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path as Oğuzhan. Be it for showing me how much I don’t know about forensics of build-
ing materials, be it for helping me organizing my MSc internship, or for inviting me as
a part of the Concrete Microscopy Course. Of course, the greatest impact was by later
inviting me to do my PhD in the Microlab and becoming my supervisor and promoter.
Working with you was a blast and I doubt I will ever have a boss with whom I agree in so
many random topics. I am sure the kinship between growing in Turkey and Brazil is in
big part responsible for this, and I truly hope we manage to keep in contact.

I would also like to thank my other supervisor, Erik. You probably don’t remember,
but you advised me towards getting my first job in the Netherlands, which also impacted
my career choices. Later, when I returned to the Microlab, you helped tremendously
with shaping my project and understanding the limitations of my findings in the context
of real structures. I feel lucky I got to learn from you.

Further, I would like to recognize the contributions of two other people who also sat
year after year in my progress meetings helping contextualize my ideas and plan my next

xi



xii CONTENTS

experimental campaigns. Branko you have always given useful advice and explained
the quirks of academia to me. You even spent time helping me with my writing and
experiments, which you absolutely didn’t have to. I’ll forever be grateful for that and all
your help during my MSc. Fred, I have always appreciated that you were usually the first
one to arrive in meetings, so we had a few minutes to talk beforehand. Your comments
and remarks on my work really helped to guide some of my rougher ideas into an actual
scientific endeavour. But aside from work, you are also really fun to talk to, and a relaxing
time before a progress meeting is always appreciated.

While most PhD projects have a relatively slow first year, filled with literature review
and preliminary experiments, I had the challenging mission of producing macro-scale
test samples for our industrial case study in that first year. I have no doubt that this would
either not be possible or at least not be as successful as it was without the participation
of Kuba. I usually think that working with friends can lead to awkward situations, but in
our case it functioned oh so well. However, I realise that might be a one sided view since
you were the one bending steel bars while I held the table in place! But seriously man,
you came in the project to save us.

In addition, there were all the nice people that helped me actually casting the big
test samples besides the ones already mentioned. Marija, Yadding, Stefan, Luís, Ydong
and Yask, thank you so much for your making this possible. You all helped out of cama-
raderie and made the elements possible. Also, my two officemates Yu and Emanuelle,
who helped with the casting, but also helped with the house I bought and just the day to
day mood of the office. I think our room was a very fun one to be and you guy truly went
above and beyond.

But the castings definetely could not happen without the experience and help of
Maiko and Ton. Maiko, you have been super fun to be around at work and outside. You
were the "maestro" of our castings, and helped me with nearly everything in the Micro-
lab and Stevinlab. Ton, you helped with all the hardest, heaviest chores. I imagine you
must have been pretty tired of us occupying the sawing room and always asking for help
to move giant pieces of stone, so thank you so much for helping me.

On the other side of the first year, was all the new experimental methodologies that I
had to be quickly familiarized with pertaining high temperature. For this, I cannot thank
Clarissa enough. You were always ready to help and talk about how to do any challenging
experiment. Your optimism and belief that anything is simple if you have enough will to
make it happen was a great kick start for my PhD.

Also thank you to John who helped me figure out how to make the experiments as
safe as possible and how to use all the different ovens we had. And Arjan who helped me
with the Mercury intrusion porosimetry and some missing data.

Later, when the project focus shifted towards prediction of damage, I had the plea-
sure of supervising Laurens. You were a very diligent MSc student, whom the techni-
cians had only positive things to say about. Your experiment has been complimented
not only by me, but by the reviewers of Cement and Concrete Research! No small feat
during a MSc. I feel really lucky you did chose to do your project with me and Oğuzhan.
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SUMMARY

Building materials generally perform poorly in a high temperature environment. Res-
idential fires and fires in road tunnels are common occurrences. Furthermore, some
factories have no option besides exposing their infrastructure to very high temperatures
due to the nature of their operation logistics. Therefore, there is a clear need for devel-
oping structural materials that can withstand high temperatures ensuring safety during
such events.

The present thesis deals with thermal shock damage in construction materials. Specif-
ically, the first half of the thesis focuses on the development of an structural material that
would fare well on severe cyclic thermal shock conditions found in a steel factory. The
second half aims to improve the capacity of engineers and scientists to predict whether a
concrete of a given mixture would suffer from spalling under certain heating conditions.

Initially, a review of the main effects and chemical changes caused by high tempera-
ture was performed on the conventional building materials, followed by some novel ma-
terials being currently explored by the civil engineering scientific community. This aided
in the pre-selection of material to be tested at later stages. Further, existing theories con-
cerning high temperature spalling, the causes and the main methods of mitigation were
reviewed.

In Chapters 3 and 4 the binder and the stones to be used in the project were pre-
selected and tested in conditions similar to what is present at the factory of the industrial
partners. A new experimental setup had to be developed in order to match the heating
conditions and perform such observations. Typical analytical chemistry and microscopy
techniques were employed to study the microstructural changes in the materials, with
focus on how this could affect the stress state of the concrete. Finite element modelling
was used to explain some of the behaviour of the samples and predict performance on a
large scale setting.

Next, the materials explored in the previous chapters were used to design four test
elements that would be installed at the studied factory location. Such elements would
require to follow all codes for precast concrete elements that are subjected to hoisting
operations. An investigation within the factory was performed to determine all load
cases during operation how these progressed in time. This aided the design of the test
element, which were installed at critical locations of the factory. Two inspections were
possible, one after 6 months of factory operation and one after 1 year of factory oper-
ation. The inspections showed that the test elements had a much better performance
than the current method of protection used and the test was considered successful. This
was considered the end of the first half of the thesis.

In the second half, instead of designing a novel experiment to improve spalling pre-
diction capacity, first, a large performance database of concrete samples was generated
through surveying numerous spalling experiments. This not only allowed for a better
overview of gaps in current investigations, but also provided a considerably larger set

xiv



SUMMARY xv

of data. In order to process all the data timely, machine learning algorithms were used.
More than 40 properties of concrete and testing were included from over a thousand
individual experiments. A gradient tree boosting classifier achieved 89% accuracy in
defining if a sample would spall or not given its mixture design, physical and mechan-
ical properties and heating conditions. One of the main observations during this en-
deavor was the lack of information regarding the porosity of the samples, an important
microstructural property which can influence spalling considerably.

Thereafter, it was decided to design an experiment focusing on the influence of poros-
ity in spalling. Attention was given on how porosity could be quantified in a meaning-
ful manner, and a choice was made to focus on pore connectivity. To achieve this goal,
porosity was divided between two size classes based on the resolution limitations of mer-
cury intrusion porosimetry and X-ray microtomography, the two techniques selected to
perform the quantification of pore connectivity. Once this was done, mortar samples
were exposed to spalling experiments varying W/C ratio, polypropylene fibre content
and heating rate. The experiment was used to create an analytical equation for spalling
prediction, which was later validated with several experiments from literature. The vali-
dation achieved an accuracy of 91%.

Finally, a number of applications to this knowledge is described and recommenda-
tions are provided on which areas of this research can be further developed and how. A
retrospection and several final considerations are also given in the last chapter.
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Bouwmaterialen presteren over het algemeen slecht in een omgeving met hoge tempera-
turen. Woningbranden en branden in wegtunnels komen veel voor. Bovendien hebben
sommige fabrieken geen andere keus dan hun infrastructuur bloot te stellen aan zeer
hoge temperaturen vanwege de aard van hun operationele activiteiten. Daarom is er
een duidelijke behoefte aan het ontwikkelen van constructiematerialen die bestand zijn
tegen hoge temperaturen en de veiligheid tijdens dergelijke evenementen garanderen.

Het huidige proefschrift gaat over schade door thermische schokken in bouwmateri-
alen. De eerste helft van het proefschrift richt zich concreet op de ontwikkeling van een
constructiemateriaal dat goed bestand is tegen ernstige cyclische thermische schokken
in een staalfabriek. De tweede helft heeft tot doel het vermogen van ingenieurs en we-
tenschappers te verbeteren om te voorspellen of een beton van een bepaald mengsel
onder bepaalde hitte omstandigheden zou afbrokkelen.

Aanvankelijk werd een overzicht gemaakt van de belangrijkste effecten en chemische
veranderingen van hoge temperaturen op conventionele bouwmaterialen, gevolgd door
enkele nieuwe materialen die momenteel worden onderzocht door de wetenschappe-
lijke gemeenschap van civieltechnische werken. Dit hielp bij de voorselectie van mate-
rialen die in latere stadia zouden worden getest. Verder werden bestaande theorieën, de
oorzaken en de belangrijkste mitigatiemethoden over afbrokkeling bij hoge temperatu-
ren beoordeeld.

In de hoofdstukken 3 en 4 werden het bindmiddel en de stenen die in het project
moesten worden gebruikt vooraf geselecteerd en getest onder omstandigheden die ver-
gelijkbaar zijn met wat aanwezig is in de fabriek van de industriële partners. Er moest
een nieuwe experimentele opstelling worden ontwikkeld om de hitte omstandigheden
aan te passen en waar te kunnen nemen. Typische analytische chemie- en microscopie-
technieken werden gebruikt om de microstructurele veranderingen in de materialen te
bestuderen, met de nadruk op hoe dit de spanningstoestand van het beton zou kunnen
beïnvloeden. Eindige-elementenmodellering werd gebruikt om een deel van het gedrag
van de monsters te verklaren en de prestaties op grote schaal te voorspellen.

Vervolgens zijn de in de voorgaande hoofdstukken onderzochte materialen gebruikt
om vier testelementen te ontwerpen die op de te bestudeerde fabriekslocatie zouden
worden geïnstalleerd. Dergelijke elementen vereisen dat alle bouwcodes worden ge-
volgd voor geprefabriceerde betonelementen die worden onderworpen aan hijswerk-
zaamheden. Er is een onderzoek binnen de fabriek uitgevoerd om van alle belasting
gevallen tijdens de uitvoering te bepalen en hoe deze zich in de tijd ontwikkelden. Dit
hielp bij het ontwerp van het testelement, dat op kritieke locaties in de fabriek werd ge-
ïnstalleerd. Er waren twee inspecties mogelijk, één na 6 maanden fabrieksbedrijf en één
na 1 jaar fabrieksbedrijf. Uit de inspecties bleek dat de testelementen veel beter pres-
teerden dan de huidige gebruikte beschermingsmethode en de test werd als succesvol
beschouwd. Dit werd beschouwd als het einde van de eerste helft van het proefschrift.

xvi
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In de tweede helft werd, in plaats van een nieuw experiment te ontwerpen om de
voorspellingscapaciteit voor afbrokkeling te verbeteren, eerst een grote prestatiedata-
base van betonmonsters gegenereerd door het onderzoeken van talrijke afbrokkel ex-
perimenten. Dit zorgde niet alleen voor een beter overzicht van de gaten in de huidige
onderzoeken, maar leverde ook een aanzienlijk grotere set data op. Om alle data tijdig
te kunnen verwerken, werd gebruik gemaakt van machine learning-algoritmen. Er zijn
meer dan 40 eigenschappen van beton en testen uit meer dan duizend individuele expe-
rimenten opgenomen. Een gradiëntboomverhogende classificator behaalde een nauw-
keurigheid van 89% bij het definiëren of een monster al dan niet zou afbrokkelen, gezien
het mengselontwerp, de fysieke en mechanische eigenschappen en de hitte omstandig-
heden. Een van de belangrijkste observaties tijdens dit onderzoek was het gebrek aan
informatie over de porositeit van de monsters, een belangrijke microstructurele eigen-
schap die het afbrokkelen aanzienlijk kan beïnvloeden.

Vervolgens werd besloten een experiment te ontwerpen dat zich richtte op de in-
vloed van de porositeit op het afbrokkelen. Er werd aandacht besteed aan hoe porositeit
op een significante manier gekwantificeerd kon worden, en er werd voor gekozen om
zich te concentreren op de connectiviteit van de poriën. Om dit doel te bereiken werd de
porositeit verdeeld over twee grootteklassen op basis van de resolutiebeperkingen van
kwikintrusieporosimetrie en röntgenmicrotomografie, de twee technieken die werden
geselecteerd om de kwantificering van de poriënconnectiviteit uit te voeren. Zodra dit
was gebeurd, werden mortelmonsters blootgesteld aan afbrokkel experimenten, varië-
rend van de W/C-verhouding, het polypropyleenvezelgehalte en de verwarmingssnel-
heid. Het experiment werd gebruikt om een analytische vergelijking te maken voor het
voorspellen van afbrokkelen, die later werd gevalideerd met verschillende experimenten
uit de literatuur. De validatie bereikte een nauwkeurigheid van 91%.

Tenslotte wordt een aantal toepassingen van deze kennis beschreven en worden aan-
bevelingen gedaan over welke gebieden van dit onderzoek verder ontwikkeld kunnen
worden en hoe. In het laatste hoofdstuk worden tevens een terugblik en enkele slotover-
wegingen gegeven.
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ζ Optimum length of fibres
i Inter-aggregate spacing

dagg Mean diameter of coarse aggregates
Nc Critical number of fibres per cubic centimeter
N Number of fibres per cubic centimeter
∆T Temperature gradient
C1 Constant related to material capacity of enduring thermal shock
σ f Ultimate tensile strength of material
E Young’s modulus
α Coefficient of thermal expansion
k Thermal conductivity
h Heat transfer coefficient between a given material and the medium
H Volume of specimen divided by its heated surface
Bi Biot number
Pv Water vapour pressure
T Temperature

PPI Polypropylene index
ϕ Dosage of fibres
l length of fibres
d Fibres diameter

APPI Adjusted polyporpylene index
ρ density of material

Tm Melting point
A Area of cross-section
R Roundness parameter
P Perimiter
fct Compressive strength at time t
t Time in which experiment was performed
η Constant dependent of curing type
τ Constant dependent of cement type

fc28 Compressive strength at 28 days
fctm Mean tensile strength
fck Design compressive strength
fcm Mean compressive strength
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E00 Young’s modulus of mixtures containing 0.00% fibre content by volume
E05 Young’s modulus of mixtures containing 0.05% fibre content by volume
E10 Young’s modulus of mixtures containing 0.10% fibre content by volume
ft00 Flexural strength of mixtures containing 0.00% fibre content by volume
ft05 Flexural strength of mixtures containing 0.05% fibre content by volume
ft10 Flexural strength of mixtures containing 0.10% fibre content by volume
AC Air content
ϕS Saturation degree of material
HR Heating rate
Λ(MIP) Connectivity of micro-pores in cement
Λ(XCT) Connectivity of macro-pores in cement

Ecm Mean Young’s modulus
Padj Polypropylene index divided by air content
F1 Constant fitted for equation 8.1
F2 Constant fitted for equation 8.1
F3 Constant fitted for equation 8.1
Ω Influence of properties in the minimum PPI as per equation 8.1
Ξ Influence of fck in the minimum PPI depending of concrete class

dtot Total sample thickness
σTOT Total spalling stress
σTMM Fraction of spalling stress caused by the thermo-mechanical mechanism
σTHM Fraction of spalling stress caused by the thermo-hygral mechanism
κ Stiffness matrix

δTMM Displacement matrix
β Experimentally determined constant
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1
GENERAL INTRODUCTION

If science ceases to be a rebellion against authority,
then it does not deserve the talents of our brightest children.

Freeman Dyson, The Scientist as Rebel

Logic and truth are two very different things,
but they often look the same to the mind that’s performing the logic.

Theodore Sturgeon, More Than Human

This chapter introduces the PhD project of this thesis and the motivation behind it. The
general problem of thermal shock in building materials is addressed and the scope of the
thesis is described. The research questions and sub-questions are defined and the outline
of the book is shown.
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1.1. PROJECT INTRODUCTION & MOTIVATION

S USTAINABLE development has been adopted by many countries as the ideal mode of
progress since the decade of 1990s, and became an increasingly important goal with

time [1]. A recent report from the Intergovernmental Panel on Climate Change (IPCC) [2]
further reinforced the importance in sustainability based on the predicted consequences
of carrying on with current practices. Within this context, it is only natural that attention
is turned to the construction industry, which is responsible for 39% of energy-related
carbon dioxide emissions [3]. The high environmental impact is due the scale of many
projects in this industry (such as hydroelectric dams, planned cities, railways, airports)
and the requirements for such in terms of raw materials and transportation energy. Thus,
the challenge remains.

As most modern constructions are made of concrete [4], many strategies to decrease
the related environmental impact by the construction industry have been researched
[5–9]. However, most approaches are related to the replacement of cement by other ma-
terials, which do not address the impacts caused by transportation, demolition, waste,
use of aggregates, etc. In this context, a lot of effort is currently directed to the use of
recycled aggregates, which address the demolition waste and mining of natural aggre-
gates issues. The Netherlands has set the goal of using all produced recycled aggregates
within the decade of 2030 [10]. On the other hand, recent research [11] pointed to the
increase in durability of constructions as the best road to sustainable buildings. Indeed,
Mora [12] affirms that even a small increase in the life span of a structure far surpasses
the sustainable advantages of using replacement cementitious materials.

Most structures are designed to last at least 50 years, however, the actual service-
life is dependent on the combination of material, structural and environment factors.
Decades of effort were directed to the correct prediction of chloride, CO2 or sulfate ingress
in concrete [13–18]. Although a lot of attention is paid on the service life prediction, ther-
mal shock damage remains a notable exception. In such cases, the service life is often
considered to end as soon as the first event occurs. In addition, structures made with
high performance concrete, which have a usually much longer service-life span, have an
inferior response to thermal shock than common concrete[19–23].

These are not rare events, more than 300 thousand residential fires are reported in the
United States per year [24], with Europe reporting more than 2 million fires per year [25].
While most buildings are designed with fire evacuation safety protocols, other structures
present a much higher risk for safety, such as tunnels. Figure 1.1 shows the incidence of
fires in road tunnels caused by vehicles in different countries. Finally, a number of fac-
tory and industrial buildings (e. g. steel, aluminium, petro-chemical, cement, ceramics
and aero-space industry buildings) have no option besides expose its infrastructure to
daily thermal shock events due their particular operation logistics.

Aside from the threat for human life, this presents a clear problem from the sustain-
able point of view, requiring materials and energy to be employed constantly for rebuild-
ing efforts. In the case of factories, it is also a financial burden, as the reconstruction of-
ten demands pausing the production activities. For this reasons, this project attempted
to better understand the evolution of damage in porous cementitious materials caused
by thermal shock in order to enhance the service life prediction of affected structures.
Using the understanding of the main damage mechanisms, a collaboration with a steel
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Figure 1.1: Average occurrence of fires in road tunnels for different countries, data extracted from [26–28].

factory allowed for the test of mixture designs at critical locations in the factory as a case
study.

1.2. PROBLEM DEFINITION
Considering what was stated above, why do building codes prioritize designs of evac-
uation plans over designing fire resistant structures? Long exposure to fire decreases
the mechanical properties of all conventional building materials (see Figure 1.2), which
eventually elevates the risk of collapse. Steel and concrete are the two materials that fare
the best, however, steel is designed with a small material factor [29] and its characteristic
high thermal conductivity [30] decreases the time the structure can withstand. On the
other hand, concrete structures use a much higher safety factor [31], bigger volume, and
posses a thermal conductivity 100 times smaller than steel [32], representing the safest
design choice during fires.

However, concrete doesn’t always follow the trend shown in Figure 1.2, the actual
behaviour is shown in Figure 1.3, in which a large discrepancy of performances in high
temperature is observed. Indeed, for some of the analysed mixtures, the resistance was
zero at 400oC, a relatively low temperature. This could be due the large influence that
type of aggregates and mix design induce in the reaction of concrete to high tempera-
tures [38]. In more extreme cases, parts of the structure might violently expel pieces of
concrete at relatively early stages of the fire. This process is called spalling [39]. At the
time of writing, there were no available methods to predict if a concrete member would
spall based on its mixture design, thus, fire safety measures would have to be relied on
as an active measure to minimize the consequences of fire. The causes for degradation
of mechanical properties and spalling are discussed in detail in Chapter 2.

In addition, while most durability issues in concrete occur over the course of years or
decades, fire attacks are one time events. For chloride ingress or carbonation, for exam-
ple, the observation of progress in structures allowed for the development of equations
estimating the evolution of these over time [40, 41]. Because most structures are not
equipped with sensors, the data on fire damage mostly comes from examinations after
the fact [42–45]. Furthermore, laboratory simulations are usually not good at reproduc-
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Figure 1.2: Comparison of different building materials under high temperature, data extracted from [33–37].

Figure 1.3: Ratio between compressive strength at 20o C and a given temperature for several concrete mixtures,
picture from [35].
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ing the exact effects of the event on concrete (this is discussed in Chapters 3 and 7). Thus,
this makes it one of the less understood forms of damage to concrete structures, despite
its relatively frequent occurrence.

1.3. APPROACH TO RESEARCH

1.3.1. SCOPE OF THE WORK
This thesis focuses on thermal shock events in concrete. However, thermal shock can
define at least four different types of processes:

1. A room temperature body suddenly being heated;

2. A room temperature body suddenly being cooled;

3. A heated body suddenly being cooled;

4. A cooled body suddenly being heated.

Still, in civil engineering, the first case is the most interesting, as it represents the
events leading to concrete spalling due to fire or hot spillage. As such, this thesis focuses
on concrete as it would be used in conventional structures, with average temperature of
10oC to 20oC, suddenly receiving an unusually high thermal load of at least 500oC. Con-
sequently, all the mentions of "spalling" in the text refer to high temperature spalling.

Further, the service-life prediction of structures post thermal shock events would re-
quire an in-depth study of the de-hydration/re-hydration cycles happening within the
binder over a long period of time. This is briefly discussed in Chapter 3, but it is not a
major point of investigation in this work. Likewise, cyclic thermal loads were also not
studied. The present thesis focus on the design of concrete destined to suffer a thermal
load and the prediction of its behaviour after a single instance.

Finally, the project aimed at the study of concrete in the material level. Further con-
siderations would be necessary to extend the conclusions to application at the structural
level and this is addressed in Chapters 4, 7, 8 and 9.

1.3.2. RESEARCH QUESTIONS
The fundamental question of this research was if a spalling proof structural material
could be designed for industrial applications. However, considering the needs of the
industry (discussed in Chapter 5, the research question was divided into two simpler
questions:

1. Which materials and proportion can produce a spalling resistant concrete respect-
ing the logistics constraints of application in a typical pyro-processing facility?

2. Given a certain mixture design and composition of concrete, is it possible to pre-
dict if spalling will occur under expected thermal loading?

The first research question focuses on many engineering aspects of the problem and
the direct application in a steel factory, as such, the following sub-questions were con-
sidered:
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1.1 Can oven heating simulate the reaction of concrete to spilled molten steel?

1.2 What W/C ratio would perform better in conditions usually found in steel facto-
ries?

1.3 Could plutonic rocks act as a protection layer to the concrete receiving high tem-
perature spills?

1.4 Would a hybrid concrete/stone design perform better than monolithic concrete?

1.5 What is the durability of the proposed solution?

While the second research question focused on many open points of the scientific
endeavor to understand spalling. This generated the following sub-questions:

2.1 Which are the key physical or mechanical properties governing the occurrence of
spalling on concrete?

2.2 Why are spalling results so inconsistent across different laboratories?

2.3 How much loading and confinement affect the material behaviour towards spalling?

2.4 How can the contribution of concrete porosity be quantified?

2.5 Can pore connectivity be quantified and used as a spalling predictor?

1.3.3. CHAPTER OUTLINE
The thesis has been divided into nine chapters under four parts, as demonstrated in
Figure 1.4. The first part introduces all necessary foreknowledge to the reader for the
reminder of the text. This is divided into the first chapter, which introduces the PhD
project that generated the present thesis and the second chapter, which provides a brief
literature review of the reactions of concrete binders and aggregates to high tempera-
tures, and a somewhat more extensive literature review of the scientific work already
carried in the field of spalling of concrete.

The second part of the thesis is entitled "Building materials response to thermal
shock" and focuses on answering the first research question and its sub-questions. Within
this part are the third, fourth and fifth chapters. The third chapter describes a series of
analysis made on calcium aluminate cement as the main binder for the manufactur-
ing of spalling resistant concrete. Further, the experimental approach actually submits
samples to molten slag spillage with the same parameters found at the facilities of the
industrial partner. Chapter 4 studies the behaviour of dunite and microgabbro as natu-
ral refractory materials and the possibility of application in civil engineering structures.
Chapter 5 describes the full case study in a steel factory, including the application of the
knowledge gained from Chapters 3 and 4 in test elements installed at the facility.

The third part of the thesis is entitled "Thermal shock damage prediction" and fo-
cuses on the second main research question and its sub-questions. Chapter 6 describes
the creation of a large database of concrete spalling experiments and its analysis in or-
der to study relevant properties and main source of experimental discrepancies in this
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field. Further, a number of machine learning algorithms are used for an attempt to pre-
dict spalling behaviour using the aforementioned database. Chapter 7 focuses on pore
connectivity as a main parameter for spalling prediction and offers a way of quantify-
ing this property. An experimental campaign is used as basis for the development of an
analytical equation to predict spalling in concrete samples.

Part four has the final considerations of the thesis. It includes one chapter explor-
ing the possible applications of the work performed and the thoughts of the author on
the most important aspects to be pursued by future work. Chapter 9, the last chapter,
contains general conclusions not given by a single chapter, the answers of the research
questions and some final considerations.

Figure 1.4: Outline of thesis.



BIBLIOGRAPHY

[1] Sharachchandra M. Lélé. “Sustainable development: A critical review”. In: World
Development 19.6 (1991), pp. 607–621. ISSN: 0305-750X. DOI: https://doi.org/
10.1016/0305-750X(91)90197-P. URL: http://www.sciencedirect.com/
science/article/pii/0305750X9190197P.

[2] M.R. Allen et al. “Framing and Context”. In: Global Warming of 1.5oC. An IPCC
Special Report on the impacts of global warming of 1.5oC above pre-industrial lev-
els and related global greenhouse gas emission pathways, in the context of strength-
ening the global response to the threat of climate change, sustainable development,
and efforts to eradicate poverty. Ed. by V. Masson-Delmotte et al. In Press, 2018.
URL: https://www.ipcc.ch/sr15/chapter/chapter-1/.

[3] WorldGBC Annual Report 2016 \17. Tech. rep. World Green Building Council, 2017.
URL: https://www.worldgbc.org/news-media/worldgbc-annual-report-
201617.

[4] Bjørn Lomborg. The Skeptical Environmentalist: Measuring the Real State of the
World. Cambridge University Press, 2001. DOI: 10.1017/CBO9781139626378.

[5] Mariam Abdulkareem, Jouni Havukainen, and Mika Horttanainen. “How envi-
ronmentally sustainable are fibre reinforced alkali-activated concretes?” In: Jour-
nal of Cleaner Production 236 (2019), p. 117601. ISSN: 0959-6526. DOI: https:
/ / doi . org / 10 . 1016 / j . jclepro . 2019 . 07 . 076. URL: http : / / www .
sciencedirect.com/science/article/pii/S0959652619324151.

[6] Peter A. Adesina and Festus A. Olutoge. “Structural properties of sustainable con-
crete developed using rice husk ash and hydrated lime”. In: Journal of Building
Engineering 25 (2019), p. 100804. ISSN: 2352-7102. DOI: https : / / doi . org /
10.1016/j.jobe.2019.100804. URL: http://www.sciencedirect.com/
science/article/pii/S2352710219302955.

[7] Kamel Mohamed Rahla, Ricardo Mateus, and Luís Bragança. “Comparative sus-
tainability assessment of binary blended concretes using Supplementary Cemen-
titious Materials (SCMs) and Ordinary Portland Cement (OPC)”. In: Journal of
Cleaner Production 220 (2019), pp. 445–459. ISSN: 0959-6526. DOI: https://doi.
org/10.1016/j.jclepro.2019.02.010. URL: http://www.sciencedirect.
com/science/article/pii/S0959652619303890.

[8] O. Damdelen. “Investigation of 30% recycled coarse aggregate content in sus-
tainable concrete mixes”. In: Construction and Building Materials 184 (2018),
pp. 408–418. ISSN: 0950-0618. DOI: https://doi.org/10.1016/j.conbuildmat.
2018.06.149. URL: http://www.sciencedirect.com/science/article/
pii/S0950061818315460.

9

https://doi.org/https://doi.org/10.1016/0305-750X(91)90197-P
https://doi.org/https://doi.org/10.1016/0305-750X(91)90197-P
http://www.sciencedirect.com/science/article/pii/0305750X9190197P
http://www.sciencedirect.com/science/article/pii/0305750X9190197P
https://www.ipcc.ch/sr15/chapter/chapter-1/
https://www.worldgbc.org/news-media/worldgbc-annual-report-201617
https://www.worldgbc.org/news-media/worldgbc-annual-report-201617
https://doi.org/10.1017/CBO9781139626378
https://doi.org/https://doi.org/10.1016/j.jclepro.2019.07.076
https://doi.org/https://doi.org/10.1016/j.jclepro.2019.07.076
http://www.sciencedirect.com/science/article/pii/S0959652619324151
http://www.sciencedirect.com/science/article/pii/S0959652619324151
https://doi.org/https://doi.org/10.1016/j.jobe.2019.100804
https://doi.org/https://doi.org/10.1016/j.jobe.2019.100804
http://www.sciencedirect.com/science/article/pii/S2352710219302955
http://www.sciencedirect.com/science/article/pii/S2352710219302955
https://doi.org/https://doi.org/10.1016/j.jclepro.2019.02.010
https://doi.org/https://doi.org/10.1016/j.jclepro.2019.02.010
http://www.sciencedirect.com/science/article/pii/S0959652619303890
http://www.sciencedirect.com/science/article/pii/S0959652619303890
https://doi.org/https://doi.org/10.1016/j.conbuildmat.2018.06.149
https://doi.org/https://doi.org/10.1016/j.conbuildmat.2018.06.149
http://www.sciencedirect.com/science/article/pii/S0950061818315460
http://www.sciencedirect.com/science/article/pii/S0950061818315460


1

10 BIBLIOGRAPHY

[9] Sevket Can Bostanci. “Use of waste marble dust and recycled glass for sustainable
concrete production”. In: Journal of Cleaner Production 251 (2020), p. 119785.
ISSN: 0959-6526. DOI: https://doi.org/10.1016/j.jclepro.2019.119785.
URL: http://www.sciencedirect.com/science/article/pii/S0959652619346554.

[10] “Betonakkoord”. In: (2018). Netherlands, available at https://www.betonakkoord.
nl, visited 27-08-2022.

[11] Beatriz Palacios-Munoz et al. “Sustainability assessment of refurbishment vs. new
constructions by means of LCA and durability-based estimations of buildings
lifespans: A new approach”. In: Building and Environment 160 (2019), p. 106203.
ISSN: 0360-1323. DOI: https : / / doi . org / 10 . 1016 / j . buildenv . 2019 .
106203. URL: http://www.sciencedirect.com/science/article/pii/
S0360132319304135.

[12] Eduardo Peris Mora. “Life cycle, sustainability and the transcendent quality of
building materials”. In: Building and Environment 42.3 (2007), pp. 1329–1334.
ISSN: 0360-1323. DOI: https : / / doi . org / 10 . 1016 / j . buildenv . 2005 .
11.004. URL: http://www.sciencedirect.com/science/article/pii/
S0360132305004737.

[13] Mark Alexander and Hans Beushausen. “Durability, service life prediction, and
modelling for reinforced concrete structures – review and critique”. In: Cement
and Concrete Research 122 (2019), pp. 17–29. ISSN: 0008-8846. DOI: https://
doi.org/10.1016/j.cemconres.2019.04.018. URL: http://www.sciencedirect.
com/science/article/pii/S0008884619301656.

[14] Xianming Shi et al. “Durability of steel reinforced concrete in chloride environ-
ments: An overview”. In: Construction and Building Materials 30 (2012), pp. 125–
138. ISSN: 0950-0618. DOI: https://doi.org/10.1016/j.conbuildmat.
2011.12.038. URL: https://www.sciencedirect.com/science/article/
pii/S095006181100715X.
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2
LITERATURE REVIEW

Even as a youngster, though, I could not bring myself to believe
that if knowledge presented danger, the solution was ignorance.

Isaac Asimov, The Caves of Steel

That is the problem with ignorance.
You can never truly know the extent of what you are ignorant about.

Adrian Tchaikovsky, Children of Time

This chapter reviews the current scientific knowledge on the behaviour of concrete during
and after exposure to high temperatures. The state after exposure is presented first because
it deals with the changes in chemistry and allows for the presentation of the main binders
used for concrete at the time of writing. A brief review of the influence of aggregates is also
provided. Afterwards, when presenting the behaviour of concrete during high tempera-
ture, spalling is introduced and discussed in terms of the two leading theories explaining
the damage mechanism. Finally, a brief explanation of the action of fibers against high
temperature is also offered.
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B UILDING materials are affected by high temperatures in mainly two different ways,
the first being the change of its inherent properties due to the new equilibrium state

of its components. This is viewed mostly as a static phenomenon, in which the maxi-
mum temperature achieved determines the new properties. It should be mentioned that
the properties after cooling are not equal to the properties during heating. However, as
most literature only focus on residual properties, this chapter mentions this category of
papers in opposition to mechanical testing during exposure to high temperatures. The
second effect is the crack development often combined with violent detachment of ma-
terial pieces, this is a dynamic effect linked not only to the maximum temperature, but to
the rate in which the material is heated. This chapter offers a brief review of the current
knowledge on concrete in high temperature environments dividing the main aspects un-
der the two mentioned situations.

2.1. CONCRETE AFTER HIGH TEMPERATURE EXPOSURE

2.1.1. PORTLAND CEMENT

The vast majority of cement used for construction is Portland cement (PC), indeed, its
market size has been evaluated at US$3.99 billions [1]. This is mainly due to its very
low price per ton while offering high quality and versatility of application, making it the
default choice of the industry [2]. However, this is a product developed to be used in am-
bient temperatures and outside of this range it requires special measures [3–5]. While
concrete is composed of more than just cement, this section focuses on individual com-
ponent behaviour while the next section discusses concrete as a whole during heating.

To understand the reaction of hydrated cement to high temperature, it is necessary
to look at all the phases that compose it. Prior to hydration, Portland cement is usu-
ally made of ground clinker, gypsum, and varying amounts of pozzolanic additions such
as blast furnace slag and fly ash. Table 2.1 contains a typical composition of Portaland
cement type CEM I.

Table 2.1: A typical oxide composition (wt. %) of CEM I 42.5 R as determined by Lu et al. (2019) [6].

C aO SiO2 Al2O3 Fe2O3 M gO K2O N a2O T iO2 P2O5 Mn2O3 SO3 LOI C l− IR
64.4 20.4 5.4 2.6 1.4 0.77 0.22 0.29 0.14 0.07 2.7 1.87 0.02 1.04

LOI = Loss on ignition, IR = Insoluble residue.

The clinker is composed of four main phases [7]: 3C aO ·SiO2 (in cement notation:
C3S), commonly referred to as alite; 2C aO ·SiO2 (in cement notation: C2S), commonly
referred to as belite; 3C aO · Al2O3 (in cement notation: C3 A), commonly referred to as
aluminate or tricalcium aluminate; and 4C aO·Al2O3·Fe2O3 (in cement notation: C4 AF ),
commonly referred to as tetracalcium aluminoferrite. These are usually produced up to
1450oC and consequently are very resistant against high temperatures [8].

Because cement chemistry deals with complex oxides regularly, a specific notation
was developed, called cement chemist notation. All the equations describing cement
reactions in this thesis, including the results of experiments, were written using standard
cement chemist notation. For clarity, Table 2.2 contains the main substances and their
cement notation. Although the exact composition of C-S-H can vary considerably and is
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still in discussion [9–12], it will adopted as in Table 2.2 within this chapter for simplicity
sake.

Table 2.2: Explanation of cement chemist notation [13].

Substance Composition Cement chemist notation
Calcium oxide C aO C
Silicon dioxide SiO2 S

Aluminium oxide Al2O3 A
Ferric oxide Fe2O3 F

Sulfur (VI) oxide SO3 S
Carbon dioxide CO2 C

Water H2O H
Portlandite C a(OH)2 C H

Calcium silicate hydrate 3C aO ·2SiO2 ·3H2O C3S2H3 or C −S −H

When Portland cement is mixed with water, the two silicate phases hydrate to create
the main load bearing components (Equations 2.1 and 2.2), while the pozzolanic addi-
tions often have their contribution at a later time, described by Equation 2.3 [2].

2C3S +6H →C −S −H +3C H (2.1)

2C2S +4H →C −S −H +C H (2.2)

C H +pozzol an +H →C −S −H (2.3)

The hydrated phases are generated at room temperature, or some degrees higher due
to the heat of hydration [14, 15]. Thus, these are not as resistant to high temperatures,
and can decompose much earlier. Indeed, portlandite and calcium silicate hydrate lose
the chemically bound water between 300oC and 700oC and become lime and calcium
silicates, respectively [16].

Further, a considerable portion of PC based concrete will carbonate during its service
life [17]. This can convert the two main hydration products, as well as the unhydrated
clinker phases into calcium carbonate, as described in Equations 2.4, 2.5, 2.6 and 2.7 [18].
The impact of these reactions in concrete is outside of the scope of this work, however,
C aCO3 is another component of concrete with weak resistance to high temperatures,
releasing its carbon dioxide molecule at 750oC (Equation 2.8) [19].

C H +C →CC +H (2.4)

C −S −H +3C →CC −S −H (2.5)

C2S +2C +nH → SHn +2CC (2.6)
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C3S +3C +nH → SHn +3CC (2.7)

CC →C +C (2.8)

While the changes in binder composition are well understood, the exact effect of
these on the mechanical properties and durability of the concrete are less so. This is due
to a couple of reasons: First, the response of concrete to high temperate is a combination
of each binder and each type of aggregate, resulting in several hundreds of possibilities
[20]. Second, the reaction of concrete during heating has other effects that influence its
mechanical properties and durability [21]. This is discussed in Section 2.2.

Currently, the Eurocode [22] takes a conservative approach of estimating that any
concrete will lose most of its load bearing capacity at 600oC, which does not take the
mixture design of concrete into account. Ma et al. (2015) [23] reviewed the mechan-
ical properties of several concrete specimens under different temperatures and found
that the ones with lower water-cement ratio conserve their properties better (provided
they can withstand the heating period). Further, calcareous aggregates were found to
perform much better than siliceous aggregates, fly ash and blast furnace slag were con-
sidered helpful while silica fume showed to be disadvantageous. Figure 2.2 summarizes
the mechanical properties for typical concretes investigated at a large range of tempera-
tures.

Memon et al. (2019) [16] tried to review the durability impact of high temperature
exposure on concrete. The researchers found that this type of exposure irreversibly com-
promises the durability of most concretes through the coarsening of their microstructure
and decomposition of aggregates. Figure 2.1 shows the changes in porosity and pore
mean diameter at different temperatures.

Figure 2.1: Changes in porosity and pore mean diameter as determined through mercury intrusion porosime-
try, adapted from [24]. (a) Porosity in high strength concrete; (b) Porosity in normal strength concrete; (c) Mean
pore diameter in high strength concrete; (d) Mean pore diameter in normal strength concrete.
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Although PC based concrete is known to behave poorly against high temperature [2,
20], most engineers still chose this binder to design concrete solutions in high temper-
ature environments. This is because other building materials are either weaker (e. g.
steel), more brittle (e. g. ceramics), or economically not viable (e. g. Mg-alloys) at very
high temperatures. For these applications, the field of refractory materials was devel-
oped.

2.1.2. CALCIUM ALUMINATE CEMENT
The industry standard binder for refractory concrete is calcium aluminate cement or
CAC [25]. This was a cement developed in the 1908 to compete with Portland cement
variants [26], however it has never become as popular mainly because of its higher cost
(caused by the higher manufacturing temperature of 1650 oC) [27]. Notwithstanding, its
market share has been estimated at US$500 millions, which makes it the second most
used type of cement [28].

This type of cement has a much higher variability in its composition when compared
to Portland cement. This is because increasing the amount of alumina in the cement
can increase its high temperature resistance while sacrificing the mechanical proper-
ties proportionally [25]. Table 2.3 shows typical compositions of CACs with medium or
high alumina contents. The clinker is mostly produced of three phases: Monocalcium
aluminate (cement notation = C A); calcium dialuminate (cement notation = C A2); and
dodecacalcium hepta-aluminate (cement notation = C12 A7).

Table 2.3: Oxide composition (wt. %) for CAC50 and CAC70, the number describes the minimum alumina
content [29].

C aO SiO2 Al2O3 Fe2O3 M gO T iO2 SO3 K2O N a2O
CAC50 37.00 4.80 53.00 1.30 - 3.00 - - -
CAC70 29.00 0.20 70.00 0.10 0.40 - - - -

As with Portland cement, CAC also relies on hydration reactions to develop the me-
chanical properties of concrete. These reactions are described by Equations 2.9, 2.10,
2.11 [7], 2.12 and 2.13 [26]. However, after hydration, a second set of reactions occur
in the cement, changing the calcium aluminate hydrates from their meta-stable forms
(C AH10, C2 AH8) to their stable hydrogarnet form (C3 AH6), as shown in Equations 2.14
and 2.15 [30]. This is called conversion and is a densification of the hydration products
that renders a coarser microstructure [31]. To avoid durability problems, an upper limit
of 0.40 for the water-cement ratio has been established, allowing for the conversion to
occur without problems in cases where CAC is used for standard concrete in structures
[26].

C A+10H → 2C AH10 (2.9)

2C A+11H →C2 AH8 + AH3 (2.10)

3C A+12H →C3 AH6 +2AH3 (2.11)
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Figure 2.2: Residual mechanical properties of concrete exposed to different temperatures, adapted from [23].
Top: compressive strength; middle: flexural strength; bottom: elastic modulus.
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C12 A7 +69H → 6C AH10 + AH3 +6C H (2.12)

C12 A7 +51H → 6C2 AH8 + AH3 (2.13)

3C AH10 →C3 AH6 +2AH3 +18H (2.14)

3C2 AH8 → 2C3 AH6 + AH3 +9H (2.15)

The end product is a concrete that is very resistant to heat (provided aggregates have
also been selected with this intent), which retains mechanical properties much better
than Portland cement. From room temperature to 200oC, the conversion reactions take
place [26], the material even improves its properties up to 500oC [29]. However, from
about 500oC to 1000oC, loss of the chemically bound water on the stable products occur,
linearly decreasing the properties at a slower pace than in PC [32]. These reactions follow
Equations 2.16 [33] and 2.17 [34]. The dehydration of C2 AH8 follow the same path of its
conversion, shown in Equation 2.15.

2C AH10 →C2 AH8 + AH3 +9H (2.16)

7C3 AH6 →C12 A7 +9C H +32H (2.17)

Above 1000oC, formation of monocalcium aluminate, calcium dialuminate will cre-
ate a network of sintered products. Above 1400◦C, calcium hexa-aluminate (C A6) will
also be integrated to this network. Such changes dramatically improve the mechanical
properties of the material, surpassing the values of the sound concrete [35].

Regarding durability, calcium aluminate cement is naturally more durable than Port-
land cement in a number of situations, since it was developed to be a sulphate resisting
cement [2, 36], Figure 2.3 shows a comparison of different durability aspects for CAC and
PC. At high temperatures, the durability of CAC-based concrete heavily depends on its
mixture design [37]. Vejmelková et al. (2018) [38] showed an example of concrete made
with CAC70 and basalt aggregates that still presented excellent mechanical properties
and durability, even after exposure to temperatures of 1000oC.

2.1.3. OTHER BINDERS
Because of the intense drive in society towards sustainable solutions, the construction
sector is exploring the use of several replacements to Portland cement [41–43]. These
new binders are either based on supplementary cementitious materials (SCMs) or a vari-
ation of the calcium-silica-alumina composition of the other binders already discussed,
Figure 2.4 shows a composition comparison between such materials.

Most novel binders have not been thoroughly investigated regarding their resistance
to high temperatures, however, an examination of their main hydration products allow
for estimations of behaviour.
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Figure 2.3: Comparison of durability between CAC and OPC. Top left: Free chloride content on samples cured
in simulated sea water, adapted from [39]. Top right: Calcium carbonate content after samples being stored in
100% CO2 atmosphere for several days, adapted from [40]. Bottom left: Amount of acid necessary to destroy 1
g of material, extracted from [27]. Bottom right: Loss of weight caused by biogenic attack, extracted from [27].

Figure 2.4: Approximate composition of different construction binders and SCMs
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• Calcium sulpho-aluminate cement (CSC): The main hydration product is ettrin-
gite (C3 AS3H32) [44], which starts decomposing at 80oC [45] and loses about a
third of it mass at 190oC [46], thus, very unstable at high temperatures.

• High belite cement: The main reaction products are the same as Portland cement,
however, the higher amount of belite causes a greater content of C −S−H and less
C H [42]. Therefore, it is about as effective as Portland cement at high tempera-
tures.

• Belite-ye’elimite-ferrite (BYF) cement: This is a hybrid between PC and CSC, with
hydration products initially based on C − S − H and ettringite, however, the alu-
minium hydroxide dissolves to also form straetlingite (C2 ASH3) [47]. As expected,
this cement has a thermal stability in between PC and CSC.

• Carbonated Portland cement: These are based on the carbonation of PC and fol-
low the explanation about Equation 2.8.

• Carbonatable calcium silicate cement: Although these are composed of different
calcium silicates than PC [43], the main reaction products are polymorphs of CC
[48], which also lose their CO2 molecule at 750oC, and therefore, their structural
stability.

Conversely, one notable alternative to Portalnd cement that has already been exten-
sively studied are alkali-activated binder systems. These harden through the reaction of
an amorphous alumino-silicate precursor with an alkali reagent (often a mix of N aOH
and N a2SiO3 solutions), forming a three-dimensional zeolitic framework that does not
include water in its structure [49–51]. Two recent review articles [52, 53] were published
regarding the behaviour of concrete produced with such binders when subjected to high
temperatures. The reviews find that, if designed accordingly, these materials are capable
to retain a considerable portion of mechanical properties up to 800oC. It cannot replace
CAC to produce refractories due to its high thermal expansion, but it is a viable alterna-
tive to PC applications.

Besides calcium based cements, the construction industry has recently turned focus
to magnesia based cements. Walling & Provis (2016) [54] conducted a comprehensive re-
view of this class of cements and their potential to replace current cements in construc-
tion. The main candidates and their high temperature behaviour are presented below:
Magnesium carbonate cements

Magnesium oxide can form a number of carbonates and hydroxycarbonates as shown
in Table 2.4. However, most strategies involve the formation of magnesite or nesque-
honite for structural applications. While the former can be obtained dry (Equation 2.18),
the latter requires a hydration step (Equations 2.19 and 2.20). Comparatively, M gCO3 is
less resistant to high temperatures than C aCO3, losing its CO2 molecule at temperatures
higher than 600oC [55]. Similarly, nesquehonite goes through thermal decomposition
between 440oC and 550oC [56], thus, the cement should perform worse than PC in ther-
mal shock events.

M gO +CO2 → M gCO3 (2.18)
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Table 2.4: Reaction products from MgO with water and CO2 [54].

Mineral Composition Density (g/cm3)
Brucite M g (OH)2 2.38 [57]

Magnesite M gCO3 3.01 [58]
Nesquehonite M gCO3 ·3H2O 1.85 [59]

Lansfordite M gCO3 ·5H2O 1.70 [60]
Artinite M g2(CO3)(OH)2 ·3H2O 2.03 [61]

Hydromagnesite M g2(CO3)4(OH)2 ·4H2O 2.25 [62]
Dypingite M g2(CO3)4(OH)2 ·5H2O 2.15 [63]

Huntite C aM g3(CO3)4 2.70 [64]

M gO +H2O → M g (OH)2 (2.19)

M g (OH)2 +CO2 +2H2O → M gCO3 ·3H2O (2.20)

Magnesium phosphate cements
Acid phosphates have been used for cementation for several decades [65]. Magne-

sium phosphate cements (MPC) are usually based on the reaction of magnesia with am-
monium to form a magnesium phosphate salt. Table 2.5 summarizes the most common
salts formed in MPCs, with Equation 2.21 [66] describing the formation of the most com-
mon one (struvite). Because this is a very fast and exothermic reaction, retardants are
often used, with borate being the most popular. Several formulations for Magnesium
phosphate refractories have been developed and used for linings and bricks [67], how-
ever, these are either too expensive or have a too low pH for replacement of PC [54].

Table 2.5: Reaction products from MgO in MPCs [54].

Mineral Composition
Struvite N H4M g PO4 ·6H2O

Newberyite M g HPO4 ·3H2O
Hannayite (N H4)2M g3H4(PO4)4 ·8H2O
Schertelite (N H4)2M g3H2(PO4)2 ·4H2O
Dittmarite N H4M g PO4 ·H2O
Struvite-K M g K PO4 ·6H2O

M gO +N H4H2PO4 +5H2O → N H4M g PO4 ·6H2O (2.21)

Magnesium silicate hydrate cements
This is a less studied system, in which instead of producing a magnesium silicate

clinker, M gO and some highly reactive silica (often silica fume) are combined in-situ
to form the final M −S − H gel. These cements are excellent at high temperatures [68–
70], maintaining good mechanical properties up to 1500oC [71, 72]. It is also possible
to achieve very high compressive strength (> 120 Mpa [73]) by forming the minerals in
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Table 2.6. The two main deterrents for the use of these cements in replacement of PC is
the pH (between 9.5 and 10.5 [74]) and the lack of research in upscaling. As of the writing
of this thesis, some researchers [75–80] argue that basalt rebars could replace steel as
reinforcement to move construction towards the use of more sustainable concrete. If this
becomes the new standard, magnesium silicate hydrate cements might become suitable
as PC replacement.

Table 2.6: Minerals linked to M −S −H gel [54].

Mineral Group Formulation
Lizardite Serpentine M g3(Si2O5)(OH)4

Antigorite Serpentine M g3(Si2O5)(OH)4

Chrysotile Serpentine M g3(Si2O5)(OH)4

Sepiolite Phyllosilicate M g4(Si6O15)(OH)2 ·6H2O
Saponite Phyllosilicate C a0.25(M g ,Fe)3((Si , Al )4O10)(OH)2 ·nH2O

Talc Phyllosilicate M g3(Si4O10)(OH)2

Magnesium oxychloride & oxysulfate cements
These cements take advantage of the known reaction of magnesia with magnesium

chloride or magnesium sulfate in water, these combine to form phases with the general
composition of xM g (OH)2 · y M gC l2 · zH2O or xM g (OH)2 · y M g SO4 · zH2O [54]. How-
ever, the actual reaction products are very difficult to control and both of these classes
have very low durability to water [81–83]. Therefore, these are not expected to replace
PC.

2.1.4. AGGREGATES

Aggregates compose most of concrete in volume, yet they are often overlooked for being
considered inert. However, these are very important for the dimensional stability and
elastic modulus of concrete [84]. In refractory technology, aggregates are even more im-
portant, consisting of up to 95% of the material in mass [25]. Indeed, even if CAC is used,
the aggregates might still govern the behaviour of the concrete against high temperature
[37]. Although the importance of these components is known [85, 86], aggregates are
frequently neglected in high temperature research.

Yang et al. (2019) [87] conducted a study on ultra-high performance concrete (UHPC)
in which some mixtures used coarse aggregates and others contained only fine aggre-
gates. The conclusion of the study pointed to an overall improved performance of con-
crete on high temperatures caused by coarse aggregates. However, Heo et al. (2012) [88]
claim the contribution of coarse aggregates to be more complex, as the coarse particles
interact with polymeric fibres, limiting their paths. This study found that aggregate size
results in an inter-aggregate spacing that governs the optimum fiber length to control
concrete spalling during heating, as shown in Equation 2.22. The role of fibers is dis-
cussed in Section 2.2.3.

ζ= (i +dagg)

(
Nc

N

) 1
3

(2.22)
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In which: ζ is the optimum length of fibres, i is the inter-aggregate spacing, dagg is
the mean diameter of the coarse aggregates, Nc is the critical number, and N is the num-
ber of fibres per cubic centimeter. The precise process to determine the inter-aggregate
spacing, mean diameter and critical number can be found in the same paper [88]. Li
et al. (2019) [89] found similar results, in which larger aggregates show synergy with
polypropylene fibres in the protection of concrete at high temperatures. This was at-
tributed to the different thermal dilation of the aggregates with respect to the mortar
paste, which enhances connectivity on the micro-crack network.

The thermal dilation of coarse aggregates is usually determined by their chemical
composition, which is often unreported or poorly described in papers. Typically, con-
crete researchers divide aggregates between calcareous and siliceous [90–93], because
there are known problems related to siliceous aggregates at high temperatures. Namely,
some siliceous aggregates break up at 350oC, while quartz changes from its α phase into
its β phase at 573oC, which results in great volume expansion [94, 95].

Nevertheless, this naming convention is insufficient for high temperature studies.
Indeed, Maier et al. (2020) [96] points out how the mineralogical composition variability
of these two classes hinders the study of high temperature concrete due to lack of data.
Figure 2.5 shows the reaction of different types of aggregates at high temperatures and
demonstrates how within calcareous aggregates there are several maximum safe tem-
peratures. In general, most researchers agree that quartz-based aggregates should be
avoided [23, 97], but disagree on specific rocks. For example, Heo et al. (2011) [98] ac-
knowledges that granite behaves poorly against high temperatures in concrete, while Ali
et al. (2018) [99] claim that the difference in performance between granite and basalt
only occurs in small samples and structure sized elements behave the same with either
aggregate type.

Finally, the impact of recycled aggregates in high temperature resistance of concrete
has been gaining attention. Cree et al. (2013) [100] conducted a review of concrete
properties after fire exposure using recycled brick, glass and concrete aggregates (RBA,
RGA and RCA, respectively). The researchers found that concretes using RBA and RCA
usually do not suffer spalling, but highlighted the studies were conducted with labora-
tory graded materials, in opposition to real rubble, thus the recycled bricks contained
no mortar. Zegardło et al. (2018) [101] demonstrated mixtures of concrete using CAC
and recycled aggregate from sanitary ceramic waste that could maintain its compres-
sive strength after being exposed to temperatures as high as 1000oC, commenting on the
porous structure of the ceramic as an additional vapour pressure reducing mechanism.
However, a more recent study from Fernandes et al. (2022) [102] found that the replace-
ment of natural aggregates with recycled ones increased the likelihood of spalling. The
authors noted that the increase in porosity from RCA could also cause an increase in to-
tal moisture, which is harmful during the heating of concrete. Yet, the same study also
cautions that these conclusions were based on specific aggregates (natural or otherwise)
composition, and should not be carelessly extrapolated.
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2.2. CONCRETE DURING HIGH TEMPERATURE EXPOSURE
The main concern regarding concrete after a thermal shock event (such as a fire or a in-
dustrial spillage) is to access its structural soundness through determining the remaining
mechanical properties. On the other hand, during this type of event, the main concern
is to avoid the material to violently expel pieces due to spalling. This is a big danger for
people in the vicinity and can greatly accelerate the collapse of the structure. However,
despite having observed the phenomenon nearly a century ago [103], the engineering
community still struggles to predict and avoid spalling [104–106].

This is due the high speed, high complexity, multi-scale nature of this phenomenon.
In addition, concrete is a highly heterogeneous material [36, 107], which also affects the
spalling behaviour. Much attention has been given to the changes in water-to-binder ra-
tio (w/b) causing otherwise high performance materials to become more fragile to ther-
mal shock [108–112]. However, changes in type and content of cement [113, 114], type
and size of aggregate [87, 89, 115], and type and dosage of fibres [116–118] also affect
the material capacity to withstand sudden thermal gradients. As the material properties
have been explained in the previous section, the present section focuses on the physical
mechanisms of spalling.

2.2.1. THERMO-MECHANICAL SPALLING
Initially, spalling was explained through the development of tensile stresses orthogonal
to the face of heating caused by thermal gradients [119, 120] (see Figure 2.6). This was
named as the thermo-mechanical mechanism (TMM) of spalling, which considered the
element as an homogeneous solids and was also present in other materials (e. g. metals
and glass) [121]. In the following year, Lu & Fleck (1998) [122] expanded the TMM theory
to include thermal shocks in both directions (hot materials being cooled and cold mate-
rials being heated); thermal shocks involving different mediums; the difference between
materials with the damage governed by tensile strength and the ones governed by tough-
ness; and a merit index to compare materials resistance to thermal shock. In the same
paper, the authors proposed Equation 2.23 to describe the minimum temperature gra-
dient a material has to be submitted to start developing cracks. This equation is for the
case of a cold material being heated, governed by tensile strength (e. g. most concrete
spalling cases), the other forms are also described in the mentioned paper [122].

∆T =C1 ·
σ f

E ·α · k

h ·H
(2.23)

In which ∆T is the temperature gradient to which the material is subjected (K ), C1

is a constant, σ f is the tensile strength of the material (N /m2), E is the elastic modu-
lus (N /m2), α is the coefficient of thermal expansion (1/K ), k is the thermal conductiv-
ity (W /m/K ), h is the heat transfer coefficient between the material and the medium
(W /m2/K ) and H is the volume of the sample divided by the heated surface (m). The
third term of the equation is the inverse of the Biot number (Bi = h · H/k), which is a
non-dimensional heat transfer coefficient. A Biot number equal to zero would mean
perfect thermal insulation, while a value tending to infinity would represent perfect heat
transfer. As mentioned, this allows for the creation of a merit index for materials sub-
jected to thermal shock, which the authors of Equation 2.23 presented in Figure 2.7.
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Figure 2.6: Left: Proposed mechanism of explosive spalling in a concrete wall. Right: Profiles of temperature
(T), pressure (p) and moisture content (w) in a heated concrete wall. Source: Bazant (1997) [120].

However, this was found to correlate poorly with the experiments [123, 124]. Given
this theory, a higher thermal gradient would cause higher stresses, but some experiments
identified a critical zone for spalling between 180oC and 240oC [125]. Further, a concrete
designed with higher tensile strength and less porosity (causing the thermal conductiv-
ity to increase) should perform better against thermal shock. But these changes usually
result in a much worse behaviour of concrete [110, 126, 127]. Finally, concretes with sim-
ilar properties would present opposite behaviours when submitted to the same heating
procedures [128]. Eventually, this was attributed to differences in microstructure not
taken into account, as the pressure developed in the pores during the exit of water (see
Figure 2.6 right) seemed to have a greater effect than previously imagined [129]. For this
reason, an alternative mechanism was proposed.

2.2.2. THERMO-HYGRAL SPALLING
The competing theory is called "moisture clog spalling" [130], in which the heating of a
concrete face caused the moisture within the skin to evaporate. If the heating proceds,
the evaporation front moves inward and vapour acumulates in porous zones. Eventually,
vapour would not be able to migrate through a saturated front, causing the buildup of
pore pressure there until spalling. This concept is sketched in Figure 2.8. This theory was
later renamed as the Thermo-Hygral Mechanism (THM) of spalling.
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Figure 2.7: Top: Merit indices for strength governed failure at low Bi versus strength governed failure at high
Bi values. Bottom: Merit indices for toughness governed failure at low Bi versus toughness governed failure at
high Bi values Source: Lu & Fleck (1998) [122].
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Figure 2.8: Conceptual mechanisms of moisture clog spalling. Top: Steps leading to spalling from Consolazio
et al. (1998) [130]. Bottom: Build up of stresses from Kalifa et al. (2000) [125].
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During the heating of samples, at 100oC, evaporation is replaced by ebullition, which
drastically increases the rate of water loss within the material [131]. It was assumed that
the escape of vapor becomes ruled by water vapor pressure, which has an exponential
relationship to temperature described by Equation 2.24 [132], in which Pv is pressure in
Pascal and T is temperature in K. Thus, the pressure development inside the material is
dependent on temperature, but also on the amount of remaining water, which itself de-
pends on the initial moisture state and heating rate. When combining this knowledge
with thermogravimetric experiments, it was found that the unexplained critical tem-
perature range described in the previous section roughly correlates to when the vapour
pressure exceeds the typical tensile strength of samples [133]. This concept is illustrated
in Figure 2.9. The different behaviour of samples with similar properties and same heat-
ing conditions was also explained by these studies, as the spalling was due to their dif-
ferences in moisture content [128, 134].

Pv = exp

(
23.22− 3841.22

T −45.00

)
(2.24)

Since high strength concrete holds less water than normal strength concrete, there
was still one issue to be explained. Because the pressure development within the mate-
rial is inversely proportional to the maximum flow of water vapor, it is generally accepted
that a more porous microstructure is less susceptible to this form of spalling [135]. This
was further studied by using a single mixture design and varying the packing coefficient
to choose the gradation of the aggregates, the study revealed that better packing leads to
more severe spalling [136].

This theory clearly had merits, but presented a challenge for engineers to predict
concrete behaviour.The TMM could be implemented by finite element methods (FEM)
and the stresses derived from thermal strains. Meanwhile, the stresses caused by the
THM would require the coupling of water transport with vapour expansion and a nearly
perfect knowledge of the pore structure of the concrete being tested. Kalifa et al. (2000)
[125] proposed an experimental setup with pressure and temperature sensors at differ-
ent depths of a sample, in addition to the usual thermogravimetric measurements. This
method provided a way to measure pore pressure at varying locations and was used in
several future studies [129, 137–141].

2.2.3. RECENT ADVANCES AND THE ROLE OF FIBERS
Recently, Li et al. (2021) [142] reviewed several studies using the pore pressure investiga-
tion technique proposed in Kalifa et al. (2000) [125]. The review found that although this
method is useful to prove positive correlations between pore pressure buildup and com-
pressive strength, moisture content, heating rate and lateral confinement, it still fails to
provide accurate quantitative estimations of spalling occurrence or damage level. This
is, in part, attributed to the lack of standardization of test setup, with several parameters
such as tube filler and gage head considerably changing the pressure values measured.

Currently, concrete spalling is hypothesized to happen due to the summation of the
stresses generated by both TMM and THM, with the governing mechanism depending
on the moisture content. For a sufficiently dry concrete, the THM becomes negligible
and spalling only occurs through the TMM [87]. On the other hand, the thermo-hygral



2

32 2. LITERATURE REVIEW

Figure 2.9: Top: Mass loss of sample at different temperatures. Middle: Heating rate difference between sample
center and surface. Bottom: Vapor pressure development according to Equation 2.24. Experiments from [133],
image from [25]

.
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mechanism always suffers from thermo-mechanical stresses developed during heating
[143, 144], thus it cannot be studied individually [105].

Another consensus was on the importance of fibres in the mixture design of concrete
that would possibly be submitted to high temperatures. In particular, sufficient dosage
of polypropylene (PP) has been found to avoid spalling even in extreme cases, such as
ultra high strength concrete mixtures [110, 111, 145]. The advantages of this addition
have been confirmed by several works [146–150], due to their capacity of increasing the
intrinsic permeability of concrete when heated [151]. The capacity of these fibers to melt
in low temperatures, allow for their partial exit, leaving empty tunnels, facilitating vapor
transport [152]. Figure 2.10 provides information on the fibre melting point, influence in
permeability and mechanism at high temperatures.

However, because it is still not possible to accurately estimate the vapor escape pres-
sure, the exact dosage of polypropylene for a given mixture design remains unknown.
Many researchers proposed a method to estimate the fibres needed for concrete [88,
154–156], but this field is still open for discussion. Besides polypropylene, several other
types of fibers have been attempted to improve spalling resistance, with their mecha-
nism mostly dependent on the base material. Other polymeric fibres (e. g. nylon, PET,
PVA, polyamide) work similarly to PP, but their higher melting point decreases useful-
ness [154, 157]. Natural fibers (e. g. jute, flax, cellullose) usually shrink and burn instead
of melting [117, 118, 157], thus, also providing new channels to increase permeability.

Steel fibres, on the other hand, act as local reinforcement against the stresses caused
by the TMM, requiring more energy for the crack growth [91]. In general, this is a strat-
egy used less often, as most experiments have a THM governed spalling. Nevertheless,
some researchers [89, 158, 159] found synergy in the combination of PP and steel fibres,
allowing for a concrete even more resistant to spalling. Few other fibres have been stud-
ied to arrest the thermo-mechanical mechanism (e. g. carbon, rubber), but not enough
studies have been published for definite conclusions on their contribution [16, 160].

2.3. CONCLUDING REMARKS
Both the behaviour of concrete during exposure to high temperature and the residual
properties afterwards vary considerably because of the heterogeneity of the material and
its very large differences in composition. The residual properties are assumed based on
the combination of binder and aggregates as explained in Section 2.1. However, observ-
ing Figure 2.2, it is evident that the prediction remains inaccurate. Further, the residual
properties are only relevant if the material does not suffer from spalling, which cannot
be predicted at the time of writing of this thesis.

Thus, the prediction of damage caused by spalling is lacking in literature. Because
of that, no single experiment or even review study contains reliable guidelines of how
to design a concrete mixture that would not suffer from spalling under specific condi-
tions and further would retain certain mechanical properties after the exposure to high
temperature.

In addition, most spalling experiments are conducted in small samples [108–110,
161–167], even though a clear size effect is present [168] and both, the TMM and the
THM are worse in bigger samples [169]. This is due to a number of reasons (e. g. big-
ger thermal and moisture gradients in full size concrete members, lack of restraints and
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Figure 2.10: Top: Thermal analysis of polypropylene fibres. Middle: Flow rate trend for samples with and
without PP fibres. Bottom: Assumed behaviour of PP fibres during heating. Experiments from [153], image
from [25].
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loads in small samples, different forms of heating for laboratory experiments), but poses
a important challenge regarding how to extrapolate published results to actual struc-
tures. This was being studied at the time of writing of this thesis [140, 160, 170], but is
likely to go on as a challenge unless a fundamental way of estimating pore structure and
consequent pressure development is proposed.
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3
HOT SPILLAGE ON CAC

I thought if you told people facts, they’d draw their conclusions,
and because the facts were true, the conclusions mostly would be too.

But we don’t run on facts. We run on stories about things.

James S.A. Corey, Babylon’s Ashes

Fact and fiction carry the same intrinsic weight in the marketplace of ideas.
Unfortunately reality has no advertising budget.

Daniel Suarez, FreedomTM

This chapter explores CAC as the main component for the manufacturing of building ma-
terials resistant to molten slag spill in a steel factory. Although CAC has been thoroughly
studied in oven heating experiments, the author makes a distinction between the condi-
tions of linear heating and thermal shock through spilling of molten material. The effects
of the high temperature event on the microstructure are compared in different W/C ratios
and moisture states. Further, a short follow-up experiment is carried to study post-effects
in the microstructure, in case re-hydration takes place after the contact with molten slag.

Parts of this chapter have been published in Materials & Design 217, 110623 (2022) [1] and in the 17th Eu-
roseminar on Microscopy Applied to Building Materials (2019) [2].
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3.1. DEVELOPMENT OF A SPALLING RESISTANT CONCRETE

C ALCIUM aluminate cement (CAC) is arguably the best binder for producing bulk con-
crete elements expected to be exposed to high temperatures [3–5]. As such, the liter-

ature on the use of CAC at high temperatures is vast [6–13], and this was the first material
considered for the development of a mix that would be later used in the case study of a
steel factory (described in Chapter 5).

However, most of the literature on concrete subjected to high temperature focus ei-
ther on the slow heating of the material for study of residual properties after cooling or
the fast heating of the concrete for study of its performance in a fire event (see Chapter
2). Neither of which is representative to the situation in metallurgical factories, where
concrete members are repeatedly subjected to sudden contact with hot spillage of met-
als or metallic waste.

Because the form of exposure to high temperatures can drastically change the be-
haviour of concrete [14–16], this was the first criterion considered before designing an
experiment to test CAC’s performance with respect to high temperatures. Specifically,
two parameters were taken into account: The heating and cooling regime, and the chem-
ical species in contact with the binder during exposure to high temperatures.

Regarding the heating and cooling regime, most high temperature studies on con-
crete are executed by the steadily heating up samples [17–21], which would not account
to mechanisms related to thermal shocks caused by high temperature spillage. Con-
tact with molten steel or slag produces nonlinear, rapid heating followed by slow cooling
while the material is in contact with the substance. Further, the direction of heating is a
considerable influence on the thermal shock effect on samples [22]. Figure 3.1 shows a
compilation of the main differences between the two modes of heating. In addition hot
spillage has the unique situation of water evaporation through the same region of con-
tact with high temperature product, which might cause interference. In oven heating,
the escape of water is free and doesn’t interfere with the heating of the samples.

Regarding the chemical species in contact with the binder during exposure to high
temperatures, oven experiments only take temperature into consideration, the samples
are usually in contact with atmospheric air [23–25]. In metallurgical factories, the hot
spillage changes composition considerably depending on production process, which
might affect interaction with the binder [26].

Accordingly, this chapter focuses on simulating the event of slag spillage in a steel
factory, mimicking the case study in Chapter 5. A small amount of molten slag is poured
over CAC cement samples at a similar temperature it would have during steel produc-
tion. This allows a better comparison of the thermo-chemical and thermo-physical ef-
fects on the material due to the small scale and controlled environment of the experi-
ment.

The main aim is to identify different processes taking place on samples with different
saturation conditions and water to cement (W/C) ratios. To avoid further changes in
the microstructure of the samples after the thermal shock, these had their hydration
stopped by means of epoxy impregnation or solvent exchange right after the experiment.
A finite element model was used to estimate differences in temperature gradients caused
by changes in material design. Finally, a combination of electron microscopy, energy
dispersive spectroscopy, thermal gravimetric analysis and X-ray diffraction was used to
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Figure 3.1: Comparison of spalling mechanisms in free samples subjected to oven heating or contact with hot
spillage on the top face of sample. On the left is a finite element method simulation of the stresses generated
during heating. On the right is a sketch of the preferential direction of moisture escape
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investigate the microstructure and chemistry of the samples. Assumptions regarding
durability and cost effectiveness can be drawn from the presented observations.

3.2. EXPERIMENTAL PROGRAM

3.2.1. SAMPLES AND EXPOSURE
Four cylindrical cement paste samples were cast in a plastic mould with the dimensions
of ∅ 55 x 25 mm. Because the focus is on the interaction of molten slag with the binder
phase, it was chosen to use cement paste samples, rather than mortar or concrete sam-
ples. The cement used was calcium aluminate cement Calight 50N. Normal tap water
was used for the mix. Two of the samples had a W/C ratio of 0.40 and the remaining two
had a W/C ratio equivalent to 0.20. To improve fluidity, MasterGlenium 51 was added as
superplasticizer to the samples with the lowest W/C ratio, the quantity added was 0.4%
with respect to the cement mass. The samples required no vibration. As CAC hardens
considerably faster than Portland cement, only seven days are required to achieve a rel-
atively stable microstructure with most of the hydration finished [27]. Therefore, curing
a CAC mixture beyond 7 days should not have any added value. After 24 hours, the spec-
imens were de-moulded and moved to a curing room to remain at 95% humidity and
20oC temperature for seven days.

One sample of each W/C ratio was submersed in water for 24 hours and then was
exposed to molten slag. Additionally, one sample of each W/C ratio was dried for 48
hours at 40oC in an oven prior to exposure to molten slag. The samples saturated with
water are herein called S2 and S4, while the samples dried in the oven are called D2 and
D4. The numbers are representative of the W/C ratio, while the letters are representative
of the state of the sample during the pour of slag (see Figure 3.2, top left).

Figure 3.2: Top left: Naming convention of samples. Top right: Sketch of thermal shock experiment. Bottom:
Location of analysed parts in each sample.
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Table 3.1: Chemical composition of materials as determined by XRF.

Material SiO2 Al2O3 C aO M gO Fe2O3 SO3 N a2O K2O T iO2 P2O5 L.O.I. Total
Calight 50 N 8.01 46.85 38.12 0.55 3.16 0.38 0.07 0.19 2.22 0.17 0.28 100.00

BF slag 34.40 11.53 39.17 7.81 1.42 1.6 0.23 0.58 - - 1.15 97.89

The slag used for pouring on top of the samples was molten blast furnace slag. The
composition of the slag and the cement used can be found in Table 3.1. Prior to pouring,
60 grams of slag was heated at 15oC/m until 1530oC in an alumina crucible. After 30
minutes at this temperature, the oven was opened and the crucible was removed and
tilted on the samples to pour liquid slag. To keep the slag on the surface of the samples
and avoid leakage to the sides, a titanium ring with an inner diameter of 55 mm and
height of 35 mm was placed on top of each sample. Sample and ring were placed on top
of a refractory magnesia brick for safe operation. Figure 3.2 (top right) shows a sketch of
this procedure.

3.2.2. POWDER ANALYSIS

After being exposed to molten slag, the samples remained cooling for 12 hours at 20oC
and then the vitrified slag was removed and the specimens were cut in half. From one
half, material was extracted from the very top (which was in contact with slag) and gently
ground with an agate mortar in preparation for XRD. Prior to grinding, the material was
dried through solvent exchange. Approximately 5 grams of powder from each sample
was collected and kept dry until testing. Sufficient material was collected for thermo-
gravimetric analysis (TGA) as well, these samples were designated as D2T, S2T, D4T and
S4T. The same procedure was repeated for the bottom of each sample, where tempera-
tures remained considerably lower during exposure to molten slag. Such samples were
designated as D2B, S2B, D4B and S4B (see Figure 3.2, bottom).

A Bruker D8 Advance diffractometer Bragg-Brentano geometry and Lynxeye position
sensitive detector was used with CuKα1,2(λ = 0.15408nm) radiation for all XRD mea-
surements. The scatter screen height was set at 5 mm height, divergence slit V12. The
used voltage was 45 kV with a current of 40 mA. The spin was of the sample. All scans
were performed with a 2θ angle between 10◦ and 130◦, and a step size of 0.03◦. The
counting time per step was of two seconds. A combination of two software, X’Pert High-
Score Plus and Jade6 was used for the spectral analysis. The standard software databases
sufficed for the identification of peaks.

For the thermogravimetric analysis, a NIETZSCH STA 449 F3 Jupiter was used. Ap-
proximately 40 mg of material were used for each analysis. The mass change of samples
was continuously monitored while the temperature was raised at a 10oC/min rate from
40oC to 1000oC. In order to perform the measurements, a 1 mm3 alumina crucible con-
taining each sample was placed under a dry argon atmosphere with a purge rate of 50
mL/min.

3.2.3. ELECTRON MICROSCOPY

The other half of each sample was cut into 25 x 25 x 10 mm to allow a surface containing
both, top and bottom of the original cylinders. Each specimen was then vacuum im-
pregnated with epoxy resin. The impregnated specimen surfaces were ground using SiC
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Table 3.2: Minerals used for standard based X-ray microanalysis quantification.

Element Symbol Mineral used for correction Chemical composition
Sodium Na Albite N a AlSi3O8

Magnesium Mg Periclase M gO
Aluminium Al Jadeite N a AlSi2O6

Silicon Si Quartz SiO2
Sulfur S Anhydrite C aSO4

Potassium K Sanidine K AlSi3O8
Calcium Ca Calcite C aCO3
Titanium Ti Rutile T iO2

Iron Fe Haematite Fe2O3
Oxygen O Oxigen was determined by stoichiometry

grinding papers with increasing mesh number from #320 up to #1200. Next diamond
pastes of 9 µm, 3 µm, 1 µm and 1/4 µm were used for polishing until a scratch-free sur-
face was achieved in SEM-BSE imaging at about x1000 magnification. Between each
grinding and polishing step, the samples faces were washed with ethanol, then small
particles were detached using ultrasonic bath for 1 minute and finally the surface was
gently dried using compressed air.

The polished sections were analyzed using BSE (backscattered electron) imaging and
energy dispersive x-ray spectroscopy (EDS). The microscope used was a QUANTATM

FEG 650 from Thermo ScientificTM equipped with a field emission gun and concentric
backscatter detector. The samples were analysed under high vacuum, with a take-off
angle of 34.6◦ and sample to detector distance of 10 mm. The detector was a SUTW
(sapphire) with a calibrated resolution of 132 eV, the accelerating voltage was set at 15
kV for all EDS measurements and the deadtime remained at approximately 10%. The
beam current was constantly measured through a picoammeter. At times, several Elec-
tron micrographs were stitched for a better field of view of the samples, all stitching was
performed digitally using the algorithm proposed by Preibisch et at (2009) in [28]. The
presented atomic ratios are the average of tens of points taken at hydration products on
the same section of a sample.

The interaction volume between the microscope beam and Portland cement phases
are known [29], however, the same cannot be said for CAC phases. For this reason, it
was opted to perform a Monte Carlo simulation of electrons trajectory in solids with low
beam energy through the software CASINO_v2. The density for the CAC phases were
extracted from literature [30, 31]. After acquisition all EDS spectra were corrected using
ZAF algorithm with the aid of NIST DTSA-II software [32]. The quantification of mass
and atomic percentages was standard based, using the minerals shown in Table 3.2.

3.2.4. MODELLING

For the estimation of the temperature gradients in each sample, a finite element (FE)
software was used. Solid Mechanics and Heat transfer in Porous Media bundles of COM-
SOL®5.3 were coupled through thermal expansion multi-physics. A geometry was cre-
ated to mirror each sample lying on top of a Mg refractory brick with molten slag on top
of it contained by the used titanium rings. The thickness of the slag corresponded to the
thickness observed post cooling. Two probe points were created, one 500 µm beneath
the surface of the sample (top) and one 500 µm above the interface with the MgO brick
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(bottom). The geometry is shown in Figure 3.3 (top).

A triangular mesh was used with adaptive refinement during all calculations. The
time steps were taken in logarithmic scales to range from 0.0001 minutes to 100 min-
utes, at which point cooling was nearly complete. The sample was modeled as a porous,
linear elastic material and at room temperature, with its expansion constrained by the
titanium ring. Because the sample was just placed on top of the refractory brick, the con-
nection in the model as considered a roller connection, with no restriction to horizontal
displacement. All components were considered to be at 22.5oC at the beginning of the
simulation with exception of the slag, which was modelled at 1500oC. A small amount of
convective heat flux was added to simulate the air convection in the laboratory during
the cooling phase. Further, the temperature estimation was later used to simulate the
stress and strain in each sample. In order to improve the computation time, only one
quarter of the samples was used for the mechanical simulations and symmetry was im-
posed in both cut faces. As the simulations required several properties as input, these
were provided based on a different experiment, discussed in Section 3.5.1.

The simulations considered the water content and different W/C ratios of the sam-
ples as differences in relative humidity of the pore network, vapour permeability and
porosity of the material assigned to the simulated sample. The slag was modelled as
a poured liquid that changes phase during cooling. The transition from liquid to solid
was modelled at 1350oC with a transition interval of 80oC and latent heat of transition
equivalent to 294 kJ/kg in accordance to Kashiwaya (2010) [33].

3.3. RESULTS

3.3.1. TEMPERATURE ESTIMATION

The goal of the FE simulations was to estimate the temperature distribution in the sam-
ples during the pouring of slag. Because of the small size of the specimens, the use
of multiple thermo-couples presented many practical difficulties. Figure 3.3 (bottom)
shows the evolution of temperature at the top and at the bottom of each sample.

While the slag is poured at a temperature close to 1500oC, a large amount of heat
is quickly dissipated due to the escape of water in the same direction of contact with
the spillage. Radial contact with the titanium ring and general emissivity of slag at high
temperatures also contribute for initial loss of heat. The results show that the maxi-
mum temperature does not vary considerably between the top of samples, but rather
the duration which this temperature is sustained. Denser samples have better thermal
conductivity [34], thus, absorb more heat from the molten slag. This was observed look-
ing at samples D2 and S2, that remain at high temperatures for longer. Because samples
with higher W/C ratio possess more capillary pores, there is more water and air to act
as thermal insulation, which would delay the heat transfer from the molten material to
the samples. Such delay occurs in combination with the faster cooling of slag, which
explains the shorter time for which the top region of the samples remain at maximum
temperature. Conversely, air is more insulating than water and the saturated samples re-
main at high temperatures for shorter time. This is because upon contact with the slag,
saturated samples quickly release most of the water, causing the molten pour to bub-
ble during the first seconds, while the dry samples simply start absorbing the heat upon
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Figure 3.3: Top: Simulated geometry, with cement sample in blue and probe points for temperature estimation
in red. Bottom: Estimated temperatures at red points in each sample based on FEA simulations.
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contact with the slag. This is seen by looking at the slags after the experiment, in Figure
3.4.

Figure 3.4: Example of slags after cooling on top of CAC samples. Left: Slag cooled on top of a dry sample.
Right: Slag cooled on top of a saturated sample.

Yet, the absorbed heat seems to be more readily dissipated by the samples with lower
W/C ratio, as can be inferred by the steeper slope of the temperature vs time curves of
S2T and D2T. This should also be explained by the lower amount of air acting as insu-
lation. The described effect can be observed by the trends in the temperature evolution
at the bottom, which shows samples with W/C ratio of 0.40 reaching more than 100oC,
while the remaining specimen have a maximum of 70oC.

3.3.2. THERMOGRAVIMETRIC ANALYSIS
The thermal gravimetric analysis showed the presence of three zones of interest for all
8 samples, albeit at different magnitudes (Figure 3.5). The first zone is located between
100oC and 200oC; the second zone is adjacent to the first, between 200oC and 350oC;
and the last zone of interest is between 700oC and 800oC degrees. Table 3.3 shows the
loss due to slag spillage at the top of the samples, with respect to the values measured at
the bottom of each respective sample in correspondence of the observed peaks.

Table 3.3: Decrease in peak minimum between powder collected from the top and from the bottom of each
sample.

Sample Peak 1 Peak 2 Peak 3
D2 29% 84% 16%
S2 27% 79% -3%
D4 34% 71% 17%
S4 7% 39% -18%

The peaks at the first zone are likely a convolution of the decomposition of two phases,
C AH10 (usually with wide peaks around 125oC [35]) and C2 AH8 (usually with wide peaks
around 190oC [8]). These two phases are the hydration products with most attached wa-
ter molecules found in CAC, and the first ones to decompose. All but one sample show a
significant decrease in mass loss correspondence between the peaks of the top and the
bottom region of the samples. Which points to dehydration of the mentioned phases
during the spillage experiment. Sample S4 is the exception, these phases seem to have
remained relatively at the same ratio for top and bottom. In Figure 3.3, it was shown that
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Figure 3.5: Derivative thermogravimetric analysis of samples comparing top and bottom composition.

sample S4 is the case that allows for the fastest heat transfer compared to other samples,
which likely caused the bottom to reach the dehydration temperature of C AH10. Fur-
thermore, the peaks from the bottom part in samples D4 and S4 were skewed towards
200oC, while the peaks for the top part were not. Because this is only seen in samples
D4 and S4, it is presumably caused by the imperfect dehydration of C AH10 (following
equation 2.16) during the contact with molten slag. Which results in the increase of the
amount of C2 AH8. As sample S2 is presumed to have reached slightly higher tempera-
tures than sample D2 at their respective bottoms (on Figure 3.5), it is also noticeable on
the DTG results that sample S2 has a slight skew toward the same side as samples D4 and
S4.

Correspondingly, the peaks in the second zone of interest are also likely to be the
combination of two decomposed phases. Namely, AH3 shows dehydration around 260oC
[8] and C3 AH6 between 280-310oC [35]. This is somewhat expected, since the dehydra-
tion of C2 AH8 generates C3 AH6 and AH3 (equation 2.15).

As the temperatures at the bottom of the samples were unlikely to have reached val-
ues close to the dehydration of the two mentioned products, samples D2, S2 and D4
show a clear difference with respect to the curves obtained from material at the top of
the samples.

Comparing only the curves for the top of the samples, it is apparent that sample with
W/C ratio of 0.40 present a greater mass loss. This is likely due the higher amount of wa-
ter during hydration, which allows for the formation of more C AH10 and eventually its
conversion to C3 AH6. This also holds when comparing the dry samples to their respec-
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Table 3.4: Chemically bound water for top and bottom samples as calculated from TGA analyses.

Sample Position W/C ratio State Chemically bound water (%)
D2T Top 0.20 Dry 7.3
S2T Top 0.20 Saturated 8.4
D4T Top 0.40 Dry 11.1
S4T Top 0.40 Saturated 19.4
D2B Bottom 0.20 Dry 14.4
S2B Bottom 0.20 Saturated 17.3
D4B Bottom 0.40 Dry 21.2
S4B Bottom 0.40 Saturated 22.8

tive saturated pairs. Thus, the greatest peak between 100oC and 200oC in sample S4T is
accompanied by the greatest peak between 200oC and 350oC in the same sample.

In a calcium aluminate cement paste, the dehydration peak between 700oC and 800oC
is attributed to the conversion of C3 AH1.5 to mayenite [36]. As the temperatures in the
samples are predicted to not have surpassed 700oC, the difference between curves from
the bottom of the samples and from the top is small. However, the formation of the
intermediary phase C3 AH1.5 is assumed to happen in relatively high pressure environ-
ments [37]. Although the samples were unconfined, it is believed that all specimens suf-
fered from high capillary pressure due rapid vapour expansion during contact with the
molten material. Furthermore, the dry samples present greater mass loss in correspon-
dence with the peaks in the curves respective to their bottoms, implying lower pressure
at the top, possibly due to cracking or fast water escape. On the other hand, the peaks
magnitudes for both saturated samples were higher on the top than the bottom. This
is likely due the higher amount of water present in the sample and its route of escape,
causing a higher pore pressure environment.

The loss of chemically bound water is displayed in Table 3.4. The TGA results were in
good agreement with the FE simulations, validating the initial assumption of fast cooling
of slag from 1500oC to 600oC. As expected, sample S4T had almost as much chemically
bound water as its counterpart (sample S4B), supporting the hypothesis of the water
evaporation protecting the sample prior to the heating caused by slag. The other samples
(D2T, S2T and D4T) all showed roughly half of the amount of chemically bound water in
comparison with the bottom counter samples.

3.3.3. X-RAY DIFFRACTION
The results of XRD for samples with W/C ratio of 0.20 are presented in Figure 3.6 and the
remaining samples in Figure 3.7. As expected, the peaks corresponding to unhydrated
particles remain constant, with C A as the main phase and C A2 and C A4 in smaller
amounts. Although C A4 is not as common in CAC as the two other phases, it can be
often found in higher purity cements [38].

Next, gibbsite is present in all bottom spectra, but absent on all spectra from the top
of the samples. In addition, most hydrogarnet peaks are strongly decreased between
top and bottom scans, with the exception of sample S4. Calcium aluminate decahydrate
peaks were absent in all samples but S4, presumably because of the small quantity and
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Figure 3.6: X-ray diffraction results for W/C=0.20 samples comparing top and bottom composition.
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Figure 3.7: X-ray diffraction results for W/C=0.40 samples comparing top and bottom composition.



3.3. RESULTS

3

69

background noise. Alternatively, C AH10 can lose crystalinity through partial conversion,
this is a solid state decomposition in which the phase will slowly (at the studied tempera-
tures) convert to C2 AH8 [39]. The characteristic peak for C2 AH8 falls outside of the range
studied. These results present a strong correlation with the thermogravimetric analysis,
including the stronger remaining peaks of C AH10 on sample S4, as it will be discussed
later.

Gypsum has an overlapping decomposition temperature with C AH10, thus can be
easily missed in the DTG results. However, trace quantities were found in the XRD spec-
tra. These are notably present in samples S2B and D4B, albeit absent in samples S2T
and D4T. Which is to be expected due the comparatively easy dehydration of this phase.
Likewise, trace amounts of calcite were also detected.

3.3.4. ELECTRON MICROSCOPY

CASINO_V2 SIMULATIONS

The results for the simulations are shown in Figures 3.8 and 3.9. The volumes of interac-
tion are slightly smaller than for Portland cement at 15 kV. The diameter of all volumes
are about 1.5 µm to 2.5 µm, while the depth is between 2 µm and 3 µm. As expected, the
unhydrated products and hydrogarnet have smaller interaction volumes, while C AH10

has the biggest interaction volume. These volumes were taken into consideration when
choosing the location for the microprobe analyses.

Figure 3.8: Results of vertical profiles (with respect to sample surface orientation) of electron-solid interaction
volume for most common CAC phases. The gray scales represent density of electrons. The colored lines de-
scribe how many electrons reach a determined area, purple means 90%, dark blue means 75%, yellow means
50%, green means 25%, red means 10% and cyan means 5%.
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Figure 3.9: Results of horizontal profiles (with respect to sample surface orientation) of electron-solid interac-
tion volume for most common CAC phases. The gray scales represent density of electrons. The colored lines
describe how many electrons reach a determined area, purple means 90%, dark blue means 75%, yellow means
50%, green means 25%, red means 10% and cyan means 5%.

SAMPLE D2
This sample presented a dramatic change in phases characteristic size from top to the
bulk of the sample. This effect was visible only in the first millimetres of the surface,
becoming homogeneous after 2 mm. Figure 3.10 shows this disparity.

The top of Figure 3.10a) corresponds to the face of the sample onto which molten
slag was poured. This effect is present over the entire width of the sample. Within the
first 500 µm from the top, the phases are mostly between 0.5 µm and 2 µm in diameter
and never above 5 µm. Between 500 µm deep and 1 mm, the phases become bigger, with
unhydrated particles between 5 µm and 20 µm. After a millimetre the sample starts to
present average particle sizes similar to its bulk, with some unhydrated particles bigger
than 50 µm. Besides the difference in particle sizes, bright grey phases occur at the top
right of Figure 3.10a) and 3.10b). Finally, there is a clear decrease in unhydrated grains
size and occurrence from the first 1000 µm of the sample. This specimen displayed a
comparatively simpler chemistry than the others.

Analysing the composition of the sample, the EDS spectra taken from the bright
phases consistently displayed higher Ca/Al and Si/Al ratios than in any other zones of the
sample. Further, siliceous hydrogarnet’s (C3 ASH6) approximate density is of 2.83 g /cm3

[40], while C AH10, C2 AH8 and C3 AH6 densities are 1.74 g /cm3 [41], 1.95 g /cm3 [40]
and 2.53 g /cm3 [40], respectively. Thus, the bright gray value phases are likely siliceous
hydrogarnet.
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Figure 3.10: Sample D2; a) Sample overview composed of stitched micrographs; b) Electron micrograph of
particles size at the very top of the sample; c) Electron micrograph at 400 µm from the surface; d) Electron
micrograph ate 800 µm from the surface; e) Electron micrograph at 1500 µm from the surface.
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SAMPLE S2
This sample presents no signs of the chemical changes observed on the previous one.
Rather, the major effects seem to have been physical, in the form of cracks formed par-
allel to the surface exposed to slag spillage (see Figure 3.11, left). This crack pattern was
observed throughout the top three millimetres of the sample on the entire area prepared
for SEM.

When compared to the phases at the bottom of the sample, the top of the sample
seems to have few differences. The average atomic composition remained similar in-
dependent of depth. Although, some needle like structures were observed exclusively
in this sample, as seen in Figure 3.11, right. The needles in the top right of the figure
display the same gray values and EDS spectra than C AH10, which might indicate re-
hydration took place during the cooling of the sample. On the bottom right of the figure,
the needles also present similar composition, with the distinction of high amounts of
potassium. Indeed, in certain spectra, the atomic amount of K surpassed Ca. This could
be a sign of replacement of calcium to form alkaline aluminate hydrates as it is known
to precipitate at higher pH through the reaction in equation 3.1 [42]. However, this was
rarely found in the sample and the characteristic peaks were absent in XRD analysis,
hence posed a minor effect.

C AH10 +K H ↔C H +K AH6 +4H (3.1)
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SAMPLE D4
A sample overview at different scales is shown in Figure 3.12. There was considerably
less cracking in this sample in comparison with the previous one. Further, most cracks
were perpendicular to the surface and extended only through the first millimetre from
the top.

Figure 3.12: Sample D4; Left: Sample overview composed of stitched micrographs; Center: Zoomed in image
of the red square present in left image; Right: Zoomed in image of the red square present in center image.

Along the entire surface of the sample there was a layer of 5 µm to 30 µm of a dark
phase with an intricate microcracking pattern. This can be observed in Figure 3.12 cen-
ter and right. The composition of this phase is consistent with gibbsite, however, its low
backscattering coefficient points to AH3 gel rather than its crystalline correspondent.
Because this phase is seen predominantly at the top of the sample, it is likely that it is
not a product of hydration or conversion, but of the decomposition of the main compo-
nents of the cement, which also produce AH3 (see equations 2.16 and 2.15).

Beneath this layer, the composition of the main binding phases resembles C AH10

and C2 AH8, however, partially dehydrated. This is observed by the proportional differ-
ence in oxygen detection and higher amount of voids in comparison with the bulk of
the sample. The phases with higher backscattering coefficients than AH3 and C AH10,
but lower than the unhydrated particles, are very rich in calcium and present few of the
other elements. This could possibly be explained by the dehydration of C3 AH6 forming
portlandite, as in equation 2.17.

Although the change in size and occurrence of unhydrated grains is not noticeable
in this sample, an increase in voids around such grains was detected. The remaining
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unhydrated grains demonstrated a very high concentration of Si, which might indicate
the dehydration of C3 ASH6 rather than C3 AH6.

SAMPLE S4
Finally, an overview of sample’s S4 microstructure can be seen in Figure 3.14. It did not
show significant cracking, despite being the sample with the most water. It also did not
show differences in the unhydrated grains.

As in the last sample, the same consistent 5 µm to 30 µm layer of AH3 gel is present.
The gel is mixed with other phases between unhydrated grains for more 30 µm to 100
µm. Past this layer, there is a well defined porous zone with 90 µm to 230 µm of thick-
ness. The composition of this porous zone, once again, has a much higher Ca/Al atomic
ratio than in the rest of the sample. After that, the sample displays very little difference
to phase composition and distribution present at the bottom.

ATOMIC RATIOS

Besides the localised effects, the bulk chemistry of the hydration products was investi-
gated in the samples taking the average composition of tens of EDS points near the top
and near the bottom of each sample. Figure 3.13 shows the summarized results for Ca/Al
and Si/Al ratios.

Figure 3.13: Atomic ratios of samples as of measured by the average of EDS points.

Both Ca/Al and Si/Al atomic ratios are higher in samples with lower W/C ratio, inde-
pendent of pre-treatment to receive slag or the region of the sample being studied. This
is likely due the higher amount of AH3 in the samples with 0.40 of W/C ratio. Greater
availability of water during hydration at room temperature can also allow for more pro-
duction of AH3 [5]. The higher temperatures estimated for these samples could further
force conversion, which produces more AH3 [6]. Finally, both samples D4 and S4 also
had plenty of AH3 gel in its surface.

Additionally, the Si/Al ratio is always higher at the top of the samples than at the
bottom. Looking at table 3.1, the cement samples represent an environment saturated
in Ca (the main component of the used slag), but undersaturated in Si, the second most
abundant element in the molten material. Although literature is scarce for the exact
conditions of this experiment, the diffusion of Ca and Si in calcium aluminosilicate slags
under ultra high temperatures has been studied [43, 44], which is somewhat comparable.
Thus, it is possible that silicon diffused into the cement paste in a first moment, when
the slag still had a temperature over 1000oC.
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Figure 3.14: Sample S4; Top: stitched overview of sample surface; Bottom: Zoomed view of sample surface.
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3.4. DISCUSSION

3.4.1. THERMO-MECHANICAL DAMAGE

The biggest physical modifications were observed in samples S2 and D4, in the form of
cracking in the face receiving the molten slag. However, these two samples present op-
posite forms of cracking. Sample S2 displayed horizontal fracture parallel to the plane
of heating by the slag, while sample D4 had vertical cracks, orthogonal to the plane be-
ing heated. This can be explained by the temperature gradient and consequent strain
distribution within the cement paste.

The maximum volumetric strain for both samples occurred between 0.1 and 1 minute.
Looking at this interval of time in Figure 3.3, the temperatures at the top and bottom of
sample D4 had less than 100oC of difference, while sample S2 was mostly heated at the
top, with the bottom still at room temperature, causing a gradient of about 300oC . Figure
3.15 shows the simulated strain fields of both samples at 0.2 minutes after the exposure.

Figure 3.15: Simulated volumetric strains (%) for samples S2 and D4 at 0.2 minutes.

Sample D4 had a well distributed strain field, with the higher temperatures at the top
causing typical dilation cracks (one example present in Figure 3.12). Sample S2 had a
very sharp difference in strain between the top millimeter and the bottom of the sample
given by the poor temperature distribution at that moment in time. Such acute differ-
ence can localised tensile stresses, contributing to horizontal cracking. However, sample
D2 had a similar strain field without displaying cracking, as seen by comparing Figures
3.10 and 3.11. This is possibly due to the contribution of the moisture state of the sam-
ples. While D2 was dry and had only chemically bound water released (at a much higher
temperature), sample S2 had a considerable amount of physically bound water evapo-
rating almost instantly after exposure to the molten slag. The vapour expansion caused
elevated stresses through the well known thermo-hygral damage mechanism explained
in Chapter 2 and the summation of these with the shear stresses caused by the thermal
dilation are believed to be responsible for the horizontal cracks. Regarding sample S4, it
is clear that the temperature gradient (and ergo the stress and strain fields) were milder,
given the physically bound water being able to quickly escape and act as a coolant agent
to the molten slag.
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3.4.2. THERMO-CHEMICAL ALTERATIONS

Three phenomena are dependent on the duration of heating during high temperature
exposure: transformations in porosity, chemical composition and occurrence of new
phases [45]. Sample D2 is estimated to have endured high temperatures at least one
order of magnitude longer than all other samples, and accordingly, is the sample with
most changes in porosity and composition.

Both, the conversion and dehydration reactions of the main phases generate water
molecules (see equations 2.16, 2.15 and 2.17). Therefore, it is possible that the decrease
of size and occurrence of unhydrated particles in sample D2 is connected to the presence
of C3 ASH6. Conceivably, dehydration of lower depths of the sample generated water
propelled to escape through the top of the sample. Such water would be in the form of
vapour at high pressure and high temperature. Its contact with the top portion of the
sample could have caused steam curing. This would also agree with the overall decrease
in porosity at the topmost layer.

As established in several investigations [3, 46–49], CA hydrates to directly form C3 AH6

above 60oC. However, C3 ASH6 is found in opposition to C3 AH6. This is due the high
availability of Si, as commented on the results section. The main reason for such avail-
ability could be explained by the indirect dissolution of the slag into the cement acting
as refractory. Braulio et al [50] describes a simpler system of samples also using CAC
as a binder, in which the authors have shown that the dissolution of slag within the re-
fractory and the precipitation of different products caused by it. In accordance, Figure
3.13 shows that slag predominantly contributed with the increase of Si atoms into the ce-
ment, causing an environment idealized in the scheme presented in Figure 3.16, where
the concentration of silicon coming from the slag is represented by the red line, while
the concentration of aluminum coming from the cement paste is represented by the
blue line.

Although it is possible to form C AH10 at high temperatures for a short period of time,
this depends on the availability of high crystalinity AH3 [51], which was not found on the
XRD results. Further, the TGA results support this conjecture given the almost flat curve
of D2T with respect to C AH10, C2 AH8, C3 AH6 and AH3.

Assuming this depicts the processes taking place at sample D2, what would explain
the lack of similar products in sample S2, which also endured a relatively longer period of
high temperatures? The cracking allows for prompt release of pressure and faster escape
route for water, which precludes the conditions necessary for steam curing as hypothe-
sized in the previous sample. In accordance, TGA and XRD peaks are notably larger for
sample S2, displaying the presence of remaining C3 AH6 and possibly C AH10. The lack
of chemical complexity found by SEM EDS investigation would further agree.

While samples D2 and S2 can be seen as two extreme cases in terms of either thermo-
mechanical or thermo-chemical chemical alterations, sample D4 is somewhat of a mid-
dle ground. The thermo-hygral mechanism depends on the amount of water, tensile
strength and heating rate [52]. This sample contained less physically bound water than
sample S2 and also a lower tensile capacity due its higher W/C ratio [53]. As a result,
cracking occurred mildly and chemical changes were less pronounced. However, a zone
of amorphous AH3 was identified at the very top of the sample. The higher porosity zone
beneath the top of the sample points to dehydration of phases, which would also provide
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Figure 3.16: Scheme of the indirect dissolution taking place on the samples during the contact with molten
slag (adapted from sketch in Poirier & Rigaud [26]).

water availability for upper layers. As cracking was less distributed, this could provide a
less severe environment, in which residual water binds with available aluminum ions to
generate the upper layer.

Sample S4 displayed the least estimated exposure in time at very high temperatures,
quickly reaching ∼ 150oC, in agreement with the large peaks for hydration products
present in the results of XRD and TGA. Further, as the sample that presented longer bub-
bling of slag, its direct contact was slightly delayed. This resulted in a structure similar
to sample D4 in terms of an upper layer of amorphous AH3 followed by a porous zone.
But, with less evident changes.

However, for the same W/C ratio, sample S4 had more physically bound water, so it
should suffer more damage from evaporation. Yet, the sample remained undamaged.
The combination of faster cooling of the slag by the water released on this sample and
the very short time at temperatures above 200oC, caused a much smoother heating rate
and strain field in comparison to sample D4. Such decrease, should be enough to avoid
damage [25, 54].

3.5. RE-HYDRATION
In addition to the experiment above, a short re-hydration experiment was performed.
This is because subsequent contact with air humidity after high temperature exposure
further modifies the composition of the cement paste [55]. The effects of re-hydration
on the pore network and mechanical properties of concrete are critical to the design of
durable systems under repeated exposure to high temperatures, as well as assessing the
remaining quality of damaged structures. Yet such effects remain poorly understood.
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Thus, a short experimental trial was performed to study CAC as a protection layer to
structural concrete made with ordinary Portland cement (OPC), which is configuration
similar to the case study discussed in Chapter 5.

3.5.1. MATERIALS & METHODS
Small scale slabs were prepared containing two layers, one of approximately three years
old OPC based concrete and one of CAC mortar. For the OPC concrete, cubic samples of
10 cm sides were sawn to 3 cm height. These samples had a W/C ratio, cement content
and aggregate maximum size of 0.45, 355 kg/m3 and 32 mm, respectively. The cement
used was CEM III/B 42,5 N and all samples were cured in a fog room at RH>95% for 28
days. For the layer of CAC mortar, the cement REFRO50 (ÇIMSA) was used in combi-
nation with Glenium 51 (BASF), the mix proportions for cement, aggregate, water and
super plasticizer were 1:1.35:0.2:0.004. The composition of REFRO50 can be found in
Table 3.5.

Table 3.5: Chemical composition of REFRO50 as determined by XRF.

SiO2 Al2O3 C aO M gO Fe2O3 SO3 N a2O K2O T iO2 P2O5 L.O.I.
6.2 50.0 38.8 0.8 2.7 0.2 0.3 – 4.0 – 0.3

The OPC based concrete was saturated with dry surface during the casting of the
CAC mortar. Subsequently, the sample was moved to a curing chamber for 27 days. The
sample was then dried in an oven at 40°C for one week before the execution of the exper-
iment. At first, 40 grams of blast furnace slag were weighted in an alumina crucible and
placed in an oven to be heated at a rate of 15°C⁄min until 1530°C. The composition of the
used slag is found in Table 3.1. The temperature was held for 30 minutes to guarantee
liquification of the slag, then the oven was opened and the molten material was poured
on top of the sample at the orange area in Figure 3.18. To avoid leakage and concentrate
the pour in place, a titanium ring was fixed with cement paste on top of the sample prior
to the experiment.

Figure 3.17: Scheme of sample dimensions and experimental setup. In dark gray is the concrete sample, in
light gray is CAC sample cast on top of it, in orange is the slag poured inside the titanium ring, in green is a
thermocouple between the layers of the material and in blue are extensometers.
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During the experiment, the temperature between the two layers of the slab was mon-
itored through a thermocouple capable of enduring high temperatures, further, the dila-
tion of each layer was recorded through the use of extensometers attached to the sample.
All measurements had a rate of once per second over two hours, after which the slag and
sample cooled down and could be handled. In order to estimate temperature through
the entire sample without drilling several times, the temperature recorded through the
thermocouple was used as validation for a FEM model used in COMSOL®5.3.

After the experiment, the sample was first cut in half, then one half was sawn into 30
x 20 x 10 mm specimen parallel to the height of the sample. This half was then vacuum
impregnated with epoxy resin and further ground and polished until a flat surface was
achieved. Finally, a 10 nm layer of conducting carbon coating was placed on the top
of the polished surface using a Leica EM CEDO030 carbon evaporator. The other half
had the sawn face sealed with aluminum tape and was moved to a curing room where it
was cured for one week. Thereafter, the second half was also prepared for microanalysis.
The polished sections were analyzed through the use of BSE and EDS following the same
procedure and standards of the experiment described prior to this.

3.5.2. RESULTS & DISCUSSION

The temperature evolution at the OPC/CAC interface can be observed in Figure 3.18,
together with the model estimation. It is clear the model was very accurate at this esti-
mation. Further, Figure 3.19 also displays the deformation of both layers.

The effect of pouring molten slag on the surface of the sample can be observed in
its microstructure for the first 1.5 mm of the sample as shown in Figure 3.19. There are
several shrinkage cracks and a clear refinement of the unhydrated grains to the point of
mixing with hydration products in components smaller than 1 µm. This is similar to the
observed in samples D2 and D4 from the previous experiment, which was expected as
the sample was dry at the moment of exposure to the molten slag.

EDS performed on the products between the unhydrated grains showed that the
composition had a significant increase in the amount of magnesium and silica in com-
parison with the reference sample. The main phase remained C AH10, but the Si/Ca
atomic ratio increased from 0.1 to 1.0, which could points to the same hypothesis argued
in the previous experiment discussion. This observation is corroborated by the distribu-
tion of Mg. The magnesium quantified in the surface of the sample is ten times higher
than when millimeters deep with respect to the face that was in contact with molten slag.

For the sample that went through re-curing, the regions near the surface presented
a very complex microstructure, as it can be seen in Figure 3.20 a), which included the
surface coated with a layer of C AH10 embedded in amorphous alumina gel (AH3) and
C aCO3 from atmospheric carbonation of the calcium aluminates. Instead of the zone
with very fine components, an extremely porous zone was observed, in which most of
the unhydrated grains seem to have been completely consumed leaving only C AH10,
then an area in which the C A and C A2 grains present a smaller granulometry, and finally
a seemingly unaffected area, after 1 mm depth. Further, many of the cracks were filled
by AH3 and in smaller volume by C AH10 and SiO2, this can be observed at the bottom
of Figure 3.20 a) and in Figure 3.20 d).

The composition of the hydration products presented increased Mg content, while
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Figure 3.18: Top: temperature evolution at the interface between the two material layers. Bottom: Horizontal
deformation of each layer during the experiment.
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the amount of Si dropped to values equivalent to the reference sample. The decrease
in amount of silicon can be explained by areas in which solid silica precipitations were
identified. An example of such areas is shown in Figure 3.20 b). Inside large cracks and
the surface of the sample, freshly formed calcium aluminate decahydrate can be identi-
fied by needle morphology as described in Geng et al (2017) [39], which can be seen in
Figure 3.20 c).

No indication of conversion reactions was found, although some particles of C3 AH6

were observed embedded in AH3, those had a very high amount of Si and slight presence
of sulfur. Those phases are seen in Figure 3.20 b) and c). Given their abundance in Si, it
is possible that those phases were actually an analogue to Hydrogarnet (C3 AS(3−x)H2x)
or even Gehlenite (C2 ASH8) as described in the work of Hidalgo et al (2007) [56].

This experiment confirmed a number of assumptions made on Section 3.4. Slag
tends to mix with the cement paste in fine unstable solid solutions. After re-curing, these
solutions partially dissipate and precipitate silica rich grains. Further, other elements
carried by the slag (such as magnesium) seem to remain in the paste. Although re-curing
filled many cracks with hydration products, it seems to also create a very porous zone on
the surface of the damaged zone, so the effects on porosity seem to be progressive.

3.6. CONCLUSIONS
Industrial hot spillage event was reproduced at laboratory scale with controlled variables
in order to study its effects on the CAC-based structural material subjected to the spill.
As expected, the effects on the microstructure of the material considerably differ from
experiments where such materials are subjected to a uniform thermal loading i.e. oven
heating.

The main processes apparently taking place on the material during contact with
molten slag were:

1. The decomposition of the hydration products;

2. The escape of physically bound water, causing thermo-hydral spalling damage in
some of the samples;

3. Steam curing of the surface in contact with the hot spill for non-cracked and mildly
cracked samples;

4. Diffusion of Si from the slag into the binder, given enough time of contact at high
temperature.

While heating samples can simulate the first effect very well, the other effects are very
geometry sensitive and not comparable on different methods. As the other effects show
an appreciable influence in the performance of the samples, the author believes that the
novel method proposed herein to be more suited to simulate industrial events.

Furthermore, it was concluded that a W/C ratio of 0.20 would grant better durabil-
ity provided the structure is sure to remain dry. If there is a risk of having a saturated
structure (i. e. outdoor installation), the counter intuitive strategy of a higher W/C ra-
tio seems to be preferable. This has only be tested to a limit of 0.40 ratio, as it is known
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that higher W/C values bring different forms of durability problems due adverse effects
of conversion [3, 5].

Both steam curing and Si diffusion into the material could be beneficial for the struc-
tural durability under repeated events. However, the re-hydration of the topmost layer
and precipitation of silica crystals displays the opposite effect. Thus, there is a need for
long-term observation of such material under thermal shock events.

Nevertheless, CAC performed well against the severe testing conditions, showing
damage only on the first millimeters of material. When cast on top of an old concrete
layer, it executed its function as insulation and caused no dilation problems. Therefore,
it was selected for use in the case study described in Chapter 5.
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PLUTONIC ROCKS AS THERMAL

SHOCK PROTECTION

Sometimes scientists change their minds. New developments cause a rethink.
If this bothers you, consider how much damage is being done to the world

by people for whom new developments do not cause a rethink.

Terry Pratchett, The Science of Discworld

a circle of Göbeklitepe stones, which looked very comtemporary even
though they were based on something over ten thousand years old.

Kim Stanley Robinson, 2312

This chapter explores an alternative for damage prevention in thermal shock events by
applying a surface protection to concrete instead of changing the material composition.
The author studied two plutonic rocks, dunite and microgabbro for their role as such pro-
tection. A number of experiments determined the rocks physical, thermal, mechanical
and optical properties and pre-heating was applied to half of the samples to study the ef-
fect of the first thermal cycle. An explanation was offered to the microstructural changes
observed before and after heating and their impacts on the macro-properties of the ma-
terials. A short FEM simulation is carried to further explore the suitability of using the
selected rocks as a surface cover to a concrete substrate in an industrial setting.

Parts of this chapter have been published in Materials 15, 3490 (2022) [1].
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4.1. PLUTONIC ROCKS AS BUILDING MATERIALS

R OCKS compose the oldest temples ever found, the Göbeklitepe and the Nevali Çori
in south-eastern Turkey, both from 10000 BCE to 8000 BCE [2], and are still vastly

used in modern constructions [3]. However, on the context of high temperatures, rocks
present largely different behaviours. This is due their wide composition range and the
transformations associated with each type of microstructure, as discussed in Chapter
2. As mentioned in Chapter 3, the environments being considered in the present re-
search assumes the spill of a product (e. g. molten slag, pig iron, unrefined oil, liquid
aluminium) into an ambient temperature concrete structure. In this scenario the ther-
mal shock usually ranges from the temperature of concrete (from 5oC to 40oC) to the
temperature of the product (from 800oC to 1500oC).

It has been previously pointed out that fast heating rates (such as the ones mentioned
above) cause a thermo-mechanical mechanism (TMM) governed spalling in concrete
[4], while slower rates are dominated by the thermo-hygral mechanism (THM) or do not
spall at all [5]. The heating rate has even been found as the main difference between slow
loss of strength and explosive failure for given concrete mixes [4–6]. The operating tem-
perature of the industrial processes is set to achieve higher product quality and cannot
be changed. Thus, this thesis presents the idea of using naturally refractory rocks as a
surface layer protection to concrete that would be exposed to the described thermal gra-
dients. Such overlay element would heat up and dissipate energy before the underlying
concrete can be affected and later slowly transfer the warmth to the substrate structure,
greatly decreasing the danger of explosive spalling.

However, a number of conditions must be met before choosing a material for such
application. Because of the size of structures usually encountered in such facilities, the
material would have to be available in large quantities and within reasonable geograph-
ical proximity. Furthermore, it would be desirable for it to possess similar thermal dila-
tion to concrete at low temperatures while displaying lower strains at high temperatures.
It should also be chemically stable at high temperature to allow for good durability when
exposed to frequent events and possess high toughness to resist eventual impacts. Fi-
nally, compressive strength similar or superior to the used concrete would be desirable.

Due to their geological formation, plutonic rocks are the most likely candidates for
high temperature applications. Given the known geological properties, availability at the
time of writing of this thesis and market costs, two stones were pre-selected: dunite and
micrograbbro. This chapter describes the study of these two stones as possible building
material with the end goal of serving as a protection layer to the concrete in a steel factory
during spillage of molten iron or slag. While this chapter focus on the properties of the
stones, the details of a concrete/stone hybrid element are explored in Chapter 5.
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4.2. EXPERIMENTAL PROGRAM

4.2.1. SELECTED ROCKS
Dunite was mined from the Orhaneli ophiolite, situated in the western part of the Izmir-
Ankara-Erzincan Suture Zone and south of Bursa (Turkey), an area that exposes cumu-
lates belonging to the mantle-crust transition zone [7]. This rock presented an average
density of 3258 kg/m3. Microgabbro was mined from the Alanya Massif (Turkey), a mi-
crocontinent area that possesses ductile-deformed meta-basaltic rocks [8]. This rock
presented an average density of 2813 kg/m3. Both were cut for transportation purposes.
The rocks were later sub-sampled for the experiments. Figure 4.1 shows an overview
of the rocks location and appearance. Prior to the experiments, half the samples were
heated to a temperature of 900oC for one hour. This allows for comparison of the be-
haviour of the non-heated rocks against the pre-heated stones.

Figure 4.1: Geographic location where the rocks were mined (top); Pallet of dunite (bottom left); Pallet of
microgabbro (bottom right).

4.2.2. X-RAY DIFFRACTION
In order to determine the mineralogical composition of the rocks, samples (in natu-
ral form and pre-heated state) were ground to fine powder and kept dry until testing
through X-ray diffraction. A Bruker D8 Advance diffractometer Bragg-Brentano geom-
etry and Lynxeye position sensitive detector was used with CuKα1,2(λ = 1.5408Å) ra-
diation for all XRD measurements. The scatter screen height was set at 5 mm height,
divergence slit V12. The used voltage was 45 kV with a current of 40 mA. The spin was of
the sample. All scans were performed with a 2θ angle between 10o and 130o , with a step
size of 0.03o . The counting time per step was of two seconds. A combination of two soft-
wares, X’Pert HighScore Plus and Jade6 was used for the spectral analysis. The standard
software databases sufficed for peak identification. This method has been previously
reported in Mendonça Filho et al (2022) [9]
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4.2.3. THERMAL GRAVIMETRIC ANALYSIS

Powder samples, prepared in the same fashion as described for X-ray diffraction were
used to perform thermogravimetric analysis (TGA) with the goal of understanding the
chemical transformations in the rocks when heated. For the analyses, a NIETZSCH STA
449 F3 Jupiter was used. Approximately 40 mg of material was used for each analysis. The
mass change of samples was continuously monitored while the temperature was raised
at a 10oC/m rate from 40oC to 1000oC. In order to perform the measurements, an 1 mm3

alumina crucible containing each sample was placed under a dry argon atmosphere with
a purge rate of 50 mL/min, as advised in Scrivener et al (2017) [10].

4.2.4. OPTICAL MICROSCOPY

To complement the results of X-ray diffraction while simulating a thermal shock event,
optical microscopy was performed. For this test, plates of 80 mm of length and width,
with 30 mm of depth were cut. Each plate then was exposed to 40 g of molten slag heated
at 1530oC to simulate a thermal shock event (similar to the experiment described in
Chapter 3. After the exposure, the samples were allowed to cool for 12 hours, then the
slag was removed and the specimens were cut in half. From the halved vertical face,
petrographic thin sections were produced. For this purpose, a controlled grinding pro-
cess was employed with a semi-automatic thin sectioning machine, with three diamonds
rollers of 64, 46 and 16 µm. Measurements with an electronic drop indicator yielded a
thickness of about 22 µm stone and about 8 µm mounting glue. A more in depth de-
scription of the sample preparation can be found in Poole and Sims (2016)[11]

The analysis was performed through a Leica DM2500P optical microscope equiped
with linear and circular polarization filters. Lenses of magnification and numerical aper-
ture equivalent to 2.5/0.07,10/0.22 and 20/0.4 respectively, were available. Plain polar-
ized light (PPL) and cross polarized light (XPL) were used. The camera used to acquire
the micrographs was a Leica DFC310FX digital camera, with a 1392x1040 resolution. Pro-
prietary software was used for the image acquisition.

4.2.5. X-RAY MICROTOMOGRAPHY

For the quantification of different components on the rocks, cylindrical samples of non-
heated dunite and microgabbro were scanned by a Phoenix Nanotom X-ray CT scanner.
These samples were then heated to a temperature of 900oC at a rate of 10 oC/min and
re-scanned using the same equipment. The scanner is composed of a transmission type
X-ray tube, a sample stage and a 3072 x 2400 flat panel detector with a pixel size of 100
µm. The transmission target uses a tungsten filament and possesses a maximum accel-
erating voltage of 180 kV. However, the acquisitions were performed at 120 kV. A dunite
sample of 16 mm diameter was used, resulting in a spatial resolution of 8 µm/pixel. The
microgabbro cylinder had a 25 mm of diameter, resulting in a spatial resolution of 13.33
µm/pixel. Different sample sizes were used because dunite presented fine cracks, that
could be better analyzed using a higher spatial resolution. Meanwhile, microgabbro has
relatively larger grains, which can be better studied with a larger field of view. Recon-
struction was done through datos veloCt, the software provided by the equipment man-
ufacturer. This procedure has been previously described by Rodriguez et al (2020)[12]

Bruker’s DataViewer software was used for registration. The scanners of the natural
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Table 4.1: Shape and dimensions of samples used for each test.

Analysis method Sample shape Sample dimensions (mm)
X-ray difraction Powder <0.01

Thermogravimetric analysis Powder <0.01
Optical microscopy Rectangle mounted in glass 30 x 45 x 0.022

Compressive strength Cube 40 x 40 x 40
Thermal dilation Cylinder 5 x 5

Micro tomography (dunite) Cylinder 16 x 30
Micro tomography (microgabbro) Cylinder 25 x 40

stones could be registered to their pre-heated counterpart through true 3D registration
using rigid transform, so expansion could also be detected. The post-processing of the
images was performed using the freeware Fiji image analysis [13].

For dunite scans, a Gaussian blur filter (with 2 pixel radius) was used, followed by a
non-local means denoising filter [14] in order to reduce noise. For phase segmentation, a
classifier was trained using 3D trainable WEKA segmentation [15]. Because the segmen-
tation of fine, crack-like phases is challenging, the authors opted to use a randomizable
filtered classifier as basis for the WEKA training. For microgabbro, a median filter (with
2 pixel radius) was used, followed by the mentioned non-local means denoising filter.
The segmentation of microgabbro samples was performed based on thresholding. The
plugin 3D objects counter [16] was used to acquire the size distribution and diverse ge-
ometric properties of the phases after segmentation.

4.2.6. THERMAL DILATION

Cylindrical cores were extracted from non-heated dunite, pre-heated dunite, non-heated
microgabbro and pre-heated microgabbro. The dimensions of these were 5 mm of di-
ameter and varying heights between 3 and 7 mm. A Perkin Elmer TMA 4000 thermome-
chanical analyzer was used to determine the coefficient of thermal expansion (CTE) of
the samples. The CTE was determined by heating each sample from ambient temper-
ature (24oC) to 800oC at a heating rate of 2.8 oC/min and continuosly monitoring the
strain of the samples.

4.2.7. COMPRESSIVE STRENGTH

Three cubes with 40 mm sides were tested for each rock in order to determine compres-
sive strength according to NEN-EN 1926:2007 [17]. Samples were tested in natural state
and after the pre-heating treatment. The samples were tested at a fixed loading rate of
13.5 kN/s using a a servo-hydraulic mechanical press with maximum load capacity of
5000 kN and high stability from Matest. Table 4.1 shows a review of samples shapes and
dimensions for each test.
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4.3. RESULTS AND DISCUSSION

4.3.1. X-RAY DIFFRACTION
The results of X-ray diffraction for dunite and microgabbro can be found in Figure 4.2. As
expected, dunite was mostly composed of olivine, predominantly forsterite (M g2SiO4).
The best fit was found with a sample of molecular percentage of fosterite to fayelite
(Fe2SiO4) equivalent to Fo95F a05. Zincochromite (Z nCr2O4) was the second most abun-
dant mineral detected although the peaks were less visible on the non-heated dunite
sample. Trace amounts of chrysolite (M g3(Si2O5)(OH)4) were also identified, which is
common due the serpentinization of olivine [18, 19]. At 900oC it is expected that the
chrysolite will go through dehydration following equation 4.1 [20], which is confirmed
by the absence of peaks on the heated dunite sample.

2M g3Si2O5(OH)4

(ser penti ne)

→ 3M g2SiO4

( f or ster i te)

+ SiO2

(si l i ca)

+ 4H2O

( f lui d)
(4.1)

Microgabbro was found to be composed mostly of albite (N a AlSi3O8), with
considerable amounts of chamosite ((Fe, Al , M g )6(Si , Al )4O10(OH)8) and pumpel-
lyite (C a2Fe Al2(SiO4)(Si2O7)(OH)2 · H2O) and small amounts of aluminian augite
(C a(M g ,Fe, Al )(Si , Al )2O6) and analcime (N a(Si2 Al )O6 ·H2O). On the pre-heated sam-
ple, the peaks for chamosite, pumpellyite and analcime were absent. For analcime, this
is explained due the mineral dehydration at relatively low temperatures and pressure
[21]. For pumpellyite, the dehydration occurs at even lower temperatures (T < 300oC )
[22], also in a single step. On the other hand, the behaviour of chamosite at higher tem-
peratures is still in debate. Steudel et al (2016) [23] recently proposed that this can be
described by the following five steps process:

1) Oxidation (100%)

2[M g Fe(I I )Al (OH)6] · [(Si3 Al )M g2Fe(I I )O10(OH)2] →
2[M g Fe(I I I )Al (OH)5(O)] · [(Si3 Al )M g2Fe(I I I )O10(OH)(O)]+2H2

2) Dehydroxylation of interlayer octahedral sheet

2[M g Fe(I I I )Al (OH)5(O)] · [(Si3 Al )M g2Fe(I I I )O10(OH)(O)] →
2[M g Fe(I I I )Al (O)2.5(O)] · [(Si3 Al )M g2Fe(I I I )O10(OH)(O)]+5H2O ↑

3) Dehydroxylation of 2:1 layers

2[M g Fe(I I I )Al (O)2.5(O)] · [(Si3 Al )M g2Fe(I I I )O10(OH)(O)] →
2[M g Fe(I I I )Al (O)2.5(O)] · [(Si3 Al )M g2Fe(I I I )O10(O)0.5(O)]+H2O ↑

4) & 5) Decomposition and Recrystallization

2[M g Fe(I I I )Al (O)2.5(O)] · [(Si3 Al )M g2Fe(I I I )O10(O)0.5(O)] →
2M g [SiO3]+2M g Al2O4 +2M g Fe2O4 +4SiO2(amor phous)
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Figure 4.2: XRD results for dunite (top) and microgabbro (bottom) samples. The natural samples (in blue) are
overlapped with their pre-heated counter parts(in red).
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4.3.2. THERMOGRAVIMETRIC ANALYSIS
The result for the thermogravimetric analyses are presented in Figure 4.3. The small
mass loss in dunite between 400oC and 700oC is attributed to the dehydration of
chrysotile [24]. On the other hand, three DTG peaks were present in the results for mi-
crogabbro. The first peak, between 200oC and 450oC corresponds to analcime [25], al-
though a very broad range of temperature, the maxima is characteristically located in
the 350oC-370oC range [26]. The second peak (between 470oC and 600oC) and the third
peak (between 615oC and 800oC), both belong to the thermal decomposition reactions
of chamosite [27]. Pumpellyite has a characteristic dehydration peak between 150oC and
300oC [22], thus it in overlapped with analcime.

4.3.3. OPTICAL MICROSCOPY
Figure 4.4 shows several fields of view of the thin sections for all samples, based on the
irregular extinction and banded structures in large crystals, the olivine portion of dunite
is assumed to be strained [28]. Furthermore, considering the interference colors present
in Figure 4.4 a, it can be assumed the olivine is magnesium rich [29]. The angular black
features present in Figure 4.4 a and d appear opaque in plain polarized light, as these are
the zincochromite phase. Figure 4.4 b highlights a strain of chrysotile in the center of the
image with a dark gray fractured aspect. Embedded within the chrysotile, the brighter
gray-bluish fibrous phase is antigorite, another mineral in the serpentine subgroup often
identified by these features. [30].

Figure 4.4 d and e show a thin section made from the heated dunite sample, the dif-
ference in interference colors was apparent. The reason for the red-brown to dark brown
colour has been previously discussed in the works of Bron [31]. The colours are caused
by the occurrence of hematite, which, itself has two sources during the heating of dunite.
The first being the development of dust like separations of hematite by the olivine (which
develops pleochroism), this is usually seen in the periphery of the grains. The second
source was serpentine, oxidating Fe2+ into Fe3+. As expected the chrysotile suffered de-
hydration after heating, losing its texture and leaving just vestiges of its presence. Figure
4.4 e shows a previous site of chrysotile in the pre-heated sample.

Microgabbro displays a typical subhedral aspect with phaneritic texture in Figure 4.4
c, with pumpellyite appearent as brighter yellow and augite as deep purple. Both anal-
cime [29] and chamosite [32] appear as opaque black, while, albite can be seen in the
center right of the image marked by a typical dark grey almost extinct [33]. The differ-
ence between the non-heated sample and the heated on transmission light microscopy
is rather small, with Figure 4.4 f showing only small details in inter-granular space in red.

4.3.4. X-RAY MICROTOMOGRAPHY

DUNITE

Through the registration process it was clear that after cooling, the heated samples re-
turn to their natural size, demonstrating good dimensional stability. The tomography of
dunite reveals three phases (in Figure 4.5), as expected by the XRD results. In the volu-
metric representation of Figure 4.5, serpentine is seen white and light grey while olivine
is dark grey. In the 2D slices, zincochromite is shown in white, olivine in bright grey
and chrysotile in dark grey and black. The phases can be clearly distinguished due their
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Figure 4.3: Thermogravimetric analysis results for dunite (top) and microgabbro (bottom) samples. The TGA
results are seen in blue, while the DTG results are overlapped in red.
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Figure 4.4: Thin sections of the samples: a) Natural dunite overview; b) Natural dunite, focus on chrysotile vein;
c) Natural microgabbro overview; d) Pre-heated dunite overview; e) Pre-heated dunite, focus on chrysotile; f)
Pre-heated gabbro overview.
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density difference, as stated in Table 4.2.

Figure 4.5: Results of dunite tomography. Top left: Representative volume studied. Top middle: Zincochromite
and main serpentine vein. Bottom left: Slice of natural dunite. Bottom middle: same slice after heating treat-
ment. Top right: Changes in chrysotile surface area before and after heating treatment. Bottom right: Changes
in chrysotile volume before and after heating treatment.

According to equation 4.1, the chrysotile dark grey and black phases should be elim-
inated after heating, which was confirmed by the XRD results. Yet, these phases re-
main visible in Figure 4.5. This is because the serpentine phase was transformed into
forsterite and amorphous silica. While forsterite is indistinguishable from the original
olivine phase in the tomography, the silica has a density of 2.196 g /cm3 [42] and fluid is
just 1 g /cm3. Which means the dark grey and black phases in the scans are actually the
silica and fluid generated by the conversion of serpentine.

The serpentine conversion can be further inferred by the better contrast in the scan
after heating (caused by the greater difference in phases density) and by the 20% de-
crease in dark grey phases followed by the same proportional increase in the bright grey
phases. This is a volume indication of how much forsterite and silica were generated
from the change in chrysotile. In accordance with the other tests, zincochromite was
not affected by the heating of the sample, remaining at approximately 0.7% in volume.
The summary of the segmentation results can be found in Table 4.2.

Besides total sample volume change, individual grains were investigated regard-
ing their shift in surface area and volume. This is because the complex shape of the
phases renders most geometrical measurements (i.e. diameter or bounding box) use-
less. Hence, only 3D information, such as the two measurements cited could be reliably
compared. As zincochromite remained mostly unchanged after heating, the changes for
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Table 4.2: Relative amount of phases for dunite and microgabbro as computed from CT segmentation

Phase Density (g /cm3) Volume before heating (%) Volume after heating (%)
Zincochromite 5.434 [34] 0.66 0.69

Olivine 3.287 [35] 86.44 88.77
Chrysotile 2.56 [36] 11.53 9.33

Augite 3.4 [37] 07.76 07.37
Pumpellyite 3.18 [38]
Chamosite 3.13 [39] 31.98 29.27

Albite 2.4 [40]
Analcime 2.3 [41] 60.26 63.36

chrysotile are displayed in Figure 4.5.

MICROGABBRO

The tomography of microgabbro only reveals three distinguishable phases (see Figure
4.6). Because the density of analcime and albite are very similar, these two phases cannot
be readily differentiated based on the digital volume, these were simply segmented as the
darkest phase. The bright gray phase is a combination of pumpellyite and chamosite,
also not possible to discriminate. Finally the brighter phase in the slices is augite. The
relative amounts and densities can be found in Table 4.2. The net transformation of
pumpellyite, chamosite and analcime decreased volume of the bright gray phase by
roughly 3%, which was increased in the dark grey phase. This can also be observed in
differences in shape at the edges of individual grains on the tomography slices.

Analcime was indistinguishable from albite, thus, it could not be analysed. Augite
was not affected by the heating treatment. However, the changes in pumpellyite and
chamosite display a far larger shift in volume than in surface area (see Figure 4.6). As ex-
pected, the dehydration and dehydroxilation happened from the grain surface inward,
which caused the decrease in surface area for the three phases studied (including both
dunite and microgabbro). Since chrysotile has a finer and acicular habit, the surface
area was affected to a greater extent than chamosite and pumpellyite for the same high
temperature exposure. For the volume, much of the decrease was caused by the sepa-
ration of particles, which were considered a single entity before heating, evident in all
three phases. Moreover, the difference between the shift in volume and surface area was
a good indication of the shape change of the particles.

4.3.5. COMPRESSIVE STRENGTH AND THERMAL DILATION
The results for compressive strength are displayed in Table 4.3. The studied dunite pre-
sented a compressive strength comparable with high performance concrete, which en-
sures the possibility for structural use. An increase of 77% in strength was observed after
heating, pointing to a good durability for the selected application. Microgabbro com-
pressive strength was found to be comparable with ultra-high performance concrete,
however, a decrease of 14% was registered after heating. As the strength after this de-
crease remained superior to 160 MPa, such decrease was considered tolerable.
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Figure 4.6: Results of microgabbro tomography. Top left: Representative volume studied. Top middle: Augite.
Bottom left: Slice of natural microgabbro. Bottom middle: same slice after heating. Top right: Changes in
chamosite-pumpellyite surface area before and after heating treatment. Bottom right: Changes in chamosite-
pumpellyite volume before and after heating treatment.

Table 4.3: Compressive strength results for dunite and microgabbro.

Sample Compressive strength (MPa) Standard deviation (MPa)
Dunite 84 8.58

Dunite (heated) 149 22.46
Microgabbro 193 4.31

Microgabbro (heated) 166 2.96
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Figure 4.7 shows the results for thermal dilation of the samples. Available results
for normal strength [43] and high performance concrete [44] were added for compari-
son purposes. At temperatures beneath 100oC, all samples possess thermal strain sim-
ilar to concrete, with the exception of pre-heated dunite, which presents very low di-
lation. Between 100oC and 500oC, natural microgabbro dilates more than an average
concrete sample, while both pre-heated samples show a smaller dilation. Non-heated
dunite shows a remarkably similar dilation. Above 500oC, concrete usually has a sharp
increase in dilation and damage accumulation. Natural microgabbro follows the dila-
tion increase, matching the concrete well. The other stones remain linear, displaying
comparatively small expansion at high temperatures.

Figure 4.7: Thermal dilation of samples in natural and pre-heated state. Normal and high strength concrete
dilation results are added for comparison.

Besides the increase in expansion, the difference between the expansions of non-
heated and pre-heated dunite were almost linear, only diminishing at temperatures
higher than 700oC. In contrast, while non-heated microgabbro presents the non-linear
expansion with a sudden increase between 550oC and 650oC, the pre-heated stone
presents a linear expansion with a lower rate of expansion than dunite at temperatures
higher than 500oC.

4.3.6. DISCUSSION
In dunite samples, the conversion of chrysotile to forsterite and silica, as theorized in
equation 4.1 and indicated in the XRD and TGA results, seem to improve both, mechan-
ical and thermal properties of the stone. From a mechanical point of view, such results
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were unexpected, as early studies showed the weakening of dunite by serpentine dehy-
dration [45]. However, a more recent study [46] presents different conclusions, in which
the absence of pore fluid (through evaporation) and even strain-hardening during dis-
tributed deformation makes the influence of serpentine on the strength ambiguous. Al-
though the mentioned study used antigorite as a reference, similar behaviour can be
expected from chrysotile. Furthermore, small amounts of antigorite were detected as
seen in the optical microscopy results. Another possible contributing factor could be the
filling of spaces with hematite, as observed in the previous section. Regardless of the
cause, this increase in mechanical strength could be very useful for applications such as
the one discussed in this and the next chapter.

Regarding the thermal dilation, both non-heated and pre-heated dunite show sim-
ilar behaviour at low temperature. After 100oC, non-heated dunite expands an aver-
age of 10% more than pre-heated dunite. This value is proportional to the amount of
chrysotile in the sample, in fact, the value changes at temperatures higher than 640oC,
when chrysotile is known to start losing structural water [47]. Although the non-heated
dunite thermal expansion becomes more similar to its pre-heated twin after such tem-
peratures, the latter still displays lower expansion, due to its already reached mineral
stability. This relatively stable and small thermal dilation over a range of temperatures is
seen as an advantage for the use of the natural material without pre-treatment.

The small decrease in microgabbro ultimate compressive strength was likely due
to the small increase in porosity in its microstructure introduced by the conversion of
pumpellyite, chamosite and analcime into magnesium oxide and SiO2 (as corroborated
by the difference in particle volume shown in Figure 4.6).

Although the observations through optical microscopy and microtomography both
displayed limited changes in microstructure, the change in the samples expansion
caused by thermal loading was considerable. Unlike the dunite samples, the microgab-
bro samples presented a complex behaviour, in which the difference between the natural
and the pre-heated samples starts as early as 50oC and increases in a second degree rate
up to 570oC.

In line with the results of DTG and the findings of Caillére and Hénin [48] the steep
increase in thermal expansion of the natural microgabbro between 570oC and 640oC was
caused by the dehydroxylation of chamosite. Because of this temperature interval, it is
also clear the chamosite is rich in Mg-hydroxy in its interlayer [48].

It seems clear that chamosite plays a dominant role in the thermal expansion be-
haviour of the studied microgabbro samples. As its full decomposition was not finished
until temperatures of slightly above 800oC [49], the performance observed in the pre-
heated sample can only be expected after heating at 900oC or above for a considerable
amount of time.

4.4. MODELLING
Besides the experimental campaign, it was decided to perform a brief numerical analysis
to better grasp the influence of the surface layer in the stresses caused to the substrate
concrete by the temperature rise. A finite element software (COMSOL®5.3) was used to
simulate the behaviour of a composite wall with a concrete substrate and a stone over-
lay exposed to hot spills. This analysis was performed to gain insight in the suitability of
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Table 4.4: Properties for dunite and microgabbro used in FEA.

Property Dunite Microgabbro
Density (kg/m3)* 3252 2799

Poisson ratio 0.27 [50] 0.21 [51]
Young’s modulus (GPa) 165.82 [52] 91.55 [53]
Heat capacity (J/(kg·K )) 965 [54] 980 [54]

Thermal conductivity (W/(m·K )) 2.77 [55] 2.66 [56]
Coefficient of thermal expansion (1/K)* As shown in Figure 4.7 As shown in Figure 4.7
*Measured experimentally

the pre-selected material as concrete overlay and the initial dimensions were estimated
with knowledge of the case-study mentioned in Chapter 5. The simulated concrete wall
had three meters in height, 10 meters in length and 50 cm in depth. The stone element
was created with equal height and length, but only 10 cm deep. A spill in one quarter of
the wall was designed to create a sudden thermal shock from ambient temperature up
to 1000oC followed by the cooling of material based on previous research [9]. A repre-
sentation of the geometry is in Figure 4.8.

Figure 4.8: Geometry of the studied model. The concrete is represented in gray, the stone is represented in
green and the region of the stone receiving the spillage of molten metal is represented in orange.

A 2D, triangular mesh with maximum element size of 3 cm was used for the FEM
simulation, the elements were free to deform in the Z-direction. The wall was consid-
ered fixed in the bottom and in the back, while the top and the face with the protective
stone were free. The fixed faces were also considered to have thermal insulation. This
is roughly representative of a system found in a steel factory. The concrete material was
considered porous while the rocks were set as solid materials. The temperature estima-
tion was later used to couple the heat transfer and solid mechanics modules of the soft-
ware for the calculation of stresses derived from the thermal expansion. While average
concrete properties were used for such computations, the results of the stones analyses
were fed as input. Additionally, a few properties of each stone were lacking for the model
and were taken from previous researches available in literature as detailed in Table 4.4

Figure 4.9 shows the temperature development at the modeled concrete walls when
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a 10 cm stone protection was used. Due to the stones capacity of energy absorption and
the amount of molten material simulated, the temperature in the concrete wall layer can
be kept below 100oC, with the maximum temperature in the concrete occurring about 50
minutes after the exposure of the stone layers to the molten material. Figure 4.10 shows
the stresses distribution on the cross-section of the simulated concrete walls at the 50
minutes time.

As the stresses in the concrete were derived from the rocks expansion, smaller co-
efficients of thermal dilation were clearly advantageous for the protection layer, even
though dunite transfer more heat to the substrate. Because the concrete remains at
relatively low temperatures (<200oC), the pre-heated dunite material displays the least
amount of principal stresses. In situations in which it is expected for the concrete to
reach temperatures higher than 500oC, a protection layer of stone could still secure
a slower temperature increase (to avoid spalling). In this case, pre-heated microgab-
bro would likely perform better, given its lower thermal expansion at such tempera-
tures. In both cases, the pre-heated material presents clear advantages against its natural
counter-parts.

4.5. CONCLUSIONS
The present study proposed dunite and microgabbro as possible building materials to
be used as a protective surface layer to concrete structures that are repeatedly exposed
to high temperatures in industrial environments or otherwise. The main function of
such surface layers would be to endure the thermal shock present in such environments
and transfer the heat to the concrete at a much slower rate, reducing the risk of concrete
spalling. To achieve this goals, the microstructure, mechanical properties and thermal
performance of these minerals have been studied.

The main changes in dunite were caused by the dehydration of chrysotile, which pro-
vides improvements in both mechanical and thermal properties. The structural changes
in microgabbro were more complex, involving the decomposition of analcime, pumpel-
lyite and chamosite. The latter only becoming complete after 800oC. While the ultimate
compressive strength slightly decreases, its thermal expansion improves considerably
after heating.

Both rocks were found to present befitting properties to their use as protection layer
in industrial applications. Consequently, Chapter 5 includes the use of these rocks in test
panels at a steel factory.
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Figure 4.9: Maximum temperature reached in the concrete substrate during the heating of the surface stones.

Figure 4.10: Principal stresses in simulated concrete walls at 50 minutes after hot spill exposure (scale in MPa).
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[7] Ender Sarıfakıoğlu, H. Özen, and J. Winchester. “Whole Rock and Mineral Chem-
istry of Ultramafic-mafic Cumulates from the Orhaneli (Bursa) Ophiolite, NW
Anatolia.” In: Turkish Journal of Earth Sciences 18 (Jan. 2009), pp. 55–83.

111

https://doi.org/10.3390/ma15103490
https://www.mdpi.com/1996-1944/15/10/3490
https://www.mdpi.com/1996-1944/15/10/3490
https://doi.org/https://doi.org/10.1016/j.proeng.2016.08.600
https://www.sciencedirect.com/science/article/pii/S1877705816328296
https://www.sciencedirect.com/science/article/pii/S1877705816328296
https://doi.org/https://doi.org/10.1016/j.enggeo.2022.106638
https://doi.org/https://doi.org/10.1016/j.enggeo.2022.106638
https://www.sciencedirect.com/science/article/pii/S0013795222001235
https://www.sciencedirect.com/science/article/pii/S0013795222001235
https://doi.org/10.1016/j.conbuildmat.2017.07.023
https://doi.org/10.1016/j.conbuildmat.2017.07.023
http://dx.doi.org/10.1016/j.conbuildmat.2017.07.023
http://dx.doi.org/10.1016/j.conbuildmat.2017.07.023
https://doi.org/10.1016/j.cemconres.2018.10.021
https://doi.org/10.1016/j.cemconres.2018.10.021
https://doi.org/10.1016/j.cemconres.2018.10.021
https://doi.org/10.1016/j.cemconres.2018.10.021
https://doi.org/10.1016/j.conbuildmat.2021.122818


4

112 BIBLIOGRAPHY

[8] Alastair H.F. Robertson and Osman Parlak. “Late Cretaceous-Palaeocene
subduction-collision-exhumation of a microcontinent along the northern, active
margin of the Southern Neotethys: Evidence from the Alanya Massif and the adja-
cent Antalya Complex (S Turkey)”. In: Journal of Asian Earth Sciences 201 (2020),
p. 104467. ISSN: 1367-9120. DOI: https://doi.org/10.1016/j.jseaes.2020.
104467. URL: https://www.sciencedirect.com/science/article/pii/
S1367912020302601.

[9] F.F. Mendonça Filho et al. “Surface effects of molten slag spills on calcium alumi-
nate cement paste”. In: Materials Design 217 (2022), p. 110623. ISSN: 0264-1275.
DOI: https://doi.org/10.1016/j.matdes.2022.110623. URL: https:
//www.sciencedirect.com/science/article/pii/S0264127522002441.

[10] Karen Scrivener, Ruben Snellings, and Barbara Lothenbach. A Practical Guide
to Microstructural Analysis of Cementitious Materials. 1st ed. Vol. 1. CRC Pressg,
2017.

[11] A.B. Poole and I. Sims. Concrete Petrography: A Handbook of Investigative Tech-
niques, Second Edition. CRC Press, 2016. ISBN: 9781466583825. URL: https://
books.google.nl/books?id=uM4dCgAAQBAJ.

[12] C. Romero Rodríguez et al. “Fundamental investigation on the frost resistance of
mortar with microencapsulated phase change materials”. In: Cement and Con-
crete Composites 113 (2020), p. 103705. ISSN: 0958-9465. DOI: https://doi.org/
10.1016/j.cemconcomp.2020.103705. URL: https://www.sciencedirect.
com/science/article/pii/S0958946520302122.

[13] J. Schindelin et al. “Fiji: An open-source platform for biological-image analysis”.
In: Nature Methods 9.7 (2012), pp. 676–682. DOI: https://doi.org/10.1038/
nmeth.2019.

[14] Jerome Darbon et al. “Fast nonlocal filtering applied to electron cryomi-
croscopy”. In: 5th IEEE International Symposium on Biomedical Imaging: From
Nano to Macro, Proceedings, ISBI (May 2008), pp. 1331–1334. DOI: 10 . 1109 /
ISBI.2008.4541250.

[15] Ignacio Arganda-Carreras et al. “Trainable Weka Segmentation: a machine learn-
ing tool for microscopy pixel classification”. In: Bioinformatics 33.15 (Mar. 2017),
pp. 2424–2426. ISSN: 1367-4803. DOI: 10 . 1093 / bioinformatics / btx180.
eprint: https : / / academic . oup . com / bioinformatics / article - pdf /
33/15/2424/25157856/btx180.pdf. URL: https://doi.org/10.1093/
bioinformatics/btx180.

[16] S. Bolte and F. P. Cordelieres. “A guided tour into subcellular colocalization analy-
sis in light microscopy”. In: Journal of Microscopy 224.3 (2006), pp. 213–232. DOI:
https://doi.org/10.1111/j.1365-2818.2006.01706.x. eprint: https://
onlinelibrary.wiley.com/doi/pdf/10.1111/j.1365-2818.2006.01706.
x. URL: https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-
2818.2006.01706.x.

https://doi.org/https://doi.org/10.1016/j.jseaes.2020.104467
https://doi.org/https://doi.org/10.1016/j.jseaes.2020.104467
https://www.sciencedirect.com/science/article/pii/S1367912020302601
https://www.sciencedirect.com/science/article/pii/S1367912020302601
https://doi.org/https://doi.org/10.1016/j.matdes.2022.110623
https://www.sciencedirect.com/science/article/pii/S0264127522002441
https://www.sciencedirect.com/science/article/pii/S0264127522002441
https://books.google.nl/books?id=uM4dCgAAQBAJ
https://books.google.nl/books?id=uM4dCgAAQBAJ
https://doi.org/https://doi.org/10.1016/j.cemconcomp.2020.103705
https://doi.org/https://doi.org/10.1016/j.cemconcomp.2020.103705
https://www.sciencedirect.com/science/article/pii/S0958946520302122
https://www.sciencedirect.com/science/article/pii/S0958946520302122
https://doi.org/https://doi.org/10.1038/nmeth.2019
https://doi.org/https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1109/ISBI.2008.4541250
https://doi.org/10.1109/ISBI.2008.4541250
https://doi.org/10.1093/bioinformatics/btx180
https://academic.oup.com/bioinformatics/article-pdf/33/15/2424/25157856/btx180.pdf
https://academic.oup.com/bioinformatics/article-pdf/33/15/2424/25157856/btx180.pdf
https://doi.org/10.1093/bioinformatics/btx180
https://doi.org/10.1093/bioinformatics/btx180
https://doi.org/https://doi.org/10.1111/j.1365-2818.2006.01706.x
https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1365-2818.2006.01706.x
https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1365-2818.2006.01706.x
https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1365-2818.2006.01706.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2818.2006.01706.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2818.2006.01706.x


BIBLIOGRAPHY

4

113

[17] NEN-EN 1926:2007 – Natural stone test methods – Determination of uniaxial com-
pressive strength. Standard. Delft, NL: Nederlands Normalisatie-instituut, Jan.
2007.

[18] N. G. Holm et al. “Serpentinization and the Formation of H2 and CH4 on Celestial
Bodies (Planets, Moons, Comets)”. In: Astrobiology 15.7 (2015), pp. 587–600. DOI:
https://doi.org/10.1089/ast.2014.1188.

[19] Hector M. Lamadrid et al. “Effect of water activity on rates of serpentinization
of olivine”. In: Nature Communications 8.1 (2017), pp. 1–9. ISSN: 2041-1723. DOI:
10.1038/ncomms16107. URL: https://doi.org/10.1038/ncomms16107.

[20] G. W. Brindley. “Kinetics and Mechanisms of Dehydration and Recrystallization
of Serpentine—I”. In: Clays and Clay Minerals 12.1 (2017), pp. 35–47. ISSN: 1552-
8367. DOI: 10.1346/CCMN.1963.0120107. URL: https://doi.org/10.1346/
CCMN.1963.0120107.

[21] Giuseppe Cruciani and Alessandro Gualtieri. “Dehydration dynamics of anal-
cime by in situ synchrotron powder diffraction”. In: American Mineralogist 84.1-
2 (Feb. 1999), pp. 112–119. ISSN: 0003-004X. DOI: 10.2138/am- 1999- 1- 212.
eprint: https://pubs.geoscienceworld.org/ammin/article-pdf/84/1-
2/112/4007830/amin\_84\_1-2\_112.pdf. URL: https://doi.org/10.
2138/am-1999-1-212.

[22] Hans-Joachim Massonne and Arne P. Willner. “Phase relations and dehydration
behaviour of psammopelite and mid-ocean ridge basalt at very-low-grade to low-
grade metamorphic conditions”. In: European Journal of Mineralogy 20.5 (Oct.
2008), pp. 867–879. DOI: 10.1127/0935-1221/2008/0020-1871. URL: https:
//doi.org/10.1127/0935-1221/2008/0020-1871.

[23] Annett Steudel et al. “Thermal behavior of chlorites of the clinochlore-chamosite
solid solution series: Oxidation of structural iron, hydrogen release and dehy-
droxylation”. In: Applied Clay Science 132-133 (2016), pp. 626–634. ISSN: 0169-
1317. DOI: https://doi.org/10.1016/j.clay.2016.08.013. URL: http:
//www.sciencedirect.com/science/article/pii/S0169131716303386.

[24] Romain Lafay et al. “Mineral replacement rate of olivine by chrysotile and brucite
under high alkaline conditions”. In: Journal of Crystal Growth 347.1 (2012),
pp. 62–72. ISSN: 0022-0248. DOI: https://doi.org/10.1016/j.jcrysgro.
2012.02.040. URL: http://www.sciencedirect.com/science/article/
pii/S0022024812001820.

[25] Eva Kuzielová et al. “Influence of hydrothermal treatment parameters on the
phase composition of zeolites”. In: Journal of Thermal Analysis and Calorime-
try 1.142 (2020), pp. 37–50. DOI: 10.1007/s10973-020-09784-8. URL: https:
//doi.org/10.1007/s10973-020-09784-8.

[26] Ciriaco Giampaolo and Gianni Lombardi. “Thermal behaviour of analcimes from
two different genetic environments”. In: European Journal of Mineralogy 6.2
(Mar. 1994), pp. 285–290. DOI: 10.1127/ejm/6/2/0285. URL: http://dx.
doi.org/10.1127/ejm/6/2/0285.

https://doi.org/https://doi.org/10.1089/ast.2014.1188
https://doi.org/10.1038/ncomms16107
https://doi.org/10.1038/ncomms16107
https://doi.org/10.1346/CCMN.1963.0120107
https://doi.org/10.1346/CCMN.1963.0120107
https://doi.org/10.1346/CCMN.1963.0120107
https://doi.org/10.2138/am-1999-1-212
https://pubs.geoscienceworld.org/ammin/article-pdf/84/1-2/112/4007830/amin\_84\_1-2\_112.pdf
https://pubs.geoscienceworld.org/ammin/article-pdf/84/1-2/112/4007830/amin\_84\_1-2\_112.pdf
https://doi.org/10.2138/am-1999-1-212
https://doi.org/10.2138/am-1999-1-212
https://doi.org/10.1127/0935-1221/2008/0020-1871
https://doi.org/10.1127/0935-1221/2008/0020-1871
https://doi.org/10.1127/0935-1221/2008/0020-1871
https://doi.org/https://doi.org/10.1016/j.clay.2016.08.013
http://www.sciencedirect.com/science/article/pii/S0169131716303386
http://www.sciencedirect.com/science/article/pii/S0169131716303386
https://doi.org/https://doi.org/10.1016/j.jcrysgro.2012.02.040
https://doi.org/https://doi.org/10.1016/j.jcrysgro.2012.02.040
http://www.sciencedirect.com/science/article/pii/S0022024812001820
http://www.sciencedirect.com/science/article/pii/S0022024812001820
https://doi.org/10.1007/s10973-020-09784-8
https://doi.org/10.1007/s10973-020-09784-8
https://doi.org/10.1007/s10973-020-09784-8
https://doi.org/10.1127/ejm/6/2/0285
http://dx.doi.org/10.1127/ejm/6/2/0285
http://dx.doi.org/10.1127/ejm/6/2/0285


4

114 BIBLIOGRAPHY

[27] M. Földvári. Handbook of Thermogravimetric System of Minerals and Its Use in
Geological Practice. Magyar Állami Földtani Intézet alkalmi kiadványa. Geolog-
ical Institute of Hungary, 2011. ISBN: 9789636712884. URL: https : / / books .
google.nl/books?id=xpxeMwEACAAJ.

[28] W.S. MacKenzie, C.H. Donaldson, and C. Guilford. Atlas of Igneous Rocks and
Their Textures. Longman, 1982. ISBN: 9780470273395. URL: https : / / books .
google.nl/books?id=-itMyAR%5C_%5C_jEC.

[29] W.S. MacKenzie, W.S. MacKenzie, and C. Guilford. Atlas of Rock-Forming Miner-
als in Thin Section. A Halsted Press book. Wiley, 1980. ISBN: 9780470269213. URL:
https://books.google.nl/books?id=ikgSAQAAIAAJ.

[30] Françoise Boudier, Alain Baronnet, and David Mainprice. “Serpentine Min-
eral Replacements of Natural Olivine and their Seismic Implications: Oceanic
Lizardite versus Subduction-Related Antigorite”. In: Journal of Petrology 51.1-2
(Aug. 2009), pp. 495–512. ISSN: 0022-3530. DOI: 10.1093/petrology/egp049.
eprint: https://academic.oup.com/petrology/article-pdf/51/1-2/
495/16670954/egp049.pdf. URL: https://doi.org/10.1093/petrology/
egp049.

[31] V. A. Bron, I. A. Stepanova, and T. N. Kudryavtseva. “Effect of degree of serpen-
tine formation in dunite on its properties and structure change during heat-
ing”. In: Refractories 8.9-10 (1967), pp. 553–558. ISSN: 15739139. DOI: 10.1007/
BF01288402.

[32] Antoni Camprubí and Carles Canet. “Berthierine and chamosite hydrothermal:
Genetic guides in the Peña Colorada magnetite-bearing ore deposit, Mexico”. In:
Earth, Planets and Space 61.2 (2009), pp. 291–295. ISSN: 18805981. DOI: 10.1186/
BF03352910.

[33] Anne Jordan Brackmann Thompson et al. Atlas of Alteration: A Field and Pet-
rographic Guide to Hydrothermal Alteration Minerals. Geological Association of
Canada, Mineral Deposits Division, Special Publication, 6. Geological Associ-
ation of Canada, Mineral Deposits Division, 1996. ISBN: 9780919216594. URL:
https://books.google.nl/books?id=49tPAQAAIAAJ.

[34] John L. Jambor et al. “New Mineral Names”. In: American Mineralogist 73.8
(1988), pp. 927–935. ISSN: 0003-004X.

[35] W.A. Deer, R.A. Howie, and J. Zussman. Rock-Forming Minerals: Orthosil-
icates, Volume 1A. Rock-forming minerals. Geological Society, 1982. ISBN:
9781897799888. URL: https://books.google.nl/books?id=uwsIAYz7-QIC.

[36] “PubChem Compound Summary for CID 25477, Chrysotile”. In: National Center
for Biotechnology Information (2020). URL: https://pubchem.ncbi.nlm.nih.
gov/compound/Chrysotile.

[37] G. Faure and T.M. Mensing. Introduction to Planetary Science: The Geological
Perspective. Springer Netherlands, 2007. ISBN: 9781402055447. URL: https://
books.google.nl/books?id=U4FZp6f6q6MC.

https://books.google.nl/books?id=xpxeMwEACAAJ
https://books.google.nl/books?id=xpxeMwEACAAJ
https://books.google.nl/books?id=-itMyAR%5C_%5C_jEC
https://books.google.nl/books?id=-itMyAR%5C_%5C_jEC
https://books.google.nl/books?id=ikgSAQAAIAAJ
https://doi.org/10.1093/petrology/egp049
https://academic.oup.com/petrology/article-pdf/51/1-2/495/16670954/egp049.pdf
https://academic.oup.com/petrology/article-pdf/51/1-2/495/16670954/egp049.pdf
https://doi.org/10.1093/petrology/egp049
https://doi.org/10.1093/petrology/egp049
https://doi.org/10.1007/BF01288402
https://doi.org/10.1007/BF01288402
https://doi.org/10.1186/BF03352910
https://doi.org/10.1186/BF03352910
https://books.google.nl/books?id=49tPAQAAIAAJ
https://books.google.nl/books?id=uwsIAYz7-QIC
https://pubchem.ncbi.nlm.nih.gov/compound/Chrysotile
https://pubchem.ncbi.nlm.nih.gov/compound/Chrysotile
https://books.google.nl/books?id=U4FZp6f6q6MC
https://books.google.nl/books?id=U4FZp6f6q6MC


BIBLIOGRAPHY

4

115

[38] W. Schumann. Gemstones of the World. Gemstones of the World. Sterling, 2009.
ISBN: 9781402768293. URL: https : / / books . google . nl / books ? id =
V9PqVxpxeiEC.

[39] B. Sadler. Light Metals 2013. The Minerals, Metals & Materials Series. Springer
International Publishing, 2017. ISBN: 9783319651361. URL: https : / / books .
google.nl/books?id=ydIxDwAAQBAJ.

[40] M.H. Manghnani and S.I. Akimoto. High-Pressure Research: Applications in Geo-
physics. Elsevier Science, 2017. ISBN: 9781483260532. URL: https : / / books .
google.nl/books?id=PMk3BQAAQBAJ.

[41] W.L. Pohl. Economic Geology: Principles and Practice. Wiley, 2011. ISBN:
9781444394863. URL: https://books.google.nl/books?id=f5vPAwAAQBAJ.

[42] W.M. Haynes. CRC Handbook of Chemistry and Physics. CRC Press, 2016. ISBN:
9781498754293. URL: https://books.google.nl/books?id=VVezDAAAQBAJ.
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5
CONCRETE EXPOSED TO MOLTEN

STEEL AND SLAG: A CASE STUDY

All fine and simple in principle.
The details very complicated, of course.

Neal Stephenson, Fall; or, Dodge in Hell

Nothing is so painful to the human
mind as a great and sudden change.

Mary Shelley, Frankenstein

This chapter describes a case study in which a factory has continuous loss of protection
concrete at a specific location and the solution currently used is compared with a cou-
ple of alternative strategies using special materials. Namely, the use of monolithic CAC
based concrete and a stone-concrete hybrid have been proposed following the conclusions
of Chapters 3 and 4. The design and manufacturing of test panels have been described in
details. These panels have been monitored for a year and remained sound with very few
loss of cross section. In comparison with the solution previously used at the location of the
tests, the proposed material demonstrated superior durability. The chapter is concluded
with a cost analysis to change the repair procedure, which showed the solution tested to be
very attractive.

Parts of this chapter are being considered for publication in Case Studies in Construction Materials.
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5.1. SITUATION

T HE steel factory in which the case-study was considered had a large budget allocated
for the repair of walls located in a concrete pit, beneath each of the three steel con-

verters in the factory. Due to the confidentiality of the exact layout and equipment, it is
not possible to share the technical drawings. A sketch is offered in Figure 5.1. On top of
the mentioned walls are rails for the transport of a ladle that receives the molten steel,
then excess slag is disposed in the pit. This process occurs about 20 times a day in each
converter and spills are frequent.

Figure 5.1: Sketch of the geometry of the cross-section of the studied area, units in m.

5.1.1. PROBLEM STATEMENT
The pit is made of Portland cement (PC) based reinforced concrete and a layer of refrac-
tory material applied to the top of the concrete. The refractory layer is usually detached
relatively quickly and due to the inefficiency of PC against high temperature [1–5], the
walls of the pit are constantly damaged. Because the operation of the converters is vi-
tal to the production of steel in the factory, these can only stop for repairs twice a year.
The planned stops are the only moment in which the walls can be repaired and only few
hours are available for this service. Often the repaired concrete is in service two or three
day after casting, with no time for curing.

This is an issue for the factory operation for two reasons. The first reason is that
damage is not limited to the protection concrete showed in Figure 5.1. It often reaches
the main structure concrete and hinders the safe transport of the ladles to receive the
molten steel. Further, constant repair of the walls is a financial burden.
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5.1.2. LOADING CASES
A small investigation campaign, comprised of employee interviews, gathering of data
and review of old inspection reports was conducted at the start of the project to deter-
mine the different phases of operation that could cause damage to the material in the
studied location. The main causes of damage were divided into three categories:

HIGH TEMPERATURE SPILLAGE

During the blowing of oxygen in the iron inside the converters, a certain amount of slag
pours over the converters. Later, while pouring the metal to the ladle, it also occurs to
pour it on the walls. In both instances, the spill is at a temperature higher than 1500oC.
On average, five tons of slag are spilled per cycle. This slag is different from the one used
in Chapters 3 and 4, being mainly composed of iron.

IMPACT FROM BULLDOZER

As slag accumulates on the bottom of the pit, a bulldozer is remotely operated to collect
this material. The operator has only a partial line of sight to the bulldozer and often
hammers it against the walls attempting to collect more slag. This operation is time
sensitive and the operator often prioritizes the expediency of the bulldozer.

IMPACT FROM FALLING DEBRIS

During the loading of the converters with scrap metal, some pieces fall between the con-
verters and the opening in the 25 meters level. Such pieces are often small, but can also
be as large as a cubic meter, weighting several tonnes, hitting the walls from a 20 meters
drop.

5.1.3. DEVELOPMENT OF PROTECTION STRATEGY
At the start of the project, many possibilities were discussed for the protection of the
walls at the pits and most time was spent with preliminary modelling of the option
shown in Figure 5.2. As the investigation of damage causes proceeded, it became clear
that load cases of mechanical impacts should also be considered and the design was
shifted accordingly.

The main challenge for the design of a protection material was the incompatibility
of the load cases. Thermal shock events can weaken the material through the differ-
ential dilation of the paste and aggregates [6], the loss of chemically bound water [7],
the formation of cracks due the temperature gradients [8] and occurence of spalling [9].
Mixes with lower water-binder ratio and lower porosity are often more sensitive to ther-
mal shock, and fail more violently [10]. Impact loads can also cause the spalling of con-
crete, but caused by different phenomena. Namely, the high speed nature of the loading
doesn’t allow for the proper energy dissipation between the paste and aggregates [11].
Usually, high performance concretes, with very high compressive strength and Young’s
modulus resist better against this type of damage [12]. However, such materials have
very low water-binder ratio and porosity [13].

Additionally, both load cases are difficult to reproduce in small scale. Most thermal
shock experiments are tested in laboratory through the heating of the material in an
oven, which does not accurately reproduce the effects of a hot spill on concrete (see
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Figure 5.2: Possible thermal load protections to be applied at the location. Left: Stacked cylinders of refractory
stone; Right: Gabion wall of refractory stone; Bottom: Protection composed of one layer of calcium aluminate
cement concrete and one layer of refractory stone.

Chapter 3). Impact loads also suffer from size effect. The most common setup uses a
split-hopkinson pressure bar, which often limits samples to the millimeter scale [14].

For these reasons, it was planned to test large scale concrete panels in-situ. The size
and geometry of such elements was mostly determined by the company requirements.
Initially, it was envisioned to test a series of 1 x 1 m elements. However, the company
requested the elements to be 2 x 1 m for ease of installation and that the 40 cm depth
was respected to keep the profile of the wall. Further, because of the uniqueness of
the opportunity, it was suggested to test four elements, two of monolithic calcium alu-
minate cement (CAC) based concrete and two combining CAC concrete and refractory
stones.(Figure 5.3). To control the production, such elements were to be produced at TU
Delft facilities and then transported to the steel factory for attachment through a single
steel rod. Some preliminary 2D heat dissipation simulations were performed with COM-
SOL®to validate the requested protection geometry. Figure 5.4 shows the results of such
simulations, so an approximate estimation of the heat transfer to the structural concrete
through protection layer could be performed.

5.2. TEST PANELS DESIGN & PRODUCTION

5.2.1. MATERIALS SELECTION & MIX DESIGN
The panels were produced using the calcium aluminate cement Refro50 from Çimsa
(composition shown in Chapter 3). As a mineral addition, Elkem Microsilica®920E was
used. To avoid spalling, polypropylene Fibremesh®150 was added. These fibers had 12
mm length and 31 µm diameter. MasterGlenium®51 was added to control fluidity.

For the panels using stone blocks, the materials for these were plutonic rocks with
high refractory and mechanical properties. Half of the blocks were composed of dunite
mined from Orhaneli, Bursa, Turkey; and the other half of microgabbro, from Alanya,
Turkey. The characterization of these rocks and their compatibility with concrete sub-
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Figure 5.3: Initial conception of protection elements. Blue: Structural concrete; Yellow: CAC based concrete;
Red: Refractory stone. Units in mm.

Figure 5.4: Preliminary simulations of heat dissipation capacity of requested geometry for protection elements.
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jected to high temperature is present in Chapter 4.
For the aggregates, it was originally envisioned to use crushed dunite or microgab-

bro as sand. Because of the reinforcement density, the elements used only fine aggre-
gate. However, it was found that the crushing of these rocks was very time-consuming
and as these materials are not commercially available in this format, this solution would
become costly and therefore undesirable. For this reason, it was decided to use crushed
olivine sand as a good heat resisting fine aggregate. This can be purchased in bulk quan-
tities in the Netherlands, with a Dmax = 3 mm.

All panels used the same mix design, shown in Table 5.1.

Table 5.1: Mixture proportions the test panels, values for 1 m3 of concrete.

C (kg) SF (kg) W (kg) A (kg) SP (kg) PP (kg) PPI∗ (-)

510 76.5 204 1530 8.67 1.35 523

C = cement, SF = silica fume, W = water, A = aggregates, SP = superplasticizer, PP = polypropylene
fibres, PPI = polypropylene index.

∗ Calculated according to Li et al (2021) [15], this measure is discussed in Chapter 6.

5.2.2. CASTING & INSTALLATION
The monolithic panels were cast one week apart. Afterwards, the stone blocks were
drilled following the specifications of Figure A.4. These were, then, placed in the bottom
of the moulds with the steel pins and profiles connecting them. Styrofoam was placed
between the gaps of each stone to avoid concrete from leaking during casting (see Figure
5.5). Afterwards, reinforcement was positioned with 30 mm spacers and finally the steel
anchors were grouted in the open face of the stones. Because this operation required rel-
atively precise production, there was an interval of two months between the casting of
the two first panels and the two remaining ones. The concrete-stone hybrid panels were
also cast one week apart from each other. All panels had the amount of superplasticizer
adjusted during casting. Afterwards, the panels were kept sealed with a plastic sheet for
three days. At the fourth day the panels were unsealed and the mould was removed.

During casting of the panels, the fresh mix was used for the determination of air con-
tent following the standard NEN-EN 12350-7 [16]. In addition, 12 cubes of 40 mm sides
were produced using the concrete of each panel. These cubes were stored near the pan-
els and used for testing compressive strength at the ages of 7 and 28 days. The tests were
carried at a fixed loading rate of 13.5 kN/s using a a servo-hydraulic mechanical press
with maximum load capacity of 5000 kN and high stability from Matest, following NEN-
EN 12390-3:2019 [17]. The results for these tests are found in Table 5.2, the naming for
the panels follows Figure A.3. The compressive strength of the stones was reported in
Table 4.3.

One week after the casting of the final panel, all panels were hoisted at TU Delft (see
Figure 5.6 and sent to the factory for installation. As expected by the calculations, there
was no damage to the panels during any hoisting and movement operation and the pan-
els arrived at the site intact. At the factory, a thin sheet of mineral wool was placed as
thermal insulation between the walls and the panels. Panels 1 and 2 were placed ten
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Figure 5.5: Hybrid panel being prepared for casting.

Table 5.2: Air content and compressive strength of the concrete in each panel.

Compressive strength (MPa)
Panel Air content (%) 7 days 28 days

1 1.5 63.38 74.97
2 3.0 56.87 72.44
3 1.7 79.89 86.82
4 2.4 72.62 91.63
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meters apart on the north wall, while panels 3 and 4 were placed facing panels 1 and 2,
also ten meters apart in the south wall. The walls are six meters apart. Beside the panels,
the structure of the factory was protected with the usual projected PC based concrete.
The locations mentioned for the panels were predicted by the company employees as
critical zones, usually presenting the highest amount of damage.

Figure 5.6: Panels being hoisted at TU Delft. Left: Panel 1. Right: Panel 4.

5.3. MONITORING AND EVALUATION OF DAMAGE

5.3.1. INSPECTIONS AND TESTS
Once the panels were installed, no further access was possible until factory operation
ceased again. The plan was to evaluate the performance of the test panels against
the concrete walls the factory had been using. This comparison was to be performed
through three parameters:

1. Depth of protection loss: As all protections to the structure were composed of
40 cm elements, the comparative rate at which the protection thickness decrease
could give a good estimation of repair needs.

2. Ultrasonic pulse velocity (UPV): Because the thermal and impact damage create a
large number of cracks and voids in the internal microstructure, the propagation
of mechanical waves could be used as benchmark for progressive damage.

3. Core extraction for laboratory analysis: The extraction of cores could allow for di-
rect observation of the microstructure.
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Over a period of one year, only two visits were possible due to safety protocols. Each
visit had an allocated time of two hours for inspection and selection of core drilling lo-
cations. The first inspection was executed after 6 months of factory operation, and con-
sisted of visual appreciation, ultrasound and selection of one core per panel. The UPV
was determined in accordance to ISO 1920-7 [18]. However, reliable results were only
found for panels 1 to 3 and north wall, the surface of panel 4 and south wall were too
rough for the measurements.

Afterwards, the panels and walls were marked so each would have 50 mm diameter
cores extracted for laboratory analysis. The cores were extracted 8 hours after the first
inspection and immediately sealed in plastic bags. At TU Delft, petrographic thin sec-
tions for optical microscopy were produced from the cores. In particular, the very top
of each core was used, as it contained the portion of material reacting with the falling
molten slag and iron.

In order to produce thin sections, the cores were cut in half and the top 50 mm
were carefully ground with a semi-automatic thin sectioning machine, with three dia-
monds rollers of 64, 46 and 16 µm. This process continued until measurements with an
electronic drop indicator yielded a thickness of about 20 µm material and about 10 µm
mounting glue. This followed the procedure described in Poole and Sims (2016)[19].

The thin sections were analyzed through a Leica DM2500P optical microscope
equiped with linear and circular polarization filters. Lenses of magnification and nu-
merical aperture equivalent to 2.5/0.07,10/0.22 and 20/0.4 respectively, were available.
Plain polarized light (PPL) and cross polarized light (XPL) were used. The camera used
to acquire the micrographs was a Leica DFC310FX digital camera, with a 1392x1040 res-
olution. Proprietary software was used for the image acquisition.

The other half of the cores were used to produce polished samples, these were ap-
proximately 10 x 30 x 45 mm and had their surface impregnated under vacuum with
epoxy resin containing an fluorescent dye. The impregnated specimen surfaces were
ground using SiC grinding papers with increasing mesh number from #320 up to #1200
in order to achieve a flat surface.

The polished sections were analyzed under UV light using the same equipment de-
scribed for the thin sections. Eight micrographs were recorded for each polished section
under the same illumination conditions and at 10 times magnification. The freeware Fiji
image analysis [20] was used for determining the mean pixel brightness at each image
and the values were then averaged for each sample.

The second inspection was executed after one year of factory operation. Unfortu-
nately, this visit was interrupted after 40 minutes due to logistic issues of the factory. The
unforeseen small duration of the second inspection, made impossible to collect UPV
measurements and cores. Thus, only photographic documentation and damage depth
measurements could be performed. Figure 5.7 gives a sketch of the panels location. The
center is where the converter is suspended and the red dots show the locations where
cores were extracted for later production of thin-sections.

5.3.2. ON-SITE EVALUATION

Table 5.3 summarizes the deterioration in both, panels and walls, after 6 months of fac-
tory operation. The 7 cm refractory layer applied to usual repair concrete was completely
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Figure 5.7: Sketch of location of panels and collected cores.
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removed at the time of the first inspection. Overall depth of protection loss was present
in both north and south walls. Additionally, the upper rocks in panel 4 broke, losing
about half their depth. The other three panels had no overall damage, only local deteri-
oration.

Table 5.3: Accumulated damage in panels and walls after 6 months of factory operation.

Element Overall damage depth (cm) Damage depth at worst location (cm)
Panel 1 0 3
Panel 2 0 5
Panel 3 0 10
Panel 4 8 15

North wall 15 40
South wall 12 40

The damage at worst location for panels 1 and 2 were very minor, amounting to only
7.5% and 12.5% of their respective total depth. Figure 5.8 shows the panels during the
first inspection. The damage in panel 1 seemed to be caused by a single vertical impact.
Panel 2 also seemed to present damage only at the top. In a similar fashion, the biggest
damage in panel 3 was in the top stone blocks, with the bottom blocks intact. However,
panel 4 showed an overall damage of approximately eight cm in all stone blocks, with
few locations in which the concrete portion of the panel was already exposed. As the
coloration of half the blocks in panel 4 has not changed to yellow-brownish, it indicates
the damage has been predominantly from impact, not thermal shock.

The overall damage in the walls was between 10 and 15 cm, with several location
in which the loss of protection was the full 40 cm, thus leaving the structural concrete
exposed. Figure 5.9 shows the walls during the first inspection. The north wall had more
damage than the south wall, with its protection entirely removed in the right corner of
Figure 5.9, while, in the left corner, it is possible to observe exposed reinforcement. The
south wall lost large portions of its protection on the bottom, which points to damage
caused by the bulldozer. Further, there was a increased amount of damage in the south
wall near the location of panel 4, which might indicate a extraordinary event at this area
of the factory.

The results of UPV are displayed in Table 5.4. The values of pulse velocity in concrete
seem to be inversely correlated to the amount of damage. Panel 3 values were extracted
from a microgabbro surface, which is naturally denser than concrete, but can present in-
creased permeability after repeated thermal events above 600oC [21]. In addition, while
microgabbro is more homogeneous from a macroscale perspective, the aggregates in
concrete further decrease the wave velocity for the frequencies commonly used in UPV
tests [22].

After the inspection, standard repair was performed in the walls, using a 33 cm layer
of PC based concrete and 7 cm of refractory material. This had the walls damage return
to zero, while the panels received no maintenance. At the time of one year after the
installation of panels, a second access at the location was possible for inspection. Table
5.5 shows the deterioration in panels and walls. While the damage in the panels is the
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Figure 5.9: Photographic record of state of walls (reference) after 6 months of factory operation.
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Table 5.4: Ultrassonic pulse velocity results.

Element UPV (km/s)
Panel 1 1.78
Panel 2 1.59
Panel 3 2.36
Panel 4 -

North wall 1.42
South wall -

accumulation of one year of events, the damage in the walls are only regarding 6 months
of factory operation.

Table 5.5: Accumulated damage in panels and walls after 1 year of factory operation.

Element Overall damage depth (cm) Damage depth at worst location (cm)
Panel 1 0 5
Panel 2 0 9
Panel 3 0 15
Panel 4 8 15

North wall 10 40
South wall 8 40

The overall damage in walls decreased in this cycle, with the wall in the north side
performing once more slightly worst than its counterpart. For local damage, the walls
had portions of protection completely removed, leaving the structural concrete exposed
again. Meanwhile the panels presented no loss in their overall protection depth, with
increases only in local damage. Panels 1 and 2 had slight progression of the damage
already seen in the first inspection, while panels 3 and 4 had patches in which the stones
came out, leaving the concrete portion of the panels acting as protection elements.

5.3.3. OPTICAL MICROSCOPY
Analysis of the core’s thin sections showed that most samples presented molten iron ad-
hered to the top of the material. This was composed by a dense, dark red layer of iron
with an average thickness of 50 µm followed by a porous, orange layer of slag with an
average thickness of 125 µm. Figure 5.10 a displays an example of such layers. At the
point of contact from the cement paste with the molten iron, a few micrometers can be
observed with a darker coloration, pointing to infiltration of the iron in the material.

The stone samples did not show fracturing, despite the results of Table 5.3. Further,
the change in coloration was only observable in thin sections, which indicates either a
lower temperature (≥ 600oC) or short exposure time to high temperatures. Microgabbro
samples presented a shift from bright blue and yellow-orange coloration to darker blue
and purple colors after one year in the factory. This is probably due the dehydration of
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pumpellyite, occurs between 150oC and 300oC (see Chapter 4).

Figure 5.10: Thin sections produced from the panels. a) PPL view of molten iron layer on top of cement after
6 months of factory operation (the picture is shown in the orientation the core was extracted); b) CPL view of
microgabbro before installation in factory; c) CPL view of dunite before installation in factory; d) CPL view of
microgabbro after 12 months of factory operation.

The concrete samples also showed signals of exposure to high temperatures. Figure
5.11 a is composed of four micrographs stitched together to show the change in color
from light brown to dark brown in the sample. This occurs due to the dehydration of CAC
phases [19], and can be observed in the top 500 µm to 800 µm of all samples. In addition,
the average crack width also changes from the top of the sample to the bulk. At the
surface, the cracks have an opening of approximately 15µm, while lower this decreases
to 5 µm to 10 µm.

Figure 5.11 b shows the interface of the refractory layer with the molten material. As
in Figure 5.11 a, the average crack width is approximately 15 µm, with the very top of the
sample displaying a brighter color than the bottom. It is also possible to observe some
degree of infiltration of the molten material through the cracks, which may indicate a
slow process of indirect dissolution taking place [23]. As this process requires sustained
high temperature to occur and advances in terms of micrometers per day, it is unlikely to
be the cause of damage. In comparison, Figure 5.11 c shows the conventional concrete
used for protection. A bigger field of view was required to encompass the cracks, which
possess an average width between 40 µm and 50 µm. It can be seen that the mix uses
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much bigger aggregate grains and presents no discoloration at the top.
The interface between the usual protection material and the concrete in the under-

lying structure is displayed in Figure 5.11 d. Fractures are present between the two ma-
terials, however, it is not clear if this is due the transference of damage by the protection
concrete or the result of core drilling vibration. Although previous laboratory studies
confirmed the compatibility between the material of the panels and old concrete sub-
strate (see Chapter 3), no interface is available since the panels were precast and later
placed in front of the structural concrete.

Further, the micrograph in Figure 5.11 e uses cross polarized light to demonstrate
that the concrete in the underlying structure already carbonated and uses quartzic ag-
gregates. The aggregate type reinforces the necessity for high temperature protection
while the carbonated state can actually act as an advantage, because carbonated con-
crete has a better heat absorption capacity [15]. However, wet repair provides a source
of moisture, transferred to the underlying material through capillary absorption [24],
which, in turn, causes carbonation and increases chances of reinforcement corrosion
[25].

The values for mean pixel brightness can be found in Table 5.6. The value for the
core extracted from the north wall is more than double of the south wall. The dye within
epoxy is the main contributor for brightness increase, the amount of epoxy in each sam-
ple is proportional to the permeability of said sample, thus the north wall possessed
considerably more cracks. This is in good agreement with the damages reported in Table
5.3. Additionally, the values of the panels were lower than of the cores extracted from
the walls, with the notable exception of panel 2. The cause for that seems to be a high
concentration of microcracks at the first millimeter of the sample, being the only bright
zone of the polished section.

Table 5.6: Mean pixel brightness for UV light images of the thin sections produced from cores of the first in-
spection.

Element Mean pixel brightness
Panel 1 5.46
Panel 2 13.17
Panel 3 4.92
Panel 4 5.39

North wall 23.97
South wall 9.44

Table 5.3 and 5.5 shows the least amount of damage for panels 1 and 2, followed by
panels 3 and 4, with both walls sustaining the most amount of damage. However, Figures
5.10 and 5.11 only show typical marks of high temperature damage in the panels. As the
cores have been extracted from locations with constant exposure to falling molten iron,
it is unreasonable to consider there was no exposure to high temperatures. Which might
indicate a case of survival bias.

Continuous exposure to high temperature dehydrates the outer layer of the conven-
tional concrete. The weakened surface is, then, more prone to detach from the structure
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during the repeated impact loads. Although the stones do not spall or lose their mechan-
ical properties at high temperatures (see Chapter 4), their natural low strain capacity and
tensile strength proved insufficient for such high dynamic load, thus, also losing the ma-
terial exposed to molten iron. In contrast, the use of silica fume enhances the already
present capacity of CAC to retain mechanical properties at high temperature [26]. Thus,
the damaged material could still withstand repeated impact and would show the marks
of thermal changes in thin sections.

The thin sections revealed most damage on the initial 2 millimetres and the inspec-
tion determined only a few centimetres of damage at the location. This implies that the
application of this solution in the walls could at least triple the service life before in-
tervention is required. Although the material is more expensive than the conventional
protection concrete, the increase in service life would more than compensate the initial
higher price and become cost effective after the first installation. This is further explored
in the next section.

5.4. COST ANALYSIS
As the panels performed much better than the usual protection, a further implementa-
tion by the company was discussed. During a meeting, it was decided that it would be
the most desired option to continue with the projected concrete mode of repair, while
changing the material of repair to something analogous to what was used in the test pan-
els. Then, it was requested from TU Delft a cost analysis of such change. As the budget of
operations for the studied walls is confidential, the cost analysis present in this chapter
is merely comparative.

An average maintenance campaign uses a fictional value of 100x to repair the walls,
with 44x used for cleaning and other services not related to the actual repair and pro-
tection of the structure. From the remaining budget, 30x is used for the application of a
33 cm concrete layer and 26x is used for the application of the 7 cm refractory layer on
top of the concrete layer. This operation is repeated twice a year for each of the three
converters, costing a total of 600x/year.

As the changes suggested by TU Delft focus on the use of a different material, the
price for services and execution should remain the same. Mostly, the material cost and
quality control of the new material are the only increases in price. A protection layer of
40 cm made entirely of concrete produced with a similar mixture to the one used in the
test panels would cost approximately 52x, which is considerably more expensive than
the base 30x for concrete already used at the factory. However, this would not require an
extra layer of refractory material on top of it, eliminating the additional cost of 26x. This
change in procedure would make the price of walls maintenance drop from 100x to 96x,
if used in all converters, it would result in 576x/year.

The change in costs is not considerable. This is because while only the material costs
were decreased, most of the overall costs are linked to specialized labor. Thus, the strat-
egy of TU Delft was not to create a much cheaper material, but to reduce the amount of
maintenance the walls would require. The value of 576x/year would only be true if the
walls required maintenance every six months. However, the test panels did not require
maintenance after one year (this would mean skipping two maintenance campaigns),
and are still at the factory at the time of writing of this thesis. Below, Table 5.7 shows a
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comparison taking into account that the optimised material would reduce the need of
maintenance campaigns.

Table 5.7: Comparison of yearly costs for maintenance of studied walls.

Material Maintenance frequency Comparative cost
PC based concrete Every 6 months 600x/year
TU Delft concrete Every 6 months 576x/year
TU Delft concrete Every 1.0 year 288x/year
TU Delft concrete Every 1.5 year 192x/year
TU Delft concrete Every 2.0 years 144x/year

Even using the most conservative approach, would estimate one maintenance cam-
paign per year to each wall beneath the converters, the difference in budget would al-
ready be from 600x to 288x, a 52% saving. The best case scenario would be if the walls
only required maintenance once every two years, which would bring the cost to 144x,
a76% decrease in cost. Since the initial budget allocated for this services is consider-
able enough to justify the interest in this PhD project, these saving are considered major
successes from the case study.

5.5. CONCLUSIONS
This chapter describes a case study in which a factory has continuous loss of protection
concrete at a specific location and the solution currently used is compared with a cou-
ple of alternative strategies using special materials. Namely, the use of monolithic CAC
based concrete and a stone-concrete hybrid have been proposed following the conclu-
sions of Chapters 3 and 4. The design and manufacturing of test panels to be tested at
the most severe locations in the steel factory have been described in details.

Because the access to the test area was very limited, relatively few tests could be per-
formed and the author focused on loss of material to compare resistance and used thin
section microscopy to determine the cause of damage. Analyzing the results, it seems
that the combination of loads creates a positive feedback loop in which the high tem-
perature weakens the conventional protection concrete and the impact loads remove it
from the structure.

The stone-concrete type panels performed better than the usual protection, but still
failed at a higher rate than expected. This was likely due the low energy distribution
capacity of the stones. The monolithic concrete panels performed very well and present
a viable alternative for the factory to protect its own structure. When performing a cost
analysis, the material suggested by TU Delft is expected to reduce the budget allocated
to the studied problem, at least, in half. For this reason, this was considered a successful
case study.
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[12] Přemysl Kheml et al. “Cratering damage of high-performance cementitious com-
posites and conventional normal strength concrete caused by in-service pro-
jectile impact”. In: Materials Today: Proceedings 62 (2022). 37th Danubia Adria
Symposium on Advances in Experimental Mechanics, pp. 2436–2439. ISSN: 2214-
7853. DOI: https://doi.org/10.1016/j.matpr.2022.02.587. URL: https:
//www.sciencedirect.com/science/article/pii/S2214785322012494.

[13] A.M. Neville. Properties of Concrete. Pearson, 2011. ISBN: 9780273755807. URL:
https://books.google.nl/books?id=TdfewmQ-cMIC.

[14] A.M. Bragov et al. “Determination of the mechanical properties of concrete us-
ing the split Hopkinson pressure bar method”. In: Procedia Structural Integrity
28 (2020). 1st Virtual European Conference on Fracture - VECF1, pp. 2174–2180.
ISSN: 2452-3216. DOI: https://doi.org/10.1016/j.prostr.2020.11.
045. URL: https : / / www . sciencedirect . com / science / article / pii /
S2452321620307058.

[15] Yongqiang Li et al. “Chemical and mineralogical characteristics of carbonated
and uncarbonated cement pastes subjected to high temperatures”. In: Compos-
ites Part B: Engineering 216 (2021), p. 108861. ISSN: 1359-8368. DOI: https://
doi.org/10.1016/j.compositesb.2021.108861. URL: https://www.
sciencedirect.com/science/article/pii/S1359836821002523.

[16] NEN-EN 12350-7:2019 – Testing fresh concrete – Part 7: Air content – Pressure
methods. Standard. Delft, NL: Nederlands Normalisatie-instituut, June 2019.

[17] NEN-EN 12390-3:2019 – Testing hardened concrete – Part 3: Compressive strength
of test specimens. Standard. Delft, NL: Nederlands Normalisatie-instituut, July
2019.

[18] ISO 1920-7:2004 – Testing of concrete – Part 7: Non-destructive tests on hardened
concrete. Standard. Geneva, CH: International Organization for Standardization,
2004.

https://doi.org/https://doi.org/10.1016/j.jeurceramsoc.2010.07.041
https://doi.org/https://doi.org/10.1016/j.jeurceramsoc.2010.07.041
https://www.sciencedirect.com/science/article/pii/S0955221910003717
https://www.sciencedirect.com/science/article/pii/S0955221910003717
https://doi.org/10.5772/64551
https://doi.org/10.5772/64551
https://doi.org/https://doi.org/10.1016/j.jobe.2021.102875
https://doi.org/https://doi.org/10.1016/j.jobe.2021.102875
https://www.sciencedirect.com/science/article/pii/S2352710221007336
https://www.sciencedirect.com/science/article/pii/S2352710221007336
https://doi.org/https://doi.org/10.1016/j.matpr.2022.02.587
https://www.sciencedirect.com/science/article/pii/S2214785322012494
https://www.sciencedirect.com/science/article/pii/S2214785322012494
https://books.google.nl/books?id=TdfewmQ-cMIC
https://doi.org/https://doi.org/10.1016/j.prostr.2020.11.045
https://doi.org/https://doi.org/10.1016/j.prostr.2020.11.045
https://www.sciencedirect.com/science/article/pii/S2452321620307058
https://www.sciencedirect.com/science/article/pii/S2452321620307058
https://doi.org/https://doi.org/10.1016/j.compositesb.2021.108861
https://doi.org/https://doi.org/10.1016/j.compositesb.2021.108861
https://www.sciencedirect.com/science/article/pii/S1359836821002523
https://www.sciencedirect.com/science/article/pii/S1359836821002523


5

138 BIBLIOGRAPHY

[19] A.B. Poole and I. Sims. Concrete Petrography: A Handbook of Investigative Tech-
niques, Second Edition. CRC Press, 2016. ISBN: 9781466583825. URL: https://
books.google.nl/books?id=uM4dCgAAQBAJ.

[20] J. Schindelin et al. “Fiji: An open-source platform for biological-image analysis”.
In: Nature Methods 9.7 (2012), pp. 676–682. DOI: https://doi.org/10.1038/
nmeth.2019.

[21] C. Jones et al. “Acoustic emission and fluid permeability measurements on ther-
mally cracked rocks”. In: Physics and Chemistry of the Earth 22.1 (1997), pp. 13–
17. ISSN: 0079-1946. DOI: https : / / doi . org / 10 . 1016 / S0079 - 1946(97 )
00071-2. URL: https://www.sciencedirect.com/science/article/pii/
S0079194697000712.

[22] Carnot Nogueira. Ultrasonic wave propagation in concrete: Characterization of
mechanical damage and wavelet analysis of grain-size distribution. Verlag Dr.
Mller, 2009. ISBN: 978-3639182699.

[23] J. Poirier and M. Rigaud. FIRE Compendium Series: Corrosion of refracto-
ries : the fundamentals. F.I.R.E. compendium series. Göller Verlag, 2017. ISBN:
9783872640062. URL: https://books.google.nl/books?id=rDwqswEACAAJ.

[24] Yang Zhang et al. “Interfacial bond properties between normal strength con-
crete substrate and ultra-high performance concrete as a repair material”. In:
Construction and Building Materials 235 (2020), p. 117431. ISSN: 0950-0618. DOI:
https://doi.org/10.1016/j.conbuildmat.2019.117431. URL: https:
//www.sciencedirect.com/science/article/pii/S0950061819328831.

[25] Othman Omikrine Metalssi, Abdelkarim Aït-Mokhtar, and Philippe Turcry. “A
proposed modelling of coupling carbonation-porosity-moisture transfer in con-
crete based on mass balance equilibrium”. In: Construction and Building Mate-
rials 230 (2020), p. 116997. ISSN: 0950-0618. DOI: https://doi.org/10.1016/
j.conbuildmat.2019.116997. URL: https://www.sciencedirect.com/
science/article/pii/S0950061819324390.

[26] N.K. Lee et al. “Microstructural investigation of calcium aluminate cement-based
ultra-high performance concrete (UHPC) exposed to high temperatures”. In:
Cement and Concrete Research 102 (2017), pp. 109–118. ISSN: 0008-8846. DOI:
https://doi.org/10.1016/j.cemconres.2017.09.004. URL: https:
//www.sciencedirect.com/science/article/pii/S0008884617301825.

https://books.google.nl/books?id=uM4dCgAAQBAJ
https://books.google.nl/books?id=uM4dCgAAQBAJ
https://doi.org/https://doi.org/10.1038/nmeth.2019
https://doi.org/https://doi.org/10.1038/nmeth.2019
https://doi.org/https://doi.org/10.1016/S0079-1946(97)00071-2
https://doi.org/https://doi.org/10.1016/S0079-1946(97)00071-2
https://www.sciencedirect.com/science/article/pii/S0079194697000712
https://www.sciencedirect.com/science/article/pii/S0079194697000712
https://books.google.nl/books?id=rDwqswEACAAJ
https://doi.org/https://doi.org/10.1016/j.conbuildmat.2019.117431
https://www.sciencedirect.com/science/article/pii/S0950061819328831
https://www.sciencedirect.com/science/article/pii/S0950061819328831
https://doi.org/https://doi.org/10.1016/j.conbuildmat.2019.116997
https://doi.org/https://doi.org/10.1016/j.conbuildmat.2019.116997
https://www.sciencedirect.com/science/article/pii/S0950061819324390
https://www.sciencedirect.com/science/article/pii/S0950061819324390
https://doi.org/https://doi.org/10.1016/j.cemconres.2017.09.004
https://www.sciencedirect.com/science/article/pii/S0008884617301825
https://www.sciencedirect.com/science/article/pii/S0008884617301825


III
THERMAL SHOCK DAMAGE

PREDICTION

139



6
PARAMETRIC ANALYSIS OF

CONCRETE MIX AND SPALLING

He was prepared, he thought, for any wonder. The only
thing he had never expected was the utterly commonplace.

Arthur C. Clarke, 2001: A Space Odyssey

All your questions can be answered, if that is what you want.
But once you learn your answers, you can never unlearn them.

Neil Gaiman, American Gods

This chapter sought to identify the main parameters influencing spalling in concrete, in
order to improve prediction capacity of engineers. To achieve this goal, a large database
of more than 1000 unique samples was collected from 70 publications. The database in-
cluded 40 properties for each studied sample, besides information on spalling, spalling
time, spalling temperature and spalling mass when available. Analysis of the database
pointed to some gaps in literature and possibly disadvantageous biases in experimental
design. Several machine learning algorithms were used to attempt to predict spalling from
the gathered data, reaching a maximum accuracy of 89.73%. Both the database and the
algorthms provided important insights that were used for the design of the experiment in
the next chapter.
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6.1. MOTIVATION AND APPROACH

A LTHOUGH spalling is a problem known for a long time [1], engineers still fail to pre-
dict if a concrete mixture will resist spalling during an eventual thermal shock situ-

ation [2–4]. The best solution remains to test the material in the actual location, such
as done in Chapter 5. However, there are obvious disadvantages to that approach and
it would be clearly more desirable to possess a tool to predict if concrete would spall or
not.

The lack of prediction capacity is due the high speed, high complexity nature of this
phenomenon. Besides the two mechanisms acting simultaneously (explained in Chap-
ter 2), concrete is a highly heterogeneous material [5, 6], which also affects the spalling
behaviour. A lot of attention has been given to the changes in water-to-binder ratio (w/b)
causing otherwise high performance materials to become more fragile to thermal shock
[7–11]. However, changes in type and content of cement [12, 13], type and size of aggre-
gate [14–16], and type and dosage of fibres [17–19] also affect the material capacity to
withstand sudden thermal gradients.

Current advances in finite element modelling (FEM) propose to couple both spalling
mechanisms for accurate estimation of material behaviour [20–22]. However, these are
still insensitive to mixture variation, only assuming random meso-structures. Similarly,
design codes [23–27] also do not consider concrete recipe, only the dosage of polypropy-
lene fibres, which does not represent an absolute safety value [2, 28, 29]. Thus, there is
a clear need for a method of predicting the spalling behaviour of concrete, taking the
materials parameters into account.

Yet, computational power hinders the application of multi-scale modelling departing
from w/c ratio and aggregates PSD and content all the way to structural behaviour of a
given member [30]. Further, analytical models are usually limited to a single mechanism
of spalling [31, 32], or to a perfectly solid material [22, 33].

On the other hand, machine learning (ML) algorithms have emerged recently as tools
to predict behaviour of very complex system without requiring perfect knowledge of the
causing phenomena [34, 35], including in cementitious systems [36, 37]. The application
of such algorithms in the vast available literature of concrete spalling experiments might
provide useful insights in common trends and even a prediction tool for engineers.

In this chapter the author compiles a database of over one thousand concrete sam-
ples that went through concrete spalling to address the question whether the most com-
mon ML algorithms currently used are appropriate to study this form of failure. This is
done by first defining the most agreed upon influencing parameters of spalling on con-
crete samples. Next, a database is created with peer-reviewed research that provides
the minimum amount of details, conventions are created as no study presents the full
amount of information of its experiment. Finally, a selection of ML algorithms was used
to predict the outcome of the experiments in the database. The analyses were performed
in python and the parameters for the algorithms is described. Insights are drawn from
the results, particularly the graphical results from logistic regression and decision trees
influence the follow-up study in Chapter 7.
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6.2. DEFINITION OF SCOPE
The most commonly investigated parameters when studying concrete spalling under
high temperatures are the W/C ratio, use of fibres and the compressive strength [7, 38,
39]. Although these have a influence in the behaviour, it is clear that several other pa-
rameters also play a role [40–42]. The question regarding which features to include in
this type of study is complex as one of the outputs is which features are most relevant.
Further, the use of too many features usually requires an exponentially larger database
[43]. Finally, very few published studies include pore size distribution, adsorption and
desorption isotherms, thermal conductivity, coeficient of thermal dilation or even elas-
tic modulus. Because of that, the features included in the database had to be chosen not
only by presumed significance, but also by availability.

6.2.1. MIXTURE RELATED FEATURES

As stated in the previous section, several aspects of mix design can facilitate or hinder
spalling. The parameters for such designs are usually described in detail in publications,
thus, it is easy to obtain the most desired features. The ones selected for this study were:

1. Type of binder;

2. Content of binder (kg/m3);

3. Use of supplementary cementitious materials;

4. Type of supplementary cementitious materials;

5. Content of supplementary cementitious materials (kg/m3);

6. Type of aggregates;

7. Content of aggregates (kg/m3);

8. The maximum diameter of aggregates (mm);

9. Content of plasticizer (kg/m3);

10. Water/binder ratio;

11. Type of fibres;

12. Content of fibres (kg/m3);

13. Dimensions of fibres (mm);

14. Polypropylene index (PPI);

15. Adjusted polypropylene index (APPI).
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The polypropylene index was a measure introduced by Li et al (2021) [41], defined by
Equation 6.1, in which ϕ is the dosage of fibers in kg/m3, l is the length of fibers in mm
and d is the diameter of fibers in also in mm. This is a very convenient way of having a
number estimating the fibres concentration in the material, which is more significant to
spalling than the mere dosage [38].

PPI = ϕ · l

d
(6.1)

Although this was proposed for polypropylene, other studies [44–47] show that many
types of fiber can execute the same anti-spalling function. Thus, the authors propose an
adjusted PP index (APPI) in Equation 6.2, ρ is density in kg/m3 and Tm is the melting
point in oC. These indices were used for any fiber addition to concrete with a melting
point lower than 250oC, which is considered a critical temperature for concrete spalling
[48]. If more than one type of fiber with melting point lower than 250oC was added to
the sample, the PPIs were computed individually and then added.

APPI = ϕ · l

d ·ρ ·Tm
(6.2)

If the cross-section of used fibers was rectangular, the diameter used for PPI and APPI
was estimated based on Equation 6.3, in which A is the area of said cross-section in mm2.

d =
√

4 · A

π
(6.3)

6.2.2. MATERIAL RELATED FEATURES

The reporting of material properties varied considerably, with some studies only inform-
ing the age and compressive strength of concrete. Because tension is the governing stress
during spalling [49, 50], preference was given to the studies that also reported any form
of tensile test results. The properties that could be consistently recorded for most studies
were:

1. Concrete age (days);

2. Concrete strength in compression (MPa);

3. Concrete strength in tension (MPa);

4. Concrete moisture content (%, based on mass);

5. Concrete reinforcement ratio (%, based on area).

Attempts were also made to record the concrete modulus of elasticity, air content
and permeability (gas and water), however, too few of the papers have reported any of
these properties.
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6.2.3. TESTING RELATED FEATURES
As spalling is very affected by samples size and geometry [40, 51] and heating program
[52, 53], this was also taken into account. Mostly, the details of the samples and experi-
mental programs were well reported and could be recorded without any hindrances. The
selected properties were:

1. Curing regime;

2. State of sample (dry or wet);

3. Sample shape;

4. Sample roundness;

5. Sample volume (mm3);

6. The presence of compressive loading during test;

7. Confinement of sample during test;

8. The heating device;

9. The heating rate (oC/min);

10. The time of heating (min);

11. The maximum temperature (oC);

12. How long the sample remained at maximum temperature (min).

The sample roundness is defined as Equation 6.4 applied to the cross-section of the
two smallest axis of a sample. Where R stands for roundness, A is the area and P is the
perimeter. Thus, a cylindrical sample would have a roundness of 1, while a cube would
have a value of 0.78.

R = 4 ·π · A

P 2 (6.4)

6.3. DATABASE DEVELOPMENT
The scientific studies used for the creation of the database are reported in Table 6.1. Pref-
erence was given to journal papers due to the higher degree of scrutiny during peer-
review. Further, most documents were published in the last two decades, this is mostly
due to digital availability. The number of samples in Table 6.1 refers to samples in which
at least one of the parameters was changed. If all parameters were kept the same, no
new entry was made, and the amount of samples that spalled or not was registered in the
same entry of the database. On average, the publications contained 16 unique samples
tested and a total of 70 publications was used to gather 1129 entries for the database.
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Table 6.1: Literature used for the acquisition of data.

Publication Published in No. of samples
Kristian Hertz (1984) [54] Report no. 166 31
Faris Ali et al (2001) [55] Magazine of Concrete Research 2

Long T. Phan et al (2001) [56] Materials and Structures 16
Takeshi Morita et al (2001) [2] Journal of Structural and Construction Engineering 23

A. Bilodeau et al (2004) [57] Cement and Concrete Composites 12
Cheon-Goo Han et al (2005) [58] Cement and Concrete Research 24

A. Noumowé et al (2006) [8] Journal of Materials in Civil Engineering 8
Lars Bostrom (2007) [59] Fire and Materials 43

X. Liu et al (2008) [60] Cement and Concrete Research 6
Long T. Phan (2008) [61] Materials and Structures 16

M. B. Dwaikat et al (2009) [52] Fire Technology 4
Cheon-Goo Han et al (2009) [62] Construction and Building Materials 10
Young-Sun Heo et al (2010) [17] Cement and Concrete Research 50

W. Z. Zheng et al (2010) [63] Fire Safety Journal 24
Faris Ali et al (2011) [64] Materials and Structures 6

Young-Sun Heo et al (2011) [44] Materials and Structures 45
Mugume R. Bangi et al (2011) [65] Cement and Concrete Research 18

Young-Sun Heo et al (2011) [66] Construction and Building Materials 2
Zhu Pan et al (2012) [14] Construction and Building Materials 18

Young-Sun Heo et al (2012) [28] Materials and Structures 17
Guncheol Lee et al (2012) [45] Construction and Building Materials 25

Young-Sun Heo et al (2012) [38] Cement and Concrete Research 31
G. Debicki et al (2012) [40] Cement and Concrete Composites 23
Robert Jansson (2013) [67] Materials and Structures 28

H. Carre et al (2013) [68] MATEC Web of Conferences 6
K. K. Sideris et al (2013) [69] Construction and Building Materials 32

Eike Klingsch et al (2013) [70] IBK Bericht 24
Pietro Lura et al (2014) [71] Cement and Concrete Composites 3

Mitsuo Ozawa et al (2014) [47] Construction and Building Materials 4
Yang Ju et al (2015) [72] Science Bulletin 25

Young-Sun Heo et al (2015) [73] Materials and Structures 7
Jean C. Mindeguia et al (2015) [51] Fire and Materials 12

Steve Werner et al (2015) [74] Fire and Materials 4
I. Rickard et al (2015) [75] Structural Engineering: Providing Solutions to Global Challenges 28

Yining Ding et al (2016) [76] Construction and Building Materials 7
Sun Bei (2016) [9] Case Studies in Construction Materials 11

C. Kahanji et al (2016) [10] Journal of Structural Fire Engineering 7
Asif H. Shah et al (2017) [77] Construction and Building Materials 8
N. Yermak et al (2017) [78] Construction and Building Materials 21
N. K. Lee et al (2017) [79] Cement and Concrete Research 3

Cristian Maluk et al (2017) [29] Engineering Structures 22
Yang Ju et al (2017) [80] Construction and Building Materials 5

Wasim Khaliq et al (2017) [81] Construction and Building Materials 20
Msheer H. Ali et al (2017) [82] Engineering Science and Technology 24

Xiangwei Liang et al (2018) [83] Construction and Building Materials 20
Gai-Fei Peng et al (2018) [84] Cement and Concrete Research 11
Dong Zhang et al (2018) [85] Cement and Concrete Research 2

Jin-Cheng Liu et al (2018) [86] Cement and Concrete Composites 2
Izabela Hager et al (2018) [87] MATEC Web of Conferences 7

Gyeongcheol Choe et al (2019) [88] Cement and Concrete Research 8
Shamsad Ahmad et al (2019) [89] Composites Part B: Engineering 4

Juan Yang et al (2019) [15] Construction and Building Materials 4
Ye Li et al (2019) [90] Cement and Concrete Composites 16

Ibrahim H. Alfahdawi et al (2019) [91] Construction and Building Materials 40
Ye Li et al (2019) [16] Cement and Concrete Composites 11

Fabio P. Figueiredo et al (2019) [92] Fire Technology 23
T.M. Viana et al (2020) [93] Construction and Building Materials 12

N. Algourdin et al (2020) [53] Construction and Building Materials 9
M. Maier et al (2020) [94] Construction and Building Materials 15
Young Du et al (2020) [95] Construction and Building Materials 17

Dong Zhang et al (2020) [96] Cement and Concrete Composites 6
Ye Li et al (2020) [97] Construction and Building Materials 26

Jin-Cheng Liu et al (2020) [98] Archives of Civil and Mechanical Engineering 28
Dong Zhang et al (2020) [18] Cement and Concrete Composites 4

Marcus Maier et al (2020) [99] Construction and Building Materials 18
Gyeongcheol Choe et al (2020) [100] Construction and Building Materials 9

Jin-Cheng Liu et al (2021) [101] Construction and Building Materials 54
Dong Zhang et al (2021) [102] Cement and Concrete Research 8
Dong Zhang et al (2021) [103] Construction and Building Materials 4
Dong Zhang et al (2021) [19] Cement and Concrete Composites 16
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6.3.1. DATA CONVENTIONS
Although the papers were chosen based on abundance of the selected data, many still
lack some of the features. To account for that, a number of conventions were used. This
decreases the potential precision of the algorithms, however, it was necessary to achieve
at least one thousand unique entries. The conventions are found in the list below:

• If the age of samples was not specified, it was assumed to be 28 days;

• If the heating device was not specified, it was assumed to be an oven;

• When cement was referred as CEM II, it was considered CEM II/A;

• When cement was referred as CEM III, it was considered CEM III/A;

• If the cement was not specified, it was assumed to be CEM I;

• If the aggregate Dmax was not specified, it was assumed to be 6.3 mm;

• If drying was not reported after curing, it was assumed the samples were wet;

• If the moisture content was not specified, it was assumed 4% for wet samples;

• If the moisture content was not specified, it was assumed 2% for dry samples;;

• If W/B ratio was not specified for samples with σc > 120 MPa, it was assumed 0.18;

• If σc was not specified, it was considered 40 MPa for W/B > 0.38;

• If σc was not specified, it was considered 60 MPa for W/B ≤ 0.38;

• If σc was not specified, it was considered 120 MPa for W/B < 0.28;

• If reinforcement was reported, but not the amount, it was assumed 1%;

• If loading was not specified, it was assumed the samples were unloaded;

• If curing was not specified, it was assumed the samples have been cured in air;

• If curing duration was not specified, it was assumed to be 28 days.

In the cases where compressive strength of the samples was reported at 28 days, but
spalling test occurred at a different age, the strength at testing was estimated according
to ACI 209-92 [104]. This follows Equation 6.5, in which η and τ are constants that change
with cement and curing type as shown in Table 6.2.

fct =
t

η+τ · t
· fc28 (6.5)

When the tensile strength of the samples was not reported, this was estimated based
on the Eurocode [105], following Equations 6.6 and 6.7.

fctm = 0.3 · f (2/3)
ck ≤C 50/60 (6.6)

fctm = 2.12 · ln

(
1+ fcm

10

)
>C 50/60 (6.7)
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Table 6.2: Values for η and τ parameters of Equation 6.5.

Cement type Cure type η τ

I
Moist 4 0.85
Steam 1 0.95

III
Moist 2.3 0.92
Steam 0.7 0.98

6.3.2. DATA NORMALISATION
In order for the machine learning algorithms to properly function, it is necessary to per-
form feature scaling in the database [43]. This was done through min-max normalisa-
tion for all quantitative properties, following Equation 6.8. In which x ′ is the normalised
value of property x and mi n(x) is the minimum value of x in the database and max(x)
is the maximum value of x in the database.

x ′ = x −mi n(x)

max(x)−mi n(x)
(6.8)

The qualitative data required another set of conventions for coding. Cement type
was divided between conventional (i.e. CEM I, ASTM Type I), composite (i.e. CEM II,
CEM III, ASTM Type IV) and aluminate (i.e. CAC). Pozzolanic additions were divided be-
tween fine (i.e. silica fume, nano slica) and coarse (i.e. fly ash, blast furnace slag, glass
powder). The fibers were divided between polypropylene, metalic, polimeric (i.e. nylon,
PET, PVA) and natural (i.e. flax, jute, cellullose). The concrete type was divided between
normal strength concrete (NSC), high strength concrete (HSC) and ultra-high strength
concrete (UHSC). The shape of samples was divided into 1D (i.e. beams, columns), 2D
(i.e. slabs, discs) and 3D (i.e. cubes, prisms, cylinders). The heating devices were sep-
arated between devices that heat the whole sample (i.e. oven, gas furnace) and devices
that heat only one face of the sample (i.e. radiant heater, blowtorch, open face oven). Ag-
gregates were divided between quartz based (i.e. granite, sandstone), non-quartz based
(i.e. limestone, basalt) and unknown for publications not specifying the composition of
the aggregates. The type of curing was divided between submersed curing, placement in
a curing room, sealing of sample, air curing, steam curing and drying in an oven. Load-
ing, confinement, state (wet or dry) and spalling were considered binary values. If an
experiment used 6 copies of each sample and only 2 out 6 spall, spalling was still consid-
ered to have taken place in that particular set of parameters.

6.4. DATABASE ANALYSIS

6.4.1. DATA META-ANALYSIS
Among all collected data, 48% of the samples suffered from high temperature spalling.
This is a desirable amount as it shows the data has a good spread between a combina-
tion of properties that leads to either result. Figure 6.1 shows the types of additions and
aggregates in the studies mentioned in Table 6.1. More than half of the samples had the
addition of silica fume, fly ash or silica fume and fly ash. This is because spalling is often
studied in high strength or ultra-high strength concrete. Only a little more than a quar-
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ter of the samples had no mineral addition and only about 5% had the addition of blast
furnace slag.

For the type of aggregates (Figure 6.2, nearly 25% was not reported. This is a con-
siderable amount that should be noted, as this is a parameter that greatly affects the
resistance of concrete to spalling [87, 94, 106], yet publications fail to report it. Half of
the samples contained quartz based aggregates, while one quarter contained non-quartz
based aggregates. While it is more desirable to use non-quartz based rocks, the choice of
aggregate is largely determined by geographic and economic constraints [66].

Figure 6.3 displays the different types of fibres used and their incidence in the col-
lected publications. A little more than a third of all samples did not use any fibres. About
half of the samples contained a single type of fibre in the mixture design, while 15% of
samples contained a combination of two types of fibres. As PP is the industry standard
for increase of spalling resistance [41, 42, 107], it is the most present fibre, with more than
40% of samples containing it. Metallic and other polymeric fibres are the second most
commom type, both found in about 15% of samples. Only 2.4% of samples contained
natural fibers as these usually shrink and burn instead of melting [18, 19, 108].

Figure 6.4 has some of the other qualitative data regarding the samples extracted
from the publication in Table 6.1. Most samples were made of concrete, with only about
20% made of mortar and less than 1% made of cement paste. However, in more than
10% of the cases, the aggregate Dmax was not reported, making it impossible to correctly
classify the sample as mortar or concrete. This is something that should be avoided in
the future, as there is already evidence of the influence of this parameter on spalling [14,
16, 38, 109].

Most samples were cubes, prisms or cylinders, as these are the most common types
of concrete specimens. About a quarter of the samples was shaped as a slab or disc,
and only 13% was column or beam shaped. The shape of samples is proportional to the
volume (seen in Figure 6.6) and the type of heating. Thus, one sided heating was only
applied to about 20% of samples, with all the remaining samples going through heating
in all available faces. The vast majority of samples were tested unloaded, with only 15%
of samples carrying load during test. This was a well reported feature with less than 0.5%
so publications not mentioned with samples were loaded or not.

Figure 6.5 displays the distribution of four mixture design parameters. Cement con-
tent has a clear peak around 425 kg of cement per cubic meter of concrete, which was
expected as this is a standard dosage. However, as many publications focused on ultra-
high strength concrete, a relatively high amount of samples also possess a cement con-
tent around 800 to 900 kg/m3. Aggregate dosage had most samples with either 1450
kg/m3 or 1750 kg/m3, which are also very conventional dosages. Water to binder ra-
tios varied considerably between 0.20 and 0.45 with few samples on the extreme ends
of design parameters. The polypropylene index was zero for all samples without fibers.
For most samples with fibres, PPI was below 1000, which is the most commonly used in
real concrete mixtures. However, many researchers tried extreme values for fibre dosage,
with PPIs ranging from 2000 up to even 8000.

Most of the studied samples were tested at 28 days (see Figure 6.6), even though a
couple hundred samples has been tested at several months or even years. A good range
of maximum temperatures has also been tried, with most studies using 600oC, 900oC
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Figure 6.4: Sample and testing information extracted from the consulted literature.
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Figure 6.5: Histograms of mix design parameters found in the selected literature.
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Figure 6.6: Histograms of test parameters found in the selected literature.
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Figure 6.7: Histograms of properties of samples found in the selected literature.



6

156 6. PARAMETRIC ANALYSIS OF CONCRETE MIX AND SPALLING

or 1250oC. A clear bias towards small samples was observed in Figure 6.6, with most
samples smaller than half a cubic meter. This is somewhat harmful to the understanding
of spalling as most small samples are tested in ovens with heating from all direction,
which is not the case in practice. Accordingly, the volume to area of heating ratio is small
for most samples, again moving away from spallings cases in actual structures.

Figure 6.7 shows some of the properties of the studied samples. Most samples
achieved a high compressive strength, of 75 MPa or more. This is a current problem in
the study of spalling, as many researchers focus on the performance of high strength or
ultra-high strength concrete. Nevertheless, spalling is a common occurrence in normal
strength concrete as well [46, 52, 64], and must be understood in this material. Simi-
larly, the tensile strength is mostly in the high end of the concrete spectrum since even
samples that did not achieve high strength, were mostly reinforced with fibres. The dis-
tribution of air content, on the other hand, presented a good range, with most values in
the typical zone between 2% and 4%. Similarly, the moisture content of the samples was
well distributed, with most values ranging from 3% to 5%. Few samples were reported
completely dry (MC < 0.5%) or completely saturated (MC > 7%).

Combining the data in Figures 6.5, 6.6 and 6.7 provides Figure 6.8, which demon-
strates how the compressive strength, time of heating and polymeric fibre dosage are
correlated to spalling in the studied samples. The initial observations of this image are
rather obvious, shorter heating time, higher compressive strength and lower polymeric
fibre content lead to spalling. However, it is also noticeable that samples with no poly-
meric fibres and very short time of heating are relatively resistant to spalling provided
σC ≲ 100 MPa. Similarly, samples with no polymeric fibre and very high strength still
spall relatively less provided the heating time exceeds about 100 minutes. Polymeric fi-
bre content presents a clear advantage, with several examples of samples with the same
properties spalling or not according to the PP index. Further, mixtures with relatively
high PP index (higher than 100) still suffer from spalling and follow the same trend as the
samples with no fibres. Thus, for a sample with a given dosage of PP fibres, reducing the
strength or increasing the heating time can avoid spalling.

It is clear that these three properties are not sufficient to address spalling in concrete.
However, Bellman (2003) [110] already described several challenges in trying to analyse
or even organize data in more than three dimensions, the term coined for this is "the
curse of dimensionality". One of the methods to cope with this phenomenon is by regu-
larisation of features [111], which is explored in the following section. Furthermore, this
is a recurring problem in dynamic programming, and has been addressed in a number
of techniques related to machine learning [112–114]. This partially motivated the author
to explore machine learning as the main method of analysis for the created database.
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6.4.2. MACHINE LEARNING ANALYSIS

LOGISTIC REGRESSION

All machine learning algorithms were implemented in Python 3.6.5, and had small para-
metric studies were performed to determine the most suitable values to use in the codes.
The train-test split was 80%-20% and accuracy was determined through the "score"
method from scikit-learn [115], in which it returns the total correct predictions divided
by the total predictions.

The first attempt to predict the behaviour of the literature samples regarding spalling
using all the selected features was through logistic regression. The best results were
found with a learning rate of 0.001 and a L1 regularization of 0.7, achieving an accu-
racy of 77.91%. Although this is a simple method, it allows for the determination of the
influence of each feature on the outcome through Lasso regularization. Figure 6.9 shows
the perceived influence of each studied property according to this tool.

The polypropylene index and sample volume were the two most dominant features
according to the L1 regularization. The index is shown in the negative zone as it avoids
spalling, and further, all use of fibres appear as improving spalling resistance (see Chap-
ter 2), albeit with much less efficacy than PP. Sample volume is in the positive zone as
bigger samples allow for a bigger temperature gradient. The next most important fea-
tures are the heating conditions. The difference between unilateral and encompassing
heating was negligible, but the maximum temperature and the time to reach maximum
temperature were very important. Maximum temperature is in the positive zone since
the higher it is, the bigger thermal gradients are possible. Time to reach maximum tem-
perature is in the negative zone, following the observations made in Figure 6.8, as higher
times mean a much lower heating rate. All curing procedures seemed beneficial with the
exception of steam curing.

Regarding the mixture parameters, measures that decrease porosity (e. g. increasing
cement content use of SCMs) seem to consistently increase the chance of spalling while
the opposite (increasing aggregate Dmax, increasing aggregate/binder ratio) reduces it.
As expected, the increase in moisture content also increases the chance of spalling. The
most negligible features were W/B ratio, adjusted PPI, sealed curing, sample shape and
roundness, volume to area of heating ratio, loading, age, tensile strength and reinforce-
ment ratio. Since this is a technique destined to be used in independent variables [43],
some features have negligible influence because other features dependent of them are
attributed the significance. For example, the W/B ratio was proportional to compressive
strength, which received a high significane. The same can be said for PPI and adjusted
PPI; compressive strength and tensile strength; and volume and volume to area of heat-
ing ratio.

Following the identification of the least influential features, it was attempted to re-
move such features in order to achieve higher accuracy. However, the reduction of fea-
ture space caused the opposite effect, decreasing the accuracy of the logistic regression.
Thus, it was decided to move forward with all the collected properties in the database.
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DECISION TREES

Another technique that could provide insight into the classification of a sample as
spalled or safe is the group of algorithms called decision trees. Specifically, a classifi-
cation tree analysis pipeline was written to attempt to label the samples in the database
correctly. The minimum number of samples to split an internal node was set as three af-
ter a short period of trial and error. Averaging 100 tries, the mean accuracy was 82.61%,
better than logistic regression, but still lower than a desired 90%.

Figure 6.10 shows a sketch of the first 6 levels of the classification algorithm, levels 4,
5 and 6 have been divided into 4.1 to 4.4, 5.1 to 5.4 and 6.1 to 6.4 to facilitate visualization.
Although the data used in the code was normalized according to Equation 6.8, the values
in Figure 6.10 are shown denormalized to allow interpretation. The full decision tree had
15 levels, however, as the accuracy was below the 90% goal, it was not judged necessary
to display the full decision tree.

Figure 6.10: Sketch of the used decision tree by the machine learning code, green line represent true statements
and red lines false statements, values are approximated.
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Unsurprisingly, the polypropylene index was the first feature considered to divide
samples, in accordance to what was observed through the Lasso regularization. If PP
fibers of 32 µm diameter and 6 mm length were assumed, the threshold value of 222
would be equivalent to a dosage of 1.2 kg/m3 or 0.13% in volume of concrete. However,
if the used PP fibres had 32 µm diameter and 12 mm length, the necessary dosage would
be only 0.6 kg/m3 or 0.07% in volume of concrete. This shows one of the major problems
with the current standards philosophy of recommending a minimum dosage of fibre.

The second feature used in the decision tree was the heating rate, a combination
of two of the other biggest factors (heating time and maximum temperature) identified
through the L1 regularization. Both thresholds are very similar, which might indicate a
general change of behaviour of the studied samples between 10oC/min and 15oC/min.
At the third level of decision, the samples with slow heating had the maximum size of ag-
gregates or maximum temperature of heating checked. The threshold of 700oC is indica-
tive of laboratory experiments with slow heating as the usual fire curves have a typical
Tmax = 1000oC or higher [27, 116]. The aggregate Dmax of 11.5 mm might be an interest-
ing threshold to study as the literature is scarce in this area and the few papers on the
topic have very limited dosage fractions [14, 16, 109]. The samples with faster heating
were checked for their wetness and compressive strength (the final factor identified as
critical in the previous section). Following the decision path in Figure 6.10, if a sample
had low PPI and fast heating, being dry would be a major factor, as this seems to be a
path governed by the THM. On the other branch, a sample with high PPI might suffer
from a bigger influence of TMM, thus the decision tree checks the compressive strength,
possibly as a substitute for sample ductility.

Following the left-most branch of the decision tree, Figure 6.10 shows that for CEM
I (or equivalent) a heating time inferior to about an hour would mean spalling of the
samples, again emphasizing the importance of heating rate. For composite cements it
would judge based on the moisture content, with a relatively low threshold of 2.7%. Air
cured concrete often retains more than 2% of moisture through exchange with atmo-
sphere [101], thus, the limit value used by the ML algorithm could easily be achieved in
humid regions.

On the center left branches (levels 4.2 to 6.2 in Figure 6.10), the algorithm has de-
tected the tendency of bigger samples to spall more easily [51]. The limit of 0.39 m3 is
large for most laboratory experiments, translating into a cube of about 75 cm side, or a
slab of 1.5 m sides and 18 cm depth. This, once again, shows the importance of large
scale experiments as the actual structures have much larger elements, but laboratory
tests assume small samples to be representative. On the other side of the same branch,
the right-most path shows that a unconfined, dry sample is not expected to spall with a
much smaller PPI than 222. The new PPI of 64 would mean a dosage of 0.34 kg/m3 or
0.04% in volume of concrete, assuming PP fibers of 32 µm diameter and 6 mm length.
This could be an important distinction in dosages, as inner elements require much less
fibres than elements exposed to weather.

On section 4.3 to 6.3 of Figure 6.10, most branches lead to a situation in which the
samples do not spall, as these are already samples with a high amount of polymeric fi-
bres, slow heating and low maximum temperature. In case the fibres are not PP, it would
require observation of the APPI, and if the sample has very high compressive strength (in
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the order of about 140 MPa, it would require at least 6 MPa of tensile strength to assume
resistance to spalling with relative certainty.

Finally, on the right-most branches of the decision tree (levels 4.4 to 6.4 in Figure
6.10), it is observed again the volume playing a key role. Now the identified limit was
0.82 m3, which would be a cube with 94 cm sides or a slab with 2 m sides and 20 cm
depth. On the other side of the branches it sets a new PPI threshold of 1088. This is not
surprising as this is considering only sample with compressive strength superior to 105
MPa. The value of 1088 would mean 5.8 kg/m3 of PP fibres (assuming 32 µm diameter
and 6 mm length) or 0.6% in volume of concrete. Further, the cement content is also
considered, with smaller contents leading to safer mixtures, presumably due to the the
coarser pore structure [117].

OTHER MODELS

Several other algorithms were attempted to the same classification task. These included
a Gaussian Naive Bayes classifier, support vector machine, K nearest neighbors, random
forest, gradient tree boosting, histogram gradient boosting, multi-layer perceptron, and
composite algorithms. For the composite classifiers, an ensemble of the four most ac-
curate single classifiers was attempted, as well as stacking classifier, also using the four
most accurate previous algorithms. A parametric study was performed in all cases trying
to optimise accuracy. Table 6.3 shows the accuracy for all attempted classifiers.

Table 6.3: Accuracy achieved when classifying the database using different ML methods.

Classifier Accuracy (%)
Logistic regression 77.91

Gaussian Naïve Bayes 70.98
Support vector machine 83.00

K nearest neighbors 85.27
Decision trees 82.61
Random forest 85.27

Gradient Tree Boosting 89.73
Histogram Gradient Boosting 86.28

Multi-layer perceptron 87.50
Ensemble 87.46
Stacking 87.05

Deep neural network 88.44

Finally, a small deep neural network was trained using Keras from TensorFlow2 [118].
The input layer had all the cases from the database used in all other ML classifiers. The
number of layers and neurons in each layer was varied until an equilibrium in accuracy
was found. The final shape of the network contained three hidden layers, with 800, 200
and 50 neurons, respectively. For each layer, L1 regularization of 0.0005 and L2 regular-
ization of 0.01 were set. Between each layer, a dropout of 0.5 was set to help preventing
overfitting. The learning rate was set as 0.0005 and the loss function was set as sparse cat-
egorical crossentropy. The model was run for 5000 epochs and the results are displayed
in Figure 6.11.
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Figure 6.11: Results for accuracy and loss of deep neural network classifying the gathered database.
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6.5. CONCLUSIONS
This chapter sought to identify the main parameters influencing spalling in concrete. To
achieve this goal, a large database of more than 1000 unique samples was collected from
70 publications. The database included 40 properties for each studied sample besides
information on spalling, spalling time, spalling temperature and spalling mass when
available. Several assumptions were necessary to fill in unreported data from the publi-
cations, which decreased the accuracy of the information.

Analysis of the database pointed to some gaps in literature and possibly disadvanta-
geous biases in experimental design. For example, most spalling tests are performed in
small, unloaded samples for practical reasons, which causes a scarcity of full scale tests.
Additionally, aggregate data (such as Dmax and composition) is simply not reported, de-
spite being proven to cause a great influence in samples resistance against spalling [14,
16, 38, 87, 94, 106, 109]. Testing of normal strength concrete is also scarce in literature, re-
gardless of composing the vast majority of structures in danger of suffering from spalling.
All of these should be considered moving forward with spalling research.

In order to use all the data collected to predict spalling, a number of machine learn-
ing classification tools were attempted. The model with keras and the gradient tree
boosting were the classifiers to reach higher accuracy. Although falling short of the 90%
goal, these were very close and could possibly surpass it given more time or the involve-
ment of a programming specialist. Because the visualization of the inner workings of
some of the algorithms provided further insights on the most influential parameters to
determine spalling resistance of concrete samples, gradient tree boosting seems ideal
for this application. A similar code to what generated Figure 6.10 could be used to reveal
the decision tree paths created by this algorithm and serve as guidelines for engineers in
practice.

However, some level of randomness was still observed through examples in which
samples with the exact same characteristics would behave differently (i. e. one sample
spalls and the other doesn’t). This could be addressed in two manners, one could enlarge
and improve the database until there is enough statistical redundancy that the algorithm
can account for this cases. This would require a considerably larger database with at least
ten thousand samples in opposition of one thousand.

The other option would be to address the poor description of the microstructure in
the samples. Many of the properties present in the database, such as, w/c ratio, cement
content, plasticizer dosage and compressive strength, tensile strength, dosage of PP fi-
bres, addition of silica fume, are indirect indications of porosity and pore connectivity
in the samples. No direct measurement is available as spalling research rarely includes
techniques like mercury intrusion porosimetry, electron microscopy or microtomogra-
phy. This might be one of the biggest omissions, as currently the ML algorithms are
trying to predict spalling resistance with very incomplete information. For this reason,
it was decided to dedicate the Chapter 7 of the thesis to the pursuit of the influence of
porosity and pore connectivity to the phenomena of spalling.
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7
THE INFLUENCE OF PORE

CONNECTIVITY ON SPALLING

There’s no sense in being precise when you
don’t even know what you’re talking about.

John von Neumann

Very simple was my explanation, and
plausible enough – as most wrong theories are!

H.G. Wells, The Time Machine

This chapter explores the influence of pore connectivity on concrete resistance against
spalling, following the conclusions of the previous chapter. First, an experiment was pro-
posed in which the microstructure of the samples would be characterized in order to define
the connectivity present in the pore space. This was divided between the connectivity in
the capillary porosity, determined through mercury intrusion porosimetry and the con-
nectivity of the macro-porosity determined through X-ray microtomography. Then, the
samples went through a spalling experiment and an equation was developed to predict
which samples would spall. Once the equation correctly predict the experiment, further
experiments were collected from literature to validate this work. The analytical equation
determines whether a given sample will suffer spalling under fast heating conditions with
an accuracy higher than 91.2%.

Parts of this chapter have been accepted for publication in Construction and Building Materials.
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7.1. DEFINING PORE CONNECTIVITY

F OLLOWING the conclusions of Chapter 6, it seems that the randomness attributed
to spalling is in big part due to the poorly reported pore structure that governs the

contribution of the THM mechanism. In the opinion of the author, the connectivity of
pores is what influences the build up of stresses, rather than the volume of pores. Hence,
this chapter contains a study planned to explore the influence of pore connectivity in
the spalling resistance of concrete. However, as discussed in Chapter 2, pore connectiv-
ity is a loosely defined term. Further, concrete possesses pores in nearly all scales, from
nanometers to centimeters (see Figure 7.1), which poses a second challenge. Surely, the
connectivity within the C-S-H gel is not the same as the connectivity between honey-
comb voids of a poorly compacted mass element.

Figure 7.1: Sketch displaying the different scales of porosity present in concrete, image from Mehta & Monteiro
(2006) [1].

In order to contour this problem, the author used the evidence gathered in Figure
6.9 as a starting point. The figure shows a great contribution of the amount of PP fi-
bres (as measured through PPI) and W/C ratio in the resistance to spalling. These two
parameters are tightly connected to the pore space within samples [2–4], and can be
easily controlled in both laboratory and practice. These parameters also give a clear
partition between two categories of porosity (or pore connectivity): PP fibres influence
macro-pores, with a fictional diameter of several micrometers up to millimeters; W/C
ratio affects micro-porosity, with diameters of several nanometers up to few microme-
ters. Within this chapter, porosity will be treated as a two tier system and macro-porosity
and micro-porosity will be defined by the mentioned sizes of voids.

Finally, in Chapter 2 it was discussed how most spalling experiments focus on either
the thermo-mechanical or the thermo-hygral contribution to the phenomenon. Because
the focus of the present chapter is in the influence of pore connectivity, the experiment
was deliberately planned to minimize the contribution of the TMM, so the THM could
be better studied. The results showed a good correlation of the proposed connectivity
measure to spalling resistance of samples. Based on these findings, the author proposes
an analytical equation to predict the spalling or resistance of concrete to a given thermal
load. The equation is validated using experiments from literature that include several
cases outside of the parameters tested in the experimental campaign.
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7.2. EXPERIMENTAL METHODOLOGY

7.2.1. MIXTURE DESIGN
All samples were cast as mortar using Portland cement type CEM I 42.5N, tap wa-
ter and CEN-Norm Sand with a distribution according to NEN EN 196-1[5]. As men-
tioned, the two mix parameters selected as variables were the W/C ratio and polypropy-
lene (PP) fibre content. The fibres used were Fibermesh® 150, which were 12 mm in
length and 31 µm in diameter. Some mixtures presented poor workability, in which case
MasterGlenium® 51 was used as superplasticizer.

A total of nine different mortar mix designs were selected (Table 7.1). The W/C ratio
and fiber content (by volume) were increased between 0.30, 0.40 and 0.50 and 0.00%,
0.05% and 0.10%, respectively. For each mixture, five samples were cast in plastic cylin-
der moulds, with 65 mm height and 55 mm diameter. A cylindrical mould shape was
chosen to highlight the contribution of the pore pressure build-up to the spalling be-
haviour of the samples, as edges are more prone to suffer from the TMM [6]. From the
five cast samples of each mixture, three were used for spalling experiments, one for X-ray
microtomography and one for mercury intrusion porosimetry. All samples were stored
for 8 weeks in a fog room at 20oC and >95% RH before testing. Additionally, each mixture
also had three cubes with 40 mm sides and six prisms with 40 x 40 mmm cross section
and 160 mm length cast for the mechanical testing. In Table 7.1, samples were labelled
using the W/C ratio as the first value, and then the PP fibre content as the second value.
E.g. 40_10 is a mix design with W/C ratio 0.40 and fibre content of 0.10 % in volume.

Table 7.1: Mixture proportions of cast samples

Sample Name C (kg) W (kg) A (kg) SP (kg) PP (%) PPI∗ (-)

30_00 1 0.3 2 0.0059 0.00 0
30_05 1 0.3 2 0.0069 0.05 174
30_10 1 0.3 2 0.0094 0.10 348
40_00 1 0.4 2 0.0000 0.00 0
40_05 1 0.4 2 0.0000 0.05 174
40_10 1 0.4 2 0.0000 0.10 348
50_00 1 0.5 2 0.0000 0.00 0
50_05 1 0.5 2 0.0000 0.05 174
50_10 1 0.5 2 0.0000 0.10 348

C = cement, W = water, A = aggregates, SP = superplasticizer, PP = polypropylene fibres, PPI =
polypropylene index.

∗ Calculated according to Li et al (2021) [7], the definition of PPI is given in the Chapter 6.
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7.2.2. MECHANICAL PROPERTIES
To determine compressive strength of each mixture, three cubes with 40 mm length were
tested according to NEN-EN 12390-3:2019 [8]. The samples were tested after 28 days of
curing at a fixed loading rate of 13.5 kN/s using a servo-hydraulic mechanical press with
maximum load capacity of 5000 kN and high stability from Matest.

For determination of flexural strength, three prisms with a cross-section of 40 x 40
mm and a length of 160 mm were tested for each mixture according to NEN-EN 12390-
5:2019 [9]. The samples were tested after 28 days of curing, using a servo-hydraulic me-
chanical press with maximum load capacity of 5000 kN from Matest. The testing setup
used a three point bending system with a centre top loading and two rollers at the bot-
tom with a spacing of 120 mm between them. Notches of 3 mm were introduced to the
bottom in the middle of each sample to ensure cracking in the middle area. Two gauges
were glued to both sides of the bottom of the samples to measure the strain. Testing
was done with displacement control using the crack width monitored from the applied
gauges.

Due to logistic issues, only six mixtures could have the Young’s modulus tested. The
tests were carried out according to NEN-EN 12390-13:2021 [10]. Testing was loading-
controlled with a loading rate of 0.1 kN per second (0.063 MPa/sec) using an Instron
8872. The stabilized secant modulus was measured after 3 load cycles with a maximum
loading of 9 kN. Gauges were glued to all 4 sides of the samples with an initial length of 60
mm parallel to the vertical surface. Sandpaper was used to level the the top and bottom
surface. For each of the six tested mixtures, three prisms with a cross-section of 40 x 40
mm and a length of 160 mm were used. The three untested mixtures were 30_05, 40_05
and 50_05. To estimate elastic moduli of these mixtures, an average of the values of the
other mixtures weighted by the flexural strength was used following Equation 7.1.

E05 =
(

E00
ft00

+ E10
ft10

)
2

· ft05 (7.1)

Where, E05 is the elastic modulus of a mixture with a fibre content of 0.05%, E00 is
the elastic modulus of a mixture with a fibre content of 0.00%, E10 is the elastic modulus
of a mixture with a fibre content of 0.10%, ft00 is the flexural strength of a mixture with
a fibre content of 0.00%, ft05 is the flexural strength of a mixture with a fibre content of
0.05% and ft10 is the flexural strength of a mixture with a fibre content of 0.10%.

7.2.3. SPALLING EXPERIMENT
Spalling tests were performed inside an open element HTF1700 Carbolite Furnace with
an Eurotherm 3208 temperature controller. A cylindrical steel cage was placed over the
samples to protect the exposed heating elements. The cage had multiple holes in all di-
rection to allow heat flow through it (see Figure 7.2). Maximum temperature was set at
600 oC. The third parameter selected as a variable was the heating rate, a rate of either
10oC/min, 30oC/min or 50oC/min was used, with a dwell time of 30 minutes. After re-
maining at maximum temperature for the duration of the dwell time, the oven would be
turned off and the samples cooled gradually until an internal temperature under 40 oC,
at which point the samples were removed from the oven for further study. In the case of
spalling before the cooling phase, the program was interrupted and the oven turned off.
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Figure 7.2: Oven setup with metal cage protection over sample

7.2.4. POROSITY CHARACTERIZATION
It is generally accepted that the quantification of porosity in concrete is dependent on
the technique chosen for the task [11–13]. Further, a single technique cannot cover all
the range of pores in concrete while also providing 3D information about the pore net-
work. Figure 7.3 shows the ranges for different techniques capable of identifying pore
size distribution. As previously mentioned, the description of macro-porosity is a major
point of interest, as fibers act in tens of micrometers to millimeter scale. Thus, X-ray mi-
crotomography (XCT) was selected to obtain a 3D rendering of the macro pores and their
links. Although this technique is capable of resolve large pores, sample size becomes an
issue when trying to also resolve small fibres, such as polypropylene. To bypass this is-
sue, the author chose to use small samples for the XCT in order to visualise the fibres
well, while also performing tests of air content in the mixtures as an additional measure
of macro-porosity.

Figure 7.3: Graph displaying the range in which different techniques can be used to identify porosity in ce-
mentitious materials.
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To study the capillary porosity, the author decided against image analysis through
electron microscopy acquired pictures because the 2D nature of the technique hinders
assumptions related to pore connectivity. Instead, it was chosen to use mercury intru-
sion porosimetry (MIP), as assumption regarding the connectivity of the capillary poros-
ity are possible through the use of repeated cycles [14]. Finally, the gel porosity was not
studied, as it should present negligible influence to the THM during spalling [15].

Air content tests were performed using a Form+Test Prufsysteme Air Entrainment
Meter according to the standard NEN-EN 1015-7:1998 [16]. To prepare samples for mer-
cury intrusion porosimetry, small pieces of samples were broken to a maximum size of
10 mm. Hydration was stopped using solvent exchange with isopropanol for 3 days and
subsequently vacuum dryed to remove the isopropanol for 2 days. The amount of time
for stopping hydration was determined based on previous work [17]. MIP was performed
using a Micromeritics AutoPore IV 9500 Mercury Porosimeter. A contact angle of 141 de-
grees was assumed. According to the minimum and maximum applied pressures of 345
KPa and 414 MPa, respectively, the porosimeter can analyze pores with apparent diam-
eters of 100 to 0.006 µm. The pore connectivity was determined for the mortars using
Equation 7.2 from the work of Yu et al (2018) [14].

Por e connecti vi t y (%) =
(
1− Ink-bot t le por osi t y

Tot al por osi t y

)
·100 (7.2)

Samples were acquired for microtomography by coring a cylinder with a diameter of
12 mm out of the original cast cylinders. From the cored sample the middle section was
selected with a height of 20 mm. After coring they were placed in a SECADOR desicca-
tor to stop hydration. After 5 days in the desiccator the samples were submerged in a
Kalium Iodine solution, to improve the contrast for the XCT images. The solution had
a concentration of 0.05M, all 9 samples were submerged in the solution and stored in
airtight conditions for 2-3 days. After which, samples were removed from the solution
and wrapped in plastic foil to retain the solution during the scans.

Microtomography scans were performed using a Phoenix Nanotom X-ray CT scan-
ner. The scanner is composed of a transmission type X-ray tube, a sample stage and a
3072 x 2400 flat panel detector with a pixel size of 100 µm. The transmission target uses
a tungsten filament and possesses a maximum accelerating voltage of 180 kV. However,
the acquisitions were performed at 100 kV. Samples were placed at a distance of 25.99
mm from the transmission tube and 199.99 mm from the detector. A magnification of
7.69 was acquired, achieving a 6.49 µm voxel size. Reconstruction of the CT images was
done through Datos VeloCT. Additionally, a median filter was applied through VGStudio
Max 3.0.

The reconstructed CT images were processed using the Freeware Fiji image analysis
[18]. In total 1520 images from the middle of each sample were chosen for the image
stacks, which equals to a 9,87 mm sample height. Through the plugin Trainable Weka
Segmentation [19], a binary stack is created containing only the pores and fibres. Sub-
sequently, this binary stack was used in the pore analysis. A second plugin (BoneJ [20])
was used to determine the geometric properties of each individual pore detected. The
data set was further treated by Matlab [21] to obtain the pore size distribution of each
mixture.
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Pore connectivity for macro-porosity was analysed through a tortuosity plugin [22]
in ImageJ [23]. Assuming material tortuosity is inversely related to pore connectivity, a
property value is acquired for the pore connectivity of large pores of the samples. The
tortuosity was analyzed for each data set in the five directions of heating (because the
cylinders for spalling experiments rest on top of a refractory bed inside the oven, each
sample is heated only on the sides and top, not on the bottom).

7.3. RESULTS AND DISCUSSION

7.3.1. SAMPLES PROPERTIES
Table 7.2 contains the results for the mechanical properties of the samples. As expected,
strength and elastic modulus decrease with increasing W/C ratio.

Table 7.2: Results obtained for mechanical properties of samples

Sample Compressive strength (MPa) Flexural Strength (MPa) Elastic modulus(GPa)
30_00 76.6 ± 1.4 5.5 ± 0.3 42.8 ± 2.5
30_05 75.1 ± 2.9 5.3 ± 0.2 43.6∗
30_10 77.3 ± 1.8 4.9 ± 0.3 42.9 ± 1.6
40_00 50.8 ± 5.8 3.9 ± 0.3 35.2 ± 0.8
40_05 46.0 ± 1.0 4.5 ± 0.3 39.1∗
40_10 49.2 ± 1.7 4.1 ± 0.2 34.6 ± 0.8
50_00 44.9 ± 1.1 3.7 ± 0.2 30.7 ± 0.7
50_05 43.1 ± 0.2 3.6 ± 0.3 30.0∗
50_10 41.3 ± 1.9 3.4 ± 0.2 28.4 ± 1.4
∗Value estimated using Equation 7.1

Figure 7.4 contains a three dimensional representation of the macro-porosity and
fibers of the samples as detected by XCT. The PP fibers can be observed as thin white
filaments. An increase in macro-pores is observed with both, the increases in fiber con-
tent, and the decrease of W/C ratio, in accordance with the air content tests.

A combination of MIP and XCT was used to determine the pore size distribution
over the entire range of interest. The results are shown in Figure 7.6 for mixture with
W/C=0.30 and W/C=0.40 and Figure 7.7 for W/C=0.50.

Table 7.3 contains the results for the porosity of the samples. Given the increasing
fluidity of the fresh mixtures with increasing W/C ratio, air content decreases propor-
tionally. XCT porosity follows the same trend of air content, indeed, the Pearson correla-
tion coefficient for these two variables is 0.95, pointing to a very strong correlation. This
indicates that the small sample size for XCT does not seem to hinder the technique from
correctly measuring macro-porosity. As expected, MIP porosity increased with W/C ratio
and seemed insensitive to PP content.

Table 7.4 contains the estimated connectivity for micro- and macro-porosity. The
values for micro-porosity were determined according to Equation 7.2, increases with
W/C ratio in a similar trend to Table 7.3. Connectivity of macro-pores, as determined
by computer tomography, appears to be relatively insensitive to W/C ratio variation, it
increases proportionally to polypropylene fibers content. The two connectivities mea-
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Figure 7.4: X-ray microtomography representation of macro pore volumes for each mixture.

Table 7.3: Results obtained for air content, macro-porosity as determined by XCT and micro-porosity as deter-
mined by MIP.

Sample Air content (%) XCT porosity (%) MIP porosity (%)
30_00 4.8 5.11 8.26
30_05 4.3 4.20 8.13
30_10 4.1 3.15 7.79
40_00 3.0 1.91 8.80
40_05 3.4 2.84 9.77
40_10 4.6 3.34 10.22
50_00 0.8 0.46 11.43
50_05 1.8 1.11 12.01
50_10 2.2 1.39 11.80
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Figure 7.5: Pore size distribution for mixtures with 0.30 and 0.40 W/C ratios.
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Figure 7.6: Pore size distribution for mixtures with 0.50 W/C ratio.
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sures present a Pearson correlation of -0.22, which signifies a very weak correlation or no
correlation at all. It was important for these values to be independent since macro and
micro-porosity can vary independently in cement and concrete (see Table 7.3).

Table 7.4: Results of micro-porosity connectivity and macro-porosity connectivity of the pore space in the
samples.

Sample MIP connectivity (%) Tomography tortuosity
30_00 24.96 1.03
30_05 25.26 1.82
30_10 32.97 3.27
40_00 38.55 1.02
40_05 36.80 1.32
40_10 38.49 1.33
50_00 48.52 1.09
50_05 45.75 1.38
50_10 47.87 1.62

7.3.2. SPALLING BEHAVIOUR

Figure 7.7 compiles the results of the spalling experiment. Although not all samples
parameter combinations could be tested, other works [7, 24–26] already determined
that samples with same size and mixture composition may spall with increasing heat-
ing rates. As follows, if a mixture did not spall at 50oC/min, it should not spall at a lower
heating rate. Accordingly, if a mixture spalls at 10oC/min, stands to logic that it would
spall at a higher heating rate.

All mixtures without polypropylene fibers suffered from spalling, regardless of heat-
ing rate or W/C ratio. Mixtures with 0.10% of PP content by volume did not suffer from
spalling regardless of the W/C ratio or heating rate. The mixtures with 0.05% PP content
did not spall for 0.30 W/C ratio, but did spall for 0.40 and 0.50 W/C ratios when the heat-
ing rate was increased from 10oC/min to 30oC/min (and follow the trend at 50oC/min).
This disparity might seem counter intuitive since the samples with lower W/C ratio per-
formed better, however, the actual determining factor to reduce the resistance against
spalling is the concrete denser microstructure, rather than just the amount of mixture
water [27–29]. In the present experiment, the low viscosity of the mixtures generated a
considerably higher amount of entrapped air in the samples with W/C ratio = 0.30, as it
can be observed on Table 7.3 and Figure 7.4. These are valuable data points as it indicates
a higher influence of macro-porosity than micro-porosity for spalling resistance. Which
is reinforced by the MIP connectivity results. In addition, all samples spalled within 10
minutes of surpassing 500oC, despite different heating rates. This might be an indication
of the volume to heated area ratio influence in this heating regime.

Further, the samples displayed different degrees of spalling, depending on the
amount of fibers and heating ratio. Figure 7.8 shows some examples of samples after
the heating experiment. It seems the W/C ratio did not influence the size of pieces as
much as the other parameters.



7

190 7. THE INFLUENCE OF PORE CONNECTIVITY ON SPALLING

Figure 7.7: Spalling testing results. Top: Different mixtures reaction to oven heating at 10, 30 and 50o C/min.
Bottom: Moment and temperature of spalling for each tested sample.
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Figure 7.8: Examples of spalling intensity in selected samples (SCI is explained in Section 7.4).
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7.4. QUANTIFYING PORE CONNECTIVITY INFLUENCE ON

SPALLING

7.4.1. ASSUMPTIONS

As previously stated, spalling usually occurs in concrete as a combination of thermo-
mechanical spalling and thermo-hygral spalling. For this work, it was assumed Equation
2.23 could describe a theoretical concrete material without porosity. Although such ma-
terial is impossible, this represents a starting point for the adaptation of the work of Lu
& Fleck (1998) [30] for cementitious materials. Re-writing Equation 2.23 to separate the
variables based on physical meaning, it yields Equation 7.3 (same variables as Equation
2.23),in which the first term describes the contribution of the mechanical properties of
the material to the resistance against thermal shock cracking, the second term describes
the influence of the environment and the third term describes the contribution of the
thermal properties, sample size and geometry.

∆T = σ f

E
· C1

h
· k

α ·H
(7.3)

While W/C ratio is of relatively low influence for the third term [31] and no impact
on the second therm, it controls the values of the first term of Equation 7.3. However,
the effect of varying W/C ratio within the studied ranges seem to be negligible for the ra-
tio between tensile strength and elastic modulus of the material. This seems intuitively
wrong, since several experiments show that changing W/C ratio in cementitious materi-
als can significantly alter the spalling resistance [31–33]. Presently, it is accepted that this
is mostly caused by the lower permeability and increased brittleness of the paste [34, 35].
Both these properties are correlated to changes in capillary porosity [36, 37], which in-
creases proportionally to the W/C ratio [38]. While brittleness addressed through the
elastic modulus, changes in permeability caused by decrease of W/C ratio are unac-
counted for. However, Table 7.4 shows that MIP connectivity seems proportional to
changes in W/C ratio. Thus, the author proposes a variable Λ(MIP) that represents the
connectivity of micro-pores based on Equation 7.2 to be added to the first term of Equa-
tion 7.3. This addition is placed on the numerator, as the increase in capillary connec-
tivity should improve concrete resistance to spalling [14, 39].

Instead of attempting to estimate pore pressure at several scales, the author explores
the THM by including the capacity of the material to allow for vapour escape. The vapour
escape pressure is proportional to the thermal gradient and water mass within the sam-
ple [40]. The thermal gradient is dependent of sample size, geometry, thermal conduc-
tivity and heating rate. The sample size and geometry are already described by the vari-
able H , as well as thermal conductivity by the variable k. Because Equation 2.23 was
developed for immediate thermal shock events, heating rate still needs to be added. Us-
ing the available data set, it seems that the heating rate is inversely proportional to the
square of the sample resistance to spalling. Thus, it is added in the denominator as the
square root of heating rate.

The free water mass in the material can be approximated using the amount of macro-
porosity and saturation level of the concrete. The authors included the variable AC as
the air content and ϕS as the saturation degree. For a mix with same permeability, in-
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creasing saturation degree seems to make spalling much more likely [41], as intuitively
inferred by the higher amount of water vapor in need to escape, thus ϕS is placed on
the denominator of the equation. On the other hand, AC is placed on the numerator,
despite possibly allowing for more water to be held within the material. This is because
this properties has been found to not affect the tensile strength and elastic modulus of
concrete under spalling temperatures, but allow for comparatively higher escape of wa-
ter [42], thus improving the material resistance to spalling.

Finally, the actual capacity of macro-porosity to allow vapor transport must be re-
lated to its connectivity in addition to its volume. This is reflected in Figures 7.7 and 7.8
that highlight the PP fibre content as a key parameter for spalling prediction. As men-
tioned previously, the tortuosity of the paste was used as connectivity for the macro-pore
space and is introduced asΛ(XCT). The author defends the use of this tortuosity parame-
ter in opposition to fibre content because, although indirect,Λ(XCT) is a physical measure
of the connections between the macro-pores in a given sample. Meanwhile, fibre con-
tent does not take into account the influence of fibre diameter, length and aggregate size
and content, all of which influence spalling behaviour [43, 44]. Further, samples with the
same fiber content can present very different macro-pores connectivity (see Table 7.4).
As this is one of the main forms of spalling prevention, the parameter is placed on the
numerator. Because tortuosity is measured in small volumes and up-scaling remains a
challenge [45], the authors considered the relationship with sample volume (and geom-
etry) non-linear and added a constant C3 to account for that. This resulted in Equation
7.4:

SC I = σt · (Λ(MIP) −C1)

E
· C2

h
· k · AC

α ·pHR
· Λ(XCT) −1

H C3 ·ϕS
(7.4)

In which C1 = 0.02, C2 = 180, C3 = 0.17 and the left hand side of the equation no
longer means a critical thermal gradient, but a spalling control index (SCI). The con-
stants were set so a value of SC I < 1 denotes spalling and SC I > 1 predicts that the stud-
ied concrete will not spall under the considered conditions. The value of the constants
has been calibrated using the described experiment.

7.4.2. VALIDATION
Although Equation 7.4 correctly predicts whether the samples studied in the experiment
of the present chapter would spall or not (Figure 7.10, top), the amount of data was not
satisfactory. Hence, five studies [25, 46–49] were selected for the validation of the pro-
posed equation. The main criteria to chose relevant research papers were the publica-
tion of heating experiments in which the following parameters were reported: if the sam-
ples spalled, the W/C ratio, the volume, the heated area, the polypropylene fibers content
and dimensions (if used), the compressive strength, the air content and the heating rate.
Because the studied samples were saturated, the search was limited to experiments also
using saturated samples.

Ideally, tensile strength and elastic modulus would be part of the searching criteria,
however, these values are rarely published after spalling experiments. To circumvent this
challenge, the authors estimated tensile strength and elastic moduli for samples lacking
these data based on the Eurocode [50]. Within the norm, it is stated that the tensile
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strength of concretes of class C50/60 or below can be estimated based on Equation 7.5,
while concretes above this class use Equation 7.6. The elastic moduli were estimated
using Equation 7.7. Further, these would be the values for the material at room temper-
ature, it would not be feasible to gather enough literature results including mechanical
properties at high temperatures. In a review performed by Ma et al (2015) [51], it was es-
timated that about 25% of the flexural strength and elastic modulus of concrete is lost at
a temperature of 250oC, thus, a 0.75 factor was applied to the estimation of these prop-
erties.

fctm = 0.3 · f 2/3
ck (7.5)

fctm = 2.12 · l n(1+ ( fcm/10)) (7.6)

Ecm = 22 · ( fcm/10)0.3 (7.7)

The heat transfer coefficient between concrete and air was assumed to be 10
W/m2/K, the thermal conductivity of the samples was set at 1.8 W/m/K, and the cof-
ficient of thermal dilation as 4.5·10−5 1/K. Since Λ(MIP) and Λ(XCT) were newly proposed
parameters, these had to be estimated for all literature samples. For both parameters,
regressions were performed using the experiment of this chapter. As expected, Λ(MIP) is
proportional to W/C ratio, with a logarithmic relation in the shape of Equation 7.8, which
yields a R2 = 0.9222. The paste tortuosity, could not be inferred using a single param-
eter, instead, a combination of multiple fibre properties, air content and compressive
strength was necessary. A second order polynomial regression with two variables was
used, generating Equation 7.9 with a R2 = 0.9911. The fit of both variables is displayed in
Figure 7.9.

Λ(MIP) = 0.3829 · l n(W /C r ati o)+0.7362 (7.8)

Λ(XCT) = 1.194−3.034e−2 ·Padj −2.675e−3 · fck +2.837e−5 ·P 2
adj +6.955e−4 ·Padj · fck (7.9)

In which the Padj is the polypropylene index divided by the air content of the sample.
The concept of PP index was first proposed by Li et al (2021) [7], as a better description of
the amount and spacing of PP fibers inside concrete. This index was defined in Chapter
6.

The five selected papers [25, 46–49] contain a total of 102 unique samples that went
through heating experiments. These samples varied in volume from 9 dm3 to 216 dm3,
in air content from 1.6% to 4.2%, in heating rate from 5oC/min to 115oC/min and in PP
index from 0 to 4700. Equation 7.4 was used to predict the behaviour of each individual
sample, with the results reported in Figure 7.10, bottom.

A total of 93 out of 102 correct predictions was achieved, which is equivalent to
91.18% accuracy. As shown in Figure 7.10, from the 9 incorrect predictions, only 3 belong
to samples that did spall when Equation 7.4 indicated a safe situation. The remaining 6
incorrect data points belong to sound samples that were expected to spall.
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Figure 7.9: Curve fitting ofΛ(MIP) andΛ(XCT).
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Figure 7.10: Validation of Equation 7.4 using spalling experiments. Blue lines represent samples that did not
spall, red lines represent samples that did spall, the black horizontal lines shows the prediction cutoff for
spalling. Top: Results from experiment described in this chapter, each mix design has three lines to represent
the tests performed at 10o C/min, 30o C/min and 50o C/min, in this order. Bottom: Results from experiments
collected from the selected papers [25, 46–49], samples are organized in no particular order.
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7.5. DISCUSSION
Although high temperature spalling is a known problem in concrete for nearly a century,
the prediction of structural members behaviour against rapid heating is still a challenge.
Most standards merely advice a minimum polypropylene fiber content to protect struc-
tures from it. However, spalling may affect structures even with high amounts of fibers,
depending on physical and geometrical properties of the fiber itself [52, 53]. Alterna-
tively, recent advances in FEM methods aim to couple the TMM and the THM [54–57].
Yet, these use randomly created, often simplified, concrete meso-structures, which do
not properly account for mixture variations, such as pore connectivity.

Equation 7.4 reached high accuracy when compared against other laboratory exper-
iments for predicting spalling. However, further work is necessary to predict spalling in
actual concrete structures. During fires, the material often experiences one-sided heat-
ing, which allows for bigger temperature gradients with faster development. Some works
have been published in the shortcomings of sample size and oven heating regarding the
study of concrete in high temperatures [49, 58–61], however, this remains as the most
accessible option and vast majority of published research.

Another drawback is that concrete in a structure is never fully saturated, it always
possesses an inner gradient. This causes a small amount of stress in the structure by
default, prior to any thermal loading. Some researchers [41, 62] looked into the influence
of different saturation degrees in concrete regarding spalling, but these samples were
treated to have a constant saturation through its entirety. The actual gradient found in
structures is not only related to the material properties, as it is also linked to the structure
design and in which area is the concrete located.

Further, samples were free to expand at the surfaces inside the oven, this was a con-
scious decision given the goal of focusing in the thermo-hygral mechanism. However,
most concrete structures are externally restrained and under loads, which changes the
response to high temperatures [63]. Although several works attempted to study spalling
in concrete under imposed stress [64–66], these do not account for relaxation of stress.
In actual structures, relaxation develops over years of sustained load and increases with
temperature [67]. This effect will lessen the stresses caused by the restraining of the ma-
terial within the structure and should be accounted for.

Still, development in the field of spalling prediction is necessary to achieve preven-
tion. This is a phenomenon that poses great danger for structures with difficult evac-
uation in the case of fires. Tunnels, for example, can be greatly affected by it, which
is not a rare occurrence [68], indeed, most incidents involving trains in tunnels are fire
related [69]. Chapter 1 shows the average number of fire incidents (caused by automo-
biles, trucks or trains) to occur inside tunnels in different countries, and this is still a
problem in current society. While the priority is to avoid loss of life, these events also
cause great damage to the concrete lining, demanding costly repairs that hinder traffic
[52, 70]. Thus, spalling-proof concrete mixtures must be developed and used in these
structures.
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7.6. CONCLUSIONS
This chapter explored the influence of pore connectivity on concrete resistance against
spalling. First, an experiment was proposed in which the microstructure of the samples
would be characterized in order to define the connectivity present in the pore space.
Then, the samples went through a spalling experiment and an equation was developed
to predict which samples would spall. Once the equation correctly predict the experi-
ment, further experiments were collected from literature to validate this work. The ana-
lytical equation determines whether a given sample will suffer spalling under fast heat-
ing conditions with an accuracy higher than 91.2%, thus, seems a viable alternative for
spalling prediction of laboratory concrete.

However, spalling does not depend only on the material, but of a combination of
material, structural and thermal parameters. This has been partially argued in Section
7.5 and offers insight on future work. Although functional, Equation 7.4 could be com-
plemented by a research on the influence of saturation gradients within concrete and
loaded, reinforced samples. A short recommendation for further studies is provided in
Chapter 8.
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8
APPLICATIONS &

RECOMMENDATIONS

It is so shocking to find out how many people
do not believe that they can learn, and how
many more believe learning to be difficult.

Frank Herbert, Dune

Let’s be clear. The planet is not in jeopardy. We are in jeopardy.
We haven’t got the power to destroy the planet - or to save it.

But we might have the power to save ourselves.

Michael Crichton, Jurassic Park

This chapter contains suggestions of possible applications to the findings in the previous
chapters. These focus on the improvement of materials used on industrial sites and road
tunnels. Further, the chapter also collects the author’s opinions on how the experimental
research of Chapter 7 could be continued and implemented in a numerical model for fast
simulation of spalling in concrete. Finally, space shuttle launchpads are pointed out as a
potential new field of application for modern refractory concrete research.
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8.1. APPLICATIONS

8.1.1. FACTORIES

H IGH temperatures are very common in several industries. Below, a list of some of
the main processes involving it:

• Aerospace components manufacturing;

• Aluminium processing;

• Autoclave applications;

• Cement manufacturing;

• Ceramics manufacturing;

• Foundry;

• Glass manufacturing;

• Petrol refining;

• Rubber vulcanization

• Steel manufacturing.

All of these require special equipment, created for the specific temperature and pro-
duction cycle of each product. On the other hand, factory structures are designed in
similar manners in every case. In Chapter 5 it is shown that designs taking into account
both mechanical and thermal stresses can provide great economic benefits through the
decrease of maintenance needs and pause of production schedule. However, these are
fairly specific or even unique situations, thus it should not fall upon the design codes to
specify guidelines for every scenario. Rather, civil engineers should consider including
thermal consideration for designs when working in industries related to high tempera-
tures. This would require good communication, as the structural engineer would have
to be educated towards the intended operation of the factory and determine, besides the
class of the concrete, the composing materials.

Because the design of special concrete mixtures is outside of the expertise of most
structural engineers, it would be helpful to have guidelines that could guarantee the
thermal stability of concrete without requiring a laboratory campaign. This poses a chal-
lenge as Chapter 5 demonstrated that even refractory materials can suffer damage due
to engineering choices in the actual factory environment.

The first step to produce a refractory concrete is the selection of the binder. A num-
ber of options has already been tested and is commercially available, such as, hydratable
alumina, phosphate cements, magnesium-silicate-hydrate cements, collidal silica, col-
lodial alumina, etc. However, the industry standard remains calcium aluminate cement
(CAC) [1]. This is, in part, because of its application similarities with Portland cement
and nearly equal pH [2]. The reasons for this are explained Chapter 2. In a similar man-
ner that certain cement types are recommended for environments with high degrees of
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sulphates, specific industrial structures could be considered high risk for thermal shock
events and require the use of CAC or another refractory binder. As CAC has been used
for several decades [3], guidelines for its application are available in several sources [2,
4, 5]. Further, Chapter 3 showed a detailed analysis of the cement performance in an ex-
periment with a thermal shock of approximately ∆T = 1500oC , as most industries have
a similar or smaller temperature gradient, the findings of that chapter could be directly
used as general recommendations.

The choice of aggregates, however, would be more challenging. Aggregates are usu-
ally selected by their geographical availability [6, 7]. Chapters 2 and 4 discuss some
stones with high performance against high temperatures, however, this is far from be-
ing an exhaustive list of refractory rocks. In general, basalt, olivine and plutonic rocks
are recommended, but specific options could be found by consulting the textbooks of
the geographical region of interest [1, 8].

The use of special concrete in certain factory locations is usually not discussed in the
design phase, because it incurs an increase in project cost. Calcium aluminate cement is
more expensive than Portland cement by mass and the same can be said about refractory
aggregates when compared with common river sand, for example. However, Section
5.4 of Chapter 5 demonstrates how the initial material cost might be very misleading
when estimating the actual expenditure of a factory. Additionally, the shift in design
philosophy would also produce a secondary advantage in the form of sustainability. This
is largely based on the positive effects the reduction of repairs cause in the CO2 footprint
of structures [9], as discussed in Chapter 1.

8.1.2. FIRE SAFETY FOR TUNNELS

Road tunnels present a different engineering challenge than factory structures as the
main goal is to avoid spalling [10], rather than to conserve a certain degree of mechan-
ical strength after a thermal shock event. This is due the long evacuation time of such
structures and much higher risk of human life loss, besides the considerable economic
costs [11]. Further, although such events are more rare than in industrial settings, they
remain relatively frequent, as shown in Figure 1.1.

The most common way of protecting concrete against high temperature spalling is by
the addition of polypropylene (PP) fibres [1, 12–14]. However, Chapters 6 and 7 discuss
how our current capacity of predicting spalling is limited. In this context, Equation 7.4
from Chapter 7 could be used as a rough design guideline. By replacing Equations 7.5,
7.6, 7.7, 7.8 and 7.9 into Equation 7.4, one can estimate the minimum PP index for a given
mixture and heating condition. This results in Equation 8.1, with Ω shown in Equation
8.2 andΞ shown in Equation 8.3 for concretes of class 50 or lower and in Equation 8.4 for
concretes above class 50.

PPI ≥
[
−F1 · fck +F2 ±

√
F 2

1 · f 2
ck −2F1 ·F2 · fck +F 2

2 −4F3(0.194+Ω ·Ξ · fck)
]
· AC

2F3
(8.1)

Ω= 0.002675−0.2042

(
h ·α

k
·
p

HR

AC

)
·
(

H C3 ·φS

0.3829ln(w/c)+0.7162

)
(8.2)
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Ξ= 1

f 1.36
ck

(8.3)

Ξ= 1

ln(10+ fck)−1.6118 fck
(8.4)

All symbols and variables are consistent with what was provided in Chapter 7. The
constants are defined as: F1 = 6.955 · 10−4, F2 = 3.034 · 10−2 and F3 = 2.837 · 10−5. This
would require the structural engineer to define the desired fck, w/c ratio and air con-
tent in the concrete, all of which the concrete producers can easily control. Additionally,
the PP index as output is more useful than a PP dosage, as the dosage can be calcu-
lated through Equation 8.5, adapting to whichever PP fibre is available in the area of the
project. This is simply the inversion of Equation 6.1, and all variables and units are the
same as in Chapter 6.

ϕ= PPI ·d

l
(8.5)

This is, however, only a preliminary equation. In Section 7.5 of Chapter 7 the au-
thor discusses several shortcomings of it and the lack of full scale experiments. Before
including this in the design process, it would be recommended to carry additional ex-
perimental work, as discussed in the Section 8.2.

8.1.3. LAUNCHPADS
Conventional launchpads are concrete structures destined to endure exceptional ther-
mal and mechanical loading. In particular, non-military rocket launches have a much
bigger mass to transport, which increases the loads in the platform proportionally. In
order to help absorbing the energy, the actual concrete is at an angle from the rockets
engines, so the propellant can be directed sideways, these are called flame diverters. On
top of that, active systems release water during the launch to consume more of the en-
ergy and decrease the sound impact on the rocket.

However, as the goals shift to landing and re-launching the rockets, the launch plat-
forms have changed to horizontal concrete structures without water flooding. This is
because of the intent of also performing launches outside of Earth. Yet, this has con-
siderably altered both the thermal and mechanical loads, which is now a problem for
launch systems.

On the 9th of November 2020, a Starship prototype from Space X performed a firing
test on one of such new platforms, this test caused chunks of concrete to fly upwards
damaging the structures nearby as well as the rocket turbine [15]. This was not the only
incident. In a technical report [16], a committee at NASA has informed that their re-
fractory concrete has become susceptible to failure during modern launches, with the
possibility of damaging the space shuttles, the ground support equipment and even en-
dangering the safety of employees. The report further found that among the available
options at the time (2013), refractory concrete still presented the best performance, how-
ever requiring maintenance.

This is a niche area of application that still requires additional research. While the
present thesis focused on the thermal performance of such materials, launchpads are
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also subjected to ablation and erosion. The same report [16] also identified the poor
testing of materials as a key problem in evaluating or developing better solutions. This
is in agreement with what was observed in Chapters 2 and 6, as very few spalling ex-
periments use a controlled setting of direct exposure to flames (such as of a blowtorch)
and this is usually performed without mechanical loading [17–19]. In the case of launch-
pads, the loading occurs in the same direction of the flame emission, which requires a
large-scale experimental setup.

Finally, because there is only a very small amount of commercial products available
for this application, it also presents a business opportunity for research carried out in
this topic. Although space launches are not very frequent, they have increased at an
exponential rate in the past decade, surpassing an amount previously only seen during
the cold war (see Figure 8.1). Considering the recent boom of commercial endeavours to
use orbital space and further destinations, this trend is expected to increase, more than
doubling the market size [20]. Thus, this field seems attractive for novel research efforts
using the current developments in high strength refractory concrete.

Figure 8.1: Frequency of failed and successful space launches per year, data source: [21].
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8.2.1. PREDICTION OF SPALLING THROUGH ANALYTICAL EQUATION
Chapter 7 focused on exploring the influence of pore connectivity on spalling and how
to quantify it. One of the main outcomes of that chapter was Equation 7.4, which proved
that the quantification method was effective through the Validation section. However,
the equation can only be used to predict spalling in samples with specific parameters
(i. e. fully saturated samples). This is due to the focus of the experimental campaign in
highlighting the contribution of pore connectivity to the phenomenon of spalling. An
extension of this experiment, focusing on the other parameters of Equation 7.4 could
potentially improve the prediction power to include any laboratory sample.

The extension of the experiment could be divided in three campaigns:

1. Determine the influence of the saturation degree on the samples;

2. Determine the influence of the volume to heated area ratio on the samples;

3. Determine the influence of the change of aggregates on the samples.

Because the base experiment already possessed three variables (w/b ratio, pp con-
tent and heating ratio), it is likely the follow up campaigns would have to eliminate one
these to keep the amount of samples manageable. For example, it would be interesting in
campaign 1 to maintain the fibre content fixed as 0.00% while varying the saturation de-
gree of each sample, creating a testing matrix similar to the one presented in Figure 7.7.
The saturation levels could be controlled using the mass differences between saturated
samples and samples dried at 105oC until mass balance was achieved. Once the mini-
mum saturation necessary for the occurrence of spalling was identified, the polypropy-
lene content could be increased to explore the relationship between the PP density and
water volume for a given mixture. The outcome would likely improve the use of Equa-
tion 7.4 as a design recommendation tool by determining the amount of polypropylene
needed following Equation 8.1.

In order to further improve the understanding of the effect of the saturation degree
on spalling of concrete, experiments could be carried out with considerably larger sam-
ples that would present moisture gradients previous to heating. As previously discussed,
real structures are not dry or saturated, but present different gradients in each member,
which cause small stresses in the concrete. Then, φS in Equation 7.4 would no longer
be a constant and likely replaced by Equation 8.6, with x representing the depth in the
sample and dtot the total thickness of the sample. For multi-directional heating, it would
be better to use d/2.

φS =
∫ dtot

0
φx d x (8.6)

Although creating moisture gradients within laboratory samples is simple, control-
ling such gradients to generate reproducible results isn’t. Because of the semi-random
pore structure of concrete, the rate of water loss is not the same for samples with the
same mixture [22, 23]. Further, reliably measuring moisture profiles is also challenging,
as the main method still involves drilling the sample and testing the collected powder
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material. These challenges currently pose an obstacle for the extension of laboratory re-
sults into full structural predictors. As such, the author considers this as a very fertile
topic for future research.

The second campaign is deemed useful because it could further explore the effect of
the TMM, which was less studied in Chapter 7. The validation attempted to correct this
by showing the application of the equation in samples of varying sizes, which presented
very distinct volume to area of heating ratios. However, the actual size of the samples
tested in the selected studies [24–28] varied from 9 to 216 dm3, which would be equiva-
lent cubes of sides from 20 cm to 60 cm. These are already samples considerably larger
than the ones used for the experiment in Chapter 7, but the area of heating was fixed.

For a new experiment, it would be interesting to set a fixed volume and change the
shape of the samples, so a correlation between the area of heating and spalling resis-
tance could be explored. This could be achieved by testing a series of rectangular prisms
with varying height and cross-section. Figure 8.2 shows a sketch of the proposed series
of samples, if a cube with 30 cm side was chosen as starting point, the other samples
would have a height of 5, 10, 20, 40, 60, 80 and 100 cm. For simplicity, all samples could
be saturated and a single mixture design could be studied. Once a critical volume to area
of heating ratio was identified, this experiment could be repeated with the same H/L ra-
tios for varying volumes, further clarifying the influence of the size factor on spalling.
Additionally, the variation of saturation degree and PP content could highlight the tran-
sition between spalling processes governed by vapour pressure development or thermal
gradients and bring the experiments very close to real field conditions.

Figure 8.2: Sketch of samples to study the influence of the variation of area to a fixed volume, H/L stands for
the ratio between the height H of a sample and its side length L.

Another point of interest would be the test of equal mixtures using different aggre-
gates. In Chapter 2 a brief description was given of aggregates performance during rapid
heating. However, aggregates also influence the thermal dilation [29–31] and thermal
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conductivity [32–34] of concrete. Because Equation 2.23 was initially developed for solid,
homogeneous materials, it assumes a linear relation between thermal dilation and con-
ductivity with the material resistance to cracking. This assumption usually holds for con-
crete because most studies only use one type of aggregate per experiment (see Chapter
7 experiment and validation sections). Nevertheless, it is known that the thermal dila-
tion of concrete is not linear [35, 36], as shown in Figure 4.7. Thus, a systematic study of
samples using several types of aggregates could clarify the influence of these properties
on spalling. The author believes this could require a small correction factor, that could
be incorporated in the coefficient C 2 of Equation 7.4.

Finally, if Portland cement is eventually replaced by a carbonatable cement, con-
crete would likely retain the mechanical properties better as decomposition of the main
binder phase would start at 750oC instead of 300oC (see Chapter 2). Because of the low
thermal conductivity of concrete [29], this difference could prove useful for the neces-
sary time to evacuate a structure. However, very few studies regarding carbonated Port-
land cement or carbonatable calcium silicate cement exposure to high temperatures are
available. Design guidelines would be necessary taking into account the effect of mixture
not only in mechanical properties, but also in dimensional stability.

8.2.2. MODELLING OF SPALLING

The lattice model has been used in concrete for a long time [37] and the description of
it and its three dimensional application can be found elsewhere [38]. Although initially
developed to describe the fracture processes caused by mechanical stresses in concrete,
this model has been extended to predict cracking due corrosion [39], chloride ingress
[40], capillary absorption [41], buckling during 3D printing [42], among others. Some
of these extensions directly benefit the creation of a spalling model as cracking due cor-
rosion happens in a similar manner than the TMM of spalling (albeit in different time
scales) and capillary absorption present the basis of water transport necessary for the
THM of spalling. Further, the ANM model [43] allows for the use of realistically shaped
aggregates, which can influence the water escape path and, thus, the raise of hydraulic
stresses.

Recently, Lottman (2017) [44] developed a 2D lattice model for the prediction of
spalling in concrete that attempted to couple the TMM and THM. This work tackled
some issues mentioned throughout this thesis, such as the assumption of concrete as
a solid, homogeneous and isotropic material. It also tried to include the difference in
material through the study of two cases, one of concrete class C25/30 and another of
concrete class C90/105. This model showed that the cracks developed in concrete dur-
ing service were enough to release all water during a fire, making the THM negligible.
Spalling would occur due to the buckling of concrete members caused by the TMM.
These results are in opposition of experimental evidence of concrete spalling through
THM while enduring compressive loads [45–47]. Moreover, the model neglected to take
into account any influence of aggregates aside from their physical blockage of water
transport. Additionally, the cases of concrete class C25/30 and C90/105 had the same
microstructure, aggregate distribution and paste content, which is unrealistic. Finally,
the anisotropy, heterogeneity and porosity of the material were chosen as fixed parame-
ters for all concretes.
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The work of Lottman (2017) [44] presented many important insights for the coupling
of TMM and THM, and development of a fully functional spalling 2D model, but used
porosity and permeability as the only non-mechanical properties of the material. As
mentioned in Section 7.5, this is a common challenge in current finite element models
trying to couple the different mechanisms of spalling. Although modelling was outside
of the scope of this thesis, the author believes that the implementation of some of the
findings of Chapter 7 could improve the model proposed by Lottman (2017) [44] and
solve the neglect of THM issue.

The estimation of stresses caused by TMM seem accurate and require no adjustment.
For the estimation of stresses due THM, the drying front would build up stresses similar
to what was found in experiments using pore pressure gages, following Equation 2.24, as
it was shown in Li et al (2021) [48] (see Figure 8.3). This is in agreement with the mag-
nitude of stresses found in the model proposed by Lottman, however, when one crack
occurred in the system, the gas pressures would revert to atmospheric pressure almost
immediately. This could be improved by replacing the porosity by air content and both,
average pore diameter and permeability by pore connectivity. The connectivity could
be used in a bilinear relation in which micropores connectivity could still cause pres-
sure buildup after a crack released water vapour concentrated in macropores. Further,
σTHM could receive a penalty based on the total pore connectivity of the concrete. For a
given value ofΛ(XCT) +Λ(MIP),σTHM → 0. This threshold would have to be determined by
testing samples with very high W/B ratios and very high PP indexes or very widespread
cracking.

Figure 8.3: Relationship between maximum pore pressure and the saturated vapor pressure. Extracted from
[48].



8.2. RECOMMENDATIONS FOR FUTURE RESEARCH

8

217

Because the material’s properties are considered static for the duration of the simula-
tion, relaxation could be considered instant, being applied in the next time step as it was
suggested previously [49]. Finally, aggregates could be considered non-inert, by adding
their expansion based on composition. Indeed, a two- or three-class aggregate classi-
fication system should be enough to account for its thermal behaviour [14, 45, 50–52].
Validation experiments could be carried out on granite and basalt samples, for example.

8.2.3. DEVELOPMENT OF HIGH STRENGTH REFRACTORY CONCRETE
Refractory concrete is usually designed for applications such as lining of kilns and ovens,
where the material has to resist hundreds or thousands of high temperature cycles [1],
but its mechanical resistance is usually not of concern. Although less common, appli-
cations in which the mechanical properties of refractory concrete are important exist,
as it was demonstrated in Chapter 5. However, the development of very high strength
refractory concrete is almost non-existent, as the material usually has to sacrifice the
mechanical properties to endure higher temperatures [53, 54].

In this context, the findings in Chapter 4 could be of some importance, as both dunite
and microgabbro retained very high compressive strength after being exposed to a tem-
perature of 900oC. In fact, dunite has displayed a nearly 80% increase in resistance, with
both rocks showing a compressive strength above 140 MPa after said temperature. Ad-
ditionally, to the knowledge of the author, the results from dunite were previously unre-
ported.

Research should be carried out on the possibility of using these stones as aggregates
for the production of high strength refractory concrete post heating. Given its similar co-
efficient of thermal dilation to concrete (see Figure 4.7), these stones could go through
firing after the concrete is already cast, so both the binder and aggregates suffer the ini-
tial shrinkage from chemical shift together. Such material could become an excellent
option for all the applications suggested in the previous section. In particular, the high
hardness of the stones could improve the resistance to ablation and erosion, as required
on launchpads.

Nevertheless, these rocks are not a regular type of aggregate found in any supplier,
and furthermore, are usually not provided in small batches. Thus, a cost analysis would
need to be performed considering the transport and crushing energy to convert the rocks
to concrete aggregates before this is considered a sound engineering solution, even if the
experimental results point to a high strength refractory concrete.

8.2.4. PREDICTION OF CYCLIC THERMAL SHOCK PERFORMANCE
Finally, most applications discussed on this chapter require materials that endure re-
peated exposure to thermal shock and high temperatures. However, due to the limited
capacity of prediction of materials performances, very few experiments aim to deter-
mine the long term behaviour of materials in cyclic thermal shock environments. This
is a field most often explored in the refractories community, where the main concern
is chemical equilibrium and high temperature corrosion [55, 56]. For concrete, this is a
knowledge gap.

Assuming a material does not spall and retain a certain degree of mechanical prop-
erties after exposure to high temperatures, one could approach the determination of its
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service-life with an approach similar to what was proposed by Yu et al (2017) [57] for
freeze-thaw fatigue. This is fitting as these authors already propose a frame of reference
for fatigue failure due temperature cycles. Naturally, the experiment would have to be
adapted to high temperature thermal shock.

Figure 8.4 shows a sketch of how the experiment was envisioned. As in freeze-thaw
testing, the main tool for concrete analysis would be ultrasonic pulse signals. To per-
form the temperature cycles, rather than putting the concrete inside an oven, a steel
plate could be pre-heated to a certain temperature and then placed on top of a rectan-
gular concrete slab. The size and temperature of the steel plate should be equivalent to
the amount of heat desired per cycle. The ultrassonic sensors would be embedded in the
slab, thus it is recommended to use transducers with a aggregate coating (see top right
corner of Figure 8.4). Because temperature affects the ultrasonic transmission within
solids [58], a preliminary experiment in which the slab is slowly heated while pulse sig-
nals are continuously recorded should be performed as means to create a baseline. Addi-
tionally, a laser thermometer could be used to determine the cooling rate of the selected
steel plate at the local laboratory environmental temperature. Finally, during the cycles
the laser thermometer could be pointed at the location of one of the sensors for temper-
ature correction.

Figure 8.4: Sketch of experimental setup for cyclic thermal analysis of concrete.

The shift in pulse signal could be potentially correlated to macro-cracks formation
or the deterioration of mechanical properties, as it was proven elsewhere [59]. Macro-
cracks formation could be inspected through visual appreciation or X-ray tomography,
however, the size of the sample would limit the tomography resolution to a minimal of
several millimeters. The deterioration of mechanical properties would require the de-
structive testing of the samples after a set number of cycles, which would require con-
siderable more repeated samples. Still, results of such experiment could provide a way
of creating guidelines for the estimation of service-life of structures repeatedly exposed
to thermal shock events. This would be a relatively novel field of study for concrete and
could benefit factories from the industries mentioned above.
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AND FINAL CONSIDERATIONS

No one really starts anything new, Mrs. Nemur. Everyone builds
on other men’s failures. There is nothing really original in science.

What each man contributes to the sum of knowledge is what counts.

Daniel Keyes, Flowers for Algernon

... anyone who thinks one book has all
the answers hasn’t read enough books.

Brian K. Vaughn, Saga

This is a concluding chapter explaining the scientific and technical implications of the
research findings for society in considerable detail.

225



9

226 9. RETROSPECTION, CONCLUSIONS AND FINAL CONSIDERATIONS

9.1. RETROSPECTION

T HE main aim of this thesis was to develop a predictive method to determine if a ma-
terial would suffer high temperature spalling under certain heating conditions. This

was necessary to design a structural concrete that would not be affected by it, and could
be installed in a factory setting. Due to schedule demands from the industrial partners
of the project, the design of the material became the first part of the thesis, while the
prediction of spalling was researched later. Because each of these tasks demanded a
multi-level approach, the following works were conducted:

In Chapter 2 a review of the main effects and chemical changes caused by high tem-
perature was performed in the conventional building materials, followed by some novel
materials being currently explored. This aided in the pre-selection of material to be
tested during the project. Further, the chapter also reviewed the current understand-
ing of high temperature spalling, the causes and the main methods of avoidance. This
was the starting point for Chapters 6 and 7.

In Chapters 3 and 4 the binder and stones to be used in the project were pre-selected
and tested in conditions similar to what is present at the factory of the industrial part-
ners. A new experimental setup had to be developed in order to match the heating con-
ditions and perform such observations. Typical analytical chemistry and microscopy
techniques were employed to study the microstructural changes in the materials, with
focus on how this could affect the stress state of the concrete. Finite element modelling
was used to explain some of the behaviour of the samples and predict performance on a
large scale setting.

In Chapter 5 the materials explored in the previous chapters were used to design
four test elements that would be installed at the studied factory location. Such elements
would require to follow all codes for precast concrete elements that are subjected to
hoisting operations. To design such elements, the PhD candidate spent time in the fac-
tory determining the actual load cases and performing a historical review of the factory
operation and how the load cases evolved. After installation of the test elements, the re-
search team was allowed access to the area of operation for observation of the elements
twice, one after 6 months of factory operation and one after 1 year of factory operation.
The inspections showed that the test elements had a much better performance than the
current method of protection used and the test was considered successful.

In Chapters 6 and 7 attempts were made to advance the knowledge in spalling pre-
diction. Initially, because of the high amount of influencing parameters, it was decided
to try a machine learning approach. Before testing algorithms, a large database of con-
crete samples that went through spalling experiments was necessary. Such database was
developed by taking note of over 40 relevant features in experiments that included con-
crete samples going through spalling tests. Over one thousand unique combination of
parameters were collected and annotated regarding the sample resistance to spalling.
Several architectures were attempted to use machine learning for the prediction of con-
crete spalling, but the algorithms just fell short of 90% accuracy. It was hypothesized
that this was due the incomplete information provided regarding the microstructure of
samples. For this reason, the next chapter was dedicated to the exploration of the pores
structure and connectivity within mortar on their spalling. It culminated on an analytical
equation that could predict spalling in laboratory samples and achieved a 91% accuracy
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when validated with experiments from literature.
In Chapter 8 a review of possible applications for the findings of the other chapters is

provided and recommendations for extensions of the research performed. Because the
present thesis focused on an industrial problem, many of the outcomes could be used to
aid in other factories that also deal with high temperature issues. The spalling prediction
could also be used for the benefit of road tunnel structures, or even rearranged to work
as a design guideline, as shown in this chapter. Furthermore, launchpads are pointed out
as a relatively new field of interest in which this research would fit well. Finally, recom-
mendations for improvement of spalling prediction, both, through further development
of the proposed equation or through numerical methods is offered. A suggestion on how
to pursue a continuation of the work carried in Chapter 4 is also provided.

9.2. GENERAL CONCLUSIONS
Although conclusions are provided in every chapter, these are restricted to the corre-
sponding work. In this section, some general conclusions on this research topic are
given:

• Special applications require special experimental setups
The conditions to which structures are submitted in factories are fairly rare and ac-
cordingly, literature is scarce. The standard experiments for concrete submitted to
high temperatures involve heating a sample in an oven and studying the changes
afterwards, which is motivated by the investigation of remaining properties after a
fire event. However, in Chapter 3, the first section is dedicated to explaining why
this would be a poor performance predictor to industrial setting that include non-
fire related high temperature events. The former justifies the different test method
used in Chapters 3 and 4. This allowed for the study of the interaction between the
molten material and the proposed surface protection, which resulted on some as-
sumptions regarding the type and rate of high temperature chemistry to occur in
the actual setting of the case study. Similarly, for different factories, experimental
setups should include the contact of the sample with the product in question at
high temperatures whenever possible. This would allow to extend the investiga-
tion into chemical reactions often unavailable anywhere else, besides the effects
of temperature in the structural material.

• Upscaling requires more engineering than scientific work
When designing the test elements from Chapter 5, many of the complications
were related to logistics and practical limitations, not to the properties of the
elements. Furthermore, most meeting with the design committee focused on
detailing of reinforcement based on normal temperature concrete codes. Finally,
it is the opinion of the author that the stones in the hybrid elements eventually
fractured due to a design flaw, not a material one. Such challenges are common
for materials destined to be used in high temperature environments. To overcome
many of this situation, most industrial refractory concrete is currently sprayed,
avoiding the need of considerations regarding dynamic loads, or redundant
reinforcement. Although it was necessary to produce precast elements for this
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thesis, the future application of the material would benefit from casting through
the wet gunning method.

• Testing of concrete spalling needs better reporting
While studying for the writing of Chapter 2 and searching for papers for the cre-
ation of the database in Chapter 6, it became clear that spalling experiments need
better detailing of its own experimental parameters. Figures 6.2 and 6.4 show sev-
eral hundreds of samples with unreported aggregates size, type or lading state
of the samples. These are all features that severely influence spalling behaviour.
Moreover, tens of papers were not added to the database for lacking fundamental
information regarding the used material, such as, W/C ratio, mixture design, fibre
content and dimensions, or heating parameters. This is likely due to the some-
what still controversial determination of main parameters influencing spalling in
concrete. However, considering the results shown in Figure 6.9, most parameters
should be reported, as they all have varying degrees of influence in spalling.

• The complexity of cement porosity is a formidable obstacle to spalling research
In addition to the previous conclusion, Chapter 6 found the microstructure to be
the least reported feature of concrete in spalling research. This is in big part due
to the sheer complexity of it, but also because it became somewhat acceptable to
use W/C ratio as a replacement for information in cement microstructure. This
is often not enough for spalling, as porosity affects the concrete behaviour differ-
ently depending on its size and distribution. Chapter 7 presents some evidence
that W/C ratio is a suitable indication of the amount and connectivity of capillary
porosity, but not of macro-porosity, which is more important regarding the THM
of spalling. The influence of macro-porosity in spalling was quantified through
microtomography, but this incurs a considerable amount of data per sample that
would not be possible to make available in publications without the creation of a
dedicated server. A correlation between the connectivity of the macro-porosity
was created with air content, compressive strength and fibres dimensions and
content on the samples. However, these properties are also often not reported.
Although the multi-scale effect of porosity in spalling requires the employment of
more than one analytical technique for its analysis, this is an essential feature of
samples missing in the study of concrete spalling and remains one of the main
obstacles to further the knowledge in this field.

• Spalling is both a material and a structural phenomenon
When concrete is a part of a structure, it experiences several circumstances that
small laboratory samples do not. Some examples are stress relaxation, large mois-
ture gradients, eccentric loading, prestressing, among others. Although these also
influence spalling behaviour, they are very difficult to control in a laboratory set-
ting. This is such a challenge that many of the research published exploring one
of these circumstances overlook all others and several material parameters. In this
regard, the continual advancement of computational methods to simulate spalling
in concrete is a very promising manner of bridging the gap currently placed be-
tween material and structural research of this phenomenon.
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9.3. FINAL CONSIDERATIONS
This was a challenging PhD topic with so many interesting research possibilities that the
selection of specific paths was a task in itself. Eventually, the research questions posed
in Chapter 1 served as guidelines on how to address the defined problem and how to
limit the curiosity and will to investigate all aspects of the subject. After the writing of
the present thesis, these questions can now be answered and are presented below.

1 Which materials and proportion can produce a spalling resistant concrete re-
specting the logistics constraints of application in steel factories?
A concrete mixture was provided in Chapter 5 for elements that survived over one
year of factory operation in critical locations with very few damage and no signs of
spalling.

1.1 Can oven heating simulate the reaction of concrete to spilled molten steel?
The work performed in Chapter 3 shows that oven heating is insufficient to simu-
late such reaction.

1.2 What W/C ratio would perform better in conditions usually found in steel facto-
ries?
Based on the results of Chapter 3 a W/C ratio of 0.40 was selected due to the risk of
flooding in the area studied, combined with the use of calcium aluminate cement.

1.3 Could plutonic rocks act as a protection layer to the concrete receiving high tem-
perature spills?
The selected rocks showed outstanding performance at high temperatures in
Chapter 4 and resisted the loads at the factory better than the conventional re-
pair material in Chapter 5. Depending on the cost of installation, this might be a
competitive solution to monolithic concrete.

1.4 Would a hybrid concrete/stone design perform better than monolithic con-
crete?
The inspections performed at the steel factory revealed that monolithic concrete
elements performed better than hybrid concrete/stone panels.

1.5 What is the durability of the proposed solution?
Unfortunately, the limited access of the PhD candidate to the test elements pre-
vented the estimation of their durability. Nevertheless, all panels had over 60%
integrity, with the monolithic elements presenting very few damage only in small
locations. Optimistically, this could indicate a very long durability for the mono-
lithic elements.

2 Given a certain mixture design and composition of concrete, is it possible to pre-
dict if spall will occur for a determined thermal load?
Chapter 7 shows that this is possible for saturated laboratory samples with over
90% of accuracy. Still, the full prediction of spalling requires many other consider-
ations discussed in that Chapters 6, 7, 8 and 9.
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2.1 Which are the key physical or mechanical properties governing the occurrence
of spalling in concrete?
Many of the governing parameters of the phenomenon were identified through
the exploration of the somewhat extensive database reported in Chapter 6. These
were identified as polypropylene use, content and dimensions; sample volume;
concrete heating conditions; compressive strength; moisture content; confine-
ment; curing; and aggregates type, size and content. However, Chapter 7 shows
that other properties, such as porosity details, can also govern the process.

2.2 Why are spalling results so inconsistent across different laboratories?
This was largely attributed to unreported details in the tested samples, such as
pore connectivity, that can cause early spalling.

2.3 How much loading and confinement affect the material behaviour towards
spalling?
The analysis of the database showed that confinement severely increases the like-
lihood of spalling. While the influence of loading was found to be of less signifi-
cance, this might be due the low amount of research found on it.

2.4 How can the contribution of concrete porosity be accounted?
Chapter 7 offers a method to classify concrete porosity into two categories and es-
timate the contribution of each one to spalling. This is done using a combination
of mercury intrusion porosimetry, air content determination and X-ray microto-
mography.

2.5 Can pore connectivity be quantified and used as a spalling predictor?
The results cited in the previous answer were treated to estimate pore connectivity
at different scales and then predict spalling using Equation 7.4. The quantifica-
tion of pore connectivity is definitely possible in the context of pores relevant to
spalling failure of concrete. The use of this for the prediction of the phenomenon,
on the other hand, was only partially proven.

Finally, this thesis started stating the importance of sustainable development for so-
ciety and civil engineering in particular. Then, a clear correlation was offered between
the increase in durability of structures and the reduction of environmental impact by
the construction industry. This is of notable importance to structures subjected to high
temperatures, as many strategies rely on repair or even replacement after a single event.
The effort to better understand and predict spalling, was taken to aid in the design of a
durable material against thermal shock. In this context, the entire thesis was aimed at
the improvement of concrete durability against this form of deterioration, ultimately for
the promotion of more sustainable designs. This is aligned with the author’s view of the
high importance of the current climate crisis and the need for the combined effort of the
scientific community to tackle it in all fields of industry simultaneously.
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A.1. REINFORCEMENT & STONES ATTACHMENT
Although the panels were the test samples developed by TU Delft, the design of the re-
inforcement was done by the engineering department of steel factory. This was a re-
quirement based on previous experience of concrete trials at the studied location. The
details for the reinforcement of the monolithic concrete panels are displayed in Figure
A.1, while the details for the concrete-stone hybrid panels are in Figure A.2.

Figure A.1: Details of reinforcement used for monolithic concrete panels, units in mm.

Figure A.2: Details of reinforcement used for concrete-stone hybrid panels, units in mm.

All panels were reinforced with construction steel B500. In the monolithic concrete
panels, a basalt mesh BAS MESH 400 from Basaltex ®was placed in the face of the panels
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during casting. These meshes possessed a window size of 35 mm x 28 mm and a weight
of 400 g/m2. The meshes received a concrete cover of 15 mm.

The dimensions of the panels and the used stone blocks were adapted based on the
availability of large pieces of dunite. The stone blocks were cut into 36 x 36 x 15 cm
cuboids. The dimensions of the panels were decided as approximately 2.2 x 0.8 x 0.4
m, this would allow for two columns of stone blocks, each with six blocks. For logistic
reasons, it was necessary to cut one block in each column in two and use half block on
top and half block in the bottom. To test both stones under the same conditions, it was
decided to put one column of each stone in each panel. Figure A.3 shows the final design
of the panels.

Figure A.3: Sketch of for panels designed for placement in steel factory.

The initial attachment of the stone blocks was envisioned using L-profiles of steel
embedded in the concrete. These profiles would have holes, which would allow steel
pins to pass, connecting the stones without a rigid connection to allow for free dilation.
However, the engineering department of the steel factory requested the addition of steel
anchors grouted in the stones as a rigid connection. Both attachments were used as
depicted in Figure A.4. It was also requested that TU Delft would prove the strength of
the grouted anchors.

Two pull-out tests were performed to ensure the adherence of the embedded steel
bar to the stone blocks. These tests were performed in microgabbro blocks with dimen-
sions of 180 x 180 x 146 mm. For the first test, a hole of 16 mm diameter and 48 mm
height was drilled in the microgabbro cube and a ribbed steel bar with 12 mm diameter
and 120 mm height was grouted to the hole. After 7 days, the sample was tested through
the uniaxial pulling of the bar while the block was locked in a steel frame with sufficiently
high elastic modulus for its deformation to be considered negligible. The second test was
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Figure A.4: Sketch of the attachment of the stone blocks in the concrete of the test panels, units in mm.

performed using the same setup, however, the drilled hole possessed 18 mm diameter
and 54 mm height. The results are displayed in Figure A.5. The sample with a 16 mm
hole had a peak strength of 24.66 kN with a calculated shear strength of 4.85 MPa. The
sample with a 18 mm hole had a peak strength of 27.22 kN, with a shear strength of 4.25
MPa.

Figure A.5: Sketch and results of pull-out tests.
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A.2. HOISTING
In order to handle the panels upon delivery in the factory, it was requested to provide a
proof of safety regarding the hoisting of such elements. The calculation is shown below:

A.2.1. KNOWN VALUES:
• The dimensions of the segments are 0.8 x 0.4 x 2.23 m;

• The specific weigt of the segments are considered 25kN /m3 in accordance with
DIN 1055-1 [1];

• The adhesion of the mould is considered 2kN /m2 as per oiled, varnished wooden
planed boards;

• The maximum angle of lifting is taken as 60, thus giving a chain sling coefficient of
1.16;

• Number of anchor elements per segment is 2;

• The capacity of each individual anchor is equivalent to 49.82 kN.

A.2.2. CRANE FACTORS:
• De-moulding = 1.1;

• Pitching = 1.3;

• Transport at TU Delft = 1.65;

• Transport at factory = 2.5.

A.2.3. MAIN LOADS

Segments deadweight = 0.8 *0.4*2.23*25
Segments deadweight = 17.84 kN
Adhesion to the mould = 0.8*2.23*2
Adhesion to the mould = 3.58 kN

A.2.4. LOADS AT THE ANCHORS

De-moulding + pitching = (17.84+3.57)/2∗1.1∗1.3∗1.16
2

De-moulding + pitching = 8.88 kN
Transport at TU Delft = 17.84∗1.65∗1.16

2
Transport at TU Delft = 17.07 kN
Transport at factory = 17.84∗2.5∗1.16

2
Transport at factory = 25.87 kN
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A.2.5. MINIMUM ELEMENT THICKNESS (AS DEFINED BY ANCHOR SUP-
PLIER)

B = 180+10+40
B = 230 mm

A.2.6. PANELS HEIGHT
The maximum height of a panel for edge lifting (pitching) considering a thickness of 250
mm or superior and a strength of the concrete of 35 MPa or superior is recommended as
5,50 meters.

A.2.7. PULL-OUT TEST
The strength of the anchoring system was tested with a scaled concrete sample (made
from the mixture in Table 5.1) as shown in Figure A.6. Because the panels were moved
from horizontal position to vertical position, two tests were performed, one with the an-
chors in the direction of the pullout forces and one with the anchor at 90 degrees from
the direction of the pullout forces. The test also assumed the worst case scenario on a
number of conditions (e. g. the anchors do not have contribution from usual reinforce-
ment, the thickness of the sample is inferior to the test segments).

The concrete used for the sample was tested after one week of casting with no cur-
ing. Additionally, compression tests were performed on 100 mm side cubes for quality
control, results are found in Table A.1. The built-in anchors were of the type TPA-FS from
HALFEN, with a maximum load of 5 tons.

Table A.1: Results of uniaxial compression tests at 7 days.

Sample Strength (MPa) Remarks
1 81.99 –
2 81.86 –
3 80.89 –
4 85.01 –
5 75.26 Not compacted

Peak load at test direction > 150 kN
Peak load at 90 degrees > 50 kN

A.2.8. RING CLUTCHES AND ANGLE OF LIFTING
The Ring clutches to be used during transportation of the test segments should match
the ones using the pullout tests. The product used during the test was TPA-R1 5,0t from
HALFEN. Its dimensional specifications are found in Table A.2. This system has the ad-
vantage of using removable ring clutches that can be applied for each segment.
The geometry of application of the anchors in the actual test segments can be seen in
Figure A.8, as the distance between anchors is 40 cm and the angle used in the calcula-
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Figure A.6: Geometry of sample used for pullout tests, units in mm.

Figure A.7: Ring clutch used during transportation.



A

238 A. APPENDIX A: STRUCTURAL DESIGN OF CASE STUDY PANELS

Table A.2: TPA-R1 5,0t dimensional specifications.

Detail Size (mm)
l 330
a 86
b 65
c 105
d 36
t 16

tions was 60, the minimum allowed length of anchor cables in 40 cm. For safety, 1 meter
was recommended.

Figure A.8: Details of anchors placement in test panels, units in mm.

A.3. CONCLUSION
The proposed design was in accordance with all the predicted loads. The testing of the
anchors proved its capacity to be more than 5 times superior to what was necessary for
both the lifting and the transport operation following the factory’s safety factor of 2.5.
The segments height and thickness were also acceptable, thus it was not expected to
perceive any damage during the transport and installation of the test segments, given
normal operation standards were respected.
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acterization and mechanical removal of metallic aluminium (Al) embedded in weathered
municipal solid waste incineration (MSWI) bottom ash for application as supplementary ce-
mentitious material, Waste Management 176 (2024).
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