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>

“There is a crack in everything, that’s how the light gets in.’

Leonard Cohen

“Dripping water hollows out stone, not through force but through persistence.”

Ovid
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Summary

This research was initiated in response to the urgent need to reduce CO: emissions, the ongoing
green transition within the building materials sector, and the persistent gap in both knowledge
and practice regarding the performance of environmentally friendly concretes under high-
temperature exposure.

The study investigates the behaviour of concrete and paste mixtures incorporating ground
granulated blast furnace slag (GGBFS) and calcium sulfoaluminate (CSA) cement following
one hour of exposure to elevated temperatures. Mechanical testing, chemical analysis,
including real-time monitoring during heating, and microstructural observations were used to
evaluate thermal damage and to understand the materials’ response under those conditions.
Various binder types, fillers, fibres, and admixtures were examined to assess their influence
and to identify both strengths and limitations.

The results demonstrated a beneficial effect of GGBFS in systems based on Portland cement,
particularly in enhancing residual strength and thermal stability. In CSA-based systems, the
inclusion of eggshell powder (ESP) was found to contribute positively to post-fire performance.
On the other hand, certain admixtures caused unexpected disturbances at high temperatures,
suggesting the need for careful compatibility testing and awareness of mix constituents when
designing thermally resistant concretes.

The experimental programs were designed as an initial step toward broader exploration and
formed a key component of an ongoing research effort. The findings are intended to support
and complement existing studies in both academia and industry, with the goal of improving the
fire resistance and overall durability of sustainable concrete materials.

Key words:
Concrete, low carbon, fire, GGBFS, CSA, slag, high temperature.
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Chapter 1

1. Introduction

Recent reports from the Intergovernmental Panel on Climate Change (IPCC) highlight the
necessity to reduce carbon dioxide and other greenhouse gas emissions. In response, the United
Nations Sustainable Development Goal 12 (SDG 12) promotes and pushes the sustainable use
of raw materials and encourages the transition toward more environmentally responsible and
aware industrial practices. These changes are essential for both human well-being and the
stability of the global ecosystem.

One promising solution in the construction sector is the partial replacement of Portland cement
with industrial waste and by-products such as ground granulated blast furnace slag (GGBFS),
fly ash, mine tailings, or rice husk ash. These alternative materials have the potential to reduce
the carbon footprint of concrete and, when integrated with appropriate technology, design
strategies, and execution methods, can also enhance the material's performance. Concretes
incorporating such components are commonly referred to as greener concrete or low-carbon
concrete, since the CO: attributions of those waste materials are usually lower than cement.

Fire safety is a crucial, but often overlooked, aspect of sustainable structural design. Due to its
complexity and the relatively low frequency of fire incidents, it is usually underrepresented in
research. According to fire statistics from Nordic countries gathered by the Swedish Civil
Contingencies Agency (MSB) [1], the number of building fire events consistently ranges
between 6,000 and 7,000 per year (2016-2021). Most of these involve “other buildings,”
followed by apartment blocks and houses, which are mostly constructed of wood.

Building fires per year 2016 — 2021
7000
6000

5000 — —V

4000

3000
2000

1000 \—”\—

0
2016 2017 2018 2019 2020 2021

——Denmark =——Estonia —Finland

Iceland —Norway Sweden

Figure 1 Building fires statistics per year 2016-2021 [1]
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Figure 2 Building fire statistics by category in Nordic countries [1]

It is well known that regular concrete is the second most used material in the world, after water.
Traditional concrete production relies mainly on Portland cement, which is responsible for 8—
10% of global human-made carbon dioxide emissions. In 2023, the world CO2 bill for cement
production reached 48,366,293,000 t [2].

As a result, there is growing interest in developing new materials and technologies to reduce
the carbon footprint of concrete. One possible, well-established, solution is to use industrial
waste and by-products to replace part of Portland cement in concrete. These materials can help
reduce carbon emissions and, when combined with proper technology, design, and execution,
may also improve concrete performance.
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Figure 3 Cumulative CO; emission by source [2]

It is important to acknowledge that fire hazards can be decisive for structural integrity. Fires
are also known to cause significant deterioration, particularly at structural joints, which is very
often impossible to simulate or model.

Although traditional concrete has been studied for many years and is widely recognized for its
fire and temperature resistance, some phenomena, such as spalling, are still not fully
understood. This is largely due to the variable nature of fire events in real-life conditions. In
the case of greener concretes, the issue is further complicated by the inconsistent chemical and
physical properties of industrial waste materials, which vary depending on their source. As a
result, there is a need to deepen our understanding of how such variations influence behaviour
under high-temperature exposure. Authorised and fully standardised fire tests may only be
carried out by accredited research institutes such as RISE (Sweden), CEF (France), or ITB
(Poland). Since this research is conducted in the LTU building materials laboratory, it serves
only as a small contribution to the broader and more complex field of fire research.
Nevertheless, the more research is carried out, the more accurate the data and models become,
ultimately helping to provide clearer guidelines and deeper understanding.
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Aim and objectives

This study aims to investigate, test, analyse, and collect data on the performance of low-carbon
concrete after exposure to high temperatures. The concrete mixes under examination
incorporate ground granulated blast furnace slag (GGBFS) with different types of Portland
cements, calcium sulfoaluminate (CSA) cement, various fillers, and selected concrete
additives.

The hypothesis of this research is as follows: "The incorporation of industrial by-products and
low-carbon cements into concrete contributes to improved performance following high-
temperature exposure".

The purpose of this research is to investigate the behaviour of these binder combinations after
exposure to elevated temperatures under controlled laboratory conditions.

Research objectives are as follows:

= To design concrete mixes incorporating GGBFS, CSA cement, various fillers, and
selected concrete additives aimed at reducing the overall carbon footprint.

= To expose these concrete mixes to elevated temperatures under controlled laboratory
conditions, simulating fire scenarios.

= To evaluate the mechanical performance of the mixes before and after high-temperature
exposure.

= To assess changes in physical and chemical properties.

= To analyse the microstructural and chemical changes occurring in the binder matrix due
to high-temperature conditions.

= To compare the post-exposure performance of lower-carbon mixes with that of
conventional Portland cement-based concrete.

= To identify the synergistic effects, if any, of combining different types of cement with
GGBFS admixtures, a filler is used to improve fire resilience.

This research aims to create a base of knowledge and collect experimental data. This could
help improve existing technologies and products already available on the market. The goal is
to support the use of alternative materials in making concrete mixes with a lower carbon
footprint. These mixes should be able to resist fire, offer better safety during fire events, and
help buildings and structures last longer. In the long run, the project hopes to make these
solutions more popular and easier to use in real construction work, contributing to more
sustainable and safer building practices.
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Scientific approach

This study begun with a literature review to understand the current knowledge and recent
progress in the field of fire-exposed eco-concretes. The goal was to see what has already been
done, identify gaps in the research, and choose suitable methods and laboratory setups. This
review helped shape the main research questions and guided the direction of the project.

The first practical step was to select a simple but reliable muffle furnace that could provide the
right thermal conditions to simulate fire conditions. At the same time, concrete mixes were
designed using industrial by-products, with the goal of avoiding the use of chemical
admixtures. Early tests showed that admixtures could affect how the concrete behaves under
high temperatures, so they were designated to be a part of a separate part of the research plan.
The number of test variables was carefully limited: only the temperature conditions were
changed during testing, while the water-to-binder (w/b) ratio remained the same for all
mixtures.

The materials used: aggregates, sand, fillers, cement, and ground granulated blast furnace slag
(GGBFS), are all available on the Swedish market. This choice was made to ensure that the
results would be useful and relevant for local companies and stakeholders. For testing and
analysis, standard and well-known methods were used. These included compressive strength
testing, X-ray diffraction (XRD), scanning electron microscopy (SEM), and energy-dispersive
X-ray spectroscopy (EDX). These tools made it possible to study the changes in the concrete’s
structure and composition after high-temperature exposure.

In summary, the scientific approach in this PhD project was based on practical choices, clear
limits, and a focus on real-world application. The aim was to carry out solid, focused research
with results that can be useful both in science and in practice.

Research questions

1. How does the partial replacement of cement with GGBFS influence the thermal
resistance of concrete in fire exposure? (Paper A, Paper B)

2. What microstructural and chemical changes occur in cement-GGBFS blends during
high-temperature exposure? (Paper C)

3. What are the limiting factors affecting the high-temperature performance of CSA
cements compared to PC and GGGFS-based binders? (Paper D)

4. What are the factors influencing the high-temperature performance of concretes?
(Paper B, Paper C, Paper D, Paper E)
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Limitations

The main goal of this study was to assess the performance of selected lower-carbon concrete
mixes when exposed to high-temperature. The aim was to observe changes on micro and macro
levels. Due to the complexity of thermal testing, each part of the process had to be carefully
controlled. This included choosing the right type of muffle furnace, selecting a suitable sample
size, placing the samples evenly inside the chamber with the same distance from the heating
elements and between samples, setting accurate heating and cooling rates, and handling the
samples properly after testing to limit rehydration caused by humidity in the air.

Due to the sensitivity of these steps, it is difficult to directly compare results with those from
other studies. Even small differences, such as the specific furnace model used, can lead to
noticeable differences in outcomes, even if the temperature range and heating program are the
same. Other factors like airflow inside the furnace, the size of the chamber, and how heat
spreads can affect how the material behaves. These differences can influence how much the
concrete degrades, how much strength it retains, and what changes occur in the microstructure.
For this reason, it is important to be careful when comparing results from different studies and
to always consider these differences in equipment and procedures.

Due to time constraints, the mix ingredients and temperature thresholds were kept the same
throughout the study. Even small changes in mix design would have significantly increased the

number of required tests.

Another limitation of this study was the fact that concrete samples could only be tested after
they had fully cooled down to room temperature.

Chapter overview

This thesis is divided into five chapters and appended research papers.

Chapter 1 gives an overview of the project, including its goals and limitations. Formulates
research questions and explains the scientific approach

Chapter 2 contains a summary of the literature review focusing on concrete materials exposed
to high temperatures.

Chapter 3 describes the materials selected for the study and the testing methods used to assess
their performance.

Chapter 4 presents the results and is divided into four main sections: Portland cement —
Ground granulated blast furnace slag blends, Calcium sulfoaluminate cement, Large-scale
Testing, and Unexpected findings.

Chapter 5 provides a discussion of the key results and presents the main conclusions drawn
from the work.
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List of appended publications

Paper A
Title: Eco-Concrete in High Temperatures. Materials 2023, 16(12), 4212

Authors: M. Sundin, H. Hedlund, A. Cwirzen

Findings: Concrete made with industrial waste materials like fly ash, GGBFS, rice husk, and
mine tailings can offer improved fire resistance and maintain compressive strength up to
700 °C. Strength gains are often linked to matrix densification and sintering. Above 700 °C,
strength declines due to thermal degradation and moisture loss. Eco-concrete tends to exhibit
less spalling and cracking than PC. Some fiber-reinforced mixes showed no deterioration and
even signs of self-healing. Cooling conditions, especially rapid cooling, significantly affect
post-fire performance.

Paper B

Title: Physical Changes and Performance at High Temperatures of Cement-Slag Blended
Concretes, Accepted for publication in Fire and Materials, 2025.

Authors: M. Sundin, M. Rajczakowska, J.L. Provis, H. Hedlund, A. Cwirzen

Findings: This study evaluated three cements combined with varying amounts of GGBFS,
exposed to 400 °C and 800 °C for 1 hour. Most mixes lost strength at higher temperatures, but
at 400 °C, many showed either strength improvement or retention within experimental limits.
Blends with a 50:50 PC/slag ratio performed best, showing minimal mass loss, improved
compressive strength, and low water absorption. While 800 °C negatively affected all mixes,
slag content alone did not fully determine thermal performance. PC 52.5-based mixes showed
the highest thermal stability. Increased slag content led to deeper red-brown coloration but no
clear trend in crack formation. SEM analysis at 400 °C revealed no cracks in mixes containing
50 wt.% of GGBFS, though dehydration and porosity increased. At 800 °C, matrix disruption
and gel separation occurred, with denser microcracking in slag-rich mixes, though aggregates
stayed intact. The results suggest that elevated temperatures boost slag reactivity and hydration,
but excessive slag content may reduce matrix stability under heat.

Paper C

Title: Evolution at elevated temperatures of cement pastes blended with ground granulated
blast furnace slag (GGBFS). Submitted for publication.

Authors: M.Sundin, M. Rajczakowska, K. Dvorak, A.Jancikova, H. Hedlund, A.Cwirzen

Findings: The study shows that cement types (CEM 32.5, 42.5, 52.5), along with GGBFS and
quartz powder, influence concrete’s thermal stability. Quartz generally increases porosity and
triggers earlier phase transformations. Samples without quartz were more stable at intermediate
temperatures, while quartz-containing ones showed phase changes and porosity increases
between 400 °C and 800 °C. These effects stabilized at 1200 °C. Quartz also undergoes alpha-
to-beta transformation, enhancing thermal compatibility. Melilite formed after high-
temperature exposure, especially in CEM 32.5 mixes without quartz, likely due to higher
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alumina and silica content and the influence of fly ash. Melilite’s thermal stability properties
improve performance under heat. Although quartz-induced porosity and decomposition of
calcite and portlandite can reduce strength, the formation of stable phases like dkermanite and
CsA may counteract these effects. Optimizing quartz content can help balance thermal
performance and cost efficiency, especially when early thermal resistance is not a priority.

Paper D

Title: Effects of eggshell and limestone on CSA cement-based system exposed to high
temperatures. Submitted for publication.

Authors: M. Sundin, S. Ruiz Martinez, K. Dvorak, M. Szelag, H. Hedlund, A.Cwirzen

Findings: This study found that replacing part of CSA cement with eggshell powder improves
thermal stability compared to limestone-modified and unmodified mixes. While CSA and
CSA-limestone blends failed at 800 °C, eggshell-modified mixes retained integrity and
compressive strength. This is linked to improved pore structure, which allowed moisture
release and reduces internal pressure. SEM and EDX revealed dense, needle-like crystalline
phases in high-temperature samples with high calcium and sulfur content. Though resembling
ettringite, these thermally stable phases likely belong to sulfate- or aluminate-based
compounds. The findings highlight eggshell powder's potential to enhance performance while
promoting sustainability. Future research should optimize dosage and fineness, study long-term
durability, and investigate the crystalline phases in greater detail. Combining eggshell with
other waste materials may further improve thermal performance and reduce the carbon
footprint.

Paper E

Title: Effects of admixtures on cement-slag concrete at elevated temperatures, Conference
Proceedings, Conference on durability of infrastructures, 22-28 March 2025, Mendrisio,
Switzerland. Accepted for publication in Springer Nature, 2025.

Authors: M. Sundin, J. Provis, H. Hedlund, A. Cwirzen

Findings: Commercial admixtures significantly affect concrete’s thermal behaviour. Air-
entraining agents improved thermal stability, while accelerators caused instability, vivid
discoloration, and explosive spalling, even at recommended dosages. Superplasticizers
increased mass loss, indicating heat sensitivity. Strength gains were observed at 400 °C, but
performance dropped at 800 °C, especially in mixes with accelerator addition. These results
highlight the need for caution in admixture selection. High accelerator content poses serious
safety risks, especially in non-professional concrete production, where quality control may be
limited.
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Chapter 2

2. Literature review

2.1. Fire

Fire is one of the most destructive phenomena affecting buildings and infrastructure made of
concrete [3]. Beyond its immediate threat to human life and property, fire imposes significant
challenges on the structural integrity of construction materials. Understanding fire as a physical
process, as well as its interaction with materials like concrete, is essential in designing
structures that are not only robust but also resilient and safe. This chapter provides an overview
of fire behaviour, its effects on concrete, and the relevance of fire science in the context of
sustainable, high-performance concretes.

Fire is a chemical reaction called combustion that occurs between a fuel and an oxidizer,
typically involving the rapid oxidation of materials and the release of heat, light, and various
combustion products [4]. The process requires three elements: fuel (wood, plastic, fabric, etc.),
oxygen (air) and heat (ignition source).

When these elements are in the right proportions and conditions, fire ignites and can propagate
rapidly, depending on environmental and material factors.

2.1.1. Fire event stages

Fires in buildings typically develop through five key stages [5], [6]. Ignition is the initial phase,
where a material is heated until it combusts. In the growth stage, the fire spreads, igniting
nearby materials and increasing in intensity. Pre-flashover leads to the fully developed fire, the
hottest and most destructive phase (flashover), where all combustible materials in the
compartment are actively burning (post-flashover). In the decay stage, the fire begins to
subside as it runs out of fuel or oxygen. Each stage affects materials differently, especially
those designed to resist high temperatures or maintain structural stability. After these stages
comes the exhausting phase, where the fire is fully extinguished, either naturally through total
decay or with human intervention such as fire extinguishers (powder, foam, water) or fire
suppression systems (both passive and active). During this period, materials and structures
often suffer the greatest damage due to water pressure, rapid temperature changes, and
mechanical stresses. The structure may also become significantly weakened, which can
jeopardize its overall stability [7].

2.1.2. Fire and Building Safety

Building fire design must include several key considerations to ensure structural performance
and occupant safety. Fire resistance refers to the ability of structural elements such as walls
and slabs to maintain their load-bearing capacity and integrity during exposure to high
temperatures [8]. Fire divisions involve the use of fire-resistant barriers to prevent the spread
of flames and smoke between different sections of a building. An effective evacuation strategy
ensures that all users can exit the structure safely within a limited timeframe before conditions
become life-threatening. Fire suppression systems, including sprinklers and passive fire
protection coatings, are used to slow or control the development of fire. These fire safety
aspects are integrated into national and international fire codes and testing standards. They
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provide guidelines for the design, assessment, and performance classification of buildings
under fire conditions. Fire safety is particularly important in the design and evaluation of
building materials. In the context of concrete structures, understanding how materials respond
to elevated temperatures is essential for keeping structural stability, protecting human life, and
determining post-fire lifespan. Standardized fire curves are used to simulate fire event exposure
[6]. These curves represent the evolution of temperature over time and are commonly applied
in experimental studies and regulatory testing to assess material behaviour and structural
performance under realistic fire scenarios.

2.1.3. Definition and Purpose of Fire Curves

A fire curve, or time—temperature curve, is a graphical representation that describes how
temperature increases during a fire as a function of time. These curves are essential to take into
consideration during:

= Designing fire-resistant structures,

= Establishing testing protocols for fire resistance,

= (alibrating thermal and structural models,

= Understanding material degradation mechanisms under elevated temperatures.
Standard fire curves are defined by various national and international standards (e.g., ISO 834,
ASTM E119, EN 1363-1), and each curve is developed to represent specific fire scenarios.

2.1.4. Types of Fire Curves

e Standard Fire Curve (ISO 834 /EN 1363-1) [9], [10]

The most popular curve in regulatory fire testing, represents a fully developed compartment
fire and it is defined as:

T=T0+345logio(8t+1)

Where:

T- temperature [°C],

TO - ambient temperature (usually 20°C),
t -time [min].

This curve does not include the cooling phase and is primarily used to test fire resistance ratings

(e.g., R30, R60, R90). R-values stands for fire resistance in minutes (e.g., R30 = 30 min, R60
=60 min).

e  Hydrocarbon Fire Curve (HC) [9], [10]

It represents fuel-based fires, particularly in petrochemical or tunnel environments, where the
HC curve reaches higher temperatures faster:

T=1080(1—0.325¢ 0167—(.675¢ %7
Where:
T- temperature [°C],

t -time [min].

The hydrocarbon curve is recommended for applications where fire intensity is higher and more
immediate, such as vehicle fires in confined spaces.
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o  RABT-ZTV Tunnel Fire Curve [9], [10]

This curve is used in tunnel fire testing in Germany. It has a steep rise (up to 1200°C in 5
minutes), a constant high-temperature plateau, with a following controlled cooling phase.

e Real Fire Curves (Parametric Fires) [9], [10]

These parametric fire curves are more complex, considering more factors. They are based on
actual fire loads, ventilation conditions, and set-ups, and compartment geometry. These are
used in performance-based design, with a cooling phase that significantly impacts the thermal
shock and residual capacity of materials.

2.1.5. Complexity and challenges of fire modelling

Fire modelling in concrete structures is a complex and multifactorial process that presents
significant challenges due to the wide range of variables involved. Each component of the
concrete mix influences how the material will respond to fire exposure, with interactions
varying depending on the specific conditions of the fire scenario. The binder type, whether
cement-based [11], [12], geopolymer [13], [14], [15], or another materials combination [16]
influences the thermal stability of concrete. High-performance binders [17] can delay
degradation, while weaker binders [18] may compromise the material’s fire resistance.

Additionally, the water-to-binder (w/b) ratio plays a critical role in determining the porosity
and density of the concrete [19], [20]. Lower water-to-binder (w/b) ratios generally produce a
denser microstructure, whereas higher ratios result in increased porosity. For optimal fire
performance, the microstructure should be sufficiently dense to ensure strong bonding but also
maintain enough porosity to facilitate the evacuation of gases released during thermal or
chemical processes.

The aggregates, whether natural, artificial, or recycled, also influence fire performance [21],
[22]. Limestone aggregates have different thermal conductivities compared to granite or basalt
aggregates, impacting the speed at which heat is transferred through the concrete. Even the
size, volume, and type of aggregates [21] affect the concrete’s ability to resist cracking under
thermal stress. Smaller aggregates may compact better and reduce crack formation under fire
exposure, while larger aggregates can lead to increased vulnerability due to uneven heating and
expansion.
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Figure 4 Suggestion of factors to be taken into consideration for fire modelling.
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Admixtures added to enhance workability, durability, or set times can also affect fire
performance [Paper E]. Retarders or accelerators might alter the thermal properties of the mix,
while air-entraining agents can improve freeze-thaw resistance [23] but may reduce fire
resistance [Paper EJ. The presence of steel reinforcement [24], [25] or synthetic fibres [26],
[27], [28] further complicates the situation. Steel rebars lose strength at high temperatures,
which can lead to potential structural collapse. Synthetic fibres like polypropylene [29] may
melt under fire exposure, leaving voids in the concrete matrix, which is beneficial in this
context. The type, quantity, and distribution of fibres used are therefore crucial factors in
determining fire resistance.

The mixing process itself is very influential. Poor mixing can result in an uneven distribution
of components [30], [31], leading to areas with different fire resistance ranges. For instance,
dry powder clumps in the mix can create weak points, which are more susceptible to rapid
thermal degradation. On the other hand, a well-mixed concrete is uniform and helps to
distribute heat more evenly and improves fire performance.

The countless materials, mix combinations, and compositions create countless cases to study,
address, and assess to provide reliable and precise data that can be used in real life.

Fire scenarios also significantly influence the performance of concrete, as the severity,
duration, and nature of the fire directly affect how the material reacts [32], [33], [34]. A
scenario involving rapidly rising temperatures will impact concrete differently than a slower-
burning, lower-temperature fire. In this context, the literature distinguishes between two
primary fire types [35]: compartment fires, where the fire remains confined to a specific area,
and traveling fires, where the flames move across various parts of a structure. Each scenario
imposes different thermal and mechanical stresses on concrete elements. The unpredictability
of fire origin, spread patterns, and intensity further complicates the modelling process, making
accurate fire performance predictions particularly challenging.

The building design and size of the construction itself play a key role. Bisby et al. [36]
published a comprehensive review regarding this aspect. A large, open-plan building may
allow fire to spread quickly, while a smaller, compartmentalized structure might slow the
spread of flames and protect certain areas. In multi-story buildings, fire can travel quickly via
stairwells, shafts, and ventilation systems. The building’s design and content inside (fire fuel
load [37], [38], [39], [40]), along with fire protection systems like sprinklers and fire barriers,
must be accounted for in fire modelling in a context of concrete structural elements.
Geographical location, seasons, and weather anomalies further complicate fire modelling for
concrete [41], [42]. Coastal areas with high humidity can cause concrete to absorb moisture
[43], [44], which might reduce its fire resistance due to steam expansion. In arid regions [45],
concrete may dry out more quickly, becoming more brittle and prone to cracking. Seasonal
changes, such as freezing and thawing cycles in colder climates [46], [47], can create
microcracks that weaken concrete, making it more vulnerable to thermal stress during a fire.
The higher potential for explosions during fire events gives another layer of complexity [48].
Explosions can cause rapid temperature fluctuations, shockwaves, and pressure changes that
may overwhelm concrete’s ability to withstand fire. Technical explosions, like those caused by
gas leaks or electrical faults, create rapid bursts of energy that concrete might not be able to
absorb effectively, leading to immediate damage.

In conclusion, fire performance modelling for concrete structures is influenced by a very
complex spectrum of factors, including material properties, fire scenarios, human behaviour,
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and geographical context. A deep understanding of these variables, combined with advanced
simulation tools, is crucial to ensure that concrete structures meet safety and resilience
standards under real-world fire conditions. Only with such comprehensive modelling, is it
possible to reliably predict the performance of concrete structures when exposed to extreme
fire scenarios. Khan et al. [49], in their comprehensive publication regarding fire models,
described and grouped them into three primary groups, each varying in complexity and
applicability to different fire scenarios:

Category I: Idealized Uniform Fire Models include models that assume a uniform
temperature across all structural components exposed to fire, without accounting for
the dynamic nature of fire behaviour or heat transfer. These models, such as
the ISO, ASTM, and Hydrocarbon fire curves, provide a simple approximation of fire
effects in situations where the fire is fully developed, but they do not reflect the
complexities of real-world fire scenarios.

o Category IB includes models that apply a steady-state maximum temperature
over a specified period, commonly used for ventilation-controlled fires. These
models, such as Kawagoe [50], Thomas et al. [51], Law [52], Babrauskas [53]
assume that the fire reaches a maximum temperature and sustains it over time.
However, they still do not fully account for the fire’s growth or decay phases,
limiting their application in dynamic fire situations.

o Category IC represents a more refined approach by introducing time-variant
temperatures to represent the fire’s growth and decay phases. This category
includes models like Eurocode 1 [54], Magnusson and Thelandersson [6],
which provide a better approximation of how fire conditions evolve over time,
but they still rely on simplified temperature curves derived from experimental
data rather than modelling the actual fire dynamics.

Category II: Non-Uniform Fire Models takes a more sophisticated approach by
accounting for non-uniform temperature distributions, which are critical in scenarios
involving localized or fuel-controlled fires and traveling fires. These models, such
as Hasemi’s [55], Rein’s [56], and ETFM [57], [58], simulate fire behaviour in more
complex environments like large open-plan spaces, tunnels, or industrial settings,
where fire does not spread evenly. They offer a more accurate representation of fire
dynamics in cases where fire behaviour varies across different parts of a building,
allowing for a better prediction of temperature gradients and their effects on structural
components. These models are more applicable in real-world scenarios, where fire
growth is often irregular and heavily influenced by factors such as ventilation, fuel load,
and the presence of combustible materials.

Category III: Realistic Fire Models represents the most advanced and accurate fire
models, using experimental data and detailed field models to define thermal boundaries
and simulate convective and radiative heat transfer. These models, such as Field
Structure Interface (FSI) [59] and Adiabatic Surface Temperature (AST) [60], consider
the actual physical behaviour of the fire and its interaction with structural elements,
providing precise temperature gradients and heat fluxes. These models are way much
more complex and need powerful computer set-ups and advanced simulation methods,
but they provide the most accurate predictions of how fire affects a structure’s safety
and strength. Their detailed data input makes them particularly useful for critical
applications, such as performance-based fire safety engineering for buildings or
infrastructure. There are also hybrid models, like Computational Fluid Dynamics
(CFD) [61], [62] with Finite Element Methods (FEM) [63], [64], [65] to address the
simulation of interaction between fire and structure. CFD is used to model the gas phase
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of the fire, including heat transfer, smoke movement, and fire dynamics, while FEM is
used to analyse the structural response to the fire’s heat and stresses. The combination
of these models allows for a more integrated and realistic simulation of fire scenarios,
as both the fire and structural responses are modelled simultaneously. This approach
still faces challenges, particularly in terms of computational cost and the difficulty in
achieving two-way coupling, where both fire and structural models interact in real-time.
Most current simulations rely on one-way coupling [66], where fire data is used as input
for structural analysis, but the future of fire modelling may move toward more
sophisticated two-way coupled models [67], [68].

To support the development and application of such approaches, for example, the SFPE
Handbooks of: Fire Protection Engineering [69], Fire Exposure to Structural Elements [70]
and Engineering Standard Calculating Fire Exposures to Structures [71] compile in-depth
reports on various modelling strategies and approaches for calculating the structural response
to fire.

The increasing availability of computational resources and the growing potential of Al open
new doors and opportunities for fire modelling. Still, fundamental data on the performance of
different concrete mixtures under fire must be explored, gathered and clearly defined. This data
serves as a crucial input for the development of reliable, next-generation fire models.

2.2. Fire and Concrete Materials

Concrete is commonly known as a fire-resistant material because it does not burn and has low
thermal conductivity [72]. However, its behaviour during fire exposure is more complex and
influenced by several factors [73], [74]. One key factor is the mix design, which significantly
affects how concrete responds to high temperatures. The type of cement used is particularly
important, as different cements have distinct chemical compositions and react differently when
heated. For example, calcium sulfoaluminate (CSA) [18], [75] cement exhibits different fire
performance compared to Portland cement (PC) [76], [77]. Even within Portland cement,
various classes behave differently under elevated temperatures [Paper C]. Additionally, the
water-to-cement ratio plays a crucial role, as it influences the concrete’s porosity and density,
both of which affect its thermal and mechanical performance during fire exposure[78].

When cement is mixed with water, a hydration reaction begins [79]. This reaction is what
allows concrete to harden and gain strength. The main compounds in cement are tricalcium
silicate (CsS) and dicalcium silicate (C2S). They react with water to form calcium silicate
hydrate (C—S—H) and calcium hydroxide (portlandite, Ca(OH)2).

CsS + water — C—S—-H + Ca(OH):
C2S + water — C—S—H + Ca(OH): (slower reaction)

The C—S-H gel is the main compound responsible for the concrete’s strength and durability.
Portlandite helps fill pores and contributes to the overall structure, but it is more sensitive to
heat [76], [80]. However, when concrete is exposed to high temperatures, these hydrated
products begin to decompose, Table 1.
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Table 1 Temperature effects on PC based concrete matrix [81]

Temperature Range Effects on Concrete

100-200°C Evaporation of free water — minor strength reduction
200-400°C Dehydration of C—S—H gel — initiation of microcracking
400-600°C Decomposition of portlandite — substantial strength loss
600-800°C Aggregate expansion, extensive internal damage
>800°C Severe matrix degradation

In summary, cement-based concrete possesses fixed limitations when subjected to elevated
temperatures. These include a loss of mechanical strength, thermal incompatibility among
constituents, microstructural deterioration, and a decline in durability after fire exposure. These
challenges highlight the need for alternative binder systems or supplementary materials capable
of improving thermal resistance and post-fire recovery.

2.2.1. Cement blends with GGBFS concretes

Concrete incorporating supplementary cementitious materials (SCMs), such as ground
granulated blast furnace slag (GGBFS), demonstrates enhanced performance at elevated
temperatures [16], [82], [83], [84], [85]. This improvement comes from significant changes in
the material’s physical, chemical, and thermodynamic properties. The inclusion of GGBFS
leads to a denser cementitious matrix with a more refined pore structure [86]. While Portland
cement (PC) hydration typically results in a heterogeneous network of capillary pores (0.01—
10 um) and microcracks [87], the pozzolanic and latent hydraulic reactions associated with
GGBFS reduce total porosity and shift the pore size distribution toward finer gel pores
(<0.01 um) [86]. These gel pores are more thermally stable. It improves the resistance to
internal pressure buildup (spalling) and thermal degradation.

From a microstructural perspective, this densification reduces permeability and slows the
migration of moisture and gases under heat [86]. It delays the onset of thermal damage.
Thermodynamically, GGBFS-blended concretes also respond differently to heat compared to
pure PC systems [88]. Their finer pore structure and higher content of amorphous phases [89]
result in lower thermal conductivity, which limits heat transfer and reduces internal thermal
gradients. It minimizes thermal stresses (cracking or spalling) by acting like an internal
insulator. Although some scientists have observed, but only limited direct evidence has been
reported, that concrete containing slag may release hydrogen sulfide (H-=S) upon heating, such
a risk cannot be entirely dismissed. [90]. Particularly if sulfide-rich aggregates or slag phases
undergo decomposition in reducing or moisture-rich conditions. H2S is a known toxic gas, and
its potential generation under high-temperature testing should be considered and appropriately
monitored.

Table 2 Temperature effects on PC-GGBFS based concrete matrix [81]

Temperature Phase decomposition

<200°C Evaporation of free water, mass loss: potential improvement in mechanical properties due to
temperature-induced gel formation

200-400°C Strength gain: associated with gel formation and reduced porosity

400-800°C Strength loss: caused by gel crystallization and reduced mechanical performance

>800°C Formation of B-C-S along with crystalline phases such as dkermanite, merwinite, and gehlenite [82]
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GGBFS-blended binders typically have a higher specific heat capacity [91], allowing the
material to absorb and store more thermal energy before undergoing a phases change. As a
result, dehydration and decomposition reactions occur more gradually, as reflected in
thermogravimetric analysis (TGA) [92], which shows a smoother and delayed mass loss curve
for GGBFS concretes. This gradual thermal response contributes to improved thermal stability.

In terms of bulk density, GGBFS systems often exhibit slightly higher oven-dry densities due
to improved particle packing and the pozzolanic infilling of voids, though this is influenced by
the replacement ratio and curing conditions [83]. Under high-temperature exposure, GGBFS
concrete typically shows reduced mass loss and improved dimensional stability, thereby
lowering the risk of explosive spalling [93]. When exposed to temperatures up to
approximately 600 °C, GGBFS-blended concretes tend to outperform PC systems in terms of
fire resistance [85]. This is largely attributed to the consumption of calcium hydroxide through
the latent hydraulic reaction between GGBFS and PC hydration products, forming additional
calcium silicate hydrate (C—S—H) gel. Since portlandite decomposes between 450 and 550 °C
[94], GGBEFS concretes having less portlandite suffer less mass loss and microstructural
disruption in this critical temperature range. At temperatures exceeding 700 °C, the integrity of
GGBFS-based matrices can begin to deteriorate due to the thermal decomposition of C—S—-H
and the sintering of gel phases [83]. While the dense microstructure initially slows moisture
transport and pore pressure accumulation, the reduced availability of free lime weakens the
material’s ability to buffer decomposition products. At these elevated temperatures,
recrystallization processes during cooling down lead to the formation of a high-temperature
phase such as melilite [95], dkermanite (CazMgSi20-), gehlenite, (Ca2Al(AISiO7)), merwinite
(CasMgSi20s), and other calcium—magnesium silicates [96]). These phases form through
partial melting and solid-state reactions involving the slag’s constituent oxides (Ca, Mg, Si,
Al), Table 3.

Table 3 Mineral phases in slag-containing concrete and their behavior at elevated temperatures .

Mineral Chemical Formation Temperature Effect on properties
Phase Formula (°0)
Akermanite Ca:MgSi>07 900-1200 Improves thermal stability and refractoriness, forms a
[96] more stable matrix but may induce microcracking if
excessive
Gebhlenite [82], | Ca2Al(AISiO7) | 900-1000 Makes concrete hard but brittle and unable to regain
[97] strength
Merwinite [95] | CasMgSi2Os 700-900 Enhances dimensional stability, contributes to high-
temperature strength but can cause brittleness

The formation of these crystalline phases can enhance thermal and dimensional stability by
creating a stronger matrix, but overdevelopment may introduce microcracks and reduce the
overall binding capacity.

The interfacial transition zone (ITZ), typically more compact in GGBFS concretes at ambient
conditions [98], may also suffer under thermal exposure. Thermal expansion mismatches and
shrinkage-induced stresses can lead to localized debonding within the ITZ, contributing to
deterioration in mechanical performance.

In summary, Table 4, the superior high-temperature performance of GGBFS concrete lies in
its thermodynamically advantageous microstructure characterized by reduced porosity, finer
pores that keep their size and distribution under heat exposure, lower thermal conductivity, and
higher heat capacity. These properties synergistically enhance the material’s resistance to
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internal thermal stresses, delay degradation processes, and help preserve structural integrity
under fire or prolonged high-temperature exposure.

Table 4 Comparison here is presented on the basis of concretes containing similar aggregates

Property PC Concrete GGBS Concrete

Total Porosity [99], [100] Higher (includes more capillary Lower (higher gel pore fraction)
pores and microcracks)

Pore Size Distribution [99], Coarse pores (>0.1 um) Finer pores (<0.01 um), more

[100] uniform

Bulk Density (20°C) Typically 22002350 kg/m? 2250-2400 kg/m?

Thermal Conductivity (A) 1.2-2.0 W/m-K Lower (0.7-1.5 W/m-K), varies with

[101] moisture and mix

Specific Heat Capacity (cp) ~0.75-0.88 kl/kg-'K ~0.85-0.95 kl/kg-K, better energy

[102] absorption

Thermal Expansion Increases at >400°C More gradual, less volumetric

Coefficient [103], [104] instability

Dehydration & Mass Loss Rapid between 100-600°C Delayed [92]

Spalling Risk [82] High due to vapor buildup and Lower due to fine pores and better
thermal shock internal moisture release

2.2.2. Calcium sulfoaluminate (CSA) concrete

Calcium sulfoaluminate (CSA) cement-based concretes show different thermal behaviour
compared to traditional PC systems due to differences in hydration chemistry, mineralogical
composition, and microstructure [18]. The primary hydration product in CSA cements is
ettringite [105], [106], which forms quickly in the presence of calcium sulfate and reacts with
ye'elimite (C4AsS). The main hydration reactions at ambient temperatures are:

e Yc'elimite hydration (with gypsum):
C4AsS +2 CSHz + 34 H — CsASsHa: (ettringite)
e Secondary reactions (in low-sulfate conditions):
CsAsS + 18 H — CsAHis + AHs

These reactions produce a dense and crystalline matrix with a lower Ca(OH): content and faster
strength gain compared to PC [107]. Under thermal exposure the behaviour differs due to
the decomposition of sulfate-bearing hydrates and the loss of crystalline water [108]. TGA of
CSA concrete typically reveals multiple mass loss steps: 50-150 °C from evaporable and
bound water; 200-300 °C due to decomposition of ettringite into monosulfate (AFm) and
alumina gels; and 350-600 °C linked to further dehydration of monosulfate and C—A—H phases
[109], [110]. CSA systems show minimal portlandite decomposition, as Ca(OH): is not a
primary hydration product. CSA concretes demonstrate moderate thermal conductivity and
lower internal thermal stress due to their fine-grained pore structure and lower porosity [111],
[112], [113]. The thermal stability of ettringite is relatively low, and its decomposition around
100°C [18] can lead to significant microcracking, particularly if not stabilized by additional
pozzolans. This early change contributes to shrinkage and dimensional disability at higher
temperatures. But when properly modified, CSA concretes display better volumetric stability
and slower heat-induced mass loss than PC, due to their low calcium hydroxide and low
calcium silicate content [114], [115]. The compressive strength of the samples tested
immediately after heating was reduced to 7% at 100 °C, 42% at 200 °C, and 39% at 300 °C.
When tested 30 minutes later, the strength losses were 12% at 100 °C, 45% at 200 °C, and 43%
at 300 °C. At the testing temperatures of 200 and 300 °C, several internal cracks developed
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during the heating phase prior to loading. As a result, the first straight part of the stress—strain
curve became shorter, showing that the material could carry less load, according to the study
of Tchekwagep et al. [116] The material also became more flexible at higher temperatures,
which might be helpful if the structure cracks during a fire.

Table 5 Calcium sulfoaluminate (CSA) phase decomposition [108]

Temperature Phase decomposition

<90°C Ettringite dehydration and decomposition to monosulfate and calcium sulfate
>150°C Partial monosulfate dehydration

200-230°C Alumina trihydrate dehydroxylation

>450°C Monosulfate dehydration

To summarize, CSA concrete displays unique high-temperature behaviour shaped by its
ettringite-rich chemistry and low portlandite content. Although ettringite starts to break down
ataround 100 °C, which can cause problems, a well-designed system can still show less thermal
cracking and lower mass loss. Adding supplementary cementitious materials (SCMs) can
improve these properties and make the system more environmentally friendly and suitable for
real-life use.

2.2.3. Aggregates

Aggregates influence the performance of concrete under high-temperature exposure, both
physically and chemically [21]. Their mineralogy, size, and thermal compatibility with the
cement matrix determine how the material responds to thermal stress. Siliceous aggregates,
such as quartz-rich granite or sand, undergo a sharp allotropic transformation near 573 °C (from
alpha to beta quartz) [117], [118], [119], resulting in sudden and anisotropic volume expansion.
This induces extra stress which leads to microcracking and debonding at the interfacial
transition zone (ITZ). The ITZ is a thin, microstructurally distinct region between the aggregate
surface and the cement paste [120], [121], [122]. The ITZ is often the weakest link in the
concrete matrix due to its higher initial porosity, lower density, and greater concentration of
portlandite, making it particularly vulnerable and sensitive to thermal degradation.

One of the most critical factors influencing damage at high temperatures is the incompatibility
of thermal expansion between aggregates and the surrounding cement matrix. Aggregates and
paste typically have different coefficients of thermal expansion (CTE) [123]. Siliceous
aggregates often exhibit a higher CTE than the cement paste, which leads to differential
movement during heating [124]. This mismatch generates internal tensile stresses at the
aggregate—paste interface, resulting in the initiation and propagation of microcracks. These
stresses intensify with temperature changes, especially during rapid heating and cooling. It can
compromise the bond within the ITZ. Calcareous aggregates such as limestone tend to have
lower and more compatible thermal expansion behaviour [125]. It reduces stress development
and preserves ITZ integrity to a greater extent. Also, limestone aggregates begin to chemically
decompose into calcium oxide and carbon dioxide at around 900 °C, which introduces
additional porosity and mass loss [125]. Xing et al. [126] reported that flint aggregates in their
setup were prone to explosive spalling at 300 °C.

The thermal expansion mismatch leads to cracking around coarse aggregates more than

spherical [127]. Round shapes better distribute and spread the expansion and evenly “press”
the matrix around [122].
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Aggregate size plays an additional role [128]. Larger aggregates contribute to more pronounced
local stress concentrations (spalling) due to their lower surface area-to-volume ratio and
accumulation of heat. This increases the severity of damage caused by thermal incompatibility.
Smaller aggregates provide more uniform distribution of stress but enlarge the total ITZ surface
[129], which can increase the extent of thermal degradation in the matrix. As temperature rises,
dehydration of hydrates, microcracking, and sintering processes cause the porosity of the ITZ
to increase, while its relative density decreases. This results in reduced mechanical interlock
and a loss of stiffness and strength [119], [130]

@\ /e
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Figure 5 Aggregate-related factors influencing the fire resistance of concrete.

Using recycled materials in concrete raises new questions about how well they handle heat
compared to natural materials. Recycled components like crushed concrete [131], [132], slag
[133], [134], waste glass [135] or plastic [136] can help the environment by saving natural
resources and cutting down on carbon emissions. Their behaviour when exposed to high
temperatures has not been fully studied and understood. Usually, recycled aggregates absorb
more water and have more pores, which can change how heat moves through the concrete.
Some of these materials might also react or change when heated, which could weaken the
concrete. So far, studies have not clearly shown that recycled materials perform better than
natural ones in high temperatures. More research is needed to understand how they behave
under heating.

In summary, since aggregates typically make 60-70 vol.% of concrete [137], and considering
the variety in their origin, mineral composition, and size, it is crucial to carefully design
aggregate mixes to minimize their potential to contribute to the deterioration of the concrete
element exposed to higher temperatures.
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2.2.4. Fiber

Presence of fibres in concrete is a proven way to improve its performance under high
temperatures [138], [139], [140], Table 6. This includes better thermal stability, less cracking,
and stronger mechanical properties during/after heating. All concretes can suffer serious
damage when exposed to fire or heat. Trapped moisture inside the dense concrete turns into
steam, creating high pressure [141]. This can cause internal cracks and even explosive spalling.
Fibres help reduce these events by either holding cracks together [142], lowering temperature
differences inside the concrete [143], or creating small channels or micro-chambers that release
pressure when the fibres melt or break down[144]. Polypropylene (PP) fibres melt at around
160 to 170°C [29], [145]. When they melt, they leave behind tiny pathways or chambers that
let steam spread and escape. This is a great mechanism to lower the risk of spalling. While PP
fibres do not help to sustain the strength at high temperatures, they are important during the
early stages of heating.

In contrast, steel fibres can retain their strength up to around 600°C [26]. They prevent cracks
from growing and help the concrete stay strong after being heated. At temperatures above 600-
700°C, depending on their thickness and material type, steel fibres may soften or rust. Basalt
and carbon fibres can resist much higher temperatures. Basalt fibres stay stable up to about
800°C [146], [147].

Carbon fibres can keep working even beyond 1000°C (only when there is not oxygen present),
which makes them useful in buildings that must resist fire [148], [149]. Unfortunately, these
fibres are more costly and very often worsen the workability of fresh mix. Using a mix of
different fibres can give the best results if the proportions are right. A combination of PP fibres
(to prevent spalling) with steel fibres (to improve strength) could help concrete resist sudden
temperature changes. However, it is important to choose the right type and amount of fibre,
and to make sure they are evenly spread in the mix.

Table 6 Properties of selected fibers

Fibre Type Melting/Decomposition Main Benefit Limitations
Temp

Polypropylene | ~160-170 °C Reduces  spalling, creates vapor | No post-fire strength
channels contribution

Steel Up to ~600-700 °C Enhances residual strength, crack | Oxidation and loss of ductility
bridging >700 °C

Basalt Up to ~800 °C High thermal stability, good bonding Brittle, may reduce workability

Carbon >1000 °C (no presence of | Excellent thermal resistance, high | Costly, challenging dispersion

oxygen) strength

Adding fibres to concrete improves its thermal and mechanical properties and strengthens the
interfacial transition zone (ITZ). During fire exposure, the ITZ is a critical zone where cracks
can form because of uneven expansion, pressure from evaporating moisture, and shrinkage
[147]. Fibres help to limit this damage. Steel fibres can bridge cracks in the ITZ and lower
stress near aggregates. This prevents cracks from growing and supports the concrete regain
strength after heating. Fibres also reduce shrinkage and keep the concrete to remain intact when
thermal stress is developed [150].

In conclusion, the presence of fibres in concrete has many advantages in fire scenarios. They
delay fire damage of the ITZ, limit cracking, and improve long-term durability. Choosing the
right type and number of fibres and ensuring their uniform distribution are the keys to create
fibre-reinforced concrete that performs well under high temperatures.
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2.3. Fire testing

2.3.1. Setup and Sample Size

Although standard fire testing protocols [9] such as ISO 834 and ASTM E119 provide
frameworks and instructions for testing and assessing the behaviour of construction materials
at elevated temperatures, researchers frequently adapt these protocols to match laboratory
capabilities, project-specific objectives, financial constraints, or material and time limitations.
Those modifications typically involve adjusting the specimen size to fit available equipment or
material limitations, using different types of furnaces such as muffle furnaces, radiant panels,
or gas burners, changing support conditions, insulation methods, and thermocouple
placements, as well as modifying heating durations and post-fire cooling procedures [36]. The
thermal gradient, which is defined by the number and placement of heating elements, also plays
a crucial role [151]. Using single-sided versus uniform heating can significantly influence the
behavior of the sample .

These parameters often need to be adapted on a case-by-case basis. It is important to notice
that, even small changes in the setup might lead to significant differences in thermal
degradation patterns, mechanical performance, and post-fire recovery characteristics. As a
result, comparability between studies becomes limited unless these adaptations are explicitly
reported and critically analysed.

Sample size plays a key role in determining heat transfer dynamics during fire exposure [152].
Smaller specimens, such as cubes ranging from 50 to 100 mm [153], [154], [155], tend to allow
faster and more uniform heat penetration. While these sizes ease repeatability and testing, they
may overlook microcracking, dehydration, spalling and chemical phase transformations. Due
to their limited mass and confinement, smaller samples do not accurately reflect the thermal
changes or boundary conditions of real structural elements. They rarely reproduce explosive
spalling, pore pressure buildup, or differential thermal strain. Moreover, the lower confinement
in small samples allows moisture to escape more freely, altering the development of pressure-
induced damage.

Larger specimens, including cylinders or prisms exceeding 150 mm [156], [157], [158], [159],
[160], show slower and more uneven heat penetration. This better represents the thermal
gradients observed in real-life structural components. However, the associated variability can
mask or delay visible signs of damage, making it more challenging to isolate the fire resistance
properties of the material itself. Mechanically, larger samples are more representative of actual
structures, yet they are subject to scale-dependent stress distributions and cracking patterns.
This creates a methodological dilemma: while smaller samples offer experimental control and
simplicity, they may misrepresent real behaviour. Larger samples enhance realism but
complicate repeatability and increase testing complexity.

2.3.2. Heating Source and Sample Orientation

The type of heating system and the orientation of the sample strongly influence test results.
Furnaces that operate through radiant heat [161], convective airflow[162], microwave heating
source [163], or direct flame exposure [164] generate distinct thermal environments. Similarly,
the orientation of the specimen (horizontal [165] or vertical [27]) affects heat distribution and
the mechanical restraints imposed during testing. These variables, in turn, influence the
occurrence of spalling and the pattern of crack propagation. Because these configurations are
seldom standardized, comparing results across different studies becomes challenging unless
testing conditions are clearly documented and analytically addressed.
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Instrumentation placement also varies. Thermocouples [166], strain gauges [159], and acoustic
emission sensors [158] are positioned differently depending on the research objective and
available equipment. Some studies focus on measuring surface temperatures [157], while
others embed sensors deep within the specimen to monitor internal heat flow [167]. This lack
of consistency leads to fragmented datasets, which hinders cross-study integration and slows
the advancement of a unified understanding of fire-damaged materials.

2.3.3. Cooling Phase and Post-Fire Conditioning

The handling of specimens after fire exposure also varies significantly across studies [154],
[168], [169]. Some researchers conduct mechanical testing immediately after heating to capture
the peak state of thermal damage [170]. Others allow specimens to cool naturally [171] or under
controlled conditions before testing [172]. The selected cooling regime strongly affects residual
strength, crack development, and chemical recovery processes, including the rehydration of
calcium silicate hydrate (C-S-H) and carbonation of lime-based residues [169], [173], [174],
[175], [176].

Even when thermal exposure parameters are similar, differences in post-fire protocols can
result in conflicting interpretations of material durability. These inconsistencies make it
difficult to draw conclusions or establish reliable performance data.

2.4. Spalling

Spalling is the breaking, flaking, or explosive detachment of surface layers of concrete, usually
caused by extreme heat exposure (fire events) [177]. It can occur suddenly and violently,
throwing chunks of concrete and exposing inner layers, including steel reinforcement, which
may lead to loss of structural integrity. A higher water content usually means more pores in the
concrete, which can hold more moisture [178]. During a fire, this moisture turns to steam and
can create internal pressure, increasing the risk of spalling [179]. The released water vapor
increases the pore pressure, which can result in spalling, especially if the water is trapped
inside. Spalling in concrete exposed to high temperatures is a complex phenomenon involving
chemical [180], physical [181], and mechanical [182] processes that result in the breaking off
or detachment of surface layers, Figure 6.
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Figure 6 Simplified scheme of spalling in a concrete element

Chemically, spalling is closely linked to the dehydration and decomposition of cement
hydration products such as calcium silicate hydrate (C—S—H) and portlandite (Ca(OH)z). They
begin to break down between 400 and 600 °C [180]. This degradation reduces the binding
capacity of the cement matrix, making it more brittle and prone to cracking. Physically, one of
the primary causes of spalling is the rapid vaporization of pore water and chemically bound
water. When concrete is rapidly heated, water trapped in small capillaries and pores turns into
steam and increases internal pore pressure [181]. If the vapor pressure exceeds the tensile
strength of the concrete, microcracks can form and propagate, leading to explosive spalling.
This effect is particularly severe in (too) dense, low-permeability concretes (e.g. UHPC [147],
[183]) where moisture cannot escape freely. The research on normal strength concrete (NSC)
showed that it is less vulnerable to spalling compared to high-strength concrete (HSC) or ultra-
high-performance concrete (UHPC) [184]. The influence of moisture content should not be
overlooked. Research indicates that in traditional, lower-density concrete, the likelihood of
spalling is relatively low when the moisture content stays under 3—4 wt.% [185]. Several
hypotheses explain the spalling mechanism [177]. The vapor pressure hypothesis suggests that
trapped steam pressure in the pore system builds up faster than it can dissipate, causing internal
stresses that fracture the concrete surface. The thermal gradient hypothesis emphasizes that
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temperature differences between the heated surface and the cooler interior induce differential
thermal expansion, generating tensile stresses, especially at the interfacial transition zone (ITZ)
between aggregates and cement paste, which is often the weakest region. There have been
reports claiming that aggregate type and size can also induce this phenomenon [128], [184],
[186]. The chemical degradation hypothesis focuses on the loss of structural integrity from
dehydration reactions and the transformation of hydration products into more brittle mineral
phases at high temperatures [187].

Blended cements, although increasingly popular due to CO: reduction goals, are also
susceptible to spalling [188], but in many cases those deterioration events are minimised. As
reported by Burak in [189], replacing PC with 10-20 wt.% of GGBFS lowers the surface
temperature of concrete. It reduces internal thermal gradients and the risk of spalling. Similarly,
Kumar et al.[190] noted enhanced fire resistance with ultra-fine slag replacing PC. Concrete
with 30-70% ground granulated blast furnace slag (GGBFS) was tested [191]. Only the 50%
and 70% GGBFS mixes exhibited spalling at 600 and 800 °C. However, a follow-up study
[192] found that all mixes, including the 0% slag reference, spalled at 800 °C, though pure PC
concrete showed the least damage. Comparable edge spalling was observed in PC, PC-FA, and
PC-BF binder combination concretes at the same temperatures but under a slower heating rate
of 1 K/min [193]. In contrast, Ghazy et al. [194] found spalling only in PC-FA concrete after
exposure to 800 °C at a faster rate (30 K/min). Concrete mixes incorporating pure PC, 20%
volcanic ash (VA), 20% fly ash (FA), a combination of 20% VA with 10% furnace arc slag
(FAS), and 20% FA with 10% FAS as partial cement replacements were evaluated [195]. After
exposure to 800 °C, noticeable surface spalling was observed in both the PC reference mix and
the mix containing 20% VA combined with 10% FAS. Additionally, blended concretes
incorporating silica fume (SF), ground granulated blast furnace slag (GBBFS), fly ash (FA),
thermally activated alum sludge ash and palm oil fuel ash, spalling occurred in all specimens
after exposure to 800 °C at a heating rate of 5 K/min, regardless of the binder composition
[196].

Regarding sulfoaluminate cements (CSA), not much research regarding thermal loads and
spalling has been carried. Yu et al. [197] have reported no visible spalling or cracking was
observed in the magnesium phosphate cement (MPC) pastes with CSA exposed to elevated
temperatures, except in the case of the presence of 10 wt.% CSA in the paste at 1100 °C.
However, total deterioration of concrete samples based on CSA was observed by Tchekwagep
et al. in their research [116]. All samples have shown explosive spalling in temperature range
of 400-500 °C. CSA concrete was considered to be not suitable for environments exposed to
temperatures above 150 °C due to the fragility of its ettringite phase [18]. However, Sodol et
al. [108] conducted a series of tests within this temperature range and observed no spalling.

Table 7 General fire spalling performance of PC, GGBFS, and CSA concretes [116], [177], [179], [185], [188],
[196], [197]

Parameter PC GGBFS-Blends CSA
. . . Moderate to high (depends on Low to moderate
Spalling Risk Level High moisture and density) (formulation dependent)
. . Rapid pore pressure buildup Delayed vapor release due to Fast ettringite dehydration
Main Spalling - . s . .
. due to moisture evaporation dense matrix; risk increases releases moisture quickly,
Mechanism . R . .
and weak thermal resistance with high internal moisture reducing pressure
Impact of Moisture | Highly sensitive, high moisture Yery sensitive; trap]_)ed Moderate sensitivity: rgpld
) L moisture in dense matrix can phase changes may aid
Content greatly increases spalling risk . ; .
cause explosive spalling moisture escape
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Significant: thermal stress leads . Cracking behaviour depends
. . Reduced thermal cracking due - -
Thermal Cracking to cracking and promotes . . on binder, less aggressive
. to better matrix bonding
spalling than PC
. . . ... Less sensitive, quicker
Heating Rate Very sensitive to r'apld hea.tmg, Moderately sensitive, ) dehydration stabilizes the
promotes explosive spalling controlled heating reduces risk matrix
Microstructure Coarse pores allow vapor Refined structure retains Compact matrix may -
Impact movement but promote strength longer but traps water prevent pressure buildup if
structural breakdown properly balanced
Temperature Often begins around 200— Begins around 300 °C if
Threshold for 300 °C, peaks around 400— moisture trapped, less No sufficient data
Spalling 500 °C aggressive than PC
. . Layered or surface flaking Minimal to no visible
. . Explosive spalling common : . .
Spalling Behaviour more common than explosive spalling in most low-to-mid
under fire exposure .
spalling temperature exposures

Since the current state of the art regarding spalling shows many contradictions and lacks
consistent findings, more detailed research is needed to better understand how concrete made
with different cements and blends behaves during fire, particularly concerning spalling. As
blended cements and alternative binders are being developed and used more frequently and in
various forms, it is important to study their behaviour under fire exposure while also
considering other factors and components of concrete mixes. A very limited assumption can
be made based on the binder type, Table 7. It is important to remember that, when it comes to
this hazardous phenomenon, the overall context of the concrete element and its surroundings
must be considered to mitigate the negative effects.
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Chapter 3

3. Materials and methods

3.1. Materials
3.1.1. Portland cements

Three types of Portland cement supplied by Cementa AB and CEMEX Poland were utilized in
this study. These included cements classified under EN 197-1 standards: CEM II/B-V 32.5 R
— HSR, CEM I 42.5N (Anldggningscement), and CEM I 52.5R (Snabbcement Skovde). The
physical and chemical characteristics of each cement, as reported by the manufacturers, are
presented in Table 8, Table 9, and Table 10.

Table 8 Properties of CEM 1I/B-V 32.5 R — HSR

Blaine fineness Setting Bulk density LOI (%) Insoluble Chloride Alkali SO3
(m?/kg) time (min) (kg/m3) (%) (%) Naz20e (%) (%)
352 298 1100 n/a 0-0.2 0.062 1.30 2.64

Table 9 Properties of the CEM 1 42.5N

Blaine fineness | Setting time | Bulk density LOI (%) Insoluble (%) Chloride (%) | Alkali Na:Oe
(m?/kg) (min) (kg/m®) (%)
330 170 1250 0.5-0.4 0-0.2 0.01-0.03 0.40-0.58

Table 10 Properties of the CEM 1 52.5 5R

Blaine fineness Setting Bulk density | LOI Insoluble Chloride Alkali SOs
(m?%/kg) time (min) (kg/m?) (%) (%) (%) Naz0e (%)
362 223 972 2.56 0-0.2 0.01 0.62 <4.0

3.1.2. Calcium sulfoaluminate cement (CSA)

ALI CEM GREEN, based on data provided by the producer, is a blend of sulfoaluminate
clinker (ALI PRE GREEN) and finely ground calcium sulfate. It contains 40% pre-consumer
recycled material and has CO- emissions of 380 kg/t (Core Process, A3 Stage), significantly
lower than the 750+ kg/t typical for CEM I cements. The XRF results are shown in Table 11,
and its properties in Table 12 .

Table 11 XRF results for ALI CEM GREEN (all in wt.%)

MgO ALO3 SiO2 SOs3 Cl K.0 CaO TiO2
2.31 18.32 5.35 24.06 0.10 0.48 45.49 0.38
Cr203 MnO Fe203 CuO ZnO SrO BaO LOI
0.06 0.14 1.26 | 0.24 0.08 0.23 0.08 1.41
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Table 12 Properties of ALI CEM GREEN

Blaine fineness (cm?/g) Setting time (min) Bulk density (kg/m?)
5000 £ 500 <25 1100

3.1.3. Ground Granulated Blast Furnace Slag (GGBFS)

The used in this research GGBFS type “Merit” was delivered by Swecem. Merit is a material
obtained from blast furnace slag, a by-product of iron manufacturing. It goes through wet
granulation followed by fine grinding. Due to its favourable chemical composition and latent
hydraulic properties, it demonstrates potential as a supplementary cementitious material (SCM)
for concrete production. The material conforms to the requirements of SS EN 15167-1, carries
CE certification and is available on the Swedish market. The physical properties and chemical
composition as provided by the producer are shown in Table 13 13 and Table 14, respectively.
The XRD diffractogram is shown in Figure 7.

Table 13 Physical properties of Merit (GGBFS).

Dso (mm) Blaine fineness (m?/kg) Density Bulk density Glass content %
(g/em’) (g/em’)
30-34 30-35 2.8-3.0 0.9-1.1 97-99

Table 14 Chemical composition of Merit (GGBF'S), wt.%.

CaO SiO2 ALO3 MgO TiO2 Mn203 Cl
30-34 30-35 10-13 12-15 1.5-2.5 0.3-0.6 <0.1
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Figure 7 GGBF'S "Merit" XRD diffractogram
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3.1.4. Powders

e Quartz powder

The quartz powder Norquartz 45 was sourced from Sibelco. According to the information
provided by the manufacturer, most particles (99.2%) have a size of 45 pm. The chemical
properties are shown in Table 16 and the SEM BSE image in Figure 8.

Table 15 Chemical properties of quartz powder Norquartz 45

Component SI02 ALO3 Fe:03 LOI pH Density
Average (%) 99.6 0.25 0.02 0.15 6.5 2.65

v > - 1 -
BEC 15.0kVWD11mmP.C.50 25Pa x500 50pm
Lulea University Of Technology

Figure 8 SEM BSE image of quartz powder

e Limestone powder

Limestone powder was obtained from a local producer. Its XRF results are presented in Table
17, and the SEM BSE image in Figure 9.

Table 16 XRF results: Limestone powder (wt.%)

Na:0 | MgO | ALOs | SiO: | K»O | CaO | TiO2 | MnO | Fe:O3 | LOI
0.75 1095 ]0.73 3.59 [ 0.23 | 54.09 | 0.09 | 0.21 1.55 37.82

BEC 15.0kVWD11mmP.C.50 26Pa x500
Lule4 University Of Technology

Figure 9 SEM BSE image of limestone powder
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o Eggshell powder
Eggshells were collected as food waste from hen eggs available in Sweden. The shells were
cleaned with tap water, initially mechanically crushed to minimize their volume, and dried in
a laboratory oven at 105°C for 24 hours. Afterward, they were ground in a Retsch planetary
ball mill PM 100 at a speed of 400 rpm for 30 minutes to achieve a fine powder. XRF results
are shown in Table 18, and a SEM BSE image in Figure 10.

Table 17 XRF results of eggshell powder (wt.%)

MgO | ALOs | SOs | C1 K:O0 | CaO | SrO | LOI
0.30 | 0.05 0.30 | 0.05 | 0.05 | 52.38 | 0.05 | 46.80

BEC 15.0kVWD11mmP.C.50 26Pa x500 50pum
Lulea University Of Technology

Figure 10 SEM BSE image of eggshell powder

3.1.5. Aggregates

The Jehander Heidelberg cement group supplied crushed granite aggregates with a gradation
of 0-4 mm and 4-8 mm. These aggregates are preferred due to their mechanical properties such
as high compressive strength, low water absorption, and high resistance to wear and tear and
high granite melting point [198]. Its specific gravity is 2.7 t/m?.

3.1.6. Admixtures

To evaluate the influence of admixtures (SS EN 934) on the thermal properties of concrete
under elevated temperatures, three types of admixtures supplied by Master Builders were
incorporated into the mixes. Detailed specifications of these admixtures are presented in 7able
11.

e Accelerator
Master X-Seed 100 (Master Builders, ACC) is a suspension containing nanoparticles
formulated to enhance the early hydration kinetics of cementitious systems, particularly within
the initial 6 to 12 hours after mixing. According to the manufacturer, the mechanism involves
promoting the rapid nucleation and growth of calcium silicate hydrate (C-S-H) phases, thereby
facilitating earlier strength development and accelerating the hardening process.
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o Air entrainer

Master Air from Master Builders (AE) is an air-entraining admixture that enhances creation of
a system of small, closely spaced air pores.

e Plasticizer

Master Glenium ACE 30 from Master Builders (SP) is a superplasticizer formulated using
modified polymers, designed to enhance concrete. It is intended to reduce casting time and
promote rapid strength development and a faster formwork removal.

Table 18 Admixtures specification

ACC SP AE
Form: Liquid Liquid Liquid
Density: 1.135+0.03 1.064 £ 0.02 1.0£0.01
pH value: 11+£1.5 55+1 8.4+104
Chloride ¢ t: <0.01% (not measurable) 18% + 1.0% N/A
Dry content: 18% + 1.0% 12.5% £ 0.1%
Na:0 equivalent: 1.7 N/A <1.8%

3.1.7. Fibers

Fibers were used in concrete mixes to study spalling events in larger concrete elements. The
two most common types used were PVA and basalt.

o PVA fibers

MasterFiber 400 is manufactured by BASF Construction Solutions GMBH. The technical data
are presented in Table 19, and an SEM BSE image is shown in Figure 11.

Table 19 Technical data. PVA fibers.

Polymer Type Sectional shape Density Eq. Diameter Tensile strength
PVA Round 1300 kg/m? 200 pm 750 MPa

Effect on strength Colour Longitudinal shape Fiber length Secant modulus
32.5 kg/m? Yellowish straight 18 mm 7100 MPa

e £ |
BES 15.0kVWD11mmP.C.60 30Pa x100 100pm
Lulea University Of Technology

Figure 11 SEM BSE image of PVA fibers
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e Basalt fibres
MasterFiber 050, basalt microfibers, are manufactured by BASF Construction Chemical Italia
SpA. The technical data are presented in Table 20, and an SEM image is shown in Figure 12.

Table 20 Technical data for basalt fibers.

Polymer Type Sectional shape Density Eq. Diameter
basalt round 2670 kg/m? 13 um
Melting point Colour Longitudinal shape Fiber length
1350°C greyish straight 16 mm

.\ ¢

BES 15.0kV WD11mmP.C.60 30Pa x500
Lulea University Of Technology

Figure 12 SEM BSE image of basalt fibers

3.2. Methods

3.2.1. Cement paste sample preparation
e Mix design

The binder paste was prepared following the guidelines of RILEM TC-238 SCM [199]. A total
of 80 grams of solid materials was combined with 32 grams of distilled water. Mixing was
performed using a vacuum laboratory mixer operating at 390 rpm for 2 minutes. After mixing,
the paste was transferred to a plastic container, sealed, and stored for 28 days at room
temperature (20°C) and a relative humidity of 50-60%. The paste mix compositions are
presented in Tables 21 and 22.

Table 21 Mix composition for PC pastes with GGBFS

PC Cement [g] | GGBFS [g] Quartz [g] Water [g] W/B
Set 1(REF) 40 40 - 32 0.40
Set 2 32 32 16 32 0.50

Table 22 Mix composition for CSA pastes with LS and ESP

Mix CSA Cement [g] LSP [g] ESP [g] Water [g] W/B
1 (REF) 80 0 0 32 0.40
2 76 4 0 32 0.42
3 72 8 0 32 0.44
4 76 0 4 32 0.42
5 72 0 8 32 0.44
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3.2.2. Concrete sample preparation
e Mix design and sample preparation.

The mix design process was carried out through multiple trials to achieve good workability

without using any additional plasticizer. The water-to-binder ratio was consistently maintained

at 0.50 to ensure data uniformity and to be able to compare and analyse the results. Concrete

specimens (100x100x100 mm) were cast in plastic molds using a 20-liter Hobart A200N

mixer, Figure 13.
%

=

Figure 13 Hobart A200N 20! mixer

A standardized mixing process was followed: dry components were mixed for 5 minutes,
followed by water addition and another 5 minutes of mixing. Mixing time ranged from 5 to 10
minutes. Molds were coated with form oil to ease demoulding. After 24 hours, the specimens
were demoulded, measured, weighed, labelled, and photographed, then air-cured for 28 days
at ambient temperature (21 °C) and relative ambient humidity (65%). Post-curing and post-
heating, the same documentation was repeated to track changes such as cracks or deformation
and evaluate the effects of thermal exposure on samples. The concrete mix compositions are
presented in Table 23 and 24.

Table 23 Mix design for PC concrete mixes, for I m*

Mix PC PC GGBFS Aggregates | Aggregates Sand Quartz W/B
kg/m? type kg/m? 4-8 mm 0-4 mm B15 powder
kg/m? kg/m? kg/m? kg/m?
1A100 400 325 0 522 1131 87 87 0.5
1A5050 200 325 200 522 1131 87 87 0.5
1B100 400 42.5 0 522 1131 87 87 0.5
1B5050 200 42.5 200 522 1131 87 87 0.5
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1C100 400 52.5 0 522 1131 87 87 0.5
1C5050 200 52.5 200 522 1131 87 87 0.5

Table 24 Mix design for CSA concrete mixes, for 1 m’

Mix Cement LSP ESP Aggregat Aggregat Aggregates W/B
kg/m? kg/m? kg/m? 4-8 mm kg/m® | 0-4 mm kg/m? | 0-2 mm kg/m?3

1 ®ep | 392.00 0 0 878.5 614.90 273.40 0.5

2 372.59 19.60 0 878.5 614.90 273.40 0.53

3 353.00 39.20 0 878.5 614.90 273.40 0.55

4 372.59 0 19.60 878.5 614.90 273.40 0.53

5 353.00 0 39.20 878.5 614.90 273.40 0.55
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4. Testing
4.1. Temperature load

High-temperature exposure tests were carried out using an LAC LH15 furnace, Figure 14. The
heating elements are installed on the left and right vertical sides of the chamber, with no
mechanical ventilation to circulate the hot air. The samples have been always placed on the
floor of the chamber without any spacing.

Figure 14 Selected muffle furnace

Two main temperature thresholds were selected: 400°C and 800°C. This choice was based on
the feasibility of the experiments, safety considerations, and the typical decomposition
behaviour of concrete reported in the literature [81]. At around 400°C, concrete begins to
exhibit noticeable physical and chemical changes. Free and some chemically bound water
evaporate, and microcracking develops due to differential thermal expansion between the
aggregates and the cement matrix. Calcium silicate hydrate (C-S-H), the primary binding
phase, starts to dehydrate, gradually weakening the material’s structural integrity. At 800°C,
concrete experiences severe degradation. Calcium hydroxide (portlandite) decomposes almost
completely, and further breakdown of C-S-H significantly compromises the material's strength.
Additionally, if quartz-based aggregates are present, they undergo a phase transformation from
alpha- to beta-quartz at approximately 573°C [117], [118], [200]. This transformation is
accompanied by a sudden volume increase, which introduces internal stresses and can lead to
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further cracking and instability within the concrete. At this stage, concrete typically shows
extensive cracking, a loss of cohesion, and a significant reduction in mechanical performance,
with spalling or explosive failure becoming more likely due to steam pressure and structural
instability.

The temperature increased to 400°C within 30 minutes, corresponding to a rate of 13.33°C/min,
and reached 800°C in 175 minutes, with a slower rate of 4.57°C/min. Concrete and binder paste
specimens were placed directly on the chamber floor without any spacing supports. Once the
desired temperature was achieved, it was maintained for one hour. Following the heating phase,
the furnace was kept closed to allow the samples to cool down naturally to room temperature
for approximately 12 to 24 hours.

4.2. Compressive strength

Compressive strength testing in this study was conducted using a Toni Technik compression
machine, Figure 15. A constant loading rate of 10 kN/s was applied until specimen failure. The
procedure followed the SS EN 12390-3 standard for evaluating the properties of hardened
concrete. The maximum load at failure was recorded, and the compressive strength was
calculated by dividing this load by the specimen’s cross-sectional area.

E

N #
T°“"Technik T i

A | ] ) . ) -

Figure 15 Compressive strength testing machine
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4.3. X-ray diffraction (XRD)

X-ray diffraction (XRD) analysis was performed using a Panalytical Empyrean diffractometer
equipped with a 0-0 reflection Bragg-Brentano geometry, a Cu anode (A = 1.54184 A),
programmable divergence slits, and a Pixcel 3D Medipix2 detector. The X-ray source operated
at 45 kV and 40 mA. Measurements were carried out over a 26 range of 5-75°, with a step size
0f 0.026° and a counting time of 330.23 seconds per step, resulting in a total scan duration of
approximately 1 hour per sample. The irradiated area was circular with a surface of 100 mm?.

To stop hydration, the samples were immersed in isopropanol for 5 days, followed by storage
in a desiccator under vacuum for an additional 5 days. They were then ground using a planetary
ball mill until the particle size was reduced to below 63 um.

4.4. SEM EDX

The paste samples prepared for SEM analysis were first immersed in isopropanol for 7 days to
remove water. Subsequently, they were stored in a desiccator for an additional 5 days.
impregnation was performed using a low-viscosity epoxy resin. After curing, the samples were
polished sequentially with diamond suspensions having particle sizes of 9 um, 3 pm, and 1
pm.

The scanning electron microscope (SEM) utilized for this analysis was the JSMIT100, that was
combined with a Bruker Quantax energy-dispersive spectrometer (EDS), Figure 16. Images
were acquired in backscattered electron (BSE) mode at magnifications of 500x and 1000x. The
operating conditions included an acceleration voltage of 15 kV, an electron beam current of 70
mA, and a chamber vacuum pressure of 30 Pa [201].

Figure 16 SEM instrument
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4.5. Microstructural integrity

Two approaches are used to determine the amount of empty voids. This cannot be considered
a porosity test, as thermal exposure results not only in the formation of pores, but also in cracks
and other empty voids. Internally, this has been referred to as microstructural integrity, aimed
at assessing how the arrangement of the matrix is altered under high temperatures, considering
all physical changes [191].

The first approach is based on histograms generated from BSE images obtained using a SEM
microscope, while the second involves measurements with a gas pycnometer.

4.5.1. SEM BSE histograms

To study how high temperatures affect the concrete's internal structure, histograms from BSE
images were analysed. The Microstructural Integrity Index (MII) was introduced to describe
the overall quality of the concrete's microstructure. This included features like pores, cracks,
and separations in the ITZ, and was used to compare both damaged and undamaged (reference)
samples. Thirty images were taken from different spots on the cross-section of the specimens
after heating them to 400°C, 800°C, and at room temperature. All images were captured at
400x magnification to clearly show small features like pores, following methods from earlier
research [202], [203]. The images were processed using MATLAB 2023b, along with its Image
Processing Toolbox. A median filter with a 5-pixel kernel was applied to reduce noise. To
detect pores and small cracks, each image was binarized using a method called the “overflow
method.” This involved converting the image into black and white every 5 grayscale levels and
measuring the white pixel areas. The correct cutoff threshold value was found by identifying
where two tangent lines on the graph of pixel area intersected.

Each image was then binarized using this threshold, and the MII was calculated with the
formula:
Ml =1- Za—“; (1)
wi.: number of pixels showing cracks or pores
a: image length = 5120 pixels
b: image width = 3840 pixels

The MII value ranges from O to 1. A value close to 0 means the microstructure is badly
damaged, while a value near 1 means it is still in good condition.

4.5.2. Gas pycnometer

The skeletal density of the samples was measured using a helium gas pycnometer
(Micromeritics AccuPyc II 1340). All tests were done at room temperature in the lab. To ensure
accurate and consistent results, each density value was based on the average of ten repeated
measurements. The analysis chamber had a volume of 30 ml, which was suitable for the sample
sizes and allowed for precise measurement of the volume displaced by the helium gas.
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Chapter 5

5. Results and discussion

5.1. Portland cement blends with GGBFS

Among the tested cement blends incorporating GGBFS, the 50/50 wt.% ratio demonstrated the
most promising performance under high-temperature conditions. The following chapter
presents a detailed analysis of this blend, examining its thermal behaviour and contributing
factors.

5.1.1. Weight change

As aresult of elevated temperatures leading to water evaporation, the tested concrete elements
showed a weight reduction. Table 26 presents the average percentage weights loss of individual
cubes after exposure to 400 °C and 800 °C for 1 h, allowing for a direct comparison of how
different mix designs react to thermal load. The observed mass loss is a key factor, as it directly
impacts the concrete’s durability and structural integrity under high-temperature conditions
[191].

The results show that all mixtures kept 92-95% of their original weight after heating. Among
them, the blends containing GGBFS as a 50% replacement for cement performed well. These
slag-modified mixtures generally exhibited a smaller reduction in mass compared to those
composed only of Portland cement, particularly at 400 °C. This behaviour aligns with findings
by Wang [204], who also reported improved thermal resistance in slag-containing mixes.

The reduced weight loss in specimens with GGBFS can be attributed to the denser
microstructure and lower porosity typical of well-hydrated slag-blended binders. Such
characteristics enhance moisture retention and minimize thermal degradation. This conclusion
is supported by Lothenbach et al. [205], who noted that a more compact microstructure
decreases permeability and slows the progression of heat-induced damage. The improved
thermal stability of slag-modified concretes is closely linked to their internal cohesion and
resistance to dehydration.

In contrast, mixes with only Portland cement exhibited slightly higher mass loss after heating
to 800 °C. Though the difference is small, it shows that plain Portland cement binders have a
limited ability to hold moisture and resist microstructural damage when exposed to heat. The
gathered data confirm that incorporating GGBFS into the mix design enhances the thermal
resilience of concrete, particularly at intermediate temperatures, by reducing weight loss and
preserving internal structure.
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Table 25 Weight reduction (average of 4 samples; SD % in parentheses).

Ambient | 400°C | 800°C
PC 32.5
100 % (0.16) \ 92 % (0.02) | 92 % (0.02)
PC 32.5 + GGBFS (50/50 %)
100 % (0.02) \ 95% (0.04) | 92% (0.01)
PC 42.5
100 % (0.01) | 93 % (0.01) [ 93 % (0.01)
PC 42.5 + GGBFS (50/50 %)
100 % (0.02) | 93 % (0.03) [ 92 % (0.01)
PC 52.5
100 % (0.01) [ 93 % (0) ] 93 % (0.01)
PC 52.5 + GGBFS (50/50 %)
100 % (0.01) | 95 % (0.01) [ 92 % (0.01)

5.1.2. Compressive strength

After 28 days of air curing and storage under normal room conditions, the concrete cube
samples were exposed to elevated temperatures of 400°C and 800°C for 60 minutes. Once
cooled for 24 hours, their compressive strength was tested. The results at ambient temperature
serve as a reference point (100%) for evaluating the effect of heat on each mixture regarding
change of compressive strength results. The results are presented in Table 26.

After heating to 400°C, most samples either retained their original strength or showed
noticeable improvements. This trend was especially evident in the mixes containing equal parts
of GGBFS and PC, where strength gains were most pronounced. Among these, the mix made
with PC 42.5 and slag demonstrated the most significant improvement. Mixes combining slag
with either PC 32.5 or PC 52.5 also performed well, suggesting that slag contributes positively
to strength development at moderate temperatures. These improvements are likely linked to the
enhanced reactivity of slag at elevated temperatures, which promotes the formation of
additional binder phases [206]. This contributes to a denser microstructure, improved resistance
to internal cracking, and overall better thermal stability. The slower, sustained hydration of
slag and the resulting compact gel phases further support structural integrity under thermal
stress. In contrast, mixes made without slag exhibited more modest strength increases. While
PC 32.5 without slag still showed a notable improvement, the PC 52.5 without slag showed
only a marginal gain. A surprising outlier was the PC 42.5 mix without slag, which also showed
a higher strength increases after heating. However, at 800°C, all mixes experienced a sharp
decline in compressive strength. The mixes containing slag, particularly the one with PC 32.5,
were most affected. Meanwhile, the PC 32.5 mix without slag retained the highest proportion
of its original strength, indicating superior thermal stability at high temperatures.

These results align with findings by Ponomar et al. [82], who observed that the addition of
quartz as a filler could enhance compressive strength under thermal exposure. This
improvement was attributed to the formation of iron—silicate phases generated through alkaline
interactions between quartz and the existing gel structure. The slag used was iron-rich, which
suggests the presence of an iron threshold that contributes to this effect. Further testing is
recommended to narrow down the iron content responsible for this event.
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Table 26 Changes in compressive strength performance results (average of 4 samples; SD % in
parentheses).

Ambient \ 400°C | 800°C
PC 32.5
100% (3.20) \ 125% (3.20) | 69% (12.0)
PC 32.5 + GGBFS (50/50 %)
100% (2.0) \ 128% (7.00) | 33% (11.0)
PC 42.5
100% (2.0) | 144% (1.0) [ 59% (3.0)
PC 42.5 + GGBFS (50/50 %)
100% (10.0) | 167% (6.0) [ 66% (4.0)
PC 52.5
100% (7.0) | 103% (7.0) [ 44% (1.0)
PC 52.5 + GGBFS (50/50 %)
100% (6.0) | 135% (4.0) [ 51% (9.0)

5.1.3. Microstructural integrity

MII values were determined for each concrete specimen exposed to elevated temperatures
using SEM images taken at 400x magnification. The average MII ranged from 0.82 to 0.91,
reflecting differences in microstructural integrity across the specimens subjected to varying
thermal exposures, Table 27. A clear downward trend in MII was observed with increasing
temperature, which highlights the adverse effects of thermal loading on the concrete
microstructure. Notable differences in MII were found among the various concrete mix
designs. Specimens containing 42.5 and 52.5-grade cements showed higher MII values
compared to those with 32.5-grade cement, indicating a denser matrix and reduced pore
connectivity. This was observed despite the visible porosity associated with fly ash particles.
The effect of slag on microstructural integrity appeared to be limited under elevated
temperature conditions.

The influence of slag became more evident when comparing the behaviour of concrete at 400
and 800 °C. At400 °C, slag improves thermal resistance and reduces permeability, which helps
to minimize the microstructural damage. The thermal exposure at this stage can activate slag
reactivity, enhancing its contribution to hydration and extending the slower phase of the
hydration process [180]. However, this reaction is constrained by the limited availability of
calcium hydroxide, and once saturation is reached, additional slag provides limited benefit and
may even slow further hydration. The latent hydraulic activity of slag also strengthens the
interfacial transition zone (ITZ), contributing to matrix densification and potentially enhancing
durability under moderate heat exposure. At 800 °C, however, the severe thermal environment
likely exceeds these protective effects, resulting in significant deterioration of microstructural
integrity.

The variation observed in the data is primarily related to the heterogeneous nature of
microstructural damage within the concrete visible in Table 28. This is influenced by
differences in thermal expansion among the constituents, particularly between the aggregates
and the binder matrix, along with variability in the shape, size, and volume fraction of
aggregates in each analysed image. In this study, it is presumed that MII values were affected
by microdamage occurring in the ITZ, Figure 17. However, this observation was made through
visual inspection and does not provide enough quantitative evidence to determine the exact role
of the ITZ.
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Table 27 MII values change results

Ambient \ 400°C | 800°C
PC 32.5
0.83 [ 0.75 [ 0.75
PC 32.5 + GGBFS (50/50 %)
0.82 | 0.79 | 0.74
PC £2.5
0.86 | 0.80 | 0.76
PC 42.5 + GGBFS (50/50 %)
0.83 \ 0.82 [ 0.80
PC 52.5
0.91 [ 0.86 [ 0.81
PC 52.5 + GGBFS (50/50 %)
0.88 [ 0.85 [ 0.86

Further visual inspection has showed that samples stored under ambient conditions displayed
an intact matrix with no visible cracks. However, exposure to 400°C caused the evaporation of
free, gel, and capillary water, resulting in dehydration [11], which left behind voids and cracks
following the contours of the aggregates, which led to prolongation cracks within the matrix.
At 800°C, the matrix suffered significant disruption across all samples. This degradation is
mainly due to thermal incompatibility. While the C-S-H gel undergoes substantial shrinkage,
the aggregates remain dimensionally stable, leading to detachment at the interface.
Furthermore, the a-to-p quartz phase transformation at 573°C causes a volumetric expansion
[117], [118], thus introducing more stress to the matrix. As the gel water evaporates, the C-S-
H gel shrinks notably, increasing the porosity of the concrete. Larger unreacted particles act as
physical barriers, limiting shrinkage and restricting the propagation of cracks. Nevertheless,
the cracks that do develop are wider and more pronounced, particularly in mixes with higher
slag content. Despite these changes, the aggregates remained stable, showing minimal signs of
degradation or high-temperature mechanical failure. Although spalling was not observed in
any of the samples, the presence of cracks and voids may still contribute to spalling [207],
which could ultimately disturb the integrity of the internal structure.

Table 28 Microstructural changes of matrix when exposed to high temperature

Ambient [ 400°C | 800°C
PC 32.5

PC 32.5 + GGBFS (50/50 %)

54



Performance of Lower-Carbon Concretes After High-Temperature Exposure

R T — C 15 p11ma 2 x500 — S p S0um

BEC 15. x5 B —— Pa x500  S0um

50 30Pa X500  SOpm e— BEC 15.0kV WD 1mmP.C

Luled University Of T

LN

50um

30Pa x500  S0pm

55



Performance of Lower-Carbon Concretes After High-Temperature Exposure

« Y £ 1
: AT 5 L L2 0N
BEC 15.0kVWD13mmP.C.50 30Pa x500 50pum
Lulea University Of Technology

Figure 17 Examples of thermal deterioration of concrete matrix. SEM BSE, Mix PC42.5 + SLAG

5.1.4. Colour alteration

Visual alteration assessment is one of the simplest methods for examining concrete exposed to
high temperatures [208], [209], [210], [211]. It involves observing color discoloration, the
presence of crazing and cracks, as well as changes in surface texture. Although it does not
provide specific data on mechanical performance yet, it can serve as an initial indicator of the
condition of a concrete element. Exposure to elevated temperatures led to several visible
changes in the concrete samples in this study, Table 29. Samples positioned closer to the heat
source exhibited more uneven and stained surfaces. However, these visual differences did not
appear to correlate directly with variations in compressive strength.

At 400 °C, all specimens became lighter in color developing a noticeable yellow tint due to
dehydration. No cracks or spalling were observed.

At 800 °C, the effects were significantly more pronounced. Although none of the samples
experienced explosive spalling, clear signs of cracking, surface separation, and distinct color
changes were observed. The samples turned various shades of beige, pink, and grey, with
varying intensity. Long, reddish surface marks appeared on many specimens, likely due to iron
compounds present in the Portland cement, granite aggregate, and the fly ash used in PC 32.5
cement. Samples made with PC 42.5 displayed orange discoloration, while those containing
PC 52.5 and GGBFS developed a reddish-brown tone. However, none of the slag-containing
samples retained their original green internal hue after exposure to high temperatures (Figure
18).
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PC+ GGBFS PC+ GGBFS
before heat treatment after heat treatment

Figure 18 Inner part of samples with GGBF'S before and after heat treatment

All specimens after temperature exposure showed signs of surface crazing with cracks, but no
consistent crack direction could be identified. At room temperature, the surfaces remained
smooth and even. At 400 °C, they became noticeably rougher. By 800 °C, the surface texture
had deteriorated becoming rough, sharp, and uneven. All samples showed a tendency to
fragment, affecting both their weight and dimensions. This degradation could potentially
compromise the accuracy of compressive strength measurements.

Although all specimens lost color intensity as the temperature increased, slag-containing mixes
followed a different pattern. Higher slag content resulted in darker, more intense red and brown
hues. These mixes also exhibited the most pronounced crazing, extremely rough textures, and
the highest degree of surface disintegration. This suggests that slag influences not only the
color changes but also the overall physical behavior of concrete under elevated temperature.

Table 29 Visual alteration of samples exposed to high temperature

Ambient 400°C 800°C

PC 32.5

PC 32.5 + GGBFS (50/50 %)
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PC 425

PC 42.5 + GGBFS (50/50 %)

PC 52.5 + GGBFS (50/50 %)
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5.1.5. New chemical phase: Akermanite within Melilite.

The decomposition of cement at elevated temperatures has been thoroughly investigated in the
literature [81], as well as in Paper C. Once the material reaches the critical temperature at which
calcium silicate hydrate (C—S—H) fully decomposes [180], and the high temperature is
sustained to penetrate the element, new phases are formed due to melting and cooling
(recrystallisation process), [212].

This can be interpreted as a reorganization of chemical structures. The elevated temperatures
trigger both chemical and structural changes. If these thresholds are not met, key
transformations such as the formation of phases, like dkermanite, merwinite or gehlenite, may
not occur.

When blast furnace slag cools slowly, it usually forms a phase called melilite [95]. This phase
is a solid solution of gehlenite (2Ca0-Al20s-Si0:) and &kermanite (2Ca0-MgO-2Si0:), made
up of the main oxides in the slag: CaO, SiO2, MgO, and AL:Os. The XRD peaks of melilite
overlap with typical peaks of gehlenite and dkermanite.

Because the chosen GGBFS has a high magnesium content, dkermanite is more likely to form
and become the dominant part of melilite after high-temperature recrystallisation. Its presence
is especially important because it shows some resistance to heat and helps the concrete to
sustain its strength after being exposed to high temperatures.

Following exposure to 1200 °C [Paper C], the formation of dkermanite (Ca-MgSi>O7)-rich
melilite in the binder paste (PC + GGBFS) indicates a significant change induced by high
temperature, Figure 19. This transformation reflects both the original chemical composition of
the binder and the complicated reactivity that takes place under extreme thermal conditions
[213]. Akermanite, [214], is a mineral with a melting point above 1450 °C and a density of
2.944 g/cm® [215]. To date, it has no significant industrial applications. It typically forms
through solid-state reactions involving calcium oxide (CaO), magnesium oxide (MgO), and
amorphous or reactive silica (SiO2) around 900 °C [216]. It is more common in systems
enriched with supplementary cementitious materials (SCMs) or additives containing Mg and
Si, such as slag, fly ash, or certain natural pozzolans [216]. At elevated temperatures,
conventional hydration products such as calcium silicate hydrate (C—S—H), portlandite
(Ca(OH)2), and ettringite decompose and lose structural integrity [81], making way for
recrystallization processes. During the cooling phase, it favours the formation of
thermodynamically stable silicates like melilite. The reaction is likely facilitated by the
decarbonation of calcite and the dehydroxylation of portlandite, which provide reactive CaO,
and by the collapse of the C—S—H structure, which releases SiO- [180]. In the presence of
MgO, could be GGBFS originated (Table, 14), dkermanite crystallizes according to the general
reaction:

2Ca0 + MgO + 28102 — Ca:MgSi>07 (dkermanite)

From a materials science perspective, the formation of &kermanite at such high temperatures
can be advantageous for the residual mechanical performance and microstructural integrity of
the material. Akermanite is a dense, thermally stable phase with relatively low thermal
conductivity [217] and good high-temperature resistance. Its crystallization can contribute to
partial densification of the matrix, thereby reducing porosity and minimizing microcracking,
typically followed by thermal degradation. Due to its refractory nature (high melting point),
akermanite may act as a structural scaffolding in the post-exposure matrix, supporting
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dimensional stability and contributing to a longer lifespan. It can be concluded that exposing
concrete to higher temperatures is more beneficial for inducing the crystallization of
akermanite, compared to lower temperatures, which may lead to the decomposition of C-S-H.
Its presence has diagnostic value and may serve as a marker of high-temperature exposure in
slag-modified concrete, contributing to the assessment of the performance of post-fire concrete
elements. Another aspect worth investigating is how the recycled content of concrete
containing akermanite might contribute to the performance of new concrete elements exposed
to elevated temperatures.
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Figure 19 XRD spectra of binder pastes after exposure of 1200°C and cooling down. (Akermanite
cod_9006448)

The XRD analysis reveals a clear trend in the formation of crystalline melilite across the
different cement types blended with GGBFS, Figure 19.  Melilite formation is more
pronounced in samples containing lower-grade cement, showing as distinct and sharp
diffraction peaks. This can be attributed to the specific composition of the cement and the
presence of fly ash and residual clinker that affect hydration behaviour. CEM 32.5 typically
contains higher levels of alumina and silica, which favour the development of calcium-
aluminate silicate phases. Moreover, the presence of fly ash can enhance this process, Table 8.
The combined effect of these factors, especially during elevated temperature exposure, could
create an environment that promotes the formation of this phase. The PC 42.5 + GGBFS sample
also displays peaks in similar regions. However, they are broader and less intense, suggesting
a moderate presence of melilite or a higher proportion of amorphous phases. In contrast, the
PC 52.5 + GGBFS sample shows poorer peak definition in these key regions, leading to the
assumption of a low degree of crystalline melilite.
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When pure cement pastes are exposed to 1200 °C for one hour, then cooled and tested using
XRD, no peaks corresponding to melilite are observed, Figure 20. Such peaks appear only in
the mix containing PC 32.5, due to the factory-added fly ash.
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Figure 20 XRD spectra of cement pastes after exposure of 1200°C and cooling down. (Akermanite
cod_9006448)

In summary, the presence of slag and fly ash, interacting with high temperature, induces the
formation of new thermally stable phases that enhance the thermal performance of concrete,
whereas pure cement does not exhibit this behavior.

5.1.6. Simple Model. The role of GGBFS in dkermanite formation.

Simple models of concrete decomposition exposed to high temperatures are commonly studied
and presented in current state-of-the-art research. However, there is relatively limited research
on the influence of temperature on the recrystallization and chemical reorganization of a slag-
enriched cement-based concrete matrix after cooling following a fire event, and how the newly
formed phases contribute. A simplified model is proposed in Figures 21, 22. As mentioned
before, it is more beneficial for cement-slag blend-based concrete to reach a temperature of
approximately 900°C during a fire event and remain at that temperature long enough to enable
partial melting of the matrix and promote the formation of dkermanite (Ca2MgSi-O). At this
temperature range, the thermal energy is sufficient to destabilize and decompose initial
hydration products, such as C—S—H (calcium silicate hydrate), ettringite, and portlandite,
leading to the release of reactive CaO, SiO2, and MgO. These parts can be reorganized under
high-temperature conditions and react to form new crystalline phases. Those can contribute to
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a denser and more stable microstructure during cooling. At lower temperatures, the energy
input is insufficient to induce such chemical transformations, and the matrix remains largely
disorganized, retaining a porous, 'unbaked' structure with degraded or amorphous remnants of
the original hydration products.
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Figure 21 Simple model of alteration of cement-slag matrix during and after exposition to higher
temperature, and proposed damage mitigation measures.

Focusing on the role of the chosen ground granulated blast furnace slag (GGBFS Merit), the
following simplified model for &kermanite formation within the studied binder system can be

proposed:
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1. Slag Composition input.

Slag (like selected GGBFS, Table 4) contains some elements that are in favour of akermanite
formation, Table 30:

Table 30 Components of dkermanite

Component | Function in Reaction

CaO Calcium source

MgO Magnesium source

SiO: Silicon source

ALOs Competes with SiO: for phase formation

2. Latent hydraulic and pozzolanic reaction

First, slag reacts with water (latent hydraulic) and hydrated cement (pozzolanic reaction) to
form C-S-H gel along with small amounts of aluminates or ettringite. Akermanite does not
form at this stage.

3. High-Temperature load (>850-900°C)

As the temperature rises, C-S-H and other hydrates decompose, releasing ions such as Ca*",
Si02, and Mg?". Simultaneously, elements from the original slag become remobilized,
contributing to the chemical activity within the system. This process leads to the formation of
an oxide-rich matrix, where solid-state reactions begin to take place.

4. Crystallization during cooling
During slow cooling, the following reaction occurs:
2Ca0+MgO+2Si02—Ca:MgSi207

Akermanite tends to crystallize out of the molten or semi-molten matrix when the Al.Os content
is moderate or low. It limits the formation of competing phases such as gehlenite (Ca2ALSiO»),
which require a higher concentration of alumina. The formation of &kermanite is favoured due
to the presence of Mg?*. It plays a stabilizing role in the crystal structure. Magnesium, with its
smaller ionic radius and divalent charge, fits well into the tetrahedral or octahedral sites of the
silicate framework and helps create a thermally stable and rigid lattice. This makes the
akermanite structure energetically favourable, particularly at high temperatures. The balanced
proportions of CaO, MgO, and SiO-, often naturally present in slag, are critical because they
provide the exact stoichiometric ratio (2:1:2) required for dkermanite formation. This balance
ensures the availability of the necessary ions and alignment with the thermodynamic stability
field of dkermanite. It is preventing the crystallization of alternative phases like wollastonite,
merwinite, or forsterite. To sum up, the chemical environment created by the slag strongly
supports the selective crystallization of &kermanite when alumina levels are insufficient to
promote gehlenite [218].
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Figure 22 Role of GGBFS in dkermanite formation

Forming &kermanite in concrete can be difficult for several reasons. First, the chemical makeup
of ground granulated blast furnace slag (GGBFS) changes depending on how and where it was
made. Second, dkermanite only forms at high temperatures, usually between 850 and 950°C,
and needs enough time at those temperatures for partial melting and movement of atoms. Also,
the way the material cools down matters a lot. Slow and steady cooling helps form &kermanite,
while quick cooling can stop it from developing by keeping the structure glassier and more
disordered [219]. However, if the slag has the right amounts of calcium, magnesium, and silica,
it can support akermanite formation during fire exposure. Akermanite is a stable crystal that
doesn't react much and fits well with the rest of the binder. It is linked to better resistance to
heat, fewer cracks, and a stronger structure after cooling. Due to that, dkermanite can help
concrete recover after a fire by protecting its structure, slowing down further damage, and
keeping some of its strength.
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5.1.7. Elements ratio vs compressive strength performance and
temperature in cement-slag blends.

Among the three elemental ratios (Si/Ca, Al/Ca, Al/Si) studied with SEM EDS analysis, the
Si/Caratio seems to be the most reliable indicator of compressive strength retention at elevated
temperatures, Figure 23 a,b,c. Among different binder combinations and temperatures, mixes
with Si/Ca values in the range of 0.50 to 0.60 showed the most stable or even improved
mechanical performance, especially at 400°C. This suggests that a balanced silicate-to-calcium
ratio helps form a well-structured, heat-resistant C—S—H gel, which is important for strength in
this type of blend. In some cement systems, small increases in the Si/Ca ratio from ambient
temperature to 400°C led to noticeable strength improvements. However, when this ratio drops
too much at 800°C, strength drops significantly. This is expected, as high heat causes
decomposition and calcium loss, weakening the C—S—H gel structure.

The Al/Ca ratio also provides useful information, but its effect depends more on the specific
binder chemistry and temperature. Moderate Al/Ca values, typically between 0.16 and 0.27,
seem to help strength development, especially at room temperature and 400°C. This could be
because aluminium helps form denser, more stable structures or stabilizes certain hydration
products. However, when the Al/Ca ratio falls below 0.11, as seen in some samples exposed to
800°C, strength decreases sharply. This suggests that while aluminium may not be the main
factor in strength at lower temperatures, its absence under heat can cause the structure to break
down faster.
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b) Al/Ca vs Compressive Strength
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Figure 23 a,b,c Experimental data- correlation charts (Element content ratio, compressive strength,
binder and temperature).
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The Al/Si ratio appears to be the least reliable for trying to predict the compressive strength
result in this case. Although it is often used to understand the complexity of aluminosilicate
networks [220], its behaviour in this setup is inconsistent. In some cases, both strong and weak
samples, regarding the compressive strength performance, had similar Al/Si ratios, showing
that this ratio alone doesn’t reflect performance well in this binder system. It may have a
secondary role or become relevant only when combined with other microstructural or
mineralogical results.

In summary, the Si/Ca and Al/Ca ratios provide the most useful insights for assessing concrete
performance at high temperatures. The Si/Ca ratio is especially good for identifying heat-
resistant mixtures, while the Al/Ca ratio helps assess the stability of aluminium-containing
phases. The Al/Si ratio is less useful in this context. These findings could help in designing
concrete mixtures that maintain their strength after high temperature exposure in similar setups.

5.1.8. Summary

Mechanical, chemical, and visual assessments of cement blends containing 50% GGBFS show
that they perform almost like conventional Portland cement mixes after exposure to high
temperatures. This makes them a viable and sustainable option for structures exposed to fire
risk. The strengthening of the concrete matrix observed after heating to 400 °C enhances overall
durability and may prolong the service life of affected structures both during and after a fire
event.

At higher temperatures, the formation of thermally stable phases such as dkermanite contributes
to improved structural cohesion, reducing the risk of rapid material disintegration. Cement-slag
blends also tend to exhibit reduced spalling, lower thermal conductivity, and better retention
of mass and volume compared to pure PC-based concretes, which can help maintain load-
bearing capacity during fire exposure.

There is also potential to reuse fire-affected elements made with cement-slag blends as recycled
aggregates in future mixes, supporting resource efficiency and circular construction. If slag
sourced from local industries were used to replace 50% of cement, and if this replacement level
were accepted by the Swedish construction market, the environmental impact could be
significantly reduced. Currently, commercial mixes in Sweden are limited to 30% slag content,
suggesting room for improvement in both policy and practice [221].

Since binder performance alone does not fully determine fire resistance, additional research is

needed. Testing mixes that combine different materials, such as aggregates, fibers, or additives,
will provide a more complete understanding of fire behaviour and structural resilience.
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5.2. CSA cements with limestone powder and eggshell powder.

To address the research gap concerning lower-carbon-footprint concretes under high-
temperature conditions from a different perspective, this study explores the use of lower
temperature clinker firing cement and fillers. Since CSA cements generally do not perform
well at elevated temperatures [18], [108], [222], and being inspired by the work of Martin et
al. [223] on the contribution of limestone to the hydration of calcium sulfoaluminate cements,
high-temperature tests were conducted on concretes based on this type of cement. These
concretes were supplemented with additional limestone: powdered limestone and a waste-
derived limestone sourced from hen eggshells.

5.2.1. Weight change

Exposure to high temperatures caused mass loss in all tested CSA-based concrete mixtures,
primarily due to water evaporation and the decomposition of internal phases during heating.
On average, the samples retained between 93% and 97% of their original mass after 1 hour at
400 °C, Table 31. The differences between mixtures were relatively small at this temperature
threshold, but some variation was observed depending on the type of additive used.

Mixtures containing eggshell powder showed similar trends in mass retention while avoiding
spalling. This improvement is likely due to the eggshell powder’s ability to facilitate better
vapor evacuation and more evenly distribute internal vapor pressure, reducing localized stress
and surface damage. It might be attributed to the porous nature of eggshell structure [224]. In
contrast, spalling was observed in specimens made only with CSA and in those containing
limestone powder (LSP) after exposure to 800 °C, indicating internal pressure buildup and
surface instability under heat. These results suggest that the wise choice of supplementary
material can influence fire-related performance of this type of cement and the internal structure
of matrix, with certain additives improving resistance to thermal damage.

Table 31 Weight change (average of 4 samples; SD % in parentheses; S- spalling).

Ambient \ 400°C | 800°C
CSA

100 % (0.05) \ 97 % (0.01) [ S
CSA + 5% LSP

100 % (0.02) \ 93 % (0.01) | S
CSA + 10% LSP

100 % (0.02) \ 94 % (0.03) | S
CSA + 5% ESP

100 % (0.02) \ 93 % (0.01) [ 93% (0.02)
CSA + 10% ESP

100 % (0.03) \ 94 % (0.03) [ 94 % (0.03)

5.2.2. Compressive strength results

The compressive strength results presented in Table 32 show clear trends regarding the thermal
resistance of CSA cement-based concrete modified with LSP and ESP. At ambient conditions,
all mixtures exhibited low standard deviations, indicating consistent performance across
samples. The sample strength at ambient temperature serves as the 100% reference value. After
exposure to 400°C, mixes experienced a sharp reduction in strength to approximately 35-40%
of their original values. The mix containing 5% ESP kept the highest relative strength after
exposure to this temperature, slightly outperforming the other combination and suggesting
improved thermal stability. This strength loss can be explained by the decomposition of
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hydration products typical of CSA cement. Ettringite begins to decompose between 80 and
150°C [18], while monosulfate breaks down between 250 and 400°C [108]. These
transformations lead to a collapse of the binding structure and the formation of internal voids.
In addition, the evaporation of capillary and chemically bound water increases internal vapor
pressure, which contributes to microcracking and further strength degradation. At 800°C, only
the mixes containing ESP retained their form and measurable residual strengths, whereas all
pure CSA and CSA+LSP mixes experienced complete spalling and disintegration. These
results show the beneficial role of ESP in improving the mechanical integrity of CSA-based
concrete under extreme heat. The effectiveness of ESP can be attributed to its biogenic calcium
carbonate (which often has a less crystalline, more porous) composition and fine particle size
(easier to grind than geological limestone), which contribute to matrix alteration. This helps
regulate the internal release of water vapor, thereby limiting pore pressure build-up. The
gradual decomposition of calcium carbonate in ESP involves an endothermic reaction that
absorbs heat and reduces thermal stress, lowering the risk of explosive spalling. In high-
temperature conditions, ESP may also contribute to the formation of stable mineral phases,
which support the residual strength of the concrete after thermal exposure (Paper D).

Table 32 Compressive stregth remaining results (average of 4 samples; SD % in parentheses; S- spalling).

Ambient [ 400°C [ 800°C
CSA

100% (3.84) [ 36.20% (0.75) [ S
CSA +5% LSP

100% (5.86) [ 35.78% (4.45) [ S
CSA +10% LSP

100% (5.52) \ 38.11% (1.89) | S
CSA + 5% ESP

100% (3.61) [ 39.75% (3.59) | 18.78% (0.29)
CSA + 10% ESP

100% (3.05) [ 36.18% (8.77) | 15.01% (1.99)

5.2.3. Visual alteration of concrete samples

The visual examination of CSA-based concrete samples exposed to elevated temperatures did
not show notable colour alteration across all mixes. These types of cements contain less F203
than Portland cements, where this oxide is mainly responsible for colour alteration [97]. The
absence of direct visual change makes it difficult to assess the post-fire performance of CSA-
based concrete based only on colour analysis.

At 800 °C, the reference CSA mix and both CSA + LSP blends (5% and 10%) experienced
explosive spalling, indicating poor thermal stability under high-temperature conditions.
Detailed images of the spalled samples are included in Paper E.

In contrast, the CSA + ESP blends (5% and 10%) remained physically intact, though they
exhibited visible surface cracking and slight darkening. The samples containing 10% ESP
showed greyish discoloration and a network of microcracks. Those with 5% ESP developed a
pink-grey hue, reflecting thermal stress and matrix degradation. None of the samples displayed
progressive colour change comparable to that observed in concrete based on PC and GGBFS
(Table 33).

During the heat treatment of the ESP-containing samples, a distinct smell of burning organics
was detected, suggesting the presence of residual organic matter from the eggshells. However,
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due to the lack of an olfactometer, no quantitative or qualitative data could be collected
regarding the nature or intensity of the odour.

Table 33 Colour alternation of CSA concrete after heating.

Ambient 400°C 800°C

CSA

CSA +5% LSP

CSA +10% LSP

CSA + 5% ESP

CSA +10% ESP
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5.2.4. Role of microstructure vs mechanical performance after high
temperature exposure

The relationship between concrete density and its performance under high temperatures is
closely tied to microstructural characteristics. While higher density often correlates with
increased mechanical strength at ambient conditions, it can also lead to reduced permeability
and limited pores and their connectivity. Under thermal stress, these dense and impermeable
microstructures may trap internal moisture, increasing the risk of spalling. In contrast, slightly
more porous systems, despite their lower strength, can offer improved thermal stability and
durability by facilitating vapor release and distributing internal stresses more effectively and
evenly. This could be the key to maintain the structural integrity of a concrete element during
a fire event, potentially allowing for a prolonged period of safe evacuation.

While Figure 24 indicates that ESP-modified concrete samples exhibit lower compressive
strength at elevated temperatures, it is important to note that these samples did not experience
spalling. In contrast, some higher-strength mixes with denser matrices did spall under the same
conditions. This points to a critical microstructural advantage offered by eggshell powder. It
reduces strength to some extent, but it contributes to a matrix that is more thermally stable and
better able to tolerate internal stresses.
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Figure 24 Correlation between compressive strength results and density of samples
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At high temperatures, thermal stresses develop due to the differential expansion of binder
phases and the buildup of vapor pressure from internal moisture. In dense and impermeable
mixes, these stresses often lead to explosive spalling. However, the slight increase in porosity
introduced by finely ground and well-dispersed ESP can function as a pressure relief
mechanism. The interconnected pore system allows water vapor to escape, which helps reduce
internal pressures and significantly lowers the risk of spalling.

In addition, the decomposition of calcium carbonate (CaCOs) in ESP at temperatures above
approximately 700°C provides a thermal buffering effect. This endothermic reaction absorbs
some of the heat, which moderates the internal temperature rise and delays structural
degradation. This process contributes to a reduction in mechanical strength, but it may help
preserve the material's mass and overall integrity under fire exposure.

ESP functions not only as a partial cement replacement but also as an additive that enhances
fire resistance by altering the matrix. It achieves this through a combination of density, vapor
evacuation, and improved thermal stress distribution. While ESP mixes show reduced
compressive strength, they remain structurally intact and demonstrate a more resilient, non-
explosive failure mode. This characteristic can be a valuable factor for consideration for
structures based on other types of binders exposed to high-temperature conditions.

5.2.5. Summary

The results indicate that CSA-based concrete is generally unsuitable for high-temperature
exposure, as it experiences a significant drop in compressive strength after heating to 400 °C.
At this temperature, it shows no visible changes, making it difficult to perform non-destructive
assessment of the material after a fire event.

However, this study shows that partially replacing CSA cement with eggshell powder enhances
thermal stability when compared to both limestone-modified and unmodified CSA mixes.
While the CSA and CSA-limestone samples failed at 800 °C, the eggshell-modified mixes
maintained structural integrity and compressive strength. These findings show the importance
of microstructure in sustaining material stability under thermal stress. The improved
performance is linked to a more refined pore structure, which facilitates moisture release and
reduces internal pressure during heating. Eggshell powder not only contributes to improved
high-temperature performance but also supports sustainability through waste valorisation and
upcycling. Its use could extend the structural lifespan of elements exposed to fire, providing
additional time for evacuation. Future studies should focus on optimizing eggshell dosage and
particle size, assessing long-term durability, and characterizing the thermally stable crystalline
phases in more detail. Exploring a combination with other bio-based or industrial waste
materials may offer further improvements in thermal performance and environmental impact.
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6. Spalling events- larger scale testing.

To address the risk of spalling, larger concrete elements (300x300x100 mm) were cast using
mixes containing GGBFS and PC and incorporating two different types of fibers, as well as
one mix combining both fiber types in a single sample. The volume dosage was addressed by
trials on the workability of fresh mix to exclude the usage of plasticiser.

The elements were cast, demoulded the next day, and kept under ambient conditions in the
laboratory, tightly wrapped in plastic foil for 28 days. After this period, the samples were
photographed, weighed, and transported to the landfill. The outside temperature was 14 °C with
no wind. After taking all necessary precautions, the setup was prepared, and testing began using

a flame torch fuelled by propane. The hottest point of the torch flame reached a temperature of
approximately 1026 °C. [225]. The flame was not touching the concrete element directly. The
element was placed on a metal frame 200 mm above the ground, Figures 25 and 26. The torch

was positioned directly beneath the element. The duration of the test (exposure to high

temperature from the flame) for each sample was set to 10 minutes. After the test, the sample

was removed from the stand, allowed to cool, and inspected for damage, Table 35.

Table 34 Larger scale fire testing. Results.

Case Cl1 C2 C3 C4 Cs5
Binder PC 425 PC+GGBFS PC+GGBFS PC+GGBFS PC+GGBFS
) (50/50) (50/50) (50/50) (50/50)
Fiber type - - Basalt PVA Basalt + PVA
Amount [% vol] - - 0.13 0.60 0.13+0.60
Initial weight [kg] 19.10 19.12 19.10 19.05 19.00
Final weight [kg] 18.30 18.42 18.29 18.32 18.36
Lost mass [kg] 0.80 0.70 0.81 0.73 0.64
Time to spalling [min] 2:26 0:44 1:59 1:40 1:22
Surface of damage 13350 23950 29039 24741 25574
[mm?]
Max. damage depth
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Figure 25 Experimental field setup
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Figure 26 Experimental field setup photo

The test did not reveal a clear perfect mix in terms of performance, because all samples showed
some degree of spalling, Table 34. The reference sample, which used only Portland cement
(PC) as a binder, was the last to exhibit visible fire damage and had the smallest surface area
affected. However, it suffered the greatest mass loss, indicating more severe internal
degradation that, in a real structure, could lead to exposure of reinforcement bars. This suggests
that heat spreads faster and deeper in PC concrete, and the matrix bonds are not strong enough
to resist this thermal load. It may also indicate that PC concrete has higher thermal conductivity,
supporting the findings of Sargam et al. [226]. This is likely due to the lower thermal
conductivity of slag pastes compared to cement paste, combined with the reduced dry density

of concrete mixes that include higher amounts of supplementary cementitious materials
(SCMs).

In contrast, samples containing slag showed larger damaged areas on the surface but shallower
damage in depth. This suggests that slag improves the insulating properties of concrete by
limiting heat penetration. The degradation of PVA fibres, which occurs at around 239°C [144],
was easily reached during the experiment. The voids left by the degraded fibres acted as small
chambers that accommodated vapor pressure generated during fire exposure, helping the
matrix resist thermal stress. Basalt fibres did not improve the fire resistance of the tested
elements. With a melting point of about 1500°C [227], basalt fibres mainly serve as stitching
to hold the concrete matrix together. Their primary function is to enhance mechanical
properties, especially compressive and flexural strength, rather than reduce spalling. However,
Kan et al. [228] emphasized that the effectiveness of basalt fibres depends on using the correct
length and dosage within the concrete matrix to achieve the desired performance.
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Table 35 External damage of samples after test

Case ___ Before After

Cl1

Cc2

C3
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C4

C5

In all samples, water droplets could be seen both during and after the fire exposure, Figure 27.
The heating generates pressure which forces the remaining pore fluid out of the samples.
Although spalling was observed in all the tested samples, this simple experiment demonstrates
that incorporating GGBFS as a partial replacement for cement, combined with the addition of
polyvinyl alcohol (PVA) fibers, can improve the fire resistance. The presence of GGBFS
contributes to a denser and more stable microstructure, while the PVA fibers help control and
accommodate vapour pressure during high-temperature exposure. Together, these effects work
to minimize the extent of spalling, which in turn helps to prevent further structural deterioration
under fire conditions. By enhancing the durability and resilience of concrete in fire
environments, this approach increases the safety of structures but also extends their service life.
This also contributes to sustainability by reducing the need for repairs, replacements, and
resource consumption over time, making it a potential strategy for more fire-resilient and eco-
friendlier construction materials.
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Figure 27 Water droplets

SEM images of samples taken from the spalling areas confirmed the initial assumption
regarding fiber behaviour under high-temperature exposure, Table 36. The basalt fibers
remained intact and well-bonded to the surrounding concrete matrix, indicating their high
thermal stability and resistance at elevated temperatures. In contrast, the PVA (polyvinyl
alcohol) fibers exhibited signs of thermal decomposition and melting, as evidenced by the
presence of voids and empty creases in the matrix where the fibers had originally been
embedded. This behaviour is consistent with the relatively low melting point of PVA fibers,
which leads to melting during fire exposure. The disappearance of PVA fibers helps to increase
porosity and may enhance vapor pressure build-up, which is a known contributing factor to
explosive spalling in high-performance concrete.
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Table 36 SEM images of samples from spalling areas.

: i Moy S PR
BES 15.0kVWD10mmP.C.70 30Pa x500
Lulea University Of Technology

N Gl . ‘% i
BES 15.0kVWD11mmP.C.70 38Pa x500
Lulea University Of Technology

e Ve T o
BEC 15.0kV WD12mmP.C.70 30Pa x500
Lulea University Of Technology

50um

78

BEC 15.0kVWD13mmP.C.70 36Pa
Lulea University Of Technology

BEC 15.0kV WD13mmP.C.70 30Pa
Lulea University Of Technology

x500

50um




Performance of Lower-Carbon Concretes After High-Temperature Exposure

7. Unexpected findings

I have decided to dedicate this last section of my thesis to unexpected events, that occurred
during conducting tests, which deserve deeper understanding and comprehension.

Even despite my big urges and scientific cravings, due to time and financial constraints, I
couldn’t explore and dive deeper.

7.1. Melted concrete

During one experimental setup, a concrete sample composed of a 50/50 blend of CEM 32.5
and GGBFS was exposed to a 1200°C thermal cycle for one hour. An unexpected event
occurred when the muffle furnace shut down. The sample had melted (Figure 28), damaging
the heating element (Figure 29) and triggering the machine’s safety switch.

Figure 28 Melted concrete sample
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Figure 29 Damage in muffle furnace

The sample was cut to reveal a flat cross-section. A quick visual inspection showed that the
aggregates remained intact, while the matrix had liquefied under the thermal load and
subsequently crystallised, leaving a glassy, shiny surface with green-yellow shades, Figure 30
a,b,c.
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Figure 30 Melted sample- flat section (a,b,c).

The melted part of the sample was cut and prepared for a SEM investigation, using the method
described earlier, to quickly check how the material had formed crystals after melting. SEM
images showed tree-like, ice-shaped structures in the melted area, Figure 31 and 32. This shape
usually happens when the material cools and hardens quickly and suggests that a glassy silicate
phase turned into crystals [229]. These patterns might be caused by the formation of calcium
or iron crystals at high temperatures [82], likely coming from the GGBFS or from cement parts
that broke down and then formed crystals again as they cooled.

Similar geometric structures were found in archaeological iron items from the Transitional
Byzantine to Ottoman period in Macedonia and Greece [230], suggesting that iron (Fe) plays
a key role in forming these patterns. The research conducted by Albertsson et al. [231] with a
close collaboration of Luled University of Technology also found a similar outcome after
thermal treatment of slag, identifying those dendritic structures as wiistite, a crystalline form
of iron (Fe).

Interestingly, wiistite has been reported to exhibit good conductivity [232], adding another
layer of complexity to the reactions occurring in concrete exposed to high temperatures. A
deeper understanding of this phenomenon could provide valuable insights into the potential use
of concrete elements as conductors, for example, in the increasingly popular concept of an
electric road.
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Figure 32 Observed geometrical structures in melted sample (a,b)
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7.2. Impact of spalling

In another experiment investigating the impact of concrete admixtures on post-fire temperature
performance, the accelerator gave unexpected results. This was due to a dosing error, where
10% of the binder weight was used instead of the recommended maximum of 6%. Samples
were prepared following a general mix design with w/b 0.5, and 50/50 cement-slag ratio.

While 100x100x100 mm cubic samples were loaded into the furnace and exposed to 400 °C
for one-hour, explosive spalling occurred, causing complete destruction of the samples and
significant damage to the furnace chamber. The force of the explosion blew open the chamber
door, sending pieces of concrete flying across the laboratory, Figure 33.

Figure 33 Testing disturbed concrete with an accelerator

To verify and rule out the possibility of this event being an isolated incident, the test was
repeated. The furnace chamber was secured and reinforced with a metal box constructed from
0.5 mm thick sheet metal and square metal profiles for structural support. During the test, it
was observed that the samples exploded at 350°C, failing to reach the intended threshold
temperature. Opening the chamber, it was revealed how high pressure was created by one
sample, causing deflection of the metal plate Figure 34 b,c. It was also reported that the intense
gas released occurred, leaving marks on the furnace, Figure 34a .
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Figure 34 Metal box after explosive spalling event (a,b,c,d).

This event highlights how the influence of high temperature can be both unpredictable and
disruptive. Considering that the quality of concrete mixes is sometimes compromised,
especially in non-professional production settings, additional preventive measures should be
taken. One such measure is to minimize the maximum percentage of accelerators used, to
reduce or eliminate potential risks. Overall, the results demonstrate that the choice of admixture
is crucial in determining the thermal durability and performance of concrete under elevated
temperatures.
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Conclusions

This study provides insight into the performance of concrete and paste samples incorporating
different types of cement and slag-ground granulated blast furnace slag (GGBFS) when
exposed to various temperature thresholds for one hour, followed by evaluation after cooling.
The findings indicate that Portland cement (PC) can be successfully replaced by up to 50%
GGBFS without compromising post-fire mechanical performance. Moreover, GGBFS
promotes the formation of thermally stable phases when samples are exposed to 900 °C and
undergo slow cooling. The presence of quartz powder appears to have a synergistic effect,
enhancing reactivity in combination with GGBFS.

Discrepancies between laboratory-scale and large-scale spalling tests suggest that spalling
remains an unpredictable phenomenon, potentially influenced by non-material-related factors
such as structural constraints, moisture gradients, or heating rates.

Tests involving calcium sulfoaluminate (CSA) cements confirm earlier hypotheses that this
cement type is not well-suited for high-temperature environments. However, modifying the
mix by incorporating eggshell powder (ESP) alters the microstructure in a way that may reduce
the risk of spalling.

Answering the research questions

1. How does the partial replacement of Portland cement with GGBFS influence the
thermal resistance of concrete in fire exposure? (Paper B)

Partial replacement of Portland cement (50%) with a selected type of GGBFS
(specifically, Merit slag) improved the thermal resistance of concrete, particularly
after exposure to 400 °C. Under the selected testing regime, the slag-enhanced
mixtures exhibited a denser and more stable matrix. This improvement is attributed
to both the chemical composition and the physical characteristics of the selected
type of slag (MgO), which contributed to enhanced microstructural integrity and
the formation of thermally stable phases during and after fire exposure. Other types
of slags are recommended to test.

2. What microstructural and chemical changes occur in cement-slag blends during
high-temperature exposure? (Paper C)

= Decomposition of hydration products: portlandite (Ca(OH):) and calcite
(CaCO:s) begin to decompose, especially above 400-600 °C, releasing CO-
and leading to increased porosity and potential strength loss.

= Amorphization and recrystallization: Between 500-900 °C, amorphization
occurs (loss of crystalline structure), followed by recrystallization upon
cooling. Quartz-containing samples show earlier phase changes and higher

porosity.
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* Formation of high-temperature phases: At around 900 °C and above, new
stable phases such as melilite probably dominated by akermanite
(CaxMgSi207) and tricalcium aluminate (CsA) form. These phases help
stabilize the matrix and enhance thermal resistance.

= Quartz effect: Quartz powder accelerates phase transformations and
contributes to increased porosity, especially between 400 °C and 800 °C. Its
alpha—beta phase transition at 573 °C induces volume changes, which may
affect the material's thermal behaviour.

= FElemental shifts: As temperature rises, calcium, silicon, and aluminium
content shifts, with Si/Ca and Al/Ca ratios affected by both temperature and
quartz presence. These shifts reflect the ongoing decomposition and
formation of new mineral phases.

= Porosity evolution: Porosity increases significantly with temperature,
particularly in quartz-containing mixes. This can reduce mechanical
strength but is partially offset by the formation of thermally stable phases
like &kermanite and gehlenite.

3. What are the limiting factors affecting the high-temperature performance of CSA
cements compared to PC and slag-based binders? (Paper D)

The high-temperature performance of CSA cements is limited primarily by their
mineralogical composition and rapid hydration characteristics. Unlike PC and slag-
based binders, CSA cements form hydration products (ettringite and monosulfate)
that are less thermally stable and tend to decompose at relatively low temperatures.
This leads to microcracking, increased porosity, and loss of mechanical strength.
CSA systems typically have a more brittle matrix and less residual strength after
exposure to elevated temperatures. Their lower calcium silicate content also reduces
the potential for forming high-temperature-resistant phases compared to PC—
GGBFS blends. However, adding materials like ESP can improve the
microstructure and slightly reduce the risk of spalling, but it does not fully solve the
thermal weaknesses of CSA binders.

4. What are the factors influencing the high-temperature performance in concrete
systems? (Paper B, Paper C, Paper D, Paper E)

* Type of binder: different binders behave differently under heat. Some form
more stable phases, while others decompose quickly.

= Aggregate type: aggregates with high thermal stability and low thermal
expansion reduce cracking and spalling.

= Water-to-binder ratio: lower w/b ratios generally improve thermal resistance
by producing a denser microstructure.

» Moisture content: high internal moisture can cause spalling due to pore
pressure buildup when heated.

= Presence of supplementary materials: additives such as GGBFS, quartz
powder, limestone (LS), eggshell powder (ESP), and fibers can enhance
heat resistance by stabilizing the matrix and reducing porosity. Additionally,
chemical admixtures can influence the thermal resistance of concrete
elements by modifying hydration, setting time, and overall microstructure.
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=  Exposure temperature and duration: the severity and length of exposure
affect which phases decompose and how much damage occurs.

=  Cooling regime: slow cooling often helps maintain structural integrity,
while rapid cooling increases the risk of cracking.

= Specimen size and testing scale: small-scale tests may not fully capture
effects like spalling seen in larger elements.

= Environmental conditions and accompanying events: type of fire, self-
degradation of the structure, explosions, fire extinguishing strategies, and
weather conditions.

Concluding remarks

This thesis has explored the thermal behaviour of various lower-carbon concrete and paste
mixes through a combination of mechanical testing, microstructural analysis, and chemical
observations. The aim was to better understand how these sustainable systems perform in
simple conditions after exposure to elevated temperatures, and how their composition
influences stability, strength, and both visual and internal changes.

The findings confirm that slag-based systems, while promising from a sustainability
perspective, undergo significant transformation under heat. When 50 percent of cement was
replaced by GGBFS, the blend outperformed pure cement samples after exposure to 400°C.

The appearance of high-temperature phases such as akermanite opens interesting questions
regarding their role in post-fire performance and the potential reuse of heat-exposed materials.

Testing of CSA cement-based mixes highlighted the importance of microstructure. Although
CSA is not suited to high-temperature environments, the incorporation of eggshell powder
(ESP) altered its microstructure, helping to mitigate spalling and maintain structural integrity.

The origin of the spalling phenomenon remains unresolved. During large-scale testing, spalling
occurred in all samples, regardless of mix composition or fibre addition, despite the fact that
smaller specimens of the same mixes had never exhibited spalling.

Concrete admixtures, particularly accelerators, significantly disrupted the high-temperature
response. The results indicate that these additives cannot be considered thermally neutral. This
suggests that thermal behaviour depends not only on binder composition but also on the full
chemical profile of the mix.

Reaching the melting point of the matrix allowed for physical and chemical reorganisation. It
is worth investigating how extreme temperatures might be used to intentionally toughen the
matrix, similar to processes used in the production of toughened glass.

Above all, this thesis is a contribution to the ongoing shift toward more responsible and
thoughtful construction practices. It is not a final word, but a small part of a broader
conversation. One that connects scientific insight with environmental awareness, and technical
skill with curiosity and reflection.
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Future work

This project covered a wide range of topics. Due to its complexity of the materials and
the difficulties faced during the design of experiments and testing procedures, there is a clear
need for further research. In future studies, it would be helpful to narrow the focus and
investigate one specific factor or component at a time. This approach would help produce more
reliable and detailed results.

It is recommended that future research select a single variable, such as the type of slag, the
amount of binder, or the cooling method, and study its effects in depth. By focusing on just one
factor, it becomes easier to understand how it influences the behaviour and performance of the
concrete, both on a larger scale (mechanical strength) and a smaller scale (changes in
microstructure and chemical composition).

In addition to small-scale laboratory experiments, future work should also include large-scale
testing. This would help to verify whether the positive results observed in controlled
environments can be replicated and reproduced in real construction settings. Large elements
(slabs or beams) could be exposed to elevated temperatures and fire-like conditions to observe
cracking patterns, spalling behaviour, visual alternation, eventual combustion, and structural
failure modes. This type of testing would provide a more complete understanding of how the
material behaves when applied in real structures.

Another important aspect for future research is the investigation of recycled post-fire concrete
as a secondary raw material. Samples that have developed high-temperature mineral phases
(akermanite) could potentially be reused as recycled aggregate or, if shown to be chemically
reactive, as part of the binder system. Studying the reactivity, particle size distribution, and
compatibility of this material with fresh binders could open a new chapter, contributing to
circular material design and the reduction of construction waste. The thermal history of such
recycled material may even enhance certain properties, especially if adkermanite or similar
phases contribute to long-term durability or strength development.

Improvements to experimental equipment would also be beneficial. Using a more advanced
muffle furnace with programmable heating and cooling profiles, better temperature control,
and real-time feedback from multiple thermocouples would allow for more precise thermal
exposure. Accurate temperature tracking within each specimen would improve the reliability
of the results and the understanding of material behaviour under fire conditions.

It would also be valuable to study how the material performs over time, especially when it is
exposed to repeated heating and cooling cycles. This would better reflect real-life fire scenarios
and improve the practical relevance of the findings.

Finally, combining laboratory and large-scale experiments with computer-based models and
simulations could help predict material behaviour under different stress and temperature
conditions. This would support the development of safer, more durable, and environmentally
responsible concrete solutions for future construction.
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>

“Not pursuing your dream is a violation against those who cannot even dare to dream’

Joan Thomsen Sekyere
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“I let go expectations. And to be clear, [ am not talking about having dreams or wanting
something to happen. It is important. I am talking about, you know, assuming things will go
the way we think they should. For whatever reason. Because you never know what tomorrow
will bring and it might be greater than anything you ever expected.”

Carrie Bradshaw, And Just Like That (Season 2, Episode 11) [TV series episode].
In M. King (Executive Producer), HBO Max (2023).

And just like that I wrote this PhD thesis.

Marcin Sundin.
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