In addition, the increased pozzolanic reaction may produce a
dense binder matrix, hindering the transfer of ions into the crack.

In addition, similarly to initial studies, "extreme" mix compositions were chosen (Table
3.7). The primary goal was to obtain detectable differences in the pore network, phase
assemblage, and pore solutions. The effect of these features was measured concerning the
self-healing efficiency (Chapter 3.2.2).

Considering the calcium leaching process, cyclic water exposure was selected, with
water exchange between the cycles. The purpose was to impose higher ion concentration
gradients and potentially increase the ion transfer into the crack. In previous studies, the
calcium leaching caused corrosion by renewed water was studied in relation to the
radioactive waste disposal facilities; however, the rate of the reactions was slow (Adenot
and Buil, 1992).
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The study's results demonstrated significant self-healing behavior differences between
cementitious materials, possibly connected to their transport properties dependent on the
assemblage of solid phases, pore structure, and pore solution composition (Sui et al. 2019).
In addition, hypothetical mechanisms of self-healing were analyzed with respect to the
presence of SCMs.

The ongoing hydration was possibly the process for the self-healing of slag binders due
to the availability of unreacted material (Lothenbach et al. 2011). Slag demonstrates
similarities with the OPC, i.e., it has high hydration activity and CaO content which
supports ongoing hydration. In this study, mixes containing slag exhibited efficient
recovery, which can possibly be attributed to the synergistic effect of limestone. Limestone
content between 20 and 50% wt. boosts slag performance (Proske, et al. 2018)

Relatively high strength and durability recovery were observed for silica fume mixes;
however, the surface crack closure was less pronounced (Chapter 3.2). It can be associated
with the changes in the C-S-H and Ca(OH); phases. Portlandite was observed to grow
between the grains and hydration shell, as well as the changes in pore solution are
observable with age. At early ages, there is more calcium in the pore solution, while later,
silicone takes over (Rossen et al. 2015). The SEM measurements uncovered higher
porosity, which may facilitate the transfer of the ions into the crack. EDX analysis indicated
a higher Si/Ca ratio of the IP C-S-H, potentially suggesting that C-S-H phases inside the
crack contributed to the strength recovery, while limited calcite precipitated at the crack
mouth.

The application of low calcium fly ash had several implications on the self-healing
process due to its slow reaction rate and high activation energy. The synergistic effect of
limestone can be hypothesized for lower amounts of fly ash (mix FA12.5) since it
accelerates the reaction and is found to lower the apparent activation energy (Bentz, 2014).
However, it did not seem to be valid for mix FAS50 with a large amount of fly ash, possibly
due to a slower reaction rate (Lottenbach et al. 2011). The early age of cracking, i.e., 7
days, could also affect the chemical reactions and self-healing process. The depletion of
CH phase due to the pozzolanic activity accelerates after 7 days (Lottenbach et al. 2011),
which could lead to an insufficient amount of Portlandite to supply calcium ions into the
crack. Furthermore, the unhydrated fly ash particles presumably could not be activated by
the water solution in the crack (Luo et al. 2021), implying a lack of an ongoing hydration
process.

The consumption of Portlandite during pozzolanic reaction may presumably be the
reason for a relatively low crack closure for all the mixes, with a maximum of 60% for slag
and 40% for silica fume mixes. This agrees with other studies (Maddalena et al., 2021).
The negative effect on self-healing may be attributed to several developments. First,
additional C-S-H was formed, densifying the hydrated binder matrix, possibly hindering
the ions' transfer to the crack. Even though the Portlandite was speculated as the main
supplier of calcium ions inside the crack, in this study, the amount of CH did not positively
correlate with the recovery efficiency. Again, the early cracking age of the materials can
be behind this observation. Finally, each of the SCMs consumed CH in pozzolanic activity
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at a different speed, leading to inconclusive results concerning the effect of Portlandite on
the self-healing process.

Furthermore, the pore solution composition, i.e., the ion concentration and pH, can be
hypothesized as one of the significant variables. The reaction of binders with a high amount
of slag and fly ash presumably slowed down inside the crack due to decreased calcium
concentration in the pore solution (Vollpracht et al. 2016). A more extended water
immersion period could potentially facilitate the diffusion-dissolution-precipitation
processes within the crack, leading to increased pH in the crack and enhancing the reactivity
of the SCMs. The dissociation of the carbonic acid inside the crack, crucial in the calcite
precipitation process, was also found to depend on the pore solution's pH (Yildirim et al.
2015).

The porosity results with connection to the sorptivity coefficient gave information on
the presumable pore network features, which could affect the self-healing. Although fly ash
mixes showed low porosity values, the high sorptivity coefficient value for undamaged
FA12.5 specimens suggested a possibly high amount of open capillary pores (Durdzinski,
2016). Therefore, efficient self-healing of this material could be explained by the
interconnected porous network facilitating ion transport. This effect was not visible in the
performance of the FA50 mix, which had low porosity and sorptivity values. Silica fume
mixes exhibited higher porosity than slag and fly ash, possibly due to a high replacement
ratio. It agrees with other studies, where over 8 wt % of silica fume produced increased
porosity (Zelic et al., 2000). Despite a large number of pores, lower permeability was
observed, which can suggest limited network connectivity (Zelic et al., 2000), possibly
causing a low crack closure in the case of the SF50 mix. In other studies, smaller capillary
porosity of the silica fume binders was noticed due to homogenous OP C-A-S-H (Rossen
etal. 2015).

5.2. MECHANICAL VS THERMAL LOADING

As mentioned before, the main physicochemical processes contributing to the
autogenous self-healing of cementitious materials are diffusion, dissolution, and
precipitation related to calcium leaching and ongoing hydration. Each of those processes is
present in the self-healing of mechanically and thermally cracked cementitious materials.
However, the initial conditions, i.e., the state of the hydrated binder, are different, which
affects the recovery process, involving, as before, the three components: phase assemblage,
pore solution, and pore structure.

For mechanically induced cracks, two cases can be differentiated: matured (above 28
days) and early age. In the former case, the hydrated binder matrix is stable, i.e., the
hydration process has (mostly) finished, the hydrated phases are formed, and porosity is
established. In the latter case, depending on the binder composition, the hydration process
is ongoing, with the volume fraction of major phases changing, e.g., due to pozzolanic
reaction as in the case of SCM-rich binder investigated in this research (Chapter 3). These
reactions increase concrete's durability and mechanical performance; however, they do not
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directly contribute to self-healing. Consequently, the primary self-healing feature is the
closure of the mechanically induced crack.
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Figure 5.4. Self-healing mechanism of high-temperature damaged cement paste
(Rajczakowska et al. 2023c).
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In contrast, the thermally damaged hydrated binder is in an unstable state with reference
to the intact material (Figure 5.4). High temperature leads to chemically and physically
changed phases, e.g., dehydration, decomposition of C-S-H, Ettringite, and Portlandite
which decomposes to calcium oxide. In addition, the coarsening of porosity occurs, and
cracks form a network due to material weakening in the whole volume. Applying
environmental stimulators, e.g., water exposure after the cooling of the concrete, can lead
to partial reversing of these changes due to the autogenous self-healing process. In this case,
the recovery process involves two components, i.e., the closure of the formed cracks, as in
the mechanical loading case, and the thermally damaged binder rehydration. Both of those
processes support the recovery of mechanical performance and durability. However, the
extent of their contribution depends on the temperature of exposure and the type of healing
treatment.

Similarities can be observed in both types of damage, i.e., mechanical and high
temperature. The interconnected pore/microcrack network seems to be a significant factor
in enhancing the self-healing process by facilitating the transfer of ions from the hydrated
phases into the solution inside the crack. The ML model suggested that the presence of
aggregates in the case of high-temperature exposure leads to a better recovery, possibly due
to the formation of more cracks caused by different thermal expansion coefficients. On the
other hand, the dense impermeable matrix was probably the cause of UHPC's lower healing
efficiency in the case of mechanically cracked mortar.

5.3. STIMULATED SELF-HEALING?

One of the objectives of this research (Chapter 1.1) was to search for a potential novel
stimulator of the autogenous self-healing process.

In the case of mechanically cracked cementitious materials, two major groups were
analyzed, i.e., related to healing exposure conditions (Chapter 3.2.1) and binder
composition, with a focus on the environmentally friendly solution (Chapter 3.2.2).
Comparison of different mix compositions under cyclic water exposure revealed a better
self-healing efficiency of the SCMs-limestone binders than pure OPC or OPC/limestone
binder (Rajczakowska et al. 2023b). The synergistic effect between the limestone and the
mineral additions could possibly be the explanation (Mounanga et al. 2011, Siad et al.
2015). Limestone particles presumably act as nucleation sites and increase the reactivity of
cement. Consequently, the pozzolanic reaction is activated at an early age because of
increased calcium hydroxide production (Mounanga et al. 2011). Cementitious materials
with 50%wt of cement replaced with limestone and slag demonstrated the most successful
self-healing properties, i.e., crack closure, compressive strength recovery, and water
absorption (Figure 5.5).
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Figure 5.5. Radar plots showing a comparison among selected mixes: (a) FA 12.5 and FA
50, (b) S 12.5 and S 50, (c) SF 12.5 and SF 50. Data are normalized by the maximum and
minimum values of each parameter. (Rajczakowska et al. 2023b)

Considering self-healing environmental exposure conditions, a few treatments showed
potentially improved self-healing than water (Figure 5.6). Continuous water immersion was
more effective for pure OPC mix (REF, Figure 5.6a), whereas cyclic water exposure for
the mixes with 20% slag (Figure 5.6a) and fly ash (Figure 5.6b). Self-healing treatments
with water solutions with the addition of retarding admixture (R) and micro-silica particles
(M) were the most efficient concerning the crack closure. Limited strength recovery was
obtained in all cases, with the highest score, approximately 60%, for micro-silica solution
in the case of REF mix (Figure 5.6a). More details on the mechanism can be found in
sections 3.2 and 5.1. In addition, durability studies, as well as a more detailed analysis of
the effect of retarding admixture treatment on the intact material properties, should be
performed in the potential follow-up stage.
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Figure 5.6. Radar plots showing a comparison among selected exposures for mixes: (a)
REF, (b) 20% fly ash, (c) 20% slag. (W0 — continuous water immersion, W — water cycle,
L — lime water, R — retarding admixture with water, M — micro silica with water) (prepared
based on papers (Rajczakowska et al. 2019¢, Rajczakowska et al. 2020)

In the case of thermally cracked cementitious materials, the potential of environmental
stimulators and MWCNTSs was studied based on the surface crack closure and compressive
and flexural strength regain. Here, obtained self-healing indexes are combined for both
mixes of REF and CNT for 200°C and 400°C to assess a general high-temperature recovery
capacity (Figure 5.7). By evaluating the relative size of the area corresponding to each
exposure on the radar plot, it can be seen that lime water (L, purple color) seems to have
the highest efficiency when both temperatures are considered. It could be associated with
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the higher concentration of calcium or increased pH of the crack solution; however, further
studies should be conducted to confirm this observation.

Water exposure with an extended wetting phase (W0, red color) was more efficient in
the case of the CNT mix than REF. Retarding admixture demonstrated the lowest self-
healing efficiency, based on the radar plot area (green color, R) for both mixes. Since, in
the case of thermally damaged cement paste, the recovery includes crack closure and
rehydration processes of the damaged binder, the admixture possibly delayed the reactions,
resulting in reduced performance, especially considering flexural and compressive
strength.
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Figure 5.7. Figure 18. Radar plots of the self-healing performance for different
combinations: (a) mix REF, (b) mix CNT. Data are normalized by the maximum and
minimum values of each parameter. (Rajczakowska et al. 2023c).

5.4. MODELING AND REALITY

“Essentially, all models are wrong, but some are useful.”
George E. P. Box, British statistician

In Section 4.1, the machine learning model was built to predict the compressive
strength recovery of thermally cracked cementitious materials. The performed investigation
was “simply” a regression analysis accomplished using more sophisticated tools, i.e.,
artificial intelligence, to reach a better fit than, e.g., using linear regression. ML modeling
gives results as good as the quality of the data used for prediction. Nevertheless, in this
case, the model's primary purpose was to uncover the underlying relations between the
input variables and the predicted response. The causal analysis gave information on the
contributions of each feature to the possibility of achieving an efficient strength recovery.
In other words, with the guidance of the constructed model, the critical inputs can be
selected which optimization/further studies can help improve the healing performance of
thermally induced cracks in the cementitious materials.

To verify the model's performance, the measurement results for the recovery of
compressive strength after high-temperature damage from Section 4.2 are here compared
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with the ML model’s prediction. Due to the input’s assumptions (Section 4.1.1), it was
impossible to model each of the exposures used, but all exposures were considered water
input. At the same time, the CNT amount was omitted since the model did not include this
variable. Considering these limitations, it was expected that the prediction might not be
accurate. On the other hand, since the influence of CNTs and other types of exposures was
small (Section 4.2), a reasonable error was anticipated. Therefore, three datasets were
constructed, i.e., considering all measured data, only water exposures for mix REF and
CNT, and finally, only REF mix healed in water. The calculation of NRMSE (Figure 5.8a)
suggested that the model worked well, with the lowest NRMSE = 5.79 % for the case of
only REF mix and water. This relation is evident since the model was trained only on the
data incorporating water-related re-curing treatments.

As discussed in Section 4.1.1, the database used for the model training did not consider
records that included cement replacement with SCMs. Several studies dealt with the effect
of SCMs on the recovery of mechanical performance; In Table 5.2, the research on high-
temperature damage recovery, including SCMs, is listed with the types of SCMs
considered. It is visible that a variety of SCMs was used, e.g., slag, fly ash, and metakaolin;
therefore, the database would have many missing inputs. Nevertheless, the data from these
studies (Table 5.2) are used here as input for the developed model to verify how well the
prediction generalizes if the SCMs are considered. In addition, the total binder amount
replaced the "Cement amount" variable (Section 4.1.1 for comparison).

Table 5.2. Database with SCMs used for additional model testing.

Reference SCMs used Number of records
Akca and Ozyurt 2018a Slag, fly ash F-type 4

Hamad and MohamadAli 2021 Limestone 3

Li et al. 2017 fly ash F-type 6

Mendes et al. 2010 Slag 10

Ming et al. 2020 Fly ash 3

Poon and Azhar, 2003 Slag, fly ash, silica fume 72

Poon et al. 2001 Slag, fly ash, silica fume, metakaolin 144

Yaragal et al. 2015 Slag 28

The scatter plot indicated that the model must be updated to incorporate the SCM input
variable since most points lay far from the "perfect prediction" line (Figure 5.8b). In
addition, the model's error is high, with NRMSE above 45% (Figure 5.8a). The results
(Figure 5.8a) imply that the effect of cement replacement on compressive strength recovery
after high-temperature exposure is significant and should be further studied.
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Figure 5.8. Additional model testing: (a) NRMSE results for the prediction of CSR based
on the measured data in this study and database with SCMs, (b) scatter plot of measured
data versus predicted response for the database with SCMs (Table 5.2).

5.5. LARGE-SCALE APPLICATIONS - OUTLOOK

This research focused solely on the laboratory-scale experiments of self-healing
cementitious materials. Consequently, mortar and paste behavior was studied, i.e., the
presence of coarse aggregates was excluded from the scope (Section 1.6). Nevertheless, the
potential for the large-scale application of the analyzed self-healing stimulators should be
considered.

The applied exposure conditions which yielded successful self-healing efficiency, e.g.,
the retarding admixture solution, should be further studied concerning the durability and
their effect on other concrete properties. In addition, since these stimulators require external
application in the crack area, a simple technology with a field application capacity should
be developed for different types of concrete elements, such as horizontal slabs or vertical
columns. This technology could involve periodic spraying on the concrete surface (Figure
5.9ac) or continuous dosing, e.g., in the form of saturated wraps (Figure 5.9bd).

Furthermore, the mix composition stimulators, i.e., the PVA fibers, SCMs, limestone,
or multiwall carbon nanotubes, would require further mix optimization. In the case of
MWCNTs, other up-scaling impediments should be acknowledged. For example, optimal
dispersion of nanomaterials is a significant difficulty. The ultrasonication with the addition
of surfactant, which was applied in the laboratory testing, is only a viable solution for
preparing small amounts of dispersion. On the other hand, lately, other methods have been
proven to perform equally well, such as mechanical mixing with a large amount of
superplasticizer (D'Alessandro et al. 2016) or adding silica fume to the concrete mix
(Tamimi et al. 2016). Considering the cost of MWCNTs, current production of industrial-
grade material reaches around US$30 per kilogram (Su et al. 2022), which, in the case of a
dosage of 0.1%wt of cement, would lead to approximately US$12 higher price of 1 m® of
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ordinary concrete (Rajczakowska et al. 2022). However, since the improvement of the self-
healing recovery performance was limited, additional studies should be performed to

rationalize the large-scale effort and complexity.
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Figure 5.9. A proposed simple exposure stimulator application technology for horizontal
concrete elements (a) periodic spraying, (b) continuous application; and for vertical
concrete elements: (c) periodic spraying, (b) continuous application, e.g., saturated wraps.

The initial large-scale testing stage of the project started in the Autumn of 2021. In the
preliminary phase, three concrete slabs with dimensions 0.3 x 1 x 1.2 m and three walls
with dimensions 0.2 x 1 x 1.8 m were cast on site (Figure 5.10). The first round of results
is planned for the end of 2023.

Figure 5.10. Overview of the large-scale testing site, Luled, Sweden, October 2021 (photo
credit: Trung Hieu Nguyen).
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5.6. THE TRIPLE BOTTOM LINE

"It often happens that I wake up at night and begin to think about
a serious problem and decide I must tell the Pope about it. Then I
wake up completely and remember that I am the Pope..."

Pope John XXIII

In the past decades, the industry, including the construction sector, realized that climate
issues are more than just a grandiloquent fantasy of environmentalists, and the
responsibility for taking action is in their hands (Elkington, 1994). With new EU policies
and increasing prices of CO> emissions, the environment also became a pressing financial
issue. Sustainable development was described in the World Commission on Environment
and Development's 1987 report (1987) as: "Development that meets the needs of the present
without compromising the ability of future generations to meet their needs." However, this
general statement does not give straightforward instructions on how the companies should
implement sustainable actions. In the early 90s, the triple bottom line concept was
introduced as a guideline for measuring a company's sustainability-related performance
considering three areas, i.e., economic, social, and environmental (Elkington & Rowlands,
1999; Alhaddi, 2015). This definition includes three dimensions, the so-called 3Ps: Profit,
People, and Planet (Alhaddi, 2015).
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Figure 5.11. The consequences of problems with concrete. (Gardner et al., 2018).*

About 50% of the EU budget (Cailleux & Pollet, 2009; Gardner et al., 2018) is spent
repairing, maintaining, and replacing concrete structures. The results of a market research
survey conducted in the UK (Gardner et al. 2018) suggested that contractors and clients
face multiple problems with concrete structures. (Figure 5.11). These include actions
involving additional routine costs, such as the need for regular monitoring and
maintenance, affecting the construction companies' profit. In addition, there are societal

14 Reproduced from (Gardner et al., 2018) with permission from Elsevier, Creative Commons CC-BY
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disturbances pointed out by over 60% of survey respondents, such as public inconvenience
due to the closure of the road or facility and health and safety issues (the "People"
dimension). Finally, in many cases, the repair involves restoring a large part of the
structures (Figure 5.11). Considering the high CO2 emissions of the cement production
process, using more material to rebuild concrete elements contributes to environmental
issues (the "Planet" dimension).

Cementitious materials with improved autogenous self-healing capacity have the
potential to provide a solution to concrete damage problems. First, intrinsic auto-repair does
not require external components potentially incompatible with concrete properties, as
discussed in Chapter 2 of this thesis. In addition, the increased price of
ingredients/treatments potentially boosting the self-healing process, such as polymer fibers,
SCMs, or nanomaterials, can be justified by the improved durability and increased service
life of the structures. Similarly, applying stimulating external treatments, such as cyclic
spraying of water, would not be problematic compared to traditional time-consuming and
costly repairs.

In addition, the enhanced self-healing properties of blended mortars with high cement
replacement show further advantages concerning the environmental impact. Here, an
elementary analysis of the sustainability of this solution is presented. Binder sustainability
was evaluated from the perspective of embodied energy and carbon footprint. Embodied
energy is defined as the total energy consumption related to material manufacturing. The
carbon footprint depicts the total carbon dioxide emissions connected to material
production. The values for each binder constituent used in this study were adopted from
the literature (Table 5.3).

It should be noted that the addition of the polymer fibers, despite their high
environmental impact, was not taken into account in the analysis since they were added to
all the mixes; therefore, there is no difference between them. Furthermore, a small dosage,
below 2v%, of PP fibers was found to have an impact smaller than cement, reaching 9—
68% (Van den Heede et al. 2018). For this reason, only the binder was considered a critical
factor.

Table 5.3. Embodied energy and CO> emissions for different binder materials.

Parameter Embodied energy CO: References
(MJ/kg) (kg/ton)
Cement CEM 1 5.5 900 (Zhu et al., 2020)
Limestone 0.124 515 (Gettu et al. 2019; Jamieson et al. 2015)
Fly ash 0.05 0 (Jamieson et al. 2015)
Blast furnace slag  1.33 0.07 (Jones et al. 2011)
Silica fume 0.16 0.02 (Zanoletti et al. 2018)

For each binder composition (Section 3.1, Table 3.3), the total CO, emissions and
embodied energy were calculated as a relative value to the reference mix (% of the REF
mix) based on pure ordinary Portland cement. Since fly ash, blast furnace slag, and silica
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fume are considered waste materials, their associated CO> emissions are very low (Table
5.3). Despite limestone's relatively high carbon footprint, the results indicate (Figure 5.12a)
that all mixes have a decreased carbon footprint by 20 to 50% compared to the REF mix.
The effect is even more pronounced for the relative embodied energy values (Figure 5.12a).
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Figure 5.12. (a) Embodied energy and CO emissions in % of the values for reference mix
%REF (100%O0PC), (b) Self-healing efficiency (based on average CC and CSR) in % of
the values for reference mix %REF (100%OPC).

Regarding material-related sustainability, an overall self-healing index was
determined. Self-healing contributes indirectly to a decrease in Recurrent Embodied
Energy (REE) by extending the service life of structures and limiting the maintenance and
repair works. The overall self-healing index was calculated considering the average values
of CSR and CC. Similarly, the results (Figure 5.12b) are relative to the reference mix (%
of mix REF). It is visible that low-carbon multicomponent binders demonstrate higher self-
healing efficiency than OPC mix (REF) in dry/wet cyclic exposure applied in this study.
For limestone blended with higher amounts of slag (25 and 50%) and limestone mixed with
a moderate amount of fly ash (12.5%), the self-healing performance was improved
approximately by two times compared to the pure OPC (100%OPC). Enhanced self-healing
was also achieved for some quaternary blends, including limestone, fly ash, and silica fume.
Extended service life connected to better self-healing properties combined with low carbon
emissions and embodied energy suggests that future research on multicomponent
cementitious binders should further explore possible improvements in this area.
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CONCLUSIONS

6. CONCLUSIONS

6.1. CONCLUSIONS

The following major conclusions can be drawn from the research summarized in this

doctoral thesis:

Self-healing of thermally damaged cement paste involves sealing cracks and
chemical-physical changes of the hydrated binder, which facilitate the recovery of
mechanical performance. In contrast, in the case of mechanical damage, self-healing
occurs in the cracks, leading to durability enhancement and strength regains.

For mechanically and thermally damaged cementitious materials, the mechanism of
crack self-healing is presumably based on the diffusion-dissolution-precipitation
processes.

Interconnected pore/microcrack network is likely to be a significant feature
regulating the transfer of ions into cracks, enabling the self-healing process to
develop for mechanically and thermally cracked cementitious materials. Therefore,
cementitious materials with dense binder matrix and low permeability tend to have
a lower self-healing efficiency.

For mechanically cracked material, mix composition parameters and environmental
exposure play a significant role in self-healing. Nevertheless, a large amount of
unhydrated cement particles does not guarantee successful self-healing. On the other
hand, the maximum loading temperature, type of environmental exposure (re-curing
regime), and amounts of fine and coarse aggregates are identified as pivotal
concerning the compressive strength recovery of thermally damaged cementitious
materials. For OPC-based materials (without SCMs), mix composition parameters,
e.g., amount of cement and water-to-cement ratio, are presumably less critical.

Water is necessary for the self-healing process, both in the case of mechanically and
thermally cracked cementitious materials. However, the water exposure showed
limited efficiency for the mechanically induced cracks. Therefore, applying
externally certain environmental stimulators, i.e., water mixed with different
ions/particles, may lead to more extensive healing. For instance, mixing water with
retarding admixture based on sodium metaphosphate enhances crack closure at the
crack mouth and deep inside the crack. The mechanism presumably involves two
processes, i.e., preventing the growth of hydration shell on the unhydrated cement
surface and precipitation of self-healing phases containing phosphorus and calcium.
Nevertheless, this exposure does not facilitate strength recovery. In addition, water
mixed with micro-silica facilitated crack closure at the crack mouth and flexural
strength recovery. The self-healing products presumably grow on the particles
sedimenting inside the crack, which act as nucleation sites, similar to PVA fibers.
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On the other hand, for thermally damaged cracks, the improvement of self-healing
performance was minimal with reference to water exposure. It can be speculated that
since the rehydration processes play an essential role in the recovery of the
mechanical performance, water is a sufficient exposure for the changes to occur.

e A pattern was observed concerning the spatial distribution of the healing phases and
its possible implications for mechanically and thermally damaged cementitious
materials. White cuboid crystals, i.e., calcium carbonate, grow at the crack mouth
and close to the sample surface. This calcite layer governs the crack conditions, e.g.,
enabling higher ion concentration. However, it does not support mechanical
performance recovery. On the other hand, C-S-H and ettringite forming deeper
inside the crack can presumably be linked to the strength recovery due to self-
healing.

6.2. ADDRESSING RESEARCH QUESTIONS

RQ1: What is a more reliable self-healing approach for concrete considering the
efficiency, impact on fresh and hardened properties, cost, safety, and full-scale
applications?

(Paper I)

The performed literature studies, Paper I (Rajczakowska et al. 2019a), and comparison
of effects related to different self-healing approaches on the fresh and hardened concrete
properties suggested that autogenous self-healing is more reliable than autonomous
methods. Furthermore, since autogenous self-healing does not require external
components, e.g., microcapsules, it is also less expensive, relatively simple, and safer, thus
more suitable for up-scaling. However, it should be noted that the literature review was
performed at the beginning of the research project, in 2018-2019, and newer findings might
be available.

RQ2: How do the mix composition and age affect the efficiency of the autogenous self-
healing process of mechanically induced cracks?

(Papers I and IV)

Mix composition is one of the crucial factors for the self-healing of mechanically
cracked cementitious materials. Considering the ongoing hydration mechanism, it can be
expected that increasing the cement and/or decreasing the w/c ratio, leading to more
unhydrated material, should enhance the self-healing properties. However, this study
suggested that this is not a governing parameter of the healing process. It appears that a
dense impermeable binder matrix, e.g., for mixes with a low w/c ratio, hinders the transport
of ions into the crack, decreasing the growth of healing phases. Similarly, the recovery
process probably weakens with the material's age, which can be linked to the densification
of the hydrated binder matrix and decreasing the amount of unhydrated cement.
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Furthermore, the study indicated that limestone and SCMs presumably enhance self-
healing. It depends on the phase assemblage, pore structure, composition of the pore
solution, and effects of several other mechanisms that can be associated with the recovery
process.

RQ3: What are the driving factors of the self-healing of thermally induced cracks?
(Paper V)

Maximum loading temperature and re-curing regime (healing treatment) were found to
be the critical factors controlling the compressive strength recovery of the thermally
induced cracks. In addition, the presence of fine and coarse aggregates might significantly
affect self-healing. They could possibly contribute to forming the interconnected pore
network driven by different thermal expansion coefficients of aggregates and hydrated
binder.

RQ4: What is the effect of environmental exposure on the self-healing of mechanically and
thermally cracked cementitious materials?

(Papers 111, V, and VII)
The presence of moisture inside the crack is required for the self-healing process.

However, for mechanically induced cracks, water alone does not induce successful
healing of wider cracks (above 200 um). Applying other substances, such as water mixed
with different ions/particles, improves the recovery efficiency. For example, mixing water
with retarding admixture based on sodium metaphosphate enhances crack closure at the
crack mouth and deep inside the crack. The mechanism presumably involves two processes,
i.e., preventing the growth of hydration shell on the unhydrated cement surface and
precipitation of self-healing phases containing phosphorus and calcium. It should be noted
that the theory is primarily valid for freshly exposed cracks. Old cracks which were in
contact with moisture were not considered. Nevertheless, this exposure does not facilitate
strength recovery. In addition, water mixed with micro-silica facilitated crack closure at the
crack mouth and some flexural strength recovery. The self-healing products presumably
grow on the particles sedimenting inside the crack, which act as nucleation sites, similar to
PVA fibers.

In contrast, for thermally damaged cracks, applying other types of treatments, e.g.,
water mixed with retarding admixture does not warrant significantly improved self-healing
compared to water exposure, even though the cracks were filled with self-healing products.
It could suggest that the rehydration processes of damaged binder, which require water for
chemical reaction, play a principal role in the performance recovery.
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RQS5: Which geometrical parameters of the crack impact the self-healing of mechanically
induced cracks?

(Paper IV)

Fractal dimension (FD) and maximum crack width (crack opening) presumably control
the transport properties recovery of the mechanically damaged specimens, i.e., for wider
and complex cracks, less efficient healing is probable. On the other hand, the complexity
of the crack, characterized by FD, was not correlated with crack closure. Nevertheless,
since the measured range of the crack geometry parameters was relatively narrow, more
extreme cases should be analyzed, preferably keeping the other self-healing variables
constant, to confirm this hypothesis.

RQ6: What are the differences in self-healing mechanisms of mechanically and thermally
induced cracks?

(Papers II-VIII)

For mechanically damaged cementitious materials, the self-healing processes take
place predominantly inside the cracks. Crack sealing leads to durability and strength
regaining. Processes occurring in the hydrated binder during the healing period in water
exposure, e.g., continuous hydration at an early age and the pozzolanic reactions of SCMs,
affect the material's performance; however, they presumably do not directly contribute to
the recovery of damage. Nevertheless, changes in phase assemblage/porosity resulting from
these processes influence self-healing efficiency.

On the other hand, self-healing of thermally damaged cement paste involves both
sealing the cracks and chemical reactions/physical processes happening in the damaged
hydrated binder, e.g., filling the pores with healing products and rehydration of the phases.
Rehydration processes seemed to be primarily crucial for the recovery of compressive
strength.
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ANNEX A — Supplementary experimental results

Table A1l. Results of compressive strength measurements (Rajczakowska et al. 2023b).

Mix Compressive strength, Compressive strength, Compressive strength,
undamaged 80%damage, after healing 100% damage, after healing
Sun (MPa) Ss0 (MPa) S100 (MPa)
Mean Standard Mean value  Standard Mean value  Standard
value deviation deviation deviation
REF 71.7 4.5 83.1 4.2 38.5 11.5
LM50 22.3 4.2 29.4 7.8 18.8 5.0
FA12.5 19.8 0.6 38.1 3.5 28.8 5.3
FA25 24.6 7.2 29.6 4.2 21.0 5.5
FA5S0 29.4 1.7 32.1 1.4 16.7 5.9
S12.5 22.9 2.5 21.7 11.3 23.8 5.2
S25 29.8 3.5 44.6 10.6 33.1 1.7
S50 36.0 3.1 59.6 3.5 37.1 134
SF12.5 25.2 1.2 373 14.1 30.6 7.2
SF25 32.3 4.0 48.8 2.1 37.5 2.0
SF50 35.6 133 60.3 31.1 37.5 1.0
FA'S 31.5 5.5 28.5 12.7 27.9 11.0
FA SF 23.8 7.0 334 4.9 27.3 2.5
S SF 40.0 2.6 48.1 19.1 354 2.5
FASSF 42 7.2 36.9 4.9 27.3 5.5

Table A2. Cumulative water absorption at 25 min (I25) and after 180 min/end of the
experiment (I180) and calculated sorption coefficient S25 (during first 25 min)
(Rajczakowska et al. 2023b).

Mix Healed (h) / I2s (mm) T1s0 (mm) Sas (-)
Undamaged (un) Mean Standard Mean Standard  Value Standard
deviation deviation error
REF h 1.28 0.05 2.99 0.12 0.261 0.008
un 0.36 0.09 0.96 0.18 0.069 0.008
LM50 h 1.76 0.55 6.09 2.66 0.352 0.015
un 0.66 0.06 1.37 0.06 0.138 0.031
FA125 h 2.08 0.05 6.59 0.16 0.431 0.024
un 1.02 0.36 3.28 1.51 0.192 0.012
FAS0 h 2.66 0.08 6.30 0.16 0.568 0.018
un 0.31 0.08 0.96 0.18 0.047  0.000
S12.5 h 1.61 0.24 4.82 0.59 0.294 0.021
un 0.36 0.05 1.17 0.23 0.078 0.016
S50 h 1.04 0.05 2.58 0.21 0.132  0.054
un 0.63 0.00 1.80 0.21 0.094 0.001
SF125 h 1.67 0.39 5.00 0.79 0.359 0.017
un 0.55 0.08 1.43 0.05 0.131 0.024
SF50 h 0.91 0.05 2.27 0.08 0.127  0.009
un 0.29 0.05 0.63 0.08 0.035 0.025
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Table A3. Calculated IP C—-A—-S—H composition (Si/Ca ratio) and porosity values
(Rajczakowska et al. 2023b).

Sample IP C-A-S-H composition Porosity

n n c Si/Ca n Hp Gp

) ) ) Q) ) (%) (%)
REF 100 0.41 0.048 0.51 31 8.90 0.57
LM50 100 0.44 0.048 0.54 29 3.53 0.83
FA12.5 100 0.46 0.045 0.55 30 3.09 0.83
FA50 100 0.52 0.044 0.60 30 3.47 0.90
S12.5 100 0.44 0.040 0.52 30 3.77 0.95
S50 100 0.47 0.049 0.56 30 6.58 0.94
SF12.5 100 0.48 0.040 0.56 30 3.02 1.07
SF50 100 0.58 0.049 0.68 30 14.77 2.33
FA S SF 100 0.61 0.052 0.72 30 14.27 2.45
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Figure B.1. Relation between the input and output variables including histograms: (a)
water-to-cement ratio (I1), (b) age (12), (c) cement amount (I3), (d) fine aggregate (14), (e)
coarse aggregate (I5), (f) temperature (I6), (g) duration of peak temperature (I17), (h)
cooling regime (I8), (i) cooling duration (I19), (j) curing regime (I10), (k) curing duration
(I11), (1) specimen volume (112) (Rajczakowska et al. 2023a)
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ANNEX C — Supplementary modeling results
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Figure C.1. Comparison of the prediction accuracy for best model within different ML
approaches and LR: training and validation (a) RT, (c¢) SVM, (e) ET, (g) ANN, (i) LR; testing:
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(b) RT, (d) SVM, (f) ET, (h) ANN, (j) RT (Rajczakowska et al. 2023a).
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Figure C.2. Comparison of the Monte Carlo normalized convergence of testing set MSE

and R2 for selected models: (a) (b) ET1, (c) (d) ET2, (e) (f) ET3, (g) (h) ET4, (i) (j) ETS.
(Rajczakowska et al. 2023a).
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