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Abstract

The construction industry is a major contributor to global CO: emissions. To support the EU’s
climate goals, developing sustainable concrete with enhanced durability and a reduced carbon
footprint is essential. This dissertation investigates the use of byproducts from high-temperature
industrial processes, primarily blast furnace slag (BFS) and slag sand, to create stable, thermally
resistant, and sustainable concrete alternatives. The study focused on improving concrete

durability during and after one-time or repeated thermal exposures.

The influence of slag sand as a supplementary cementitious material was assessed by comparing
hot and residual compressive strength of concretes made with CEM III/A, CEM III/B, and
ordinary Portland cement (CEM I) upon or following exposure to various thermal loads
(different number of cycles with various maximum temperatures). These were also compared
to limestone-based CEM II/A-LL. Additionally, the performance of BFS, slag sand, and other
non-standard metallurgical slags as aggregates was evaluated against conventional aggregates
like quartzite, basalt, and limestone.

Based on over 1800 experimental data points, obtained in a collaborative project between the
University of Wuppertal and “Institut fiir Baustoff-Forschung e.V.” (FEhS), BFS and slag sand
significantly improved residual compressive strength. While slag sand slightly reduced hot
compressive strength, it markedly enhanced residual compressive strength, especially after
cooling and following humid storage. Higher slag content in cement correlated with improved
post-exposure mechanical properties. Temperature profile modeling of a 30 cm-thick wall
revealed that slag and basalt aggregates lowered internal temperatures more effectively than
quartzite during heating and cooling. Reduced thermal conductivity and internal stress
translated into higher estimated residual load-bearing capacity, slightly better with slag than

basalt aggregates during cooling.

Concrete made of slag-rich cements (CEM III/A) with BFS aggregates showed the best residual
strength, highlighting the importance of cement-aggregate interaction. Preliminary tests with
other industrial slags also showed promise, suggesting further research potential. This work
provides a robust framework and practical guidance for designing durable, thermally stable,

and environmentally sustainable concrete.
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1 Introduction and objectives 1

1 Introduction and objectives

1.1 Background and Motivation

Enhancing the sustainability of concrete is of paramount importance, particularly since
construction and building industry is one of the largest contributors to global carbon dioxide
(CO2) burden. Globally, the industry is responsible for about 37 % of total carbon emissions,
with cement production alone responsible for approximately 8 % of CO2 emissions [1]. To
achieve the European Union’s target of 55 % reduction in greenhouse gas emissions by 2030,
new constructions need to be associated with lower carbon footprint and, more importantly, the
concrete industry needs to be more sustainable. To mitigate this impact, recent decades have
witnessed a significant increase in efforts in terms of improving concrete sustainability and
reducing the associated carbon footprint. Since a major part of CO2 emission in concrete
production originates from cement manufacturing, modifying concrete’s composition to
maintain or improve concrete properties while reducing the amount of required cement has been
an important approach to improve its environmental friendliness. Key strategies within this
context involve the substitution of ordinary Portland cement (OPC; CEM I) with supplementary
cementitious materials (SCMs) with pozzolanic effect, such as natural pozzolans (trass) or
industrial pozzolans (fly ash and slag), which not only reduce the amount of required clinker,
but also improve certain durability aspects of the concrete. The use of recycled aggregates,
innovative low carbon cements, and optimization of the concrete mix design are amongst other
approaches used to enhance sustainability. In addition to lowering the clinker consumption,
sustainability can be also sought after by increasing the service life of the concrete, particularly
upon exposure to different stress conditions. Increasing the service life of concrete will reduce
the need for renewing concrete constructions, thus lowering the demand for raw materials,
minimizing energy consumption, and reducing construction waste. This contributes to
decreased CO: emissions associated with cement production and transportation while also
conserving natural resources. Additionally, extended service life enhances structural reliability,
reduces maintenance costs, and supports more sustainable urban development by decreasing
the environmental footprint of infrastructure projects. Of course, this requires the design of
concrete formulations with higher durability and better stability under normal and stress

conditions.

Modification of concrete composition, e.g. through partial replacement of the conventional
cement or incorporation of more sustainable aggregates might have significant unprecedented
impact upon its properties such as strength, durability, and long-term stability, particularly
when exposed to extreme conditions such as elevated temperatures, e.g. in case of fires or in
high-heat industrial settings. In general, sustainability approaches often involve introducing
new materials into the concrete mix, either in the cement or as aggregates. It is now well

established that exposure of concrete, even when composed of conventional, well-established
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components, to high temperatures can negatively influence, if not completely degrade its
mechanical properties. Considering the different thermal conductivity of these new materials
compared to those used in conventional concrete, the thermal conductivity of the more
sustainable concretes might be affected, influencing thereby the temperature-induced thermal
gradients and internal stresses, and hence the rate of microcrack formation and the concrete’s
ability to maintain structural integrity during exposure to thermal loads. On the other hand,
some more sustainable components are byproducts of high temperature industrial processes and
might improve the behavior of the concrete under such conditions. Accordingly, it is essential
to thoroughly investigate and understand how sustainability-driven modifications to concrete
affect its performance under high-temperature conditions. On the other hand, it is highly
beneficial to develop stable concrete alternatives using sustainable materials that can also
improve its thermal performance. In any case, the change in the physical and mechanical
properties of the more sustainable concretes post exposure to thermal loads is yet to be
established. This is particularly essential should these concretes be used in structures that are
repeatedly exposed to heating and cooling cycles, which is common in many industrial settings.
In such cases, the residual physical and mechanical properties of the concretes immediately,
and long after cooling might have changed. Depending on the properties of the materials used,
this change can be for the better or for the worse. In case of certain materials, the mechanical
properties after cooling might further deteriorate as a result of ongoing physico-chemical
processes. Other materials, particularly those used in the cement, might enable partial strength
regain. Hence, investigation of the impact of such cement components upon the thermal
behavior of concrete is essential to ensure that the thermal resistance of critical structural
elements, in normal concrete structures or those designed to withstand extreme conditions, is
not compromised, but maintained or even ameliorated. Additionally, the development of
concretes with higher thermal resistance can contribute to sustainability by increasing the
durability and longevity of concrete constructions, particularly those regularly exposed to

thermal loads in their service life.

Blast furnace slag (BFS), a byproduct of iron and steel industry, is widely used as an alternative
material for natural aggregates in road and concrete construction industries. Depending on the
cooling process, BFS can be available in two different forms; the rapidly cooled granulated
BFS with amorphous structure (> 90 %) and a glassy granular appearance, which is then dried
and ground to form the ground granulated BFS, which is henceforth referred to as slag sand,
and the slowly cooled BFS with more crystalline, rock-like structure, creating air-cooled BFS,
which from hereon in, will be referred to as BFS. Hence, in this work, BFS is either used as an
abbreviation for the umbrella term “blast furnace slag” or to refer to “air-cooled blast furnace
slag”, while the ground granulated blast furnace slag is specifically referred to as “slag sand”.
In general, when used as aggregates, BFS is characterized by a long service life, high load-
bearing capacity, frost and heat resistance and very good adhesion. Additionally, due to

pozzolanic and latent hydraulic properties, the ground granulated form of BFS (slag sand) can
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be also used in concrete as a supplementary cementitious material (SCM), improving the
mechanical properties of the concrete while reducing the required amount of CEM I in concrete.
In this case, factors such as particle size, reactivity, CEM I substitution ratio, and curing
conditions can impact the mechanical properties of the developed concrete, under normal
conditions and particularly during and after exposure to high thermal loads. In this work, we
sought to develop more stable and thus sustainable concrete alternatives with improved thermal
resistance, both during and after a one time and repetitive exposure to high temperatures, using
sustainable components derived from high temperature industrial processes. To this end, on one
hand, the effect of partial substitution of the CEM I with different amounts of slag sand upon
the thermal and mechanical properties of the concrete during and after exposure to thermal
loads with different maximum temperatures has been investigated. On the other hand, the
influence of BFS and other industrial slags as aggregates has been examined. Resistance to
extreme temperatures is a crucial property for structural safety, particularly in public buildings
and industrial infrastructures, and improving the high temperature performance of concrete
helps prevent many catastrophic scenarios. As the industry continues to develop more and more
innovative approaches towards sustainable concrete mixes, a rigorous assessment of their
behavior at elevated temperatures is critical to ensure that the benefits of these materials do not
come at the expense of reduced safety and structural integrity but even improve the mechanical
properties of constructions both during and after single or multiple high temperature exposure.
This necessitates not only laboratory testing, but also the development of predictive models that

can accurately capture the long-term behavior of modified concretes in extreme environments.

All construction standards prescribe investigating concrete mechanical properties upon
exposure to high temperatures based on the available national and international regulations,
such as ISO 834, ASTM E119, BS 8110, etc. In Europe, EN 1992-1-2 (EC2) for fire design of
(reinforced) concrete structures and EN 1994-1-2 (EC4) for fire design of composite steel and
concrete structures prescribe the use of standard temperature-time profile to ensure the integrity,
stability and insulation of structural elements during exposure to elevated temperatures, with
fire being only one scenario of attention. However, these standards, (except for a small part in
the Appendix B of EC4) do not set any requirements for the structural design once the fire is
extinguished. Accordingly, the mechanical properties of the concrete at longer time-points after
cooling is not included. EC2 and EC4 also give limited attention to cases in which structural
elements are exposed to repetitive cycles of heating and cooling. Under such circumstances,
not only the effect of repeated heating on concrete’s mechanical properties under hot conditions,
but also the residual properties after each cycle should be fully investigated. Hence, a further
goal of this work is to formulate a general approach to investigate the performance of concrete
during, immediately after, and at different time points following exposure to repetitive cycles
of heating and cooling, and thus to fill in the existing gap in the standard in this regard.
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1.2

Identified research gaps in need of investigation

A comprehensive review of existing literature (presented in Chapter 2) reveals several key gaps

in the understanding of concrete behavior under high-temperature exposure, particularly

regarding the use of alternative and sustainable materials. While various studies have

investigated the thermal and mechanical properties of conventional concrete, there remains a

lack of systematic evaluation in critical areas. These gaps include:

The effect of industrial by-product as SCMs or aggregates on thermal stability:
While the effect of slag sand and BFS on the thermal stability of concrete has been
investigated, the results are highly controversial. In case slag sand is used to partially
substitute CEM I, the reported optimum substitution ratio to obtain optimal thermal
performance has been very different. There is a need for a more systematic investigation
of the effect of slag sand and its content (using standard cements) upon the thermal
stability of concrete. The effect of slag sand or BFS as aggregates has been much less
investigated, while the impact of alternative industrial aggregates such as steelworks
slags from Linz-Donawitz (LD) and electric furnace processes, as well as copper slag,
remains even more underexplored. Literature also lacks a systematic comparison of
these materials against conventional aggregates such as quartzite and basalt.
Investigating the interaction between cement and aggregates is crucial for determining
the thermal resistance of concrete, as their combined behavior influences key properties
such as thermal expansion, strength retention, and microstructural stability under high
temperatures. Differences in thermal expansion between cement paste and aggregates
can lead to internal stresses and microcracking, affecting durability. Additionally,
chemical reactions between cementitious phases and aggregate components at elevated
temperatures may alter the overall stability of the concrete matrix, further impacting its
thermal resistance.

Simultaneous evaluation of hot and residual compressive strength: Studies often
focus either on the immediate mechanical behavior of concrete at elevated temperatures
or on its residual properties after cooling. In many cases, only residual properties have
been investigated. However, a combined assessment of hot and residual compressive
strength on the same material is still missing.

The influence of slag sand content on post-thermal strength recovery: While slag
sand is well recognized as an SCM, its role in aiding strength recovery after thermal
stress has not been comprehensively investigated. Moreover, a systematic investigation
of the effect of slag sand content of the cement (using standard industrially available
cements) upon the strength recovery post-thermal exposure is missing.

Systematic investigation of thermal cycling stability: The long-term stability of
concrete (with or without slag sand as SCM and slag sand and/or BFS as aggregates)

subjected to repeated heating and cooling cycles remains an area requiring further study.
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Existing research often examines single exposure events rather than assessing the
impact of multiple cycles on both strength retention and microstructural integrity.

The combined effect of BFS aggregates and natural aggregates: While slag sand/
BFS aggregates are known to improve certain mechanical and durability properties,
their effectiveness in combination with conventional aggregates such as quartz and
basalt in improving the thermal resistance of concrete requires further systematic study.
The role of limestone in high-temperature performance: Both as a component in
cement and as an aggregate, limestone has a significant impact on thermal behavior, yet
studies systematically comparing its performance against slag sand/ BFS remain

limited.

Addressing these gaps is crucial for developing more durable and sustainable high-temperature-

resistant concrete solutions.

1.3

Research objectives

In line with the previously mentioned research gaps, the overall aim of the current work is triple:

1-

To formulate a general approach to investigate the performance of concrete during,
immediately after, and at different time points following exposure to repetitive cycles
of heating and cooling, and to fill in the existing gap in the standard in this regard.

To investigate the thermal and mechanical stability of concretes made of more
sustainable cements and aggregates during, immediately after and long after exposure
to one or repeated cycles of heating and cooling.

To use the obtained data for the development of a more stable concrete alternative with
improved thermal resistance and durability, both during and after one time and repetitive
exposure to high temperatures, using sustainable components derived from high

temperature industrial processes.

To fulfill the abovementioned goals, the present dissertation sets up ground practice to compose

temperature concrete and seeks to investigate the effect of the following parameters:

1)

Factors related to the compositions (Table 3.4):

Systematic investigation of the effect of slag sand content upon the improvement of the
thermal stability of the concrete in terms of hot and residual compressive strength as
well as the recovery of the thermally induced loss of concrete strength immediately or
within the course of days following exposure to thermal stress,

Systematic investigation of the effect of slag sand and BFS aggregates the improvement
of the thermal stability of the concrete in terms of hot and residual compressive strength
as well as the thermal conductivity of the specimens when compared to quartzite and

basalt aggregates,
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- Investigation of the effect of slag sand source upon the improvement of the thermal
stability of the concrete considering their different reactivity,

- Investigation of the effect of different non-standard industrial aggregates (a treated
steelwork slag from a Linz-Donawitz processes, two steelwork slags from the electric
furnace process and a copper slag) upon the improvement of the thermal stability of the
concrete in terms of hot and residual compressive strength as well as the thermal con-
ductivity of the specimens when compared to natural aggregates such as quartz and bas-
alt,

- Investigation of the effect of BFS aggregates when used in mixture with quartz or basalt
aggregates upon the improvement of the thermal stability of the concrete in terms of hot
and residual compressive strength compared to the use of each aggregate alone,

- Investigation of the effect of limestone as a part of the cement and as added aggregates
upon the thermal stability of the concrete in terms of hot and residual compressive

strength when compared to slag sand

2) Effect of factors related to the thermal load and the recovery time:

- Systematic investigation of the effect of peak temperature upon the thermal stability of
the concrete specimens in terms of hot and residual compressive strength prepared with-
out or with different contents of slag sand, and with BFS, quartz and basalt aggregates,

- Systematic investigation of the effect of number of heating cycles upon the thermal sta-
bility (in terms of hot and residual compressive strength) of the concrete specimens pre-
pared without or with different contents of slag sand, along with BFS, quartz and basalt
aggregates,

- Systematic investigation of the post-thermal load storage duration and conditions upon
the strength recovery of the concrete specimens prepared without or with different con-

tents of slag sand, along with BFS, quartz and basalt aggregates,

3) Factors related to the mechanical properties of the specimens:

- Investigation of the impact of cold compressive strength upon the thermal stability (in

terms of hot and residual compressive strength) of different concrete specimens,

To achieve the aforementioned research goals, a comprehensive study design was developed,
leveraging prior preliminary work, existing literature reports, and two fundamental hypotheses:
i) addition of slag sand as an SCM can improve the mechanical strength of the concrete upon
and after exposure to thermal loads, ii) Industrial aggregates obtained during processes
involving high temperatures, including but not limited to BFS aggregates, can improve concrete

stability upon and after exposure to thermal loads. This work program was structured around
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the significance of key variables, allowing for the identification of generalizable results.
Furthermore, it facilitated a systematic expansion of the range of raw materials used to enhance
the thermal resistance of concrete. This study not only sought to validate the proposed
hypotheses, but also to establish a robust framework for improving concrete performance under

thermal stress.

1.4 Structure of the dissertation

Adjunct to the introduction, the dissertation consists of 7 further chapters: literature review and
state of the art, material and methods, results and discussion, from laboratory to large scale,
technological design guidelines, summary and conclusions and finally, outlook and

perspectives.

Chapter 2 seeks to provide a thorough review of the state of the art and the result of the studies
that bear to the topic of this dissertation. In chapter 3, an overview of the used materials and
their properties, along with the experimental design, the rationale behind it and the experimental
methodologies will be explained. Chapter 4 has been dedicated to the description and report of
the fundamental results of the experiments introduced in Chapter 3. Within this chapter, these
results and their implications will be further discussed and compared with the reports available
in the literature. In Chapter 5 a model development will be introduced, which enables the
transfer of the findings from the material level to the structural element level. Based on the
results of the study, Chapter 6 proposes technological design guidelines towards more
sustainable and more heat-resistant concretes. Finally, Chapter 7 will bring the findings of the
thesis to a conclusion, providing a summary of the main findings of the research work, which

Chapter 8 provides a brief outlook to the future of this topic.
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2 State of the art and literature review

2.1 Concrete and high temperature exposure

Concrete structures frequently encounter high temperatures in diverse scenarios, each
presenting unique challenges to the structures’ integrity and performance. These scenarios
predominantly include exposure to fires and/or repetitive cycles of heating and cooling, the
latter of which is commonly observed in both industrial and environmental contexts.
Understanding the impact of these thermal exposures is critical for ensuring safety, durability,

and integrity of concrete structures.

2.1.1 Exposure to fire

In urban settings, concrete buildings, bridges, and tunnels are often exposed to fire incidents.
These incidents arise from different factors such as electrical faults, human error, natural
disasters, or industrial accidents. The prevalence of such incidents is considerable. In the United
States, the National Fire Protection Association (NFPA) reported approximately 1.4 million
fires in 2020 alone, many of which affected concrete structures [2]. According to the European
Fire Safety Alliance (EFSA), around 5000 lives are lost annually due to fire incidents [3]. It is
worth noting that a significant number of fire-related deaths are due to asphyxiation or smoke
inhalation [3]. Globally, financial damages arising from fires are estimated to be around billions
of dollars each year [2]. This includes the extensive repair costs for damaged concrete elements
and highlights the need for continued development of fire-resistant materials and construction

techniques for such structures.

While the rate of the temperature rise during fire varies depending on the source and the

properties of the construction, often three distinct phases can be identified in the process:

i.  The initial stage, which involves the slow growth of the fire, with temperatures rising
gradually from ambient levels to around 300 °C [4].
it.  The growth phase, where the fire spreads rapidly, with temperatures typically reaching
800 °C to 1200 °C within minutes. Temperatures over 1000 °C are particularly reached
in confined spaces such as tunnels, where the heat buildup and lack of ventilation
exacerbates the situation [4].
iii.  The decay phase occurs as the fire burns out. This phase is associated with a gradual
decrease of the temperature, though it can remain above 600 °C for an extended period

of time depending on the fire load and ventilation [5].

While concrete is generally more resistant to fire when compared to other construction materials
such as steel or wood, it can still get damaged upon exposure to such high temperatures [6].
The mechanisms underlying this damage depends on a variety of factors such as the temperature

to which the concrete is exposed, the composition of the concrete and the type of additives (e.g.
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aggregates) used in the concrete mix. The damage to concrete structure can lead to loss of
strength, and in extreme cases spalling. The latter refers to the breaking off or flaking of
concrete surfaces when subjected to high temperatures. It can be explosive, where pieces are
violently ejected, or more gradual, where the surface layers peel away [7]. The most paramount
examples within this frame are the fire incidents in the Mont Blanc Tunnel in 1999, and the
more recent fire incident in Grenfell Tower in 2017, both of which led to significant damages

to concrete elements or layers, necessitating significant repair costs [8],[9],[10].

2.1.2 Exposure to cyclic thermal loads

Another important case of concrete exposure to high thermal loads is the issue of constructions
exposed to repetitive cycles of heating and cooling. This can happen naturally, where concrete
infrastructures are exposed to climates with high temperature fluctuations, but even more so in
case of industrial sites such as power plants, steel mills, cement plants, refineries and chemical
processing units, furnaces in glass manufacturing plants, incineration plants, foundries and oil
and gas facilities. A good example of concrete exposure to natural temperature fluctuation are
structures such as concrete pavements and bridges, which are subjected to diurnal and seasonal
temperature variations, with cycles ranging from -20 °C to 40 °C. In case of the industrial sites,
concrete constructions can get exposed to very high temperatures, depending on the industrial
process, and then cooled down, with the cycle of heating and cooling repeating over and over
again. For instance, concrete structures near furnaces, kilns, or reactors, or those used in of solar
thermal power plants experience daily thermal cycles with temperatures fluctuating from
ambient conditions to as high as 300 °C to 600 °C [11],[12]. These repetitive thermal cycles
can damage the mesoscale concrete structure through repetitive calcic dehydration and
rehydration as well as the repetitive differential thermal expansion and contraction of the
cement paste and aggregates, leading to microcracking, decrease in concrete strength, structural
fatigue, decrease in the module of elasticity, and even in cases of high temperature levels,
chemical reactions in the concrete structure and even surface spalling [13]. This can of course
negatively impact, or even fully deteriorate the performance of the concrete in construction
level. Of course, within this context, not only the exposed temperature but also the number of

the heating and cooling cycles plays a critical role.

A good example of real-life failure of a reinforced concrete construction exposed to repetitive
cycles of heating and cooling is an industrial reinforced concrete quenching tower in a Fujian
steel mill, located in Southeastern China, built in 1987. Hot coke, with a temperature around
1000 °C was transported to the quenching tower by train. The quenching was done rapidly by
spraying cold water in the tower, through which the temperature was reduced to below 250 °C
in about 10 min. The tower was exposed to more than 40 quenching cycles on a daily basis.
The exposure of the tower to repetitive cycles of heating and cooling as well as wetting and
drying made the structure fail after 34 years. In situ investigations revealed severe durability

damage, such as a large-scale cracking of the concrete, the peeling of the concrete covers, and
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the fracture of rebars [14]. These real-life examples highlight the importance of testing concrete
properties upon exposure to not only one time, but repeated thermal cycles, and the essentiality

of establishing standard guidelines for testing these.

2.1.3 Laboratory-scale methods to evaluate concrete’s thermal resistance

General information on testing steps:

Evaluating the thermal resistance of concrete is essential for understanding its performance and
durability under high-temperature conditions. Laboratory-scale methods provide controlled
environments to simulate thermal loads and analyze the resulting effects on concrete's thermal,
mechanical, microstructural, and mineralogical properties. By replicating conditions such as
rapid heating, sustained high temperatures, and cooling cycles, researchers can examine key
factors like compressive strength retention, cracking behavior, and thermal conductivity. This
knowledge plays a pivotal role in the development of thermally resistant concrete mixes and in
designing structures with enhanced fire safety and longevity. When conducting laboratory-
based tests to investigate the thermal resistance of concrete, it is essential to distinguish between
material-level tests and structural-level tests. Material-level tests focus on analyzing the
intrinsic thermal and mechanical behavior of concrete at the material point, isolating specific
properties such as thermal conductivity, heat capacity, and high-temperature compressive
strength. These tests aim to exclude temperature gradients, ensuring that the results reflect the
fundamental properties of the concrete itself, rather than the effects of heat transfer across a
structural element. In contrast, structural-level tests evaluate the thermal performance of entire
concrete components, where temperature gradients, thermal stresses, and interactions between
different materials play a crucial role. These tests more accurately simulate real-world exposure
conditions, making them essential for assessing structural integrity, fire resistance, and long-
term performance in practical applications. Understanding the distinction between these two
testing approaches is critical for accurately interpreting results and applying them to concrete

design and performance optimization.

In general, all laboratory-scale thermal resistance tests comprise similar steps. The first step is
the sample preparation, where specimens to be tested are prepared in standardized dimensions.
This is followed by the exposure of the specimens to controlled heating conditions to simulate
thermal loads (temperature-time curves). Depending on the requirements, this step can be
carried out under stressed or unstressed conditions [15],[16]. In stressed method, the concrete
specimen is subjected to both thermal loads (heating) and mechanical loads (stress)
simultaneously. The mechanical load (usually around 20 to 40 % of the room temperature
compressive strength) is applied prior to thermal exposure and maintained throughout. The goal
is to investigate the load bearing capacity of the concrete structure in hot conditions. In
unstressed test method, the specimen is exposed to thermal loads (e.g., heating) without any
mechanical stress applied. This method focuses purely on the thermal effects on concrete, such

as changes in microstructure, cracking, or spalling. In both methods, the hot mechanical
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properties are measured [17]. There is a third method of testing, known as the unstressed
residual property test [16]. This is carried out as a normal unstressed test, but the specimen is
permitted to cool down before the residual mechanical properties are measured [15],[17]. A
schematic overview of the evolution of temperature and stress versus time in these tests is
shown in Figure 2.1. In stressed testing, a constant load (approx. 20 - 40 % of room temperature
compressive strength) is applied to the test specimen until time point t, while the specimen is
heated up to the temperature T, and then is stabilized in T from the time point to to t, at which
point the load is increased until the specimen fails. In unstressed testing, specimen is heated up
to the temperature T without any load, and then is stabilized in T from the time point to to t, at
which point the load is applied and increased until the specimen fails. In case of residual
property testing, specimen is heated up to the temperature T without any load, and then is
stabilized in T from the time point to to ti, and is then cooled down to room temperature by time

point t, at which point the load is applied and increased until the specimen fails.
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Figure 2.1 Schematic of temperature (up) and load (down) profiles for laboratory-based tests to evaluate

concrete’s thermal resistance. Figure is produced based on [17]

Thermal load simulation:

Simulation of the thermal load exposure can be carried out through a variety of methods. A
comparative view of these is shown in Figure 2.2. The most commonly used method is the
standard temperature-time curve (also known as ETK). It constitutes a very common
temperature-time profile in various national and international standards, such as ISO 834, BS
476: part 20, DIN 4102 and ASTM E119.

This curve models the temperature rise during a compartment fire scenario, where the
temperature inside a building rises rapidly due to combustion. The time-temperature
relationship is defined by the following formula:

T = 345log(8t + 1) + T, (Equation 2.1)
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Where, T is the furnace temperature in °C at time t, t is time in min, and To is the initial furnace

temperature, typically 20 °C.

The standard temperature-time curve is the most suitable for testing the fire resistance of
materials exposed to fire hazards based on the burning rate of common combustible building
materials and contents, such as timber, paper, and fabric. As such, it is ideal for assessing the
fire resistance of fire protection systems in typical buildings, but it can also be used for fire
testing of tunnel linings. [18],[19],[20]. Even though the standard temperature-time curve has
been a standard for many years, it became evident that the burning rates of certain materials,
such as petrol, gas, and chemicals, significantly exceed those of materials like timber.
Consequently, an alternative approach was needed to conduct tests on structures and materials
used in the petrochemical industry, leading to the development of the Hydrocarbon curve,
which was originally developed for the petrochemical and offshore industries, and later adopted
for tunnels as fire incidents in this context is associated with the burning of petroleum and
chemicals. This model is also more representative of fires in closed tunnels, due to the limited
ventilation conditions therein. It has been used in several standards such as DIN EN 1363-2

[21]. The temperature development of the Hydrocarbon fire curve is described by Equation 2.2:
T =20+ 1080 (1 — 0.325e79167t) (Equation 2.2)
Where, T is the furnace temperature in °C at time t and t is time in min [21],[22],[23],[24].

Based on the Hydrocarbon curve, French regulations require a more intense version known as
the Modified Hydrocarbon curve, due to the rapid increase in temperature observed in Mont
Blanc and Tauern tunnel fires [24],[25]. Additionally, after the fire incident in the Velsar tunnel,
the TNO Center for Fire Safety in the Netherlands introduced the RWS (Rijkswaterstaat) fire
curve. In tunnel design, the RWS curve depicts a more severe scenario of fire, with temperatures
rising higher and the exposure duration being longer. The rate of temperature increase in this
curve was determined experimentally, and its accuracy was confirmed in full scale tests

conducted Runehamar tunnel in Norway [24],[26].

The RABT-ZTV (Richtlinien fiir die Ausstattung und den Betrieb von Strallentunneln)
temperature-time curves, developed by the Ministry of Transport in Germany, feature a rapid
temperature rise from 15 °C to 1200 °C within just 5 min. However, the exposure duration at
1200 °C is shorter compared to other curves. For car fires, the temperature begins to decline
after 30 min, whereas for train fires, the drop-off starts at 60 min. Both fire scenarios include a
110 min cooling period back to 15 °C [24],[26],[27]. Unlike the hitherto described open
temperature profiles, these two profiles represent closed temperature curves, in which
mechanical properties are tested after complete cooling in form of residual mechanical

properties.
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Figure 2.2 Different temperature-time curves for laboratory testing of concrete fire resistant [24]

2.1.4 Effect of high temperatures on concrete properties

It is well-known that exposure of concrete to high temperatures leads to a significant loss of its
mechanical properties, mainly owing to the chemical and physical changes both in the
aggregates and the cement paste [28]. At high temperatures, concrete undergoes various
physical (such as phase expansion, condensation, evaporation, and vapor diffusion), chemical
(including thermochemical damage and dehydration), and mechanical (such as
thermomechanical damage, spalling, and cracking) processes, all of which contribute to the
deterioration of its properties [29]. The change in the mechanical properties is often manifested
in the form of a significant reduction of the flexural and compressive strengths [30], tensile
strength [31],[32] and modulus of elasticity [28]. Due to increased brittleness and the
development of microcracks, concrete’s tensile strength and modulus of elasticity degrade more
rapidly than compressive strength [4],[33]. In addition to the concrete composition, the decrease
in compressive strength of the concrete depends on the maximum exposure temperature [30],

the heating duration [34], and the number of thermal cycles to which concrete is exposed [35].

Normally, the mechanisms involved in the loss of concrete mechanical properties are multiple
and temperature dependent. The thermal damage results from a variety of factors, such as the
differential expansion between the aggregates and the cement paste [36],[37], the
decomposition of hydrates as a result of Ca(OH)2 and C-S-H decomposition [38], the growth
of the pore structure due to the loss of bound water [39], and crack development owing to the
rehydration of lime during cooling [40].

In the following, temperature induced physicochemical, and mineralogical changes in the

concrete and their effect on the properties of the concrete will be elaborated on.
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2.1.5 Temperature induced physicochemical and mineralogical changes in
concrete structure

With an increase in temperature, complex changes happen within the concrete structure, a
summary of which are presented in Figure 2.3. Starting from lower temperatures (ca. 80 °C) up
to middle high temperature ranges of 300 °C - 400 °C, concrete loses its physically and most
part of its chemically bound water. The loss of free water initiates in the temperature range of
20 - 80 °C as a result of expansion. The free water in the concrete matrix evaporates at around
100 °C, while the dehydration of C-S-H at around 300 °C - 400 °C leads to the partial release
of the chemically bound water in the concrete structure, which ultimately weakens the concrete
matrix [41]. According to the results of thermogravimetry and high temperature X-ray
diffraction analyses by Song et al., the first dehydration of the C-S-H gel occurs in the
temperature range of 80 °C to 240 °C [42]. As a result of the release and evaporation of the
water, steam pressure builds up in the concrete, potentially leading to the spalling of denser
concrete mixtures such as high-performance concrete (HPC) and UHPC (the moisture clog
effect) [43]. This is further exacerbated by the more rapid buildup of thermal gradients and
higher thermal expansion in case of high-performance concretes [43]. Due to the more porous
structure, normal concrete can experience less damage at this temperature range, since vapor
can leave the concrete microstructure more easily [44]. However, high heating rates or else
repetitive exposure to such high temperatures can increase the chances of spalling even in
normal concrete [45]. In general, concrete experiences significant loss of compressive strength
in the temperature range of 300 °C - 400 °C. This particularly results from the structural
changes in C-S-H phase, including the decrease in the interlayer distance, structural disordering,

and increase in porosity, which renders the concrete's microstructure increasingly brittle [46].
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Figure 2.3 Effect of increase in temperature on concrete structure, generated based on [47]

The temperature induced chemical changes in the C-S-H paste have been the subject of
extensive research over the years. Various models have been developed to describe the structure
of C-S-H. The most important are the Powers-Brunauer model and the Feldman-Sereda model.
The Powers-Brunauer model describes C-S-H as a layered structure with an extensive surface
area, estimated to range between 100 and 700 m?/g. The mechanical strength of this structure
is believed to stem from van der Waals interactions [48]. On the other hand, the Feldman-Sereda
model portrays C-S-H as a series of irregular and randomly arranged layers, creating interlayer
spaces with dimensions varying from 5 to 25 A. Studies on CEM I have revealed that the
nanoscale structure of C-S-H is responsible for the strength of cement mortar [48]. However,
this nanostructure undergoes significant alterations when exposed to elevated temperatures.
These alterations begin at temperatures as low as 80 °C, where, based on the in situ neutron
diffraction experiments conducted by Castellote et al., ettringite loses its crystalline form [49]
and is later converted to meta-ettringite at around 120 °C [50]. As a result of this transformation
along with evaporation of the physically bound water, this stage has been generally reported to
be associated with a slight decrease of concrete’s compressive strength [51]. Nevertheless,

some reports on the change of concrete strength in the range of 105 °C to 200 °C deviate from
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this general context, where few studies report an increase in the compressive strength at this
temperature range [51], while others report the value to remain constant or negligibly decrease
[52]. Lim, who has reported an increase in strength, attributed this to an internal autoclaving
effect or a change in the local mechanical properties of the C-S-H confirmed through a detected
increase in hardness in statistical nanoindentation tests [51]. It seems that the water to cement
ratio plays an important part in this scenario, as Gong has reported more noticeable decrease of
strength in this temperature range for specimens with higher ratios [52]. The decrease in
concrete strength becomes once more visible above 300 °C, where using atomic force
microscopic (AFM) analysis, Lim has demonstrated a change of the concrete nanostructure
towards a more globular structure, that can be an indicator of the C-S-H shrinkage [51]. Using
synchrotron radiation, Shaw et al. demonstrated that tobermorite transforms to wollastonite
(CaSi0s3) [53], while Rodriguez et al. showed that the temperature at which this chemical
transformation occurs depends on the Ca/Si ratio of the specimen, with higher Ca/Si ratios being
associated with transformation at lower temperatures [54]. In the CEM I, which is associated
with a Ca/Si ratio between 1.5 to 2, this has been shown to occur around 400 °C [49]. This
combined with the shrinkage of the C-S-H above 300 °C can explain the reduction of strength
above 300 °C. It has been shown that decomposition of C-S-H phase continues even further
beyond, and continues up to a temperature of 1000 °C. The calculated activation energy for this
decomposition has been shown to vary from 83.69 to 371.93 kJ/mol, which signifies the
dehydration of C-S-H is a multi-step reaction because of its complex structure [55]. Peng et al.
investigated kinetics of C-S-H decomposition in temperatures between 400 °C to 800 °C using
X-ray diffraction on HPC specimens. The detected decomposition products were mainly
tricalcium silicate (C3S) and beta-dicalcium silicate (B-C2S). They reported that the
decomposition started around 560 °C, but it only became significant at temperatures above
600 °C, and enhanced dramatically with increase of temperature, both in terms of the extent
and the rate of decomposition. They attributed the strength loss of HPC below 600 °C to the
enlargement of the matrix pores [56]. While these data cannot be directly extrapolated to the
normal strength concrete, they still shed light on the decomposition of the C-S-H phase and the

effect of temperature thereupon.

When exposed to temperatures higher than 400 °C and up to 900 °C, complex changes within
the concrete occur, which further decrease its strength. Some of these changes originate from
the changes in the cement paste, while others depend on the aggregates used for concrete
production. Between 400 °C and 540 °C, Ca(OH)2 is decomposed to form CaO and water
vapor. Unlike the decomposition of the C-S-H gel, this is a single step process [55]. The
decomposition of Ca(OH)2 not only increases the internal vapor pressure, but also results in
volumetric changes and additional microcracking, as CaO has different properties compared to
Ca(OH)a.

The temperature range of 400 °C - 900 °C is also associated with the transformation of

aggregates, which, depending on their mineralogical properties, undergo thermal expansion and
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potential phase changes. A well-known example within this frame is the phase transition of
quartz-based aggregates (a siliceous aggregate) at around 573 °C [57]. The difference in the
thermal expansion coefficient of the aggregates and the cement paste (Figure 2.4) leads to
increased internal stresses and further microcracking and can, even in cases, lead to spalling.
According to Reiners et al., larger C-S-H phases in general lead to temperature-induced
alterations in the microstructure of the hardened cement paste, e.g. greater differences between
the thermal expansion of the concrete layers at different distances from the heated surface. This

in turn contributes to concrete spalling [58]
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Figure 2.4 Thermal expansion of CEM I cement paste and different types of aggregates at elevated
temperatures, slightly modified from [28]

Considering that aggregates usually comprise 65-75 % of the concrete volume, their effect on
the thermal behavior of the concrete is significant. In general, it has been demonstrated that
using non-siliceous aggregates can improve the thermal behavior of concrete, as they often have
higher specific heat capacities [57]. Most non-siliceous aggregates are stable up to a

temperature of 600 °C. Above this temperature, however, calcareous (CaCOs3), magnesite
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(MgCOs3) and composite aggregates thereof (dolomite aggregates) break down through an
endothermic reaction, the products of which are CaO/MgO and CO: [59]. In the temperature
range of 600 °C to 900 °C, decomposition of calcite (CaCOs3) present in the cement paste and
limestone aggregates occurs [60]. The major part of this process, however, occurs at
temperatures above 850 °C with the highest rate at 900 °C, leading to the release of CO2 and
the formation of CaO, culminating in volume reduction, increased porosity, and further
weakening the concrete structure [28],[47],[61] As a result of the aforementioned changes, both
compressive strength and elastic modulus significantly decrease. Concrete dehydration and
decomposition reactions lead to the progressive development of microcracks and increase in
concrete porosity. The microcracks then further connect with each other, leading to a reduction

in mechanical integrity and durability.

2.1.6 Concrete properties post-exposure to thermal loads

The performance of concrete after exposure to elevated temperatures depends on how the
thermal load has affected the concrete’s mechanical, physical, and chemical properties. These
effects are critical for assessing the structural integrity and serviceability of concrete elements
in post-fire scenarios, but it is also of vital importance for the continued serviceability of the
structures exposed to repetitive cycles of heating and cooling. In fact, the residual properties
after exposure to elevated temperatures, be it a one-time or regular exposure, are of great

importance for determining the minimum load-bearing capacity of concrete constructions [62].

In general, the retained mechanical properties of concrete after cooling down referred to as
residual mechanical properties. The residual mechanical properties of the concrete are often
measured based on the residual compressive, flexural and splitting tensile strengths as well as
the residual module of elasticity (see section 1.3.8). In fact, residual compressive strength is
usually 10-15 % lower than the hot compressive strength [62],[63]. This is due to the formation
and propagation of cracks during cooling, particularly in the interfacial transition zone between
the aggregate and the paste [64]. The concrete’s modulus of elasticity, which represents the
stiffness of concrete, also undergoes a significant reduction post thermal exposure. Even after
cooling, the modulus of elasticity remains low due to permanent structural changes [64]. In
general, the porosity and permeability of concrete post-heated remains higher than the pre-
heated state [65]. The increased porosity arises from the loss of hydration products and
microcracking, which do not heal during cooling [66]. Moreover, thermal exposure often results
in permanent drying shrinkage and thermal cracking [67]. During cooling, differential thermal

contraction between aggregates and the cement matrix exacerbates cracking [68].

While mechanical properties of concrete often exacerbate after cooling, there might be still
chances of (partial) strength recovery. The most important is the maximum temperature to
which the concrete has been exposed. When exposed to temperatures up to 300 °C, dehydration
of C-S-H gel and microcracking cause moderate strength reduction. Residual strength recovery

is typically higher because damage remains reversible to some extent [62],[69],[70]. Between
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300 °C and 600 °C, Ca(OH)2 decomposition and aggregate thermal expansion result in
significant loss of strength, with lower recovery potential under normal conditions due to
permanent chemical and microstructural changes. Depending on the peak temperature in the
range and the post-cooling curing conditions, however, some degrees of strength recovery is
possible [70]. Exposure to temperatures beyond 750-800 °C, on the other hand, often leads to
irreversible damage as a result of the decarbonation of CaCO3 and severe aggregate-matrix
debonding, greatly reducing strength recovery [69],[71]. Other factors affecting the strength
recovery are the duration of exposure [34],[72],[73], heating rate [69],[74], cooling rate
[66],[75],[76],[77] (particularly when concrete is heated to higher temperatures) [76],[77], and
post-exposure environment and curing conditions (relative humidity [78],[79], curing in water
[78],[80], COz2 curing [71], and the number of thermal cycles, to which concrete has been
exposed [81]. This factor will be elaborated on in section 1.3.9. Usually, a combination of these

factors can determine the chances of concrete rehabilitation of post-thermal load exposure.

Other than external conditions, concrete composition can also affect the extent of strength
recovery. Among this, the composition of the cement paste has been shown to play a part. For
instance, high-alumina cements or cements with pozzolanic additives (such as slag sand) exhibit
improved thermal stability compared to CEM I, as they retain more hydration products and
experience less microstructural damage, facilitating strength recovery [82],[83],[84]. Similarly,
SCMs are expected to improve the thermal stability of the matrix by reducing porosity and
enhancing the bond between cement paste and aggregates, which can result in better strength
retention and recovery [85],[86]. Another factor is the water to cement ratio. In general, a low
water-cement ratio is believed to be beneficial for the recovery, as it improves initial concrete
strength and reduces porosity, which can limit damage during heating [87]. However, it should
be also considered that denser concrete structures are more prone to spalling [88]. Furthermore,
higher water to cement ratio has been shown beneficial for concrete rehabilitation through post-
exposure carbonation curing, as the lower matrix density improves CO2 penetration in the
damaged concrete microstructure [89]. In addition to the above mentioned, type of the
aggregates also plays an essential part [90]. For instance, quartz aggregates undergo a phase
transformation at approximately 573 °C (a-f transition), causing expansion and microcracking
[91]. On the contrary, limestone and dolomite aggregates exhibit better thermal stability above
600 °C and contribute to higher residual strength and recovery, as they undergo less thermal
expansion and cracking [92]. Furthermore, some industrial aggregates, such as slag-based
aggregates, have better thermal resistance [93], reduce the thermal conductivity of the concrete
[94]. The weight of the aggregates is another influential factor on concrete rehabilitation.
Within this context, light weight aggregates have been shown to perform superior to their
normal weight counterparts, mainly due to the smaller density and lower thermal expansion
coefficient of the concrete product [90]. Obviously, the extent and distribution of microcracks

developed during heating strongly dictates the strength recovery. Furthermore, strong bonding
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between the cement paste and aggregates is critical for recovery, as severe thermal stress and

debonding hamper strength regain [95].

It should be however highlighted that while the residual mechanical properties are important in
case of concrete exposure to fire, they are essential to heed in case of concrete construction
exposed to repetitive cycles of heating and cooling. Usually, structures exposed to repetitive
cycles of heating and cooling are air cooled, with the slow rate of cooling being in favor of
mitigating the damage and regaining strength. In such cases, repetitive thermal cycles can
deteriorate concrete structures through repeated cycles of calcic dehydration and rehydration,
as well as differential thermal expansion and contraction between the cement paste and
aggregates. This process results in microcracking, a reduction in concrete strength, structural
fatigue, a decrease in the modulus of elasticity, and even chemical reactions within the concrete.
[35],[96],[97].

2.1.7 Temperature-induced changes in concrete’s thermal properties

The thermal properties that influence temperature distribution in a structural element include
thermal conductivity, specific heat, thermal expansion, and mass loss. The test procedures
outlined in current standards for measuring concrete’s thermal properties are primarily designed
for room temperature conditions. Standardized methods for evaluating thermal properties at
elevated temperatures are limited and only partially established (as summarized in Table A.1.1
in Appendix A.1). In the following, we will provide an overview of the concrete’s thermal

properties and the influence of increasing temperatures thereupon:

Thermal conductivity: Thermal conductivity quantifies a material's ability to conduct heat and
is defined as the amount of heat (in watts) that passes through a unit area of the material under
unit temperature gradient. The type and amount of moisture present in concrete significantly
affects its thermal conductivity [98],[99]. At room temperature, the thermal conductivity of
conventional normal-strength concrete typically ranges from 1.4 to 3.6 W/mK on average [4].
The thermal conductivity of concrete decreases with an increase in temperature, mainly due to
the evaporation of the physically and chemically bound water, with the reduction, according to
Nguyen et al., reaching approximately 23 % when the temperature increases to 800 °C [100].
Figure 2.5, reported by Kodur et al., shows the decrease of concrete thermal conductivity as a
function of increase in temperature. The figure shows both the upper and lower bound values
of thermal conductivity based on EC2, which is applicable to all aggregate types, the reduction
of concrete’s thermal conductivity per ASCE (American Society of Civil Engineering)
relations, which is applicable for concrete with carbonate aggregates, and the variation in
measured test data depicted as shaded area. The observed variation in reported data has been
mainly attributed to the differences in the moisture content of the specimens, type of the

aggregates, test conditions, and the measurement techniques [4].
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Figure 2.5 Decrease in the thermal conductivity of normal strength concrete as a function of temperature,
including both the upper and lower bound values based on EC2, the reduction based on ASCE for
specimens with carbonate aggregates, and the variation in the reported data shown as gray shade [4]

Specific heat: Concrete's specific heat is the amount of heat energy required to raise the
temperature of a unit mass of concrete by one degree Celsius (or Kelvin) [101]. The specific
heat of concrete at room temperature varies between 840 J/kg-K and 1800 J/kg-K, depending
on the type of aggregates used. Up to 400 °C, the specific heat of concrete remains nearly
constant, followed by an increase up to around 700 °C, after which it stabilizes in the 700-
800 °C range [4]. Among the factors affecting specific heat, aggregate type plays a critical role.
Concrete made with carbonate aggregates exhibits higher specific heat within the 600-800 °C
range due to an endothermic reaction associated with the decomposition of dolomite, which
absorbs a significant amount of energy [102].

Thermal expansion: Thermal expansion describes the extent to which concrete expands or
contracts in response to the change in temperature and is defined as the change in unit length
per degree of temperature change. [103]. Figure 2.6 shows the thermal expansion behavior of
normal strength concrete as a function of temperature based on the EC2 (for carbonate and
siliceous aggregates) [104] and ASCE [105], with the shaded region representing the range of
test data reported by various researchers compiled by Kodur et al [4]. Thermal expansion begins
at 0 % at room temperature and rises to approximately 1.3 % by 700 °C, after which it remains
relatively constant up to 1000 °C. The significant increase observed between 20 °C and 700 °C

is primarily attributed to the thermal expansion of the aggregates and cement paste [4].
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Figure 2.6 Temperature-dependent thermal expansion of normal strength concrete [4]

Mass loss: Mass loss represents the reduction of the concrete mass, mainly resulting from the
high temperature-induced water evaporation and/or COz release. In general, concrete mass is
reduced by increasing temperature due to the evaporation of the physically and chemically
bound water at lower temperature and the decomposition of CaCOs3 at higher temperatures.
According to Hager, the decrease of concrete mass can be divided into four phases. The mass
loss between the ambient temperature and 100 °C is rather low, as it corresponds to the
evaporation of the physically bound water in the concrete capillary pores. The mass loss
increases in the range of 100 - 300 °C to around 5.6 %, mainly due to the simultaneous
evaporation of the capillary and gel water. The third phase involves the temperature range of
300 °C and 500 °C, where the mass loss decreases due to the significant evaporation of all
physically and chemically bound water. Finally, above 500 °C, the rate of mass loss increases
due to the decomposition of CaCOs and the release of CO2 [47],[106]. Kodur et al. have
reported a different pattern for the mass loss of normal strength concrete, which is mainly
dictated by the type of aggregates. They reported that the mass loss for specimens with both
carbonate and siliceous aggregate concrete remains minimal up to approximately 600 °C.
Beyond this temperature, the type of aggregate significantly impacts mass loss, where unlike
concretes with siliceous aggregate, which show negligible mass loss, specimens with carbonate
aggregates experience a 20-30 % loss of initial mass. This increased mass loss in carbonate

aggregate concrete is primarily due to the dissociation of dolomite (CaMg(COs3)2) at around
600 °C [4],[102].

The thermal properties of the concrete are important determinants of the temperature profile
inside the concrete structural elements. The available building codes focus on ensuring adequate
resilience in case of fire. In structures built with normal-strength concrete, structural elements
are designed to obtain a fire resistance rating (FRR) in the range of 1 to 4 h. The structural
elements are not made of pure concrete, but concrete with reinforcement (e.g. steel). Hence,

one of the most important parameters setting the FRR is the depth of the concrete coverage,
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which protects the incorporated reinforcement from thermal damage. Depending on the
exposure temperature and duration of the thermal load, the temperature in different internal
layers of the concrete might eventually increase. The temperature field development plays a
significant role on the component level in the event of fire and must be calculated numerically

if simplified table methods are not used [108].

2.1.8 Temperature induced changes of concrete’s mechanical properties

The mechanical properties that affect the strength and stiffness of a structural component
include the compressive strength, tensile strength, stress-strain behavior, and modulus of
elasticity. Detailed test procedures for assessing the mechanical properties of concrete at
ambient temperature are given in the European Standards DIN EN 12390-3 for compressive
strength [109] and DIN EN 12390-6 for tensile strength [110] as well as the American
standards such as ASTM C39 for compressive strength [111] and ASTM C496 for tensile
strength [112]. However, neither ASTM nor European Standards provide guidance for
evaluating the mechanical properties of concrete at elevated temperatures. RILEM (the
International Union of Testing and Research Laboratories for Materials and Structures) offers
test procedures for assessing the mechanical properties of concrete in the temperature range of
20 - 750 °C [113] (Table 1.3). However, building codes such as DIN EN 1992-1-2 (EC2) for
fire design of (reinforced) concrete structures [104] and DIN EN 1994-1-2 (EC4) for fire design
of composite steel and concrete structures [114] prescribe the use of standard temperature-time
profile as described under ISO 834 to ensure the integrity, stability and insulation of structural
elements during exposure to elevated temperatures, with fire being the center of attention. In
the following, we will provide an overview of the most important measures of concrete’s

mechanical properties and the influence of increasing temperatures thereupon.

Compressive strength: compressive strength gives the uniaxial compressive stress at which the
material completely fails, regardless of whether signs of failure are visible or not. Compressive
strength can be measured during the exposure of the specimen to thermal loads (hot
compressive strength) or once the specimen is cooled down to ambient temperature (residual
compressive strength). Different building codes have certain requirements for the reduction of
the compressive strength of structural elements at elevated temperatures. In Figure 2.7.a, the
change in the relative compressive strength of the normal strength concrete according to
DIN EN 1992-1-2 (for concrete with carbonate and siliceous aggregates) [104], ASCE relations
[105] and the range of data reported in the literature are shown according to Kodur et al. [4].
The diagram shows a large but uniform variation of the compiled test data for normal strength
concrete within a temperature range of 20 °C to 800 °C. In Figure 2.7.b, the decline of the
relative compressive strength of normal strength concrete in the temperature range of 20 °C to
1000 °C reported by 46 studies and complied by Ma et al. has been presented. The figure depicts
a similar trend for the reported results, but with the reported values in two studies being slightly

lower than the general range [115]. This is perhaps due to the fact that the data collected by
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Kodur et al. [4] comprises both the hot and residual compressive strengths, whereas the data
collected by Ma et al. [115] only contains values on the residual compressive strength, which
are generally lower. Figures 2.7.c and 2.7.d present the data reported in a more recent article by
Shahraki et al, which has collected the residual compressive strength of the concretes with
siliceous (c) and calcareous (d) aggregates from 59 different studies. The graphs also include
the EC2 reduction factors for the compressive strength of concrete at high temperatures as well
as the EC4 recommended reduction factors for residual strength. As observed, the normalized
residual compressive strength for concretes with both aggregate types are associated with large
variations at different temperatures. However, while the median of the data for concretes with
siliceous aggregate is slightly higher than the EC4 recommendation, it falls below the EC4
recommendations in case of concretes with calcareous aggregates. It should be however noted

that a smaller number of data points have been available for analysis in case of the latter [116].

In general, all studies indicate that the compressive strength of concrete remains almost constant
or even slightly increase in the range of ambient temperature and up to 300 °C. From 300 °C
up to 800 °C, the compressive strength decreases dramatically, so that at temperatures above
800 °C, all the concrete’s compressive strength is almost lost [115].

The water to cement ratio is another parameter influencing the compressive strength of the
concrete post-thermal exposure. Shahraki et al. compiled and analyzed the normalized residual
compressive strength reported 59 different studies based on the water to cement ratio (w/c) and
suggested that a water to cement ratio higher than 0.5 has a positive effect on the residual
compressive strength of the concrete with calcareous aggregates, but not the concrete with

siliceous aggregates [116].

Aggregate type has been also shown to significantly impact the reduction of concrete’s
compressive strength. Ma et al. have presented the reduction of relative compressive strength
of the concretes prepared with natural aggregates (dolomite, limestone, gravel, granite and
basalt) based on the data compiled from 40 research papers [115]. The obtained regression
curves have demonstrated that concrete with dolomite and gravel aggregates have shown the
lowest and highest decrease in the relative compressive strength, while specimens with

limestone, granite and basalt have performed almost similar and in between.
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Figure 2.7 A) The change in the relative compressive strength of the normal strength concrete according
to DIN EN 1992-1-2 (EC2; for concrete with carbonate and siliceous aggregates), ASCE relations, and the
range of data reported in the literature according to Kodur et al [4], including both the hot and residual

compressive strength values , B) the decline of the relative residual compressive strength of normal

strength concrete in the temperature range of 20 °C to 1000 °C reported by 46 studies and complied by

Ma et al. [115], C and C) the change in the relative residual compressive strength of concrete with

siliceous (C) and calcareous (D) aggregates in the temperature range of 80 °C to 1200 °C collected by

Shahraki et al, complied from the reports of 59 different studies [116]. It is worth to note that the wide

distribution of the data is the result of the differences in the concrete composition and the experimental

conditions used in different studies.

Another factor that significantly impacts residual compressive strength is the duration of

exposure to thermal loads. Prolonged exposure exacerbates chemical decomposition,

microcracking, and aggregate-matrix debonding, decreasing compressive strength and reducing

the likelihood of strength recovery. Shorter exposure times allow for better preservation of the

material's original properties [34],[72]. Longer exposure times, on the other hand, allow a larger

portion of the specimen to achieve thermal equilibrium with the furnace environment,

significantly influencing its residual compressive strength [116]. Shahraki et al. have compiled

and analyzed the residual compressive strength of the concretes exposed to different elevated

temperatures reported in 59 different studies based on the duration of heating. They found a
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minimum 2 h retaining at the elevated temperature time to be necessary for lowering the
standard deviation of normalized concrete strength. In the case of concrete with siliceous
aggregates, medians of the data for a retaining time of over 2 h better matched the EC4
recommendations, whereas for specimens with calcareous aggregates, those with less than 2 h
of retaining time were better matched. The authors concluded that the data suggests that the
EC4 recommendation may underestimate the safety margin for concrete containing calcareous

aggregates, though they believed further analysis to be necessary [116].

The final determining factor within the context of the residual compressive strength is the
cooling rate. Shahraki et al. also had a look at collective data on the effect of cooling rate upon
the residual compressive strength of the concrete heated to different maximum temperatures.
For concrete with the calcareous aggregates, all studies had measured the residual compressive
strength after air cooling. For concrete with silicious aggregates, most studies report lower
values of residual compressive strength following water cooling. Nonetheless, Shahraki et al.
found the identified pattern not to be significant when comparing all datapoints [116].

Tensile strength: Depending on the measurement method, three different types of tensile
strength can be defined. Direct tensile strength represents the required force to pull apart a
cylindrical or prismatic concrete specimen along its longitudinal axis [117]. Flexural tensile
strength is a measure of an unreinforced concrete specimen to resist failure in bending [118].
Splitting tensile strength is the force required to split a cylindrical concrete specimen across the
vertical diameter [119]. Similar to compressive strength, tensile strength of the concrete
decreases with increasing temperature, though it is more affected as the latter, due to increased
brittleness and the development of micro-cracks [120]. Ma et al. have summarized the reduction
of the relative flexural (Figure 2.8.a) and splitting (Figure 2.8.b) tensile strength of normal
strength concrete due to exposure to different elevated temperatures based on the data presented
in 11 research works. These results confirm the more rapid decrease of tensile strength

compared to the compressive strength as a result of increase in temperature [115].
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Figure 2.8 Reduction of the relative residual flexural (a) and splitting (b) tensile strength of normal
strength concrete due to exposure to different elevated temperatures based on the data presented in 11
research work compiled by Ma et al. [115]

Stress-strain behavior: The stress—strain response of a material describes the measured stress

when subjected to continuously increasing deformation. It serves as input data for mathematical
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models used to assess the fire resistance of concrete structural elements. As temperature rises,
the compressive strength of concrete diminishes, and its ductility increases, resulting in a
reduced slope of the stress-strain curve (Figure 2.9) [4],[121]. While the diagram represents the
stress-strain curve, the stress-strength curves under hot conditions are expected to follow a

similar trend.
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Figure 2.9 Stress-Strain diagram for normal strength concrete with quartzite aggregates exposed to
different peak temperatures along with linear downwards sloping branch. The recommended Values for
Ecup and &, g according to DIN EN 1994-1-2 (EC4) [114]

Modulus of elasticity: For concrete, the modulus of elasticity defines how much the concrete
will deform when a load is applied. It is defined as the ratio of normal stress to the corresponding
strain when tensile or compressive stresses are applied, provided that they are below the
material's proportional limit [122]. In general, concrete’s modulus of elasticity decreases with
the increase in temperature with almost a linear trend and remains low even when the concrete
has cooled down [64]. Compared to compressive strength, modulus of elasticity is more
strongly affected by thermal loads [4],[33].

2.1.9 Effect of repetitive heating and cooling cycles on the properties of
concrete

Repetitive heating and cooling cycles significantly impact the properties of concrete, primarily
due to the internal strains induced by both expansion and contraction of the cement pastes and
aggregates [123], but also due to thermo-hygric process such as “water clog” as well as thermal
fatigue [124]. The expansion-induce strains include thermal expansion, cracking expansion and
chemically induced expansion, whereas the contraction-induced strains pertain to drying
shrinkage, load-induced thermal strain both during heating and at constant temperature, and
time-dependent creep [123]. Thermomechanical and thermo-hygric damage from cyclic
thermal stress/strain and pore pressure fluctuations can progressively degrade the concrete

matrix. Thermo-hygric damage, caused by periodic pore pressure changes, accelerates
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coarsening and crack development. However, temperatures below 200 °C may not create
detectable microcracks in the cement matrix. Over time, high-cycle thermal fatigue compounds
these effects, resulting in irreversible defects and cracks that impair the material's macro
properties. This degradation compromises matrix integrity and reduces concrete’s strength
[124].

The magnitude of the thermal cycle-induced strains depends on a variety of factors, among the
peak temperature to which the concrete is exposed is paramount [123],[125]. Khoury has
proposed the concept of ‘concrete-specific critical temperature’, up to which a second thermal
cycle would not lead to significant additional damage. Above this temperature, however,
thermal cycling, especially in unloaded concrete, tends to induce significant progressive
cracking, the onset of which as well as the degree of induced damage is primarily detected by
the type of aggregates and to a lower extent by the composition of the cement paste [123]. Khan
et al. have reported the residual compressive strength of the concretes exposed to repetitive
thermal cycles with the peak temperature of 100 - 300 °C to be higher than the strength at
ambient temperature [126], [127]. Similarly, Boquera et al. reported the preservation of the
CEM I concrete mechanical properties after exposure to 25 cycles with peak temperatures in
the range of 20 - 300 °C, despite the formation of microcracks. The authors attributed the
observed strength recovery to the rehydration of the cement paste during slow cooling to
ambient temperature. However, when the peak temperature increased to 600 °C and above,
CEM I cement demonstrated a fragmentation status after 25 cycles [128]. Combined, these
results confirm the concept of “concrete specific critical temperature” suggested by Khoury
[123]. As moderate temperature cycles do not lead to the decomposition of chemically bound
water and cement hydration products, strength recovery post cooling is still possible. However,
significant increase in the number of heating cycles seems to deteriorate the mechanical
properties of the concrete even at lower temperature levels. For instance, exposing concrete to
repetitive thermal cycles with a maximum temperature of 60 °C, Tao et al. reported the
compressive strength to initially increased up to a number of 60 thermal cycles, following which
a decrease in compressive strength was observed, with the value reaching the initial
compressive strength after 120 cycles. The decline in compressive strength continued with
further thermal cycles, so that a 19.4 % reduction compared to the initial strength was reached
after 300 cycles [129]. Investigating the effect of thermal cycles with maximum temperatures
of'40 °C, 60 °C and 80 °C, Li et al. found a slow decrease of strength within the first 100 cycles,
followed by a faster decrease up to 200 cycles, and a reduced rate of decrease above 200 cycles
[33].

In addition to the temperature gradient and number of cycles, other factors, such as type of
aggregates and composition of the cement paste, water to cement ratio and the heating and
cooling rate can affect the properties of the concrete exposed to cyclic thermal loads. As
mentioned under section 2.1.5, aggregate type can significantly impact the performance of

concrete upon exposure to elevated temperatures. In general, light weight aggregates are
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believed to perform superior to their medium weight counterparts upon exposure to thermal
cycles. Hossain et al. investigated the effect of different lightweight coarse aggregates,
including pumice, perlite, lytag (sintered fly ash), and crushed brick upon the performance of
concrete exposed to repetitive cycles of heating and cooling. Amongst these, specimens with
lytag and brick aggregates were associated with higher residual compressive strengths
compared to those with other aggregate types and similar to the control specimen. Perlite and
pumice concrete specimens exhibited superior thermal performance compared to lytag and
brick aggregate concrete samples, attributed to their porous microstructures. Basalt aggregates,
on the other hand, led to significantly higher cracking levels in the cement paste and aggregates
at elevated temperatures due to their low porosity, which hindered the vapor from being rapidly
released from the concrete microstructure [130]. Type of the cement can be influential, as
different cement produce matrices with different contents of C-S-H phase and different
rehydration behaviors, different pore structures, and different pore coarsening and cracking
tendencies [131]. The water to cement ratio plays an important part as well. Pastes with higher
water to cement ratio have stronger resistance to the change of vapor pressure and better thermal
fatigue performance. However, the lower initial strength of the concrete pores and matrix makes
these undergo relatively severer thermal damage [124]. Last but not least, both the heating and
cooling rate play a significant part, with faster heating and cooling rates leading to higher stress
induction and greater damage to the concrete structure [66],[75],[76],[77],[132].

Many of the standard laboratory test settings, the details of which are presented under
section 2.1.8, seek to determine the hot and residual properties of the concrete with the goal to
investigate thermal resistance upon a one time exposure to thermal loads, e.g. in case of the fire,
and provide the needed information to determine what can be saved after such incidents.
However, with a few exceptions, standard methods to determine the residual properties of
concrete at sustained or cyclical high temperatures is in great parts missing [121]. There has
been, however, an increasing demand for obtaining such information for two main reasons.
First, advanced industrial applications, particularly in nuclear reactors, demand a deeper
understanding of the properties of different types of concrete under complex, sustained, or
repetitive mechanical and thermal stresses at moderately high temperatures. Second, the
development of new concrete mixtures and proportions continues to expand, which necessitates
investigating the properties of these upon exposure to one time or repeated heating cycles
depending on the intended use [35]. Fortunately, many building codes require testing the
performance of concrete specimens (or even elements) during exposure to thermal loads. These
prescribe testing conditions based on national and international standards for concrete fire
resistance (temperature-time regimens). As the name suggests, these testing conditions are
mostly to simulate one time exposure to fire, and do not consider (with a few exceptions)
exposure to repetitive heating and cooling cycles, and the effect upon the residual physical and
mechanical properties. In the next section, we will discuss how thermal resistance/performance

of concrete is tested on the laboratory scale. We will begin with different temperature-time



2 State of the art and literature review 30

profiles used for the simulation of thermal load exposure and describe the parameters that are
measured in order to reflect the concrete’s mechanical properties both during and after exposure
to thermal loads. We will then briefly debate the limitations of these testing methods and

address the areas where there is a need for further improvement.

2.2 Candidate materials for the design of sustainable thermal-
resistant concrete

2.21 Slag sand and BFS

BFS is the main by-product of the iron and steel manufacturing process (approximately 90 %
by mass), specifically the reduction stage, in which iron ore is converted into pig iron. During
this process, the raw materials (iron ore, coke, and limestone) react at high temperatures.
Reacting with the flux (limestone), the impurities in the iron ore form a molten slag on top of
the molten iron [133]. Production of each ton of pig iron leads to the formation of around
200 - 300 kg of BFS (umbrella term referring to both air-cooled and granulated blast furnace
slag) [134]. In Germany, about 11.4 million tons of iron mill slag were produced in 2020, of
which 7.3 million tons were BFS [135]. This molten slag is then separated and can be cooled
either rapidly (quenched) with water or slowly with air. The rapid cooling of BFS (e.g. water
quenching) leads to the formation of granulated BFS with amorphous structure (> 90 %) and a
glassy granular appearance, which is then dried and ground to form the ground granulated BFS,
which is henceforth referred to as slag sand. This is often further ground and used to substitute
CEM I as an SCM. Alternatively, the slow cooling of the molten slag allows for the formation
of a more crystalline, rock-like structure, creating air-cooled BFS, which from hereon in, will
be referred to as BFS. The dominant crystalline structure (> 50 %) of BFS prevents the slag to
exhibit cementitious (latent hydraulic) properties, and the material is therefore used as
aggregates [136]. Of the 7.3 million tons of BFS produced in 2020, more than 90 % was in the
form of slag sand, which is used as SCM in concrete industry [135]. Both slag sand and BFS
are composed of oxides of calcium (CaO; 29-50 %), silicon (SiO2; 30-40 %), aluminum (AL2O3;
7-19 %), and magnesium (MgO; 0-21 %), as well as other materials (less than 10 %)
[133],[137]. However, the smaller particle size of slag sand [138] (Blaine surface area around
300 - 600 m?/kg) [139] along with higher amorphous content [140] significantly increases its
reactivity. Slag sand usually has a white to off-white color. Concrete containing slag sand can
initially display a blue or green hue in the early days after placement, which generally fades
with exposure to air and sunlight. The off-white color of the slag sand then enhances the

whiteness and brightness of the concrete structure, which is often seen as an aesthetic benefit.

Slag sand is commonly used as an SCM and specified to use in concrete according to
DIN EN 15167-1 [141],[142]. As previously mentioned, the development of mechanical
properties in traditional concrete with CEM I clinker is due to the hydration of CaO, the

production of which is associated with significant CO2 emissions. Hence, improving concrete
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sustainability can be achieved by using other materials that can produce strength forming phases
through alternative pathways, such as SCMs. SCMs comprise a variety of natural pozzolans or
industrial byproducts that can form additional C-S-H through pozzolanic and in cases hydraulic
reactions [143],[144]. Materials with hydraulic activity are those that impulse Ca(OH): to react
with water and form cementitious compounds (C-S-H), while pozzolanic activity refers to the
reaction with calcium hydroxide (Ca(OH):2) in the presence of water to form additional
cementitious compounds C-S-H. When mixed with water and Ca(OH): (produced during the
hydration of CaO in CEM I), SCMs form additional C-S-H through participation in pozzolanic
reactions. C-S-H can in turn enhance the strength and durability of the concrete, reducing
thereby the need for CEM I and decreasing the CO2 production. SCMs are often used to replace
a portion of the clinker in the cement to obtain optimal mechanical properties, reducing the
amount of clinker required per ton of cement [143],[144]. Particularly replacing parts of the
clinker with the industrial byproduct and different types of waste will help recycle these and
thus further contribute to the improvement of concrete sustainability. Figure 2.10 illustrates a
schematic presentation of the composition of the most commonly used SCMs, including slag

sand (shown as SL) within the context of a CaO-AL203-S102 ternary diagram.

Sio,

FA: Fly Ash
FL: Fine Limestone

GL: Glass

HAC: High Alumina Cement

NP: Natural Pozzolans

M: Metakaolin

OPC: Ordinary Portland Cement
SF: Silica Fume
SL: Slag

ALO,

Figure 2.10 A CaO-AL203-SiO2 ternary diagram schematically presenting the composition of the

commonly used SCMs including slag sand (shown as SL); Modified from [145]
The European Standard EN 197-1 introduces three types of Portland blast furnace cement, in
which part of the clinker has been substituted by the slag sand. These include CEM III/A with
35 % - 64 % slag sand content, CEM III/B with 65 % - 80 % slag sand content, and CEM I1I/C
with 81 % - 95 % slag sand content. Despite being defined in EN 197-1, however, the last type,
CEM III/C is considered a specialty cement and is barely used for normal construction. EN 197-
1 also introduces CEM II/B-S cement as a type of Portland-composite cement that contains
21 - 35 % slag sand [146].

Slag sand has latent hydraulic properties. This means that following activation by alkalis (such
as those available in the (hydrated) cement paste, e.g. sodium oxide (Na20), potassium oxide

(K20), calcium hydroxide (Ca(OH)2), sodium carbonate (Na2CO3) and potassium carbonate
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(K2C0s)), slag sand can get hydrated and form cementitious compounds [147]. These products
are also referred to as “primary C-S-H”, which further contributes to the strength and durability
of concrete on the long run. Other hydration products include calcium hydroxide (Ca(OH)z2),
ettringite, AFm (alumina, ferric oxide, monosubstituted) phases and a hydrotalcite-like phase
[148].

2(3Ca0-Si02) + 6H20 — 3Ca0-2Si02-3H20 + 3Ca(OH): (Primary C-S-H) (Equation 2.3)
[149]

Since the mechanism of slag sand’s hydration is different from that of the Portland clinker, it
comes as no surprise that the rate of the reaction is also different. In general, the hydraulic
reaction of the slag sand is much slower, for the addition of slag sand increases the stability of
ettringite, which delays the hydration of the cement and the production of Ca(OH)2 [150]. It
has been shown that in the initial phases of hydration, the reaction is mainly with the alkali

hydroxides, while at later stages, reaction with Ca(OH)2 becomes more dominant [151].

To define the hydraulic activity of the slag sand, many different indices have been proposed.
These include a variety of the chemical indices, which exploit the chemical composition of the
slag sand to predict its hydraulic activity [152], the slag reactivity index introduced by the
American standard ASTM C989 and the French standard NF P 18 - 506 (1992) [151],[152],
and the hydraulic index (HI) defined by Keil et al, based on the compressive strength of the
70:30 slag sand: CEM I mortars [151],[153].

From a chemical standpoint, the hydraulic activity of slag sand depends on several factors, such
as the basicity of slag, which is defined as CaO/SiOz ratio [154], the hydration temperature,
water to cement content, replacement ratio and the tricalcium aluminate (C3A) levels of the
cement [140],[155].

In addition to the hydraulic reactions, slag sand can also lead to the formation of secondary C-
S-H through further pozzolanic reactions with Ca(OH)2 [156]:

3Ca(OH)2 + 2Si02 + H20 — 3Ca0-28Si02:3H20 + 3Ca(OH)2 (Secondary C-S-H)
(Equation 2.4) [149]

The rate of pozzolanic reactions depends on many factors, including the source and chemical
composition of the slag sand [157], the fineness of the slag sand (67 % faster reaction rates for
ultrafine slag sand compared to ordinary slag sand) [158], the curing temperature (70 % at room
temperature vs. over 90 % in the temperature range of 90 - 200 °C) [159], and the alkali
involved in the reaction [140]. Figure 2.11. shows the modified changes in hydrated CEM I
when blended with slag sand assuming a complete reaction of the former and 75 % reaction of
the latter as reported by Lothenbach et al. [145] .
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Figure 2.11 Changes in hydrated CEM I when blended with slag sand modeled by Lothenbach et al.,
assuming complete reaction of the CEM I (CaO 60, SiO2 22, A1203 4.6,Fe203 2.7, MgO 1.9, Na20 0.3,
K20 1.0, SO3 3.2, and CO2 3 wt.%) and 75 % reaction of slag sand (Ca03 9, SiO2 38, AL:O3 11, Fe:0s 1,
MgO 10, Kz0 0.3, and S 1wt.%).Al/Si in C—S—H=0.1 [145]
As a result of the latent hydraulic and pozzolanic reactions, slag sand can partially substitute
part of the CEM I in the concrete structure, reducing thereby the carbon footprint of concrete
through decreasing the CO: emission and recycling of industrial waste. For instance,
substituting 50 % of the clinker by slag sand has been shown to reduce the CO2 emission by
40 % [160]. Slag sand can also lead to an increase in the durability properties of the concrete.
On one hand, since the hydraulic and pozzolanic reactions have a rather slow rate, they continue
overtime which leads to an increase in the strength as the concrete ages [161]. On the other,
compared to CEM I, slag sand generates less heat during hydration, reducing thereby the risk
of thermal cracking in massive concrete members such as dams [162]. In general, slag sand has
been shown to improve the resistance of concrete not only under normal conditions, but also to
harsh environments and freeze-thaw cycles [163]. Due to creating a denser microstructure, slag
sand decreases concrete permeability and thereby its resistance to sulfate attacks, chloride ion
penetration and alkali-silica reactions (ASR) [164]. Furthermore, slag sand improves the
workability of the fresh concrete and aesthetics of the resultant structures by virtue of its fine
particle size and smooth texture [165]. Finally, the use of slag sand in the concrete industry
helps recycling a waste product of another industrial process, further contributing to the

sustainability perspective.

With all the mentioned benefits, the use of slag sand as an SCM is also associated with certain
limitations. For one thing, it requires adequate alkalis presence in the concrete mix to ensure
the activation of the hydraulic reactions. For another, the produced specimens have slower
development of initial compressive strengths as it takes more time for enough C-S-H to be
produced through hydraulic and pozzolanic reactions. In general, adding slag sand to concrete

reduces the rate of hydraulic reactions, as it increases the stability of ettringite, which delays
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the cement hydration and Ca(OH)2 production. The slower production of Ca(OH)2, a major
player in pozzolanic reactions, reduces the rate of secondary C-S-H formation [150]. Hence,
the degree to which clinker can be substituted by ground slag sand is limited. Most studies
report that clinker substitution with slag sand leads to a delayed increase of compressive
strength up to a certain slag content, following which the compressive strength is negatively
affected. The defined optimum slag content has been different depending on the properties of
concrete formulation. In general, however, the limit seems to be around 50 % [155],[162],
[165],[166].

Unlike slag sand, air-cooled crystalline slag (BFS) has been often used as fine or coarse
aggregates for asphaltic paving, road bases and sub-bases, railway ballast, and concrete
production. The main benefits of using BFS as aggregates is mainly resource conservation by
reducing the need for natural aggregates as well as waste reduction [167],[168]. Similar to slag
sand, 95 % of the BFS chemical composition consists of CaO, SiO2, Al203, and MgO. However,
the physical properties are rather different as they are highly affected by the cooling conditions.
Major chemical concerns in case of air-cooled BFS are; 1) iron unsoundness, a rare phenomenon
originating from the oxidization of the partially reduced iron oxides in BFS leading to expansion
induced particle disintegration, ii) dicalcium silicate unsoundness, which occurs when a phase
transition from the beta form to the gamma form takes place during cooling, leading to volume
expansion and damage to aggregate structure (a.k.a. “falling,") ii1) calcium sulfide content,
which, according to DIN EN 12620 should be kept under 2 %, as higher values might contribute
to changes in concrete microstructure, permeability and strength due to ettringite-mediated void
filling, initiation of internal sulfate attacks, and formation of Thomasite [167], [169],[170].

The color of BFS aggregates typically ranges from light to dark gray, depending on its chemical
composition, though occasional blue, green, or pink stains may appear in smaller areas. The
aggregate particles exhibit a highly rough texture due to their vesicular structure, which results
from gases trapped therein during cooling. While it is generally believed that the pores in BFS
particles are not interconnected, thus making “vesicular” a more accurate description than
“porous”, the internal voids may be accessible to liquids and gases from the particle's exterior
[167]. Compared to natural aggregates, BFS aggregates possess higher angularity and lower
specific density, which All these can influence the mix proportioning, the workability and the
early-age shrinkage. BFS coarse aggregates have lower abrasion resistance than natural
aggregates and are highly vesicular with low fracture energy/toughness. These characteristics
impact the mechanical load transfer behavior at joints and cracks and account for a poorer
aggregate interlock therein [167]. Indeed, reports on the mechanical performance of BFS
aggregates have been quite mixed and depend on aggregate properties, particularly aggregate
size [171],[172], aggregate content [173],[174],[175],[176]. The effect of these aggregates
upon the performance of concrete at higher temperatures will be elaborated in section 2.2.2.2.
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2.2.2 Effect of slag sand and BFS on the temperature resistance of concrete

In this section, the available information on the potential influence of slag sand and BFS used
for the design of sustainable concrete alternative with improve thermal resistance will be
debated. This section will be presented in two parts. The first part will focus on the effect of
slag sand as an SCM and the second section will discuss the available literature on the use of

slag sand and/or BFS as added aggregates.

2.2.2.1 Effect of slag sand as an SCM

As previously mentioned, slag sand and BFS are byproducts of high temperature processes in
the iron industry. Hence, these are expected to be temperature resilient materials. However,
when used as an SCM for the partial substitution of the CEM 1, it is not the properties of the
slag sand that determines the thermal and mechanical properties of the concrete at high
temperatures, but rather the properties of the hydration products. In fact, slag sand as an SCM
can enhance or reduce the high-temperature resistance of concrete depending on the
replacement level, mix design, water to cement ratio and type of the aggregates. In general,
CEM I substitution by ground slag sand is expected to affect the thermal resistance of the
concrete as in the following:

i) Due to the lower Ca(OH)2 content of the concretes in which part of the CEM I has
been substituted by slag sand, the loss of concrete strength in the temperature range
of 400 - 500 °C, which is associated with the decomposition of this hydration
product, is expected to decrease [177],[178].

ii) Slag sand modifies the composition of the C-S-H gel, which, depending on the
replacement level might increase the stability of the phase at high temperatures.
According to Richerdson, the water content in C-S-H decreases with C/Si ratio. Slag
sand promotes pozzolanic reactions and consume Ca(OH): as well as free or even
bound water, which forms additional (secondary) C-S-H with lower C/Si ratio than
in pure CEM I. Due to the lower C/Si ratio, further pozzolanic reactions will involve
a reaction process with water, making the water in specimens with slag sand to be
more closely incorporated in the C-S-H structure. This makes it more difficult to
dehydrate the C-S-H gel in the slag containing specimens [179],[180]. Hence, the
stability of the concrete at high temperatures might be different from the concrete
without slag sand.

iii) Presence of slag sand in concrete increases the proportion of fine pores, which
improves concrete strength.

iv) Concrete containing slag sand has a denser microstructure [177]. This can improve
the thermal resistance by reducing the permeability of the concrete, thereby limiting
moisture migration upon rapid heating. On the downside, limiting the escape of

water vapor can also increase the risk of explosive spalling.
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v) Partial substitution of the CEM I by minerals such as ground slag sand has been
shown to lower the thermal expansion coefficient of the concrete. This can reduce
the thermal mismatch between the cement paste and the aggregates, thereby
improving the performance of concrete at high temperatures [181].

Vi) Partial substitution of the CEM I by ground slag sand reduces the amount of lime
available for rehydration post-cooling, which mitigates the associated volume

expansion and the resultant strength loss and crack development [182].

A number of studies have already been dedicated to comparing the thermal resistance of
mortars/concrete made of CEM I and the slag sand containing cement CEM III/A. In the
following, we will review the most important findings of these studies. Detailed information
about the composition and development of the specimens used for these investigations are

summarized in Table A.1.2.

Andi¢-Cakir et al. investigated the residual compressive strength and residual flexural strength
of the mortars made of CEM [ and CEM III/A (with 45 % slag sand content) cast with siliceous
standard sand aggregates. The specimens were exposed to temperatures of 150, 300, 450, 600
and 900 °C for 4 h and subsequently cooled down to room temperature for 24 h, following
determination of the mechanical properties. The results demonstrated that specimens made of
CEM III/A had higher residual compressive strength when heated to all temperatures except
for 150 °C. The residual flexural strength of the specimens made of CEM III/A was higher than
the mortars made of CEM I when exposed to 450 °C, the temperature associated with the
decomposition of Ca(OH)2, and almost similar when heated to 300, 600 and 900 °C. Similar to
the residual compressive strength, the residual flexural strength of the CEM III/A mortars was
lower when heated to 150 °C. Scanning electron microscopic imaging revealed that high
temperature-induced cracks in CEM 1 paste microstructure were significantly larger than those
observed in the CEM III/A paste (Figure 2.12). With the exception of 150 °C, the mass loss of
CEM III/A containing mortars was always higher than specimens made of CEM I [183].
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Figure 2.12 Scanning electron microscopic images showing temperature-induced crack sizes in cement
paste of mortars made of CEM I and CEM III/A at 20, 300, and 600 °C [183]

Zemri et al. made a similar comparison between the concrete (hardened cement paste without
aggregates) and mortars made of CEM I and CEM III/A. Specimens were heated to 160, 300,
400 or 650 °C with a heating rate of 1 K/min and a holding time of 1 h. Residual compressive
strength as well as the residual modulus of elasticity were determined once the specimens were
cooled to room temperature. Results demonstrated that concrete (hardened cement paste)
specimens made of CEM I had slightly higher relative residual compressive strength after
heating to all temperatures: 136 % vs. 120 % at 160 °C, 123 % vs 96 % at 300 °C, and 99 % vs.
90 % at 400 °C for specimens with CEM III/A and CEM I, respectively. When heated to 600
°C, however, concrete made of CEM I underwent spalling, whereas those made of CEM III/A
retained 60 % of the initial compressive strength post cooling. In case of mortars, however, the
relative residual compressive strength of specimens made of CEM III/A was significantly
higher: 107 % vs. 114 % at 160 °C, 87 % vs. 110 % at 300 °C, 71 % vs. 79 % at 400 °C, and
23 % vs. 36 % at 650 °C for specimens made of CEM I and CEM III/A, respectively. The
residual modulus of elasticity of both hardened cement paste and mortar specimens reduced by
increasing temperature, but it was always higher for those made of CEM I (except for concrete
heated to 650 °C). In general, the results demonstrated that specimens made of CEM III/A are
significantly more resistant to higher temperatures (here 650 °C), as they partially retained their
compressive strength after cooling, while both concrete and mortars made of CEM I showed

significant cracking [184].

Hager et al. compared the residual compressive and splitting tensile strengths as well as residual
modulus of elasticity of the concrete specimens made of CEM I and CEM III/A, either in
combination with riverbed gravel or crushed basalt as coarse aggregates after heating to 200,
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400, 600, 800, and 1000 °C. The specimens were heated to the target temperature with a rate of
0.5 K/min and were held at the maximum temperature for 3 h. Results showed a very slight and
overall insignificant difference between the relative residual compressive and splitting tensile
strengths and the residual modulus of elasticity of the concretes made of both cement types,
regardless of the type of coarse aggregates used. Permeability measurements demonstrated that
specimens made of CEM III/A were generally associated with only slightly lower values. It was
concluded that it is more the type of aggregate, and not the type of the cement, that determines
the mechanical properties of the concrete post thermal load exposure [185].

The thermal resistance of specimens made of slag sand has been also investigated upon long-
term exposure. For instance, Carette et al. investigated the effect of 35 % slag sand in the cement
upon the long-term thermal resistance of concrete. Specimens were subjected to 75, 150, 300,
450 and 600 °C for 1, 4 or 8 months. Measurement of the residual compressive strength
demonstrated that addition of the slag sand as an SCM did not improve the residual mechanical

properties of the concrete regardless of the temperature or water to cement ratio [186].

Other studies have sought out the optimal slag sand content for improved thermal resistance.
Wang investigated the effect slag sand content in the cement (5, 10, 20, 50 and 80 %) upon the
residual compressive strength of the concrete specimens with three different water to binder
ratios (0.23, 0.47 and 0.71) after exposure to different elevated temperatures (105, 200, 440,
580, 800, and 1050 °C). The holding time was 2 h for 105 °C, 6 h for 200 °C and 440 °C and
4 h for the rest of the temperatures. In general, the results show that increasing the slag sand
content to above 50 % improves the relative residual compressive strength of the concrete when
heated to above 200 °C, with the effect of high slag sand content being more pronounced for
the highest water to binder ratio (0.71; Figure 2.13.a). The positive effect of higher slag sand
content upon the residual modulus of elasticity, however, is more pronounced for lower water
to binder ratios. In general, it was concluded that increasing slag sand content of the concrete
significantly improved the thermal resistance [187]. The positive effect of increasing the slag
sand content has been also confirmed by Aydin, who compared the relative residual
compressive strength of pumice mortars with 0, 20, 40, 60, and 80 % slag sand heated to
different elevated temperatures with a rate of 10 K/min. He observed the most beneficial effect
of the higher slag sand content at 900 °C, at which the mortars containing 80 % slag sand merely
lost 25 % of the original compressive strength post air cooling, whereas those without slag sand
lost 70 % [188]. With the water to cement ratio being around 0.7, these results are in accordance
with the findings reported by Wang [187]. Similarly, Delhomme et al. reported an increase in
the slag sand of the mortars to improve the relative residual compressive strength at all
temperatures. Using X-ray diffractometry, the authors demonstrated that the reason for the slag
sand mediated improved residual compressive strength above 500 °C is the ability of slag sand
to react with lime, which limits the Ca(OH)2 production. As the production of Ca(OH): is
associated with significant volume expansion, presence of slag sand lowers the risk of cracking

that can occur as a result [182]. Sim et al. investigated the effect of slag sand in concrete (0 %,
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20 % and 40 %) with water to cement ratio of 0.48 warmed up to 200, 400 and 600 °C and
measured the value of hysteresis nonlinearity parameter, o as an indicator of the development
of thermal damage induced microcracks in concrete. Based on this value, they concluded the
40 % slag sand content to be associated with the lowest thermal damage to the structure of the
concrete [189]. Hosam et al. studied the effect of 10 % and 20 % slag sand in the concrete upon
its thermal resilience and reported increased relative residual compressive strength at all
temperatures; most notably 80 % vs. 64 % at 600 °C and 36 % vs. 32 % at 800 °C for concrete
with and without slag, respectively. When heated to 400 °C, the relative residual compressive
strength of the specimens with 20 % slag sand was higher than those with 10 % slag sand [190].

>
w

200 T T T T T T T T 12
I GGBFS(%,
€ WBZ0:23 - —©— 440°C W/B=0.23
) o 10 © 10 "
wn 150 - A—20 o —¥— 580°C
~ —v—50 L
= 'S B < 8 [| —e—s800°C
s BF i 2]
§o 100 X 2 m— * 3 6 || —&— 1050°C
s |[\&V 4> 3
% m—A X o 4
® 50 | N \ \""””“0- =
- - 2 L
E AT
.F, - %
€ o Be y pw %o pe 9y poow ey pepa 0 i
0 200 400 600 800 1000 [ 5 10 20 50 80 100
Temperature (°C) GGBFS (%)
200 T T T T T T T T
GGBFS(%) 12
W/B=0.47 —=—5
&0 —6— 440°C WiB=0.47
L -~ 10 [
9 e S —¥— 580°C
* ¥ < s [| —@—s800°C
S 6 | —&—1050C
=]
T
[=]
=

Residual strength at 25 °C (%)

0 200 400 600 800 1000 0 5 10 20 50 80 100
Temperature (°C) GGBFS (%)
200 T T T T T T T T GGBFS(%) 12
g WiEA = —©— 440°C W/B=0.71
< —e—10 -~ 10 [
g 180 ’. 20 S —¥— 580°C
i | /‘ S /-/V\O % €5 | e
- /J\ v T — 0 | A o
t 100 ME— \ = 3 26 1050°C
c 8. =
[ = \r\ V— o
- g i V\ o 4
] \ \ — M S
Pl N g =
g 50 | | RN \ v 2
3 \ \ :
» L o \ ,'
o o WL Z= 0 L L L L .
o -
0 L | L L v\‘rn/ 1 1 1 0 5 10 20 50 80 100
[ 200 400 600 800 1000 GGBFS (%)
()

Temperature (°C)

Figure 2.13 A) Relative residual compressive strength of the concretes with different slag sand (GGBFS)
content following exposure to various elevated temperatures for concrete with different water to binder
(WB) ratios and B) effect of slag sand (GGBFS) content upon the residual modulus of elasticity of the
concrete with different WB ratios as reported by Wang [187]

Literature also holds reports that are to the contrary. For instance, Li et al. exposed concrete
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mixtures with 0, 50, 60, and 70 % slag sand and crushed stone and river sand as coarse and fine
aggregates to different elevated temperatures. Specimens were heated to 200, 300, 400, 500,
600 and 700 °C with a heating rate of 5 K/min and were kept at the mentioned maximum
temperatures for 240, 200, 160, 140 and 90 min, respectively. The specimens were then water
cooled for 30 min to reach the room temperature. The results demonstrated minor differences
between the residual compressive strength and the residual module of elasticity of the
specimens made of pure CEM I and those with 50 % slag sand content at different temperatures,
while increasing the slag sand content above 50 % reduced the values of both parameters.
Similarly, specimens with 60 % and 70 % slag sand content had slightly lower residual splitting
tensile strength compared to concrete made of pure CEM I, whereas a slag sand content of 50 %
slightly increased the residual splitting tensile strength of the specimens [191]. The authors
found similar results in a different publication for concrete with 0, 10, 30 and 50 % slag sand
content. They showed that increase of the slag sand content of the cement from 10 % to 30 and
50 % led to a significant reduction of the residual compressive strength when heated to 500 °C.
Concrete with 50 % slag sand content showed the lowest residual compressive strength when
heated to all temperatures above 300 °C. Moreover, the increase in the slag sand content of the
cement resulted in a reduction of the modulus of elasticity. The authors also showed that
increasing the slag sand content of the concrete led to the increase of the carbonation depth at
all temperatures, with a temperature dependent trend being observed at for all concretes

regardless of the presence or absence of the slag sand [192].

Mendes et al. demonstrated that the effect of slag sand on the residual compressive strength of
concrete depends on the cooling rate. The authors compared the residual compressive strength
of the specimens with 0, 35 and 50 % slag sand following exposure to 400 °C and 800 °C. The
specimens were air or water cooled to room temperature. Measurements of the residual
compressive strength demonstrated that while both the specimens with or without slag sand lost
around 20 % additional residual compressive strength when water cooled, following exposure
to 800 °C, specimens with slag sand only lost 5 % water cooling induced residual compressive
strength versus the 14 % observed in case of concrete made of pure CEM 1. Infrared analyses
suggested that the higher strength loss in the specimens without slag is due to the accelerated
CaO rehydration into Ca(OH)2 in CEM I (Figure 2.14) [193].
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Figure 2.14 Effect of air and water cooling upon the residual compressive strength of concrete with
different amounts of slag sand following exposure to 400 °C (left) and 800 °C (right) as reported by
Mendens et al. [193]

Other studies report that the incorporation of the slag sand in the concrete can improve the
residual mechanical properties up to a certain replacement ratio, above which the residual
compressive strength either does not change or decreases. For instance, Siddique and Kaur
showed the positive effect of slag sand as SCM upon the residual compressive and splitting
tensile strengths as well as the residual modulus of elasticity. In addition to the cement mix with
0, 20, 40 and 60 % slag sand content, the investigated concrete specimens also contained
silicious fine and coarse aggregates. The results demonstrated that while addition of the slag
sand decreased the initial compressive and splitting tensile strength of the concrete, slag sand
containing concretes had higher the relative residual compressive and splitting tensile strength
of the concrete compared to the specimens made of pure CEM 1. However, increasing the slag
sand content beyond 20 % did not bring about any additional benefits [194]. Singh et al.
developed concrete mixes with different contents of slag sand (0, 5, 10, 15, 20 and 25 %) and
nanosilica (1-5 %) and investigated the fire resistance thereof using the ISO 834 standardized
fire curve. Measurement of the residual compressive strength after air or water cooling revealed
that regardless of the cooling rate, increasing the slag sand content of the concrete up to 20 %
and the nano silica up to 4 % increased the relative residual compressive strength. Above this
level, the value of the relative residual compressive strength decreased after exposure to all

temperatures [195].

As observed, the results of the studies described above are rather controversial. Some studies
report that the addition of slag sand does not much improve the residual mechanical properties
while others report a significant improvement. Some report an optimum slag sand content above
which the thermal resistance is not further enhanced, while others propose a “the less, the
better” or “the more, the better” concept. In general, it can be concluded that based on the
reviewed literature, the impact of slag sand on the thermal resilience of the concrete might
depend on a variety of factors. First, the exposure temperature seems to be paramount. Many

of the reviewed studies suggest a significant improvement of thermal resilience of slag sand
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containing concrete exposed to higher, more extreme temperature (>800 °C) [184],[187],[193].
As this temperature is associated with the decomposition of the CaCO3 in CEM I, improvement
of the thermal resilience due to the partial replacement of CEM I with slag is to be expected.
Second, the aggregate size seems to play a major part. In general, the effect of slag sand on the
thermal properties of mortars seems to be more positive than the concrete [182],[187],[188].
The third factor is the water to cement ratio, where very high slag sand contents (60-80 %) seem
to generally be more beneficial for specimens with higher water to binder ratio (0.7)
[182],[187],[188]. Next is the strength of the concrete, which also depend on the water to
cement ratio. Investigations made by Poon et al. and Xiao et al. have shown that incorporation
of lower contents of slag sand (< 50 %) in the cement mix has a more positive impact on the
thermal resilience of high strength concrete than it does on the normal strength concrete
[82],[196]. The cooling rate seem to be also determining, as air cooling has shown to bring
about the positive impact of slag sand more significantly than water quenching [193]. Last but
not least, is the type of aggregates used in the preparation of the concrete, as the thermal
performance is largely determined by the difference in the thermal expansion coefficient of the
cement paste and the aggregates [185]. While these general assumptions can be made based on
the findings of the reviewed literature, drawing certain conclusions requires a systematic
investigation by using standardized cement and aggregates with standardized parameters to

investigate the effect of each and every one of the mentioned parameters.

Another point to be heeded to is that all described experiments have focused on the investigation
of the effect of slag sand upon the residual properties of the concrete. Merely an early study has
been dedicated to the measurement of the compressive strength of the concrete with slag sand
under hot conditions. In this study, Sullivan and Sharsar have demonstrated that upon exposure
of firebrick concrete containing slag sand to different elevated temperatures (up to 600 °C), the
hot compressive strength remains over 80 % of the value in cold conditions. In the absence of
slag sand, the same concrete type undergoes as significant decrease of hot compressive strength
above 300 °C, with the value reaching 50 % of the cold compressive strength at 600 °C. The
authors reported the optimal slag content for achieving adequate thermal performance is 35 %
[197].

2.2.2.2 Effect of slag sand and BFS as fine and coarse aggregates

Compared to the number of the studies, which have investigated the effect of slag sand as SCM
upon the thermal resistance of concrete, fewer studies have been dedicated to the investigation
of the effect of slag sand or BFS as aggregates. In this section, the results of these investigations
will be summarized. Detailed information on the composition of the specimens as well as the

properties of the used aggregates are shown in Table A.1.3.

Vaidya et al. investigated the effect of partial replacement of natural sand with slag sand as fine
aggregates. To this end, 20, 40 or 60 % of the natural sand in the concrete was substituted by

slag sand. Concretes also contained CEM I as cement, undefined coarse aggregates with a
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diameter of 20 mm and 1 % steel fiber. Concretes were heated up to different elevated
temperatures (200, 400, 600, 800 and 1000 °C) and after a holding time of 30, 60 or 90 min
following which they were allowed to cool down naturally for 1 h. The residual compressive,
splitting and flexural tensile strength were measured. The results demonstrated that partial
substitution of natural sand by slag sand aggregates significantly improved the relative residual
compressive strength of the concrete upon exposure to higher temperatures, namely 800 °C and
1000 °C for all exposure durations. As the exposure time lengthened, the increase in the slag
sand content at these temperatures negatively affected the relative residual compressive
strength, with the 20 % substitution ratio giving the best results when concrete was exposed to
800 °C and 1000 °C for 90 min. In general, specimens with 40 % slag sand were associated
with the highest cold compressive, flexural and splitting tensile strengths and had acceptable
performance upon exposure to higher temperatures. Hence, the authors proposed the 40 % slag
sand aggregate content for optimal performance at room temperature and under thermal loads
[198].

Yiiksel et al. investigated the effect of substituting different amounts of the 0-3 mm river
aggregates by non-ground granulated BFS, bottom ash or a combination of both with equal
ratios upon the temperature resistance of concretes. 3-7 mm river aggregates were used as
coarse aggregates. The authors prepared three different series of specimens. Series C comprised
specimens with 10, 20, 30, 40 or 50 % nonground granulated BFS, series K with the same
contents of bottom ash, and series CK with the same contents of a combination of the two
aggregates in equal amounts. The specimens were heated to 800 °C with a rate of 6 K/min and
the relative residual compressive strength was measured and calculated after cooling naturally
to room temperature. The results demonstrated that substitution of 10 % and 20 % of the river
aggregates by non-ground granulated BFS improved the residual compressive strength, with
higher slag aggregate content improving the value. However, increasing the content of slag
aggregates above 20 % reduced the residual compressive strength, though the values obtained
for 30 % and 40 % were still similar to that of slag-free concrete. Only when the content of the
slag aggregate was raised to 50 % did the residual compressive strength decreased by 2 %
compared to the slag-free control. When mixed with bottom ash, the relative residual
compressive strength further improved, though a similar trend in terms of replacement ratio
was observed, where substitution ratios above 20 % lead to a content dependent decrease of the

residual compressive strength [199].

Vaidya et al. have also studied the effect of BFS as coarse aggregates upon the mechanical
properties of the concrete following exposure to thermal loads. The specimens were made with
locally available coarse aggregates, part of which (0 %, 20 %, 40 % or 60 %) was substituted
by BFS aggregates. They also contained 1 % steel fibers. Specimens were heated to different
elevated temperatures (200, 400, 600, 800 or 1000 °C) and the residual compressive of the
specimens were measured after cooling. The results show that while all concrete specimens

containing BFS aggregates had higher cold compressive strength compared to their BFS-free
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counterparts, increasing the BFS content above 20 % did not lead to an increase of the initial
compressive strength, but very slightly reduced it. Furthermore, comparison of the relative
residual compressive strength of the specimens revealed that substitution of 20 % of the coarse
aggregated for BFS aggregates significantly improved the residual compressive strength at all
temperatures (Figure 2.15). The difference is most significant when heated to 800 °C, where
the relative values of the residual compressive strength were equal to 59.2 % and 73.1 % for
specimens without BFS aggregates and those with 20 % BFS aggregates, respectively.
However, increasing the BFS aggregate content above this level leads to a content dependent
decrease of the relative residual compressive strength at all temperatures, with the values being
lower than that calculated for BFS-free control [200].
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Figure 2.15 Relative residual compressive strength of concrete with different contents of slag sand as
coarse aggregates upon exposure to different elevated temperatures. Values have been calculated based on
the absolute residual compressive strengths reported by Vaidya et al. [200]

2.2.3 Other metallurgical slags

In addition to the slag sand, other metallurgical slags have been also examined for their potential
to serve as SCMs. In general, metallurgical slags are classified as ferrous, non-ferrous, and red
mud. Ferrous slags are byproducts of steel and iron production, while non-ferrous slags

originate from other metal industries.

There are two general technological routes for steel production in steel mills; integrated plants,
and semi-integrated plants [133]. Slag sand and BFS, which were elaborated on in the previous
section, are byproducts of the first technology. Two of the most important slags obtained from
non-integrated technologies are steel slags produced in the basic oxygen and electric arc

furnaces during the refining stage.

Basic oxygen furnace steel slag (BOF slag) or LD-slag (in this dissertation) is a solid byproduct
generated during the steelmaking process, specifically while refining of crude iron in a Linz-
Donawitz oxygen converter [201]. BOF slag production is approximately 100-150 kg per 1 ton

of steel, with global production reaching approximately 160-240 million tons annually
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[202],[203]. The primary chemical components of BOF slag include CaO, Fe203, SiO2, Al203,
MnO, and Mg [204]. Due to its cementitious properties, BOF slag has been used as a

construction material for many years [205].

Electric arc furnace (EAF) slag or Ef-slag (in this dissertation) is generated during the primary
steelmaking process in EAF, with production rates ranging from 120 to 170 kg per ton of steel
produced. The primary chemical constituents of EAF slag include iron oxides (FeO, Fe203),
lime (CaO), silica (Si0O2), magnesia (MgO), and alumina (Al203). Additionally, trace amounts
of chromium, manganese, and phosphorus oxides, as well as small quantities of free lime, are
also present in the slag [206].

Ladle furnace (LF) slag and argon oxygen decarbonization converter (AOD) slag are other
types of steel slags, produced during secondary refining process in LF and argon OAD
converter, respectively [201],[206]. The secondary steelmaking process produces
approximately 20-30 kg of LF slag [207] and 100-200 kg AOD slag [208] per ton of steel. The
chemical and mineralogical properties of LF slag can vary greatly depending on its origin and
the specific refinement process, as various alloys are added to the LF to achieve the desired
steel grade [209]. The chemical composition of LF slag is thereby highly dependent upon the
grade of produced steel [210]. Most sources report CaO and SiO2 as the main components,
followed by Al2O3 and to a lower extent Fe2Os. Other components include MgO, TiO2 and
MnO [211],[212]. AOD slag has a less variable composition and mainly comprises CaO and
Si02, AlO3, MgO, MnO, and low amounts of iron and chromium [213]. It naturally
disintegrates during the cooling process, mainly owing to the  to y dicalcium silicate (Ca2S)
phase transition [214].

Steel slags have been widely investigated as SCM and filler [215], as fine or coarse aggregates
[216], and as alkali-activated binders [217] for the production of low carbon cements. Similar
to BFS, steel slags can be cooled rapidly or slowly, which affects the crystallinity and thereby
the reactivity [209],[218]. In general, the hydration reactivity of the steel slags is rather low.
Accordingly, when used directly to substitute CEM I, the resulting specimens often possess low
compressive strengths. Wang et al. investigated the effect of 5, 30 and 45 % CEM I substitution
by BOS furnace steel slag upon the compressive strength of the concrete specimens. They found
that when water to cement ratio was kept constant, increasing the steel slag substitution ratio
reduced the compressive strength, in particular at early ages. For specimens with similar 28-
day compressive strength, however, steel slag increased the late-stage compressive strength
compared to the CEM I control [219]. Similar results have been reported for induction oven
slag [220]. Fang et al. reported that CEM I replacement by LF slag up to 10 % could improve
the mechanical properties of the concrete. On the contrary, substitution ratios of 10-30, though
leading to strength gain at ultra early stages, led to strength loss in middle and late stages [221].
These results have been confirmed by Sultana et al. [211]. Araos et al. and Santamaria et al.
reported that CEM I substitution by LF slag led to reduction of workability and decrease of the

compressive strength [222],[212]. In addition to lowering the early compressive strength, steel
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slags are also associated with the problem of swelling and expansion, which poses a great
obstacle to their use in concrete constructions. Long-term storage in natural environment,
supplementation with siliceous materials, mechanical grinding, water immersion treatment, and

surface modification have been used to mitigate this issue [223].

When used as aggregates, steel slag, has been shown to increase the concrete’s compressive
strength up to a certain content (around 35 %) [224],[225]. A positive effect of steel slag
aggregates on the concrete mechanical properties have been reported by other authors
[226],[227],[228]. Unlike steel slag sand, the use of steel slag coarse aggregates can increase
the fluidity of the mix [225],[227].

Non-ferrous slags, by-products of pyrometallurgical processing of non-ferrous metals (e.g.
aluminum, copper, zinc, nickel and lead), have recently attracted interest in construction
applications, particularly as SCMs, and to much lower degree, as aggregates in concrete. These
slags differ from ferrous slags, such as steel slag or BFS in their chemical composition, physical
properties and the metals from which they are derived. Compared to their ferrous counterpart,
these have been less widely exploited in the concrete production industry. The pozzolanic
activity of many non-ferrous slags such as copper slag [229], lead slag [230], nickel slag [231],
and zinc slag [232] has been demonstrated. Nonetheless, non-ferrous slags have been less
widely explored as SCMs compared to BFS and even steel slag. This lower interest can be
attributed to the lower global production of non-ferrous slags [233] and the presence of
sulphates, other anions and heavy metals in untreated non-ferrous slags, which can hamper the
cement hydration process, while risking the release of contaminants to the environment on the
long run [203],[233]. To increase the reactivity of non-ferrous slags and to reduce the heavy
metal and anion content thereof, a secondary thermal treatment has been introduced.
Additionally, rapid water cooling is often employed to prevent crystallization and to enhance
slag reactivity. Additives like silica and limestone may be introduced as fluxes to lower the
melting temperature, optimize viscosity, and increase reactivity as SCMs or in alkaline
environments [233]. Similar to other types of slags, reduction of particle size through
mechanical activation [229],[234],[235], as well as chemical activation, particularly using

alkali [236] have been exploited to increase the reactivity of non-ferrous slags.

Non-ferrous slags are less suited for use as aggregates in concrete due to several reasons. For
one, the significantly higher specific gravity of these aggregates leads to segregation of the
paste or bleeding. For another, some metallurgical slags, e.g. lead and zinc slag, can reduce the

fluidity or prolong the setting time of paste [203],[237].

Literature holds merely few studies, which have been dedicated to the investigation of the
thermal resistance of concrete containing other metallurgical slags either as SCMs or as
aggregates. One of these studies have been conducted by Boquera et al., who investigated the
effect of steel slag aggregates upon the thermo-mechanical stability of concrete containing steel

slag as aggregates following exposure to thermal cycles. The authors prepared concrete with
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two different types of cement; CEMI and calcium aluminate cement (CAC) each in
combination with either silico-calcareous aggregates or steel slag aggregates. Details on the
composition of the specimens is shown in Table A.1.4. The specimens were exposed to 10
thermal cycles for a total duration of 185 h with temperatures in the range of 290 °C (minimum)
to 700 °C (maximum). The macro-level visual inspection following thermal cycling revealed
greater damage in concrete samples containing silico-calcareous aggregates, leading to
fragmentation. In contrast, regardless of the cement type, samples incorporating steel slag
aggregates maintained cohesion. However, micro-level analysis indicated a distinct separation
at the interface between the cement paste matrix and the steel slag aggregates. The authors also
found that in general and regardless of the cement type, specimens made of steel slag aggregates
had lower thermal conductivity compared to their silico-calcareous aggregate containing
counterparts. This pattern was still observed after exposure to thermal cycling, though the
decrease in the thermal conductivity of the latter was more significant. The results for the
residual compressive strength show, that use of steel slag aggregates in combination with both
cement types led to a significant increase of the cold compressive strength, the residual
compressive strength of these specimens after thermal cycling was significantly lower than the
concrete with silico-calcareous aggregates. The authors linked the reduction in residual
compressive strength and the high porosity observed in steel slag samples to detachment within
the interfacial transition zone between the cement paste and the aggregates. However,
significant degradation was observed in the silico-calcareous aggregates, leading to cracking in
the coarse particles. It was generally concluded that the use of calcium aluminate cement and
CEM I cement with steel slag aggregates lead to a limited concrete cohesion under the tested

thermal cycling profile [238].

A second study within this context was carried out by Saha et al., who investigated the effect
of ferronickel slag aggregates. To this end, 25, 50, 75 or 100 % of the natural siliceous sand
was replaced by the ferronickel aggregates. The specimens were heated to different elevated
temperatures (200, 400, 600 and 800 °C) with a heating rate of 5 K/min and were hold thereat
for 2 h, following which they were free cooled to room temperature. It was demonstrated that
substitution of sand for ferronickel aggregates increased the cold compressive strength up to
50 %, following which the compressive strength slightly reduced. The relative residual
compressive strength, however, decreased by increasing the ferronickel slag content of the
mortars. For specimens with 25 and 50 % substitution ratio, the content dependent reduction of
residual compressive strength was only visible when heated to higher temperatures (600 and
800 °C). In case of higher substitution ratios, the effect was observed at all investigated

temperatures [239].

2.2.4 Limestone

Limestone has been long since used to replace part of the CEM I, leading to the development
of standard cements such as Portland-limestone cement (PLC) as classified under DIN EN 197-
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1 [146]. The main objective of incorporating limestone has been to improve the properties of
the concrete and to reduce the CO2 burden. Today, PLC is sometimes classified as LCC (low
carbon cement), mainly due to the fact that the use of ground limestone reduces the clinker
content [240]. At low replacement levels, limestone powder not only promotes clinker
hydration through providing nucleation sites (filler effect), but also, according to literature,
interacts with C3A in cement, forming minerals, which contributes to the development of
compressive strength [241],[242]. Some sources even state that limestone functions as SCM
when it is finely ground with clinker into the cement. It has been demonstrated that when finely
ground, limestone can actively participate in the hydration process, forming crystallohydrates

such as calcium monocarboaluminate [243].

The European Standard EN 197-1 allows a maximum substitution of 35 % of the CEM I by
limestone (Type II/A-LL containing 6-20 % and Type 1I/B-LL containing 21-35 % limestone
powder) [146]. It is generally believed that the beneficial effects of limestone substitution is
limited to a maximum level of 10-15 %, above which the dilution of the CEM I leads to slower
setting time and strength gain [244],[245]. It has been shown that replacing 10-15 % of the
CEM I by limestone can reduce the CO2 emissions by 10 % [244],[246]. In addition to its use

in partial substitution of the CEM I, limestone can be also use as aggregates within the concrete.

The effect of elevated temperatures upon the properties of concrete and mortar comprising
limestone in either form has been investigated in several studies. Here, we will first review the
effect of limestone incorporation in the cement. Detailed information about the mix proportion
and curing conditions for this and all further studies are presented in Table A.1.5. Klingsch et al.
investigated the hot and residual compressive strength of the concretes made of CEM I and
CEM II/A-LL with similar compositions heated to 300, 500 and 700 °C and kept at the
maximum temperature for 2 h. For the specimens heated to 500 °C, compressive strength was
also measured when the specimen temperature sank to 300 °C during air cooling. For those
heated up to 700 °C, compressive strength was measured when the specimen temperature
reached 500 and 300 °C during cooling. The relative compressive strength values for specimens
with both cements is shown in Figure 2.16. As observed, regardless of the maximum
temperature, specimens made of CEM II/A-LL are associated with slightly higher compressive

strength values compared to those made of CEM I alone [247].
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Figure 2.16 Compressive strength of the concrete made of CEM I or CEM II/A-LL at different
temperatures during the heating and cooling phases as reported by Klingsch et al. [247]. The image has
been slightly modified from its original form to fit the context of this dissertation

Adel Mohammed et al. prepared concretes in which 0, 10, 15, 20 or 25 % of the CEM I was
substituted by limestone. Sand and gravel were used as aggregates. The specimens were heated
to different elevated temperatures (200, 400 and 600 °C), at which they were kept for 1 h.
Residual compressive and tensile strengths were measured after cooling. It was shown that
substitution of 10 % of the CEM I with limestone could decrease the loss of compressive
strength at all temperatures, with best results having been observed for 200 °C. Higher
substitution ratios, however, led to higher levels of compressive strength loss when compared
to concrete made of pure CEM 1. The splitting tensile strength decreased more significantly
when limestone was incorporated in the cement, with 10 % substitution accounting for lower
reduction levels [248].

El-Kurdi et al. investigated the effect of 10 and 15 % CEM I substitution by limestone and the
influence of adding 10 and 15 % additional limestone to the cement while keeping the CEM [
mass content upon the mechanical properties of the concrete post-thermal exposure. Specimens
were kept at 200, 400 or 600 °C for 2 h and the residual compressive and flexural strengths
were measured. Results demonstrated that the use of limestone for partial CEM I substitution
reduces the relative residual compressive strength, whereas the addition of limestone to the
concrete while keeping the CEM I mass constant reduced the compressive strength loss [249].
While these results are in general in accordance with the findings of Adel Mohammed et al.

[248], the slight improvement at 15 % replacement ratio has not been observed in this case.

Uygunoglu et al. studied the influence of substituting 10, 20 or 30 % of CEM I by limestone
powder upon the residual compressive strength of the self-consolidating micro-concrete
following exposure to different elevated temperatures (200, 400, 600, 800 and 1000 °C) for 2 h.
They found that partial substitution of the cement in this type of concrete could improve the
residual compressive strength at almost all temperatures, though the best results are obtained
when only 10 % of the CEM 1 is replaced by limestone powder [250]. Perhaps the difference
between the results reported by Uygunoglu et al. [250] and those reported by the previously
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discussed studies [247],[248],[249] originates from the type of the concrete, namely self-

consolidating micro-concrete, used in the former.

Literature also holds a few reports about the effect of limestone aggregates upon the thermal
resistance of concrete. One of the earliest studies was carried out by Ahmed et al in 1992 [251].
In this study, the authors did not compare the thermal properties of concrete with and without
limestone aggregates, but rather investigated the relative residual compressive strength as well
as the bond strength of concrete with limestone aggregates following exposure to different
elevated temperature, while examining the role of cement content, concrete age, holding time
at the maximum temperature and cooling rate. The results showed an initial increase of the
residual compressive strength (more noticeable for 7-day old concrete than 35-day old concrete)
at 100 °C followed by a sharp drop above 150 °C, so that it reached almost half of the cold
compressive strength at 600 °C. Surface cracks started to appear at 400 °C, becoming visible at
600 °C. 100 °C, bond strength slightly increased for young concrete, but following a sharp
reduction around 150 °C, progressively deteriorated to reach 39-50 % of the original value at
600 °C. Cooling rate (air cooling vs water cooling) was found not to have a significant effect,
while the exposure time was shown to influence the bond strength in case of older concrete,
with a difference of 16 % being observed between the values obtained for 60 and 120 min
holding periods [251].

The effect of cooling rate upon the residual mechanical properties of concrete with limestone
aggregates has been also investigated by Bekam Kara [252]. The results confirm the findings
of Ahmed et al [251]. until the 400 °C, where the cooling rate seems to minimally influence the
residual mechanical properties of the concrete. Above 550 °C, however, Bekam Kara reports

higher values for the residual compressive strength of the concrete after water cooling [252].

Tufail et al. compared the thermal performance of the concrete with granite, quartzite and
limestone coarse aggregates. Specimens were subjected to different elevated temperatures in
the range of 25 to 650 °C for 2 h, following which the residual compressive and splitting tensile
strengths as well as the residual modulus of elasticity were measured. The results showed that
the mechanical properties of concrete post-thermal exposure were largely dependent on the
aggregate type and was the highest in case of concrete with granite aggregates. The residual
compressive strength and modulus of elasticity of the concrete with limestone and quartzite
aggregates decreased with an increase in temperature in a similar manner, while the residual

splitting tensile strength of the former was slightly lower [253].

In general, these reports seem to point out that the partial substitution of the CEM I by limestone
to a certain level (around 10 - 15 %) can improve the thermal performance, while higher
substitution ratios are not beneficial. When used as coarse aggregates, concretes containing
limestone aggregates can perform similar to those with quartzite aggregates in terms of

maintaining their mechanical properties after exposure to elevated temperatures.
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3 Materials and Methods

This chapter comprises three main sections; In the first section, the background for designing
of experimental setup is introduced. The second section provides an overview of the materials
used for concrete preparation and the concrete casting process. The last section provides a

detailed explanation of the conducted experiments.

3.1 Design of the study

Based on the information presented in the literature review, the stability of concrete at high
temperatures is affected by many factors including characteristics of high temperature exposure
as well as characteristics of concrete decompositions. Here, the reasons behind the selected
boundary conditions in terms of the thermal loads, the used materials, and the developed
concrete specimens will be explained to show how the experimental parameters have been

chosen to address the new perceptions associated with the material behavior.

3.1.1 Influential variables and key parameters

3.1.1.1 Thermal load

As previously detailed, exposure of concrete-based constructions to extensive thermal loads
occurs under two different circumstances. First is the case of exposure to fire, where the
concrete can be differently and unprecedently heated, and the outcome of inflicted thermal load
can be singular. In such cases, the temperature often rises quickly and reaches even in cases
above 1000 °C [254],[255]. Second, is the case of concrete constructions in the industrial areas,
e.g. power plants, steel mills, cement plants, refineries and chemical processing units, etc. These
constructions are often exposed to recurrent cycles of heating and cooling, mostly in
temperatures in the range of 250-700 °C, or even higher [14]. Accordingly, the investigated
thermal processes here were designed to expose the specimens to one or more cycles of heating

and cooling with certain maximum temperatures.

The material behavior of concrete in case of natural fire is mostly studied based on standard
temperature-time curve (ETK), which does not include any cooling phases. As we aim to study
the behavior of concrete both at high temperature and after cooling (residual properties), and
particularly after exposure to repeated heating cycles, a modified closed temperature-time curve
according to RABT-ZTV was selected (see section 2.1.3). The curve was further modified
based on the recommendations of RILEM [256]. Within this frame, the temperature increased
slowly with the rate of circa 5 K/min to avoid a temperature difference between the concrete
layers. This facilitates a smoother journey of the water molecules from the inner concrete layers

towards the surface.

The maximum temperature levels selected for the experimental program was chosen based on

the available information regarding the microstructural changes within the concrete (for
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detailed information see section 2.1.4). These were also partially selected based on the results
obtained during several preliminary studies focusing on concrete mass loss following exposure
to thermal loads. These studies revealed that the decomposition of calcium hydroxide
(Ca(OH)z2) in the concrete begins from 220 - 250 °C, which results in the first extensive water
release in the concrete. Furthermore, measurement of the residual strength of the normal
strength concrete after one heating cycle with maximum temperatures below 250 °C revealed
only minimal changes [257]. Based on the findings of Saravanja et al., this temperature range
(170 - 250 °C) is also associated with the beginning of microstructural changes as well as the
risk of spalling in case of concretes with denser structure (without propylene fibers) [258].
Hence, the lowest maximum temperature used for the designed thermal program was set at
250 °C. According to literature, Ca(OH)2 decomposition continues up to the temperature range
of 400 - 500 °C, peaking at around 411 - 427 °C, with a significant reduction of the concrete
strength being notable at this range as a result [42],[48],[259]. The second temperature level
was thus selected as 500 °C, as it is associated with almost complete Ca(OH)2 decomposition,
yet it is still below around 573 °C, at which quartz, which is one the most widely used
aggregates in the concrete industry, undergoes inversion [260]. Exposure of concrete to
temperatures in the range of 600 - 700 °C leads to final destruction of the concrete structure due
to the decomposition of the C-S-H phase [260]. Therefore, a maximum temperature of 700 °C
was selected for the thermal programs used in the current investigation, as it is expected to have
remarkable influence on concrete strength, particularly those composed of the widely used
quartzite aggregates. Finally, the last maximum temperature was selected as 900 °C, as the rate
of CaCO3 decomposition is highest between 800 °C to 900 °C [115],[261]. Above 800 °C, all
compressive strength of the concrete is depleted [13]. Thus, 900 °C is also a reasonable target
temperature to investigate the re-hydration potential of the concrete specimens following almost

full destruction and the potential influence of the used latent hydraulic materials.

Once heating reaches the maximum temperature, it is necessary to maintain it for a certain
period of time to ensure achieving the same temperature throughout the specimen (hereafter
referred to as the temperature homogenization phase). Based on preliminary experiments,
maintaining the temperature for a minimum duration of 2 to 3 hours is necessary to achieve a
homogenized temperature distribution inside the samples with the dimensions used in the
current investigation (see section 3.3.1). Accordingly, a constant temperature phase of 4 h at
maximum temperature was used within the experimental design. This also ensures the
occurrence of all potential physical and chemical changes, as reviewed under section 2.1.5, the

high temperature can bring about.

As previously debated, some concrete constructions within industrial areas are often subjected
to repeated cycles of heating and cooling, which can influence their stability on the long run.
Accordingly, we set to investigate the impact of exposure to multiple cycles of thermal loads
with various previously introduced maximum temperatures. To this end, samples were heated

for 5/ 8 or 20 / 24 cycles. As preliminarily studies had demonstrated a great part of the damage
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to concrete structure to happen within the first 4 heating cycles, specimens were exposed to at
least 5 (in some cases even 8) heating cycles prior to testing their residual strength. To simulate
the long-term exposure, 20 (or in some cases 24) cycles were used. A schematic overview of

the thermal cycles is shown in Figure 3.1.

>
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Figure 3.1 Schematic presentation of thermal cycles

Some research, including Hertz, have shown an additional reduction of the residual strength in
case concrete specimens exposed to heat are rapidly cooled to ambient temperature [62],[76].
To avoid this, specimens were left in the heating chamber overnight to achieve a slow air-

cooling process. The entire thermal load regime is described in detail in section 3.3.2.

3.1.1.2 Material selection

The goal of the current investigation has been to eventually develop a more stable concrete with
higher resistance to one-time (e.g. in case of fire) and cyclic (e.g. in case of certain industrial
constructions) thermal loads. Some potential concrete components such as basalt or blast
furnace slag are inherently byproducts of physicochemical reactions at extremely high
temperatures. As previously mentioned, basalt aggregates originate from the parent basalt
rocks, which are natural and of volcanic origin [262]. Slag, on the other hand, is produced at
high temperatures. Within this context, air-cooled combination of slag sand and BFS has been
investigated as aggregates. As previously mentioned, slag sand contains a higher glassy
amorphous content and is therefore more reactive than BFS [136]. To investigate the impact of
slag sand as an SCM in the cement, various types of cements with different slag sand contents
were explored. These included Portland cement (CEM 1), Portland-slag cement (CEM I1/B-S),
blast-furnace cement A (CEM III/A) and blast-furnace cement B (CEM III/ B), which
contained 0 %, 30 %, 60 % and 80 % slag sand content according to the classification of
DIN EN 197-1, respectively [146]. To investigate slag as an aggregate, slag sand (0/2 mm) as
fine and BFS as coarse (2/4 mm or 2/8 mm) aggregate used.

In addition to the aforementioned materials, limestone was investigated as the literature reports

its stability at high temperatures and favorable effect on improving the thermal resistance of



3 Materials and Methods 54

concrete [250]. Accordingly, Portland limestone cement (CEM II/A-LL) was used in
supplementary investigations. Owing to the high calcite content of limestone, CEM II/A-LL,
similar to CEM III possesses the potential to reserve water in the concrete matrix, providing

slow hydration.

Last but not least, quartzite aggregates were used as these form the most common type of
aggregates used in the concrete industry, though experience has demonstrated their limited

temperature stability due to the quartz conversion at about 573 °C [57].

Based on the above mentioned, a comparison of standard natural aggregates for concrete
production based on DIN EN 12620 [263] was carried out with the standard industrial
aggregate BFS based on DIN EN 15167 [141],[142] and the non-standard industrial aggregates
based on DIN 4301 [264] including electric arc furnace slag (Ef-slag), Linz-Donawitz process
slag (LD-slag) and copper slag (Cu-slag) in terms of their influence on concrete stability at
elevated temperatures. As iron and steel-based slags are byproducts of the reactions at hot
conditions, their thermal behavior when used aggregates is also worth investigating.
Furthermore, due to their large-scale production as industrial waste, they could provide

economical alternatives to natural aggregates.

Further details about the aggregates and the relevant grain size distribution will be presented

under section 3.2.2.

3.1.1.3 Concrete Formulation development

As mentioned under section 2.1.5, the strength, stability and durability of concrete depends on
the type of materials used for concrete production, as well as the water to cement ratio, the ratio
of coarse to fine aggregates, age of the concrete at the time of testing and curing conditions
(temperature, relative humidity and duration). Accordingly, the formulation of the concretes
was developed based on several conditions. First and foremost, the amount of cement paste was
kept constant for all specimen series to enable a quantitative comparison thereof. Given the
difference in the characteristics of aggregates, for instance chippy nature of the basalt and the
superficial porosity of the BFS and Cu-slag, the amount of cement paste and its flowability had
to be sufficient to enable the production of all concretes with the same amount of cement paste.
Second, to maintain the fresh concrete properties and comparability, a stabilizer was used in
case of the quartzite aggregates, and a superplasticizer was added in case of porous aggregates
e.g. slags. This resulted in a relatively high cement content of 550 kg/m? and a correspondingly
high cement paste volume of 463 L (water to cement ratio of 0.52). The water to cement ratio
of 0.52 was selected as it is sufficient to enable proper chemical reactions and leads to the
formation of adequate capillary pores in the system that can balance the pressure and facilitate
steam release during exposure to high temperatures, while ensuring sufficiently high
compressive and flexural strengths of the concrete structure. On the other hand, as the study
sought to investigate the influence of the slag sand as a component of cement upon the thermal

stability of the concrete, this comparatively high cement content was thought to be beneficial.
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Indeed, the effect of the slag sand content can be better investigated in case the cement content
of the concrete is higher, for the influence of slag sand is expected to be more dominant due to
the higher volume fraction. Third, efforts were made to maintain the initial strength of the
produced custom concrete mixtures as similar as possible to those commonly used in
constructions. Last but not least, the sequence and time of mixing, curing conditions as well as

concrete age at testing were kept similar for all specimens in one experimental series.

In order to achieve practically appropriate moisture content in the test concretes and to avoid
explosive spalling, a concept for hygric conditioning was developed. The aim was to achieve
the normal moisture content of a concrete with an age of at least one year (about 3 - 4 % w/w).
For most of the experiments investigating the exposure to high temperatures, this is usually
achieved through the storage of the concrete for at least 90 days prior to testing [107]. The goal
1s to reduce the moisture content through moderate warming without inducing residual stresses.
The concept of hygric conditioning developed here, however, enabled reducing the
conditioning time to 46 days. Under such conditions, the average moisture content of the
concrete specimens was reduced to approximately 3.5 % w/w (see section 3.3.1). In a different
experimental series, the curing time was reduced to 28 days, as the goal was to compare the
impact of the cold compressive strength of the specimens upon the thermal behavior of the

concrete.

3.1.1.4 Type and interval of stability testing

The concrete thermal stability was evaluated based on measurements of the hot as well as
residual compressive strengths. The strength of the concrete grows steadily for weeks or even
months after casting. The initial compressive strength of the concrete is dependent upon a
number of factors. These include the proportions of the concrete components, the type of the
cement, the water to cement ratio, the quality, type and grade of aggregates, the mixing and
placing method and the curing conditions. Upon exposure to high temperatures, the
compressive strength of concrete is significantly reduced (see section 2.1.8). Accordingly,
investigation of the concrete compressive strength under hot conditions is highly relevant to
ensure the adequate load-bearing efficiency of the structure under such conditions. The detailed
explanation of the methodology used for the measurements of the hot compressive strength of
the concretes is presented under section 3.3.3. Briefly, the cylindrical specimens are warmed
up to the selected high temperature, maintained thereat, and the related free strain is measured.
This enabled the analysis of the thermal strain at different maximum temperature levels. The
compressive strength and the related strain were also measured in last minutes of concrete
maintenance at the maximum temperature and were plotted to analyze the stress-strain
relationship. It is worth to note that no more experiments could be performed on these
specimens, as they were destroyed after the strength measurements. The measurement of the
one axial strength of the concrete upon exposure to a single cycle of heating could shed some

light as to how the concrete stability would be like in case of fire. This would, of course, only
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provide an insight and can by no means serve as an exact model for the fire scenario, for the
fire results is an extremely fast rise of the temperature to significantly higher temperature levels,
which are better reflected through standard temperature-time profiles described under

section 2.1.3.

The measurement of the residual compressive strength of concrete is highly relevant in light of
stability following exposure to thermal loads, as well as the potential strength recovery due to
rehydration. This is even more relevant in case of the concrete constructions subjected to the
repetitive cycles of heating and cooling, as it might influence the durability of these overtime.
The experimental setup used for the measurement of residual compressive strength is detailed
under section 3.3.2. The residual compressive strength was measured either immediately after
exposure to the thermal loads (in cooled state) or at different time points during post-storage.
In case of the immediate measurement of the residual compressive strength, the measurements
were carried out directly after the concrete was cooled, by which, as previously mentioned, an
overnight air-cooling of the concrete to ambient temperature in the turned off heating chamber
is meant. Furthermore, some concretes were tested after 7 days of storage under standard
conditions (20 °C and 65 % relative humidity; RH), while all were examined on day 28 post-
storage. In addition to the measurements conducted after the storage of the concretes under the
standard storage conditions for the given storage time, a part of the project sought to investigate
the impact of post-thermal load storage time and conditions upon the residual compressive
strength. In these cases, concretes were stored under conditions with three humidity levels; i)
under dried air with no humidity exchange with the ambient air, ii) under the standard climate
(20 °C and 65 % RH) and iii) under water. Measurement of the compressive strength was

carried out after 28, 56, and 90 days of post-storage under each condition.

In addition to the measurements of the concrete compressive strength, changes of the concrete
mass before and after the thermal load was registered. Concrete mass provides much
information in respect with the internal changes in the concrete subjected to thermal load, and
the recovery of the concrete afterwards, as it reflects primarily the change in the hydration of
the concrete. Elevated temperatures result in the gradual loss of water from different hydration
products, which is eventually mirrored by the mass loss. The preliminary studies preceding this
work have also proven changes in the mass of concrete to be important for the explanation of
certain chemical reactions during and after thermal exposure. Both the amount and the rate of
mass loss have been shown highly relevant for defining concrete behavior during exposure to
one or more cycles of thermal load. Changes in the mass of specimens were regularly monitored

from the pre-curing step up to the end of the concrete storage post-thermal treatment [107].
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3.1.2 Statistical design of experiments

3.1.2.1  Fundamentals of the design of experiments (DOE)

In general, concrete is produced using a wide range of materials, whose properties could
potentially influence the behavior of the resulted product when exposed to high thermal loads.
Therefore, a thorough investigation of the influence of every single potential concrete
component on the thermal stability of the concrete specimen is not possible from a temporal
perspective. On the other hand, not all materials might have equal degrees of influence on
different concrete characteristics that describe its thermal stability. Accordingly, a part of the
work used the concept of statistical design of experiments (DOE), with the goal of optimizing
the test matrix and saving time without losing meaningful and influential parameters. Within
this frame, DOE enables the selection of the most important concrete components for testing
and allows for the identification of those with statistically significant impact upon the thermal
stability of the concrete. It also enables the detection of meaningful interactions that can bring

about statistically significant changes on the eventual outcome.

DOE is a practical data collection and analysis tool, enabling simultaneous investigation of the
influence of multiple input parameters on multiple desired output responses. Through the
simultaneous manipulation of several input parameters, DOE allows for the investigation of the
impact of each parameter alone, and in combination with other investigated variables. As a
result, the significance of the interaction between various input parameters can be also
evaluated. Given the possibility to explore several variables and responses at the same time,
DOE is often preferred over the conventional one-factor-at-a-time investigations, particularly
in cases where the experimental matrix is large. Allowing strategic planning and execution of
the experiments, DOE provides much more time, labor and cost saving alternative in such cases.
This means that the DOE tool can provide more accurate information based on fewer number

of experiments.

DOE comprises three different levels. In the first level, a screening design is developed to
narrow down the field of input parameters under investigation. These parameters are often
suspected to be influential based on experience or previous experimental work. In the second
level, a full factorial experimental matrix is developed, which allows for the investigation of
the effect of combination of each pair of input variables on all the experimental responses
(outputs). The goal is to focus on a region of values, in which the process is close to
optimization. The third level of DOE is a response surface design that enables the modeling of

the response [265].

In the current work, full factorial designs were used to investigate the influence of cement and
aggregate type as well as the maximum heated temperature, number of heating cycles and the
post-storage on the residual compressive strength of the concrete (Table 3.1). Except for the
type of used aggregates, which is a categorical variable, the rest of the investigated influencing

parameters were in numeric form. First, the numerical parameters were used to generate a full
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factorial experimental design. Among these, optimal experiments were then selected. To this
end, methods of sequential optimization were used, and terms up to the second order were taken
into account. The respective experimental plans were then used for the specimens with all five
aggregate combinations (Table 3.2). The variables mentioned and their respective levels are
shown in Table 3.1. It is worth noting that the DOE used in this work and the subsequent data
analysis was conducted by FEhS-Research Institute for Construction Materials [266].

Table 3.1 Parameters investigated in terms of their influence upon the residual compressive strength
along with their levels

Parameter Unit Variations Abbreviation
1: Slag sand content of the cement | % (W/W) | 0 (CEM I), 30 (CEM II/B-S), 60 (CEM III/A) slag
2: Maximum temperature °C 250, 500, 700 T
3: Number of heating cycles - 1,5,20 C
4: Duration of post-storage days 1,28 P
5: Aggregate type - Quartz, Basalt, BFS -

Identification of the variables and their interactions with significant influence on the
experimental readouts at different experimental time points was achieved through statistical
evaluation of the results using multiple regression and analysis of variance (ANOVA) and were

only given for the regressions whose coefficient of determination (R?) was greater than 0.50.
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Table 3.2 The general optimized test plan used for the investigation of the impact of cement, maximum

temperature, number of cycles, post-storage duration and the aggregate type upon the residual

compressive strength of aggregates

No. Slag sand content |  Maximum Nu@ber of the Duration of the Aggregate type
of the cement temperature heating cycles post-storage
% (W/W) °C - d fine/coarse
1 0 250 1 28
2 0 250 S 1
3 0 250 20 1
4 0 250 20 28
5 30 250 1 1
6 30 250 5 1
7 30 250 20 28
8 60 250 1 1
9 60 250 1 28
10 60 250 5 28
11 60 250 20 1
12 0 500 1 28
13 0 500 S 28
14 0 500 20 ! basalt/basalt
slag sand/basalt
15 30 200 L ! slag sand/BFS
16 30 500 5 28 quartz/BFS
17 30 500 20 1 quartz/quartz
18 60 500 1 1
19 60 500 S 1
20 60 500 20 28
21 0 700 1 1
22 0 700 5 28
23 0 700 20 28
24 30 700 1 28
25 30 700 S 1
26 30 700 20 1
27 60 700 1 28
28 60 700 5 1
29 60 700 20 1
30 60 700 20 28

Experiments on slag sand/basalt, slag sand/BFS and quartz/BFS have been carried out by FEhS-Research

Slag sand content of the cement: 0 % = CEM I, 30 % = CEM 11I/B-S, 60 % = CEM III/A

Experiments presented in each line have been conducted on three specimens.

Institute for Construction Materials.
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3.2 Materials

3.2.1 Cement

3.2.1.1 Industrial cement

The main study was performed using commercially available cement from the same
manufacturing plant. To investigate the effect of different slag sand content of the cement,
various cement types with increasing amount of slag sand were used. Based on the classification
of DIN EN 197-1 [146], the used cements included the Portland-slag cement (CEM II/B-S;
30 % slag sand), the blast furnace cement A (CEM III/A; 60 % slag sand) and the blast furnace
cement B (CEM III/B; 80 % slag sand). For the purpose of comparison, reference concretes
were always made out of CEM I (CEM I; 0 % slag sand). The physical properties of the cements

are given in Table A.2.1, while their chemical analyses are presented in Table A.2.2.

In addition to the effect of slag sand, the impact of limestone in the cement paste was also
investigated. To this end, in another set of experiments, the thermal stability of the concretes
made of Portland limestone cement (CEM II/A-LL) was compared to the reference specimens
made of CEM I. CEM II/A-LL has a similar composition to CEM I, but with ca. 15 % of the

Portland clinker substituted with limestone powder.

3.2.1.2 Laboratory cements

As the slag sand available from different suppliers has different origins, composition and
reactivity, a part of the current work sough to explore as to whether the results obtained with
the commercially available slag sand-containing cements can be generalized to cements
containing slag sand of other origins. To this end, two different types of slag, which fulfill the
requirements of DIN EN 15167-1 [142], were purchased from different suppliers and used to
produce custom laboratory cements with compositions corresponding to CEM III/A according
to the requirements of DIN EN 197-1 [142]. The selected slags represent the slag sands
typically occurring in Central Europe, and were chosen as previous experience has shown that
they have different reactivity. These are henceforth referred to as “Slag 2” and “Slag 3”
(Tables A.2.1 and A.2.2).

For the production of the laboratory cements, 60 % of the pure Portland clinker (CEM 1) from
the manufacturing plant that provided the industrial cements was replaced by one of the slag
sands previously introduced. they were first ground in a 10 kg laboratory ball mill to a typical
Blaine fineness of approx. 4200 g/cm?. It should be noted that this part of the experiments was
carried out in collaboration with FEhS-Research Institute for Construction Materials, the details
of which has been reported in [266].

Figure 3.2. shows the appearance of the two different slag sands used for the preparation of

laboratory cements.
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Figure 3.2 Visual presentation of the two blast furnace slags (Slag 2 and Slag 3) used for the preparation
of the laboratory cements

3.2.2 Aggregates

3.2.2.1 Natural aggregates

As mentioned under the previous section, the natural aggregates investigated in the current work
were basalt and quartz. The used grain size for mixing the aggregates according to standard
grading curve were 0/2 mm, 2/4 mm, and 2/8 mm. The grain size distributions of the fractions
are shown in Table 3.3 as well as Figure 3.5. Quartz was obtained as local fine (sand) and coarse
(gravel) aggregates. Basalt aggregates were also used in the form of fine crushed sand and
coarse chippings. Both aggregates had almost no surface moisture at the time of concrete
production. The aggregates used met the technical requirements of DIN 1045-2 [267] for
aggregates according to DIN EN 12620 [169]. Figure 3.3 shows the appearance of the two

natural aggregates, quartz (a) and basalt (b), used in the mixes.

Figure 3.3 Visual presentation of the quartz (a) and basalt (b) used for the mixes
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Table 3.3 Grain size distribution of the aggregates

Passage through sieve with mesh or hole size (values in % (w/w)) Density

0.125] 0.25 | 0.5 1 2 4 8 16 | 315 | 63 | [kg/dm?]

Quartz0/2 | 1.0 | 10.9 | 484 | 79.1 | 94.6 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 2.64

Basalt 0/2 0.5 23 15.6 | 54.0 | 93.7 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 2.90

=)
§ Slag 0/2 10.0 | 28.7 | 77.5 | 98.9 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 2.84
8 | EfSlag1
& 47 | 74 | 135 | 23.6 | 44.8 | 81.8 | 100.0 | 100.0 | 100.0 | 100.0 | 3.98
gﬁ 0/5
&
° Ef-slag 2
g 1.0 1.5 4.1 | 17.3 | 52.1 | 97.9 | 99.8 | 100.0 | 100.0 | 100.0 | 3.88
= 0/5

LD-slag

0/ 23 | 29 34 54 | 159 | 47.0 | 99.4 | 100.0 | 100.0 | 100.0 | 3.47

Quartz2/4 | 0.0 | 0.0 1.3 2.0 54 | 98.0 | 100.0 | 100.0 | 100.0 | 100.0 2.64

Quartz4/8 | 0.0 | 0.0 0.0 0.0 04 | 36.8 | 93.1 |100.0 | 100.0 | 100.0 2.64

Quartz 8/16 | 0.0 | 0.0 0.0 0.0 0.0 0.6 5.6 | 91.1 | 100.0 | 100.0 2.60

# | Basalt2/4 | 0.0 | 0.0 0.0 0.2 1.8 | 99.1 |100.0 | 100.0 | 100.0 | 100.0 | 2.94
=
g Slag 2/4 0.0 | 0.0 0.0 32 | 174 | 93.1 | 100.0 | 100.0 | 100.0 | 100.0 | 2.83
a0
5 Ef-Slag 1
24 0.0 | 0.0 0.0 0.9 0.9 1.3 | 92.7 | 100.0 | 100.0 | 100.0 3.43
:’; 5/8

Ef-Slag 2

- 0.0 | 0.0 0.0 0.4 0.4 2.8 | 96.9 |100.0 |100.0 | 100.0 | 3.78

LD-Slag 5/8 | 0.0 0.0 0.0 1.1 1.1 1.1 | 96.7 |100.0 | 100.0 | 100.0 3.87

CU-Slag 0/8| 6.4 | 9.6 | 156 | 27.7 | 49.7 | 75.7 | 99.6 | 100.0 | 100.0 | 100.0 3.79

3.2.2.2 Industrial aggregates

The industrial aggregates used in the study were blast furnace slag as fine (0/2 mm; slag sand)
and coarse aggregates (2/8 mm; BFS) aggregates. The aggregates used met the technical
requirements of DIN 1045-2 [267] for aggregates according to DIN EN 12620 [169]. The grain
size distributions of the fractions are shown in Table 3.5. According to DIN 1045-2 [267], these
aggregates can be used in concrete production in a manner similar to the natural aggregates.
Accordingly, together with the natural aggregates, they are henceforth addressed as ““standard
aggregates”. Figure 3.4 shows the appearance of the 0/2 mm slag sand (left) and 2/4 mm BFS
coarse aggregates (right) used in the mixes.
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Figure 3.4 Visual presentation of the slag sand 2/4 mm fine aggregates (left) and 2/4 mm BFS coarse
aggregates (right)

In addition to these, a treated steel work slag from a Linz-Donawitz processes (LD-Slag) with
reduced free lime content (< 0.5 %), and two steel work slags from the electric furnace process
(Ef-Slag 1 and 2) were investigated as fine (crushed sand) and coarse (crushed grain)
aggregates. Finally, concretes were also made with a copper slag (Cu-Slag), which was
available in the grain fraction of 0/8 mm. Although of all the industrial aggregates, only BFS is
currently used practically in concrete production in accordance with DIN 1045-2 [267], others
also meet the technical requirements defined thereby. Table 3.4 summarizes the grain size
distributions of the individual fractions of the industrial aggregates used in this work.

3.2.2.3 Aggregate mixtures

In most cases, concretes were produced using mixtures of various individual aggregate
fractions. In such cases, grading curve range of A/B 4 for most of the concretes or A/B 8 for
concretes containing industrial aggregates were sought after. In case of the steel work and Cu-
Slag aggregates with a maximum aggregate grain size of 8 mm, a grading curve in the range of
A/B 8 was sought after. Some concretes were also prepared only using the 0/2 mm fraction of
aggregates. The grading curves are depicted in Figure 3.5. Although concretes with this grain
size are sometimes recognized as cement mortars, they will be addressed as concrete in this

work for the ease of expression. In reality, however, these are categorized as fine concrete.
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Figure 3.5 Grading curves of the used aggregates to produce concretes: A) standard aggregates and B)
non-standard industrial aggregates
The largest grain of the grading curve was chosen to exclude test artifacts due to individual
large aggregates in the concrete with the test body geometries used (standard prisms in a size
of 40x40x 160 mm*® and cylinders with an approximate diameter of 60 mm and an

approximate length of 120 mm). The cylindrical concrete samples were primarily used to
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determine the hot compressive strength, whereas the prisms were primarily used for

experiments on the residual compressive strength.

In addition, to explore the influence of the largest grain size of the aggregate on the temperature
stability of the concrete, limited concrete mixtures containing quartz or basalt with maximum
grain size of 16 mm were cast. To maintain the comparability of the mixtures, the cement paste

content of the formulations was kept constant.

3.2.3 Concrete formulation

Table 3.4 provides detailed information regarding the composition of the concrete specimens

investigated within the scope of the current study.

Table 3.4 Composition of the specimens used within the context of the current study

a) Composition of the concretes with standard aggregates used for the investigation of the hot and

residual compressive strength

Composition Units Basalt/Basalt | Quartz/Quartz | Slag/Slag | Quartz/Slag | Slag/Basalt
Water/ Cement [-] 0.52 0.52 0.52 0.52 0.52
Water [I/m?] 286.0 286.0 286.0 286.0 286.0
CEM T/ 550.0 550.0 550.0 550.0 550.0
CEM 1I/B-S/
CEM IIVA
Basalt 0/2 mm 1426.5 - - - -
Basalt 2/4 mm | [ke/m’] 107.6 - - - 378.0
Quartz 0/2 mm - 868.8 - 1177.0 -
Quartz 2/4 mm - 484.8 - -
slag sand 0/2 mm - - 799.0 - 1162.0
BFS 2/4 mm - - 665.0 420.0 -

Stabilizer and superplasticizer when needed

b) Composition of the concretes with standard aggregates used for the investigation of the residual
compressive strength as well as mass loss

CEM II/A-LL +
. . CEMI1+ | CEMIII/B | CEMIII/B | CEM II/A-LL
Composition Units Quartz/
Quartz + Quartz + Slag + Quartz .
Limestone

Water/ Cement [-] 0.52 0.52 0.52 0.52 0.52

Water [V/m?] 264 264 264 264 264
CEM142.5N 510.0 - - - -

CEM II/A-LL 32.5 N | [kg/m?] - - - 510.0 510.0
CEMIII/B 42.5N - 510.0 510.0 - -
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Quartz 0/2 mm

slag sand 0/2 mm

Limestone powder

1468.0

1461.0

1461.0

1371.0

1373.0

100.0

Stabilizer and superplasticizer when needed

the investigation of the hot and residual compressive strength

¢) Composition of the concretes with other types of slags from the steel and copper industries used for

Composition Units Ef-Slag 1 Ef-Slag 2 LD-Slag Cu-Slag
Water/ Cement [-] 0.52 0.52 0.52 0.52
Water [I/m?] 286.0 286.0 286.0 286.0
CEM I/ CEM III/A 550.0 550.0 550.0 550.
Ef-Slag 1 0/8 mm 2057.0 - - -
Ef-Slag 1 0/8 mm [kg/m?] - 2041.0 - -
LD-Slag 0/8 mm - - 1842.0 -
Cu-Slag 0/8 mm - - - 1989.0

Stabilizer and superplasticizer when needed

size upon the residual compressive strength

d) Composition of the concretes used for the investigation of the influence of aggregate largest grain

Composition Units Quartz Quartz Quartz Quartz Basalt | Basalt Basalt
02mm | 0/4mm | 0/8mm | 0/16 mm | 0/2mm | 0/4 mm | 0/8§ mm
Water/cement [-] 0.52 0.52 0.52 0.52 0.52 0.52 0.52
Water [l/m?] 286 286 286 286 286 286 286
CEM II/B-S42.5 N 550 550 550 550 550 550 550
Quartz 0/2 mm 1337.0 865.1 699.3 480.0 - - -
Quartz 2/4 mm - 472.0 - - - - -
Quartz 2/8 mm - - 637.8 435.9 - - -
Quartz 8/16 mm [kg/m?] - - - 421.2 - - -
Basalt 0/2 mm - - - - 15153 | 1417.2 | 1094.6
Basalt 2/4 mm - - - - - 98.0 -
Basalt 2/5 mm - - - - - - 97.0
Basalt 5/8 mm - - - - - - 3243

Stabilizer and superplasticizer when needed

evaporable water

e) Composition of the specimens used for investigation of the temperature-dependent maximum
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. . CEMI1+ | CEMIVA-LL | CEMIII/B+ | CEMIII/B+ | CEMIII/B +
Composition Unit
Quartz + Quartz Quartz Slag Basalt
Water/ Cement [-] 0.52 0.52 0.52 0.52 0.52
Water [/m?] 264 264 264 264 264
CEM I 510 - - - -
CEM II/A-LL - 510 - - -
325N
CEMIII/B42.5N [kg/m’] - - 510 510 510
Quartz 0/2 mm 1468 1461 1461 - -
slag sand 0/2 mm - - - 1373 -
basalt 0/2 mm - - - - 1597

Stabilizer and superplasticizer when needed

3.3 Experimental works

3.3.1 Concrete production and pre-curing

To produce concrete, standard mortar mixers or else concrete mixers were used. First,
aggregates and cement were mixed, following which water was added to the mixture to produce
the fresh slump concrete. The fresh concrete was characterized in terms of temperature, density
and workability according to standards of DIN EN 12350 series [268]. The characterization was

performed 10 minutes after the addition of water.

The concretes were then cast in standard prismatic molds (40 x 40 x 160 mm?®) for the
investigation of the residual compressive strength and in cylinder forms with an approximate
diameter of 60 mm and an approximate length of 120 mm for the measurement of the hot
compressive strength (similar to the standard diameter to height ratio). Due to the used
specimen dimensions, an aggregate size of 0-4 mm was used. The selected specimen dimension
was decided upon due to the large number of specimens to be tested in each experiment. The
molds were first filled up to half with fresh concrete and shook on a vibrator. This was followed
by completely filling up the molds and a second vibration step. Finally, the surface of the
molded concrete was flattened, and the mold was covered and kept at room temperature for 24
h.

The following day, the molds were dismantled, and the specimens were released. The prismatic
specimens were then stored in water. The cylindrical specimens were further modified prior to
the storage in water. The modifications included the adjustment of the specimen height as well
as grinding to obtain a parallel and smooth surface. The latter serves to ensure that both the top

and bottom surfaces of the specimens are parallel, so that it does not affect the measured break
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load during strength measurement test. Once the modification was completed, the specimens

were stored in water.

Concrete

casting  Storage in water HT- 1. cycle
Drying at HT- 5. cycles
50°C HT- 20. cycles
1d 28d ~35d 38d ~46d 47d 53d 74d
-2 = —=o & e—> Concrete age

Initial strength
testing

Residual strength after 1 cycle
high temperature exposure

Residual strength after 5 cycles
high temperature exposure

Residual strength after 20 cycles
high temperature exposure

Figure 3.6 Schematic presentation of storage and conditioning of the concrete for all specimens with

normal conditioning

Unless otherwise indicated, concretes were stored under water for 28 days to harden. This was
followed by storage in a standard climate for 7 days, after which they were moderately dried at
50 °C for 3 days. For hygric homogenization, samples were further stored in standard climate
(20 °C, 65% RH) for an additional 6 days before exposure to the high-temperature cycles. This
gives a total concrete specimen age of 44 days, which due to additional over the weekend often
was extended to 46 days. Under such conditions, the average moisture content of the concrete
specimens was reduced to approximately 3.5 % w/w. As elaborated under section 3.1.1.3, this
value corresponded to the normal moisture content of a concrete with an age of at least one
year. The goal is to reduce the moisture content through moderate warming without inducing
residual stresses [107]. This would help for the test specimen to have practically appropriate
moisture content and to avoid explosive spalling. Additionally, the resulted concrete will have
similar moisture contents to that of aged concretes in real life. As previously mentioned,
production, storage and conditioning took a total of around 46 days (44-46 days), and combined
with the subsequent high-temperature cycles, the total duration of the experiments including
the casting, conditioning, and testing reached a maximum of 74 days in case of 20 heating
cycles (Figure 3.6). The high temperature loading is described further in section 3.3.2 The
conditioning process is shown schematically in Figure 3.6.

For a series of concrete specimens, the conditioning phase was kept shorter, as these were
supposed to have a lower cold compressive strength. These specimens, which are indicated in
Table 4.1, were stored under water for 7 days, followed by a further 21 day-long storage under
standard climate (20 °C, 65% RH).
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3.3.2 Thermal load profile

Concrete specimens were exposed to a temperature-time profile modified from RABT-ZTV
and RILEM [256] as previously presented in [107] . The thermal loading was performed using
a tube furnace type ERO 8/44 KH with a maximum temperature of 1200 °C for the experiments
on concretes in the hot state, and a Voetsch oven with the heating capacity up to 750 °C for the

experiments on the residual strength of the concrete (Figure 3.7).
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Figure 3.7 Heating systems used for the measurement of the hot compressive strength (up) and the cyclic
thermal loading regime for the investigation of the residual compressive strength
For concrete characterization in the hot state, cylindric specimens were first heated up at a
heating rate of 5 K/min to reach the intended maximum temperature, at which temperature was
kept constant for 4 h (temperature homogenization phase), during which the measurements

were carried out (Figure 3.8).
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Figure 3.8 Schematic representation of the temperature-time curves (blue-red) and the mechanical stress

(green) during the measurement of the hot compressive strength

For concrete characterization in the cooled state, a more elaborate thermal load profile was used
(Figure 3.9). As shown in the figure, a temperature increment of 5 K/min was applied in the
heating phase (1). Upon reaching the final temperature, the specimens were maintained thereat
for 4 h (temperature homogenization phase) (2). As none of the equipment available was
capable of actively controlling the cooling phase, numerous preliminary studies were conducted
to compare the free cooling curves for different temperature levels in order not only to guarantee
a homogenous heating of the specimen, but also a homogenous cooling process (3). To this end,
the cooling was fulfilled with a closed oven door, but an open external outlet hood. The
specimens reached a temperature span of 20 °C to 40 °C overnight. The samples were then
measured at room temperature (4) and if needed exposed to the next cycle (5). Depending on

the experiment, specimens were exposed to 1, 5 or 20 thermal cycles.
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Figure 3.9 Schematic presentation of the theoretical temperature-time regime: 1) heating phase with a
rate of 5 K/min, 2) keeping the temperature at the maximum temperature for the duration of 4 h, 3) free
cooling phase, 4) measurement in ambient temperature and when needed 5) exposure to further cycles. 6

and 7 schematically represent the total duration of the experiment after one and after more cycles were

completed

Figure 3.9 presents a schematic of the theorical temperature-time regime, whereas Figure 3.10
demonstrates the actual temperature-time curves. It is also worth to note that the possibility of

temperature layering in the oven was ruled out through various preliminary investigations.
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Figure 3.10 Actual temperature-time profile during one complete thermal load (heating and cooling) cycle
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3.3.3 Concrete characterization during thermal load exposure

The properties of the concrete during thermal load exposure were examined in terms of the

thermal expansion and hot compressive strength.

3.3.3.1  Determination of hot compressive strength and thermal expansion

The hot compressive strength was measured using an electromechanical universal measurement
device from MFL Tests Systems with a maximum load of 250 kN (Figure 3.7). Within this
context, a methodology based on RILEM [256] was used to enable the simultaneous
determination of the hot compressive strength along with the stress-strain curves, and the

thermal expansion temperatures over 500 °C.

During the temperature increase and the temperature holding phases, a low mechanical preload
of 1 % of the cold compressive strength in force control, i.e. between 1.0 - 1.5 kN, was applied.
The goal of the force control was to adjust the thermal expansion of the specimens to keep the
load constant. Based on the measured deformation at the end of the holding time, concrete’s
thermal expansion was calculated using the strain gauge equipment of the electromechanical
universal measurement device and based on Equation 3.1. To this end, the measured
deformation was corrected by the temperature expansion of the Invar rods used and the

remaining deformation was converted into the thermal expansion of the concrete specimen.
AL =« (T). L. AT (Equation 3.1)

Where AL is the change in length L in mm, AT is the change in temperature in K, and a is the

linear expansion coefficient in K.

It is worth noting that among the used temperature levels of 250 °C, 500 °C and 700 °C, this
approach is only effective for those above 500 °C. This is due to the significant change of the
thermal expansion coefficient of the invar between 200 °C and 300 °C, resulting in control
inaccuracies of the tube furnace, which subsequently leads to inaccuracies in the correction of

the deformation measurements.

Following the temperature holding phase, the mechanical stress was increased with a rate of
2.4 kN/s force-controlled according to recommendation of RILEM [256]. Hot compressive
strength was measured as the recorded force at the time of the breakage. In parallel, the
deformation during the loading was recorded using the strain gauge of the device. These
measurements were used to obtain stress-strain curves at maximum temperature. Experiments
were carried out on at least two specimens of each concrete type and the mean value and
standard deviation were calculated. The actual temperature inside the furnace was documented

throughout the experiments.
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3.3.4 Concrete characterization after thermal exposure

3.3.4.1 Determination of residual strengths

The residual compressive strength of the concrete specimens was measured based on
DIN EN 196-1 [269] using an electromechanical universal measurement device from MFL
Tests Systems with a maximum load of 250 kN. The specimens used were standard prisms with
the size of 40 x 40 x 160 mm?*. The mechanical stress was increased at a rate of 2.4 kN/s. The
residual compressive strength was measured as the recorded force at the time of the specimen
breakage.

3.3.4.2 Determination of the dry bulk density

The dry bulk density of the specimens was determined at the age of approximately 46 days
based on DIN EN 1015-10 [270] and before conduction of mechanical strengths.

3.3.4.3 Determination of the change of concrete mass

The density of the fresh and hardened concrete differs significantly, and so does that of the
concrete before and after exposure to the thermal load. As previously explained, hydration and
dehydration of the concrete structure is a crucial determinant of concrete strength. The change
in water content of the concrete was simply determined by weighing the specimens at different
time points during the pre-curing phase, before exposure to the thermal load, immediately after
thermal load exposure, and at certain time points during the post-thermal load storage phase
(see section 3.1.1.2). This approach provides the total changes in the concrete water content,
i.e. the sum of the physically and chemically bound water in the concrete structure. Given the
fact that heating can lead to both water evaporation as well as a shift of the water content from
chemically bound to physically entrapped water or vice versa, consideration of the total change
in the concrete water content is logical. In higher temperature ranges of 700 - 900 °C, the mass
loss can also reflect the decomposition of CaCOs. The mass loss due to high temperature
exposure was calculated as the percentual ratio of the specimen mass after thermal exposure

(Mw) to the original specimen mass before heating (Mo).

3.3.4.4 Investigation of concrete thermal parameters

To evaluate the effect of different concrete compositions on temperature developing in the
specimen cross-sections, the thermal conductivity (A) was determined. This parameter was
measured by heating a representative volume of the samples through the transient hot bridge
method using a THB 100 device (Linseis) equipped with a sensor (THB6N). Since the sensor
and the device cannot be used during high-temperature exposure, the thermal parameters were
measured in the cold state before and after high-temperature exposure. Previous experience has
indicated that this measuring technique can be associated with difficulties, in case the specimens

exhibit pronounced cracking after exposure to high temperatures. This phenomenon was partly
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observed in the case of the specimens containing quartz. Based on extensive preliminary
evaluations, the sensor of the device was placed between two prisms of the same series for each
measurement. Care was taken to ensure that the measurements before and after thermal
exposure were conducted on the exact same prism combinations with the same measuring
surface. To ensure sufficient connection of the sensor to the two surfaces, the two prisms were
manually pressed together. Furthermore, numerous preliminary measurements were performed
to fix the optimal combination of device parameters, such as measuring time, flow intensity,
temperature and time interval between two subsequent measurements. The self-configuration
of parameters of the device were also studied and compared with optimal combinations. In each
configuration, at least 6 measurements with no physical change were performed. Together with
at least 3 combinations of prisms in a series, the average value of 18 individual measurements

was used for the determination of the thermal parameters.

3.3.5 Concrete characterization during post-storage after thermal exposure

In general, specimens in the cooled state were tested after thermal exposure and once they have
cooled down to the ambient temperature. However, some specimens were further stored in
standard climate (20 °C, 65 % RH) to study impact of post-storage on the concrete mass and
residual compressive strength. Depending on the goal of the experiment, the measurement of
compressive strength was carried out after different durations of post-storage. In the majority
of the cases, specimens were tested after 28 days of storage under standard climate chamber at

20 °C and 65 % RH. In other cases, tests were also carried out following 7 days of post-storage.

One section of the work was dedicated to the investigation of the influence of the post-storage
duration and conditions upon the compressive strength of the concrete specimens after exposure
to thermal load. To this end, the compressive strength of the concrete specimens was determined
after 28, 56 and 90 days of post-storage under three different conditions; i) in dry air with no
humidity exchange with the ambient air; ii) in standard climate at 20 °C and 65 % RH, and

iii) under water.
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4 Results and Discussion

4.1 Concretes’ initial properties before high temperature exposure

The different concretes were characterized in terms of their properties in cold conditions. These
characterizations included the initial compressive strength and the initial mass as well as their
development over time. The cold compressive strength served as a basis for the calculation of
the relative compressive strength values after thermal exposure (see Tables 4.1 and 4.2).

Table 4.1 Cold compressive strength of the prismatic specimens used for the measurement of the residual
compressive strength (and mass loss)

a) Cold compressive strength of the specimens used to investigate the effect of slag sand content of the
cement and type of the aggregates (normal conditioning)

Aggregate (0/2 mm/ 2/4 mm) CEMI CEM II/B-S CEM IIIVA Unit
Basalt/ Basalt 73.9 74.7 75.4
Quartz/ Quartz 58.4 58.7 65.0
Slag sand/ BFS 61.3 61.8 63.3 [N/mm?]
Quartz/BFS 67.4 71.3 76.6
Slag sand/Basalt 58.9 56.9 64.1

b) Cold compressive strength of specimens used to investigate the effect of slag sand and limestone in the
cement and as added aggregates (BFS) (shortened conditioning)

Aggregate (0/2 mm) CEMI CEM II/A-LL CEM III/B Unit
Quartz 38.9 33.1 33.8
Slag sand - - 32.9 [N/mm?]
Limestone/Quartz - 35.7 -

In addition to the cold compressive strength, the initial mass of the specimens was determined
and used for the calculation of the concretes’ initial density before exposure to thermal load
(see Tables A.2.3 and A.2.4).
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Table 4.2 Cold compressive strength of the cylindrical specimens used for the investigation of hot

compressive strength

a) Cold compressive strength of specimens used to investigate the effect of slag sand content of the cement

and type of the natural aggregates (normal conditioning)

Aggregate (0/4 mm) CEMI CEM II/B-S CEM IIIVA Unit
Basalt 43.5 - 57.4
Quartz 374 - 41.2 [N/mm?]
Slag 28.6 - 333

b) Cold compressive strength of specimens prepared with laboratory mixed cements used to investigate the
effect of slag sand from different sources (normal conditioning)

Aggregate (0/4 mm) | CEM III/A CEM III/A (slag 2) CEM III/A (slag 3) Unit
Basalt 57.0 42.1 47.5
[N/mm?]
Slag 333 332 40.2

¢) Cold compressive strength of specimens used to investigate the effect of non-standard aggregates (normal

conditioning)
Aggregate (0/4 mm) CEMI CEM II/B-S CEM IIIVA Unit
Ef-slag 1 45.6 - 59.6
Ef-slag 2 51.2 - 60.2
[N/mm?]
LD-slag 453 - 59.5
CU-slag 47.7 - 59.3

4.2 Concrete strength at hot state

4.2.1 Hot compressive strength

4211 Effect of maximum temperature

The effect of the maximum temperature on the hot compressive strength of the concrete mixes
composed of CEM I or CEM III/A and three standard aggregates (quartz, basalt and slag; 0/2
and 2/4 mm was investigated. The investigated concretes belonged to cylindrical specimens
with the initial properties listed in Table 4.2 and Table A.2.4. Figure 4.1 presents the
development of the hot compressive strength as a function of the maximum temperature of
exposure. Regardless of the type of cement and aggregate used in the concrete, exposure to
250 °C does not lead to a significant decrease of the concrete strength. This finding is in line
with the values reported by Eurocode for normal strength concrete and well as the majority of
the reports in the literature summarized by Ma et al. and Kodur et al. [115],[4],. Despite the
beginning of the C-S-H phase decomposition around 200 °C and the evaporation of the

physically bound water in capillary pores that might promote microcracking, concrete is
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maintained or even increased at temperatures below 300 °C in some studies. This has been
attributed to the cement paste layers becoming denser [271]. With further increase of the
temperature, however, hot compressive strength of the concrete decreases continuously, which
can be attributed to the decomposition of Ca(OH)2 (mainly at 460 - 540 °C), C-S-H phase
(100 - 500 °C for primary dehydration and 600 - 800 °C for secondary decomposition), and
CaCOs3 (between 700 -900 °C, almost completed around 900 °C) as detailed under
section 2.1.5 [28],[47]. The reduction rate of concrete hot strength between 250 - 500 °C is
lower than that observed between 500 - 700 °C, as the latter temperature range promotes and
accelerates concrete decomposition to a higher extent. This is also associated with the higher
difference of the thermal expansion between the cement paste and the aggregates at
temperatures higher than 500 °C, as the cement paste shrinks and aggregates expand following
to high temperatures [169]. In general, the obtained trend for the reduction of the hot
compressive strength as a function of temperature is in good accordance with the reports in the
literature, particularly those presented by Hertz [62]. Hence, besides the effect of materials used
for concrete production, which will be discussed in the next section, the hot compressive

strength is highly dependent on maximum temperature of exposure.
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Figure 4.1 Relative hot compressive strength of the specimens made of CEM I (left) and CEM III/A (right)
comprising different types of standard aggregates at different temperatures

4.2.1.2 Effect of cement and aggregates

The effect of cement and aggregate type upon the hot compressive strength of the concrete can
be also seen in Figure 4.1. A comparison between hot compressive strength of specimens made
of CEM I and CEM III/A shows that regardless of the type of aggregates used for concrete
production, those containing CEM III/A have a slightly lower hot compressive strength. The
only exception is in case of the concrete specimens comprising CEM I and basalt exposed to a
maximum temperature of 700 °C. This could be explained based on two different factors; First,
as observed in Figure 4.1, the hot compressive strength difference between the specimens made
of CEM I and CEM III/A at lower temperatures (about 250 °C) is larger. Up to this temperature,
concrete is known to lose the capillary and physically bounded water [28],[47],[115]. Compared
to CEM I, CEM III/A is known to have a significantly lower degree of hydration, which is
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defined as the fraction of cement, which has thoroughly reacted with water relative to the total
amount of cement in the specimen [272]. This means that in case of specimens composed of
CEM III/A, the content of the capillary and physically bound water is higher. Accordingly, the
evaporation of bound water up to a temperature of 250 °C can lead to the buildup of more steam
pressure inside the concrete specimens in case of CEM III/A. As a result, the reduction of the
hot compressive strength of specimens at this temperature is more significant. Therefore, up to
a temperature of 250 °C, it is expected regarding the mass loss of specimens made of CEM III/A
to be larger than those prepared with CEM 1.

Second, in case of the specimens containing CEM I, the water is predominantly chemically
bound water [37]. While literature holds controversial reports in respect with the exact
temperature at which the release of the chemically bound water takes place, the temperature
range of 400 - 500 °C 1is rather critical, as it 1s associated with the release and evaporation of
the water as a result of decomposition of Ca(OH): into free lime (CaO) and water
[28],[47],[115]. Not surprisingly, the difference between the hot compressive strength of the
specimens made of CEM III/A and CEM I at the temperature of 500 °C is smaller. While the
difference between the hot compressive strength at 250 °C is around 12 % and 15 %, in case of
specimens containing basalt and BFS aggregates, respectively, a significant reduction of this
difference at 500 °C is observed. At this temperature, the difference between the relative hot
compressive strength of the same specimens is reduced to around 7 % and 8 %, respectively.
Despite the reduction of the difference, CEM III/A specimens are still associated with lower
hot compressive strength at the temperature of 500 °C. Previous research has solely investigated
the residual compressive strength of the CEM I1I/A-based concrete, and to our best knowledge,
no other data on the hot compressive strength of these has been reported. Hence, it is not
possible to compare the obtained data with those reported in previous research. However, the
slightly lower compressive strength of the specimens with CEM III/A compared to those with
CEM I might be explained based on the higher C-S-H to Ca(OH): ratio of the CEM III/A
hardened cement paste compared to that of CEM 1. According to Reiners, this higher ratio
means that a higher portion of the cement paste dehydrates at temperatures below 300 °C [61].
This can in turn bring about greater differences between the thermal expansion of the layers at
different distances from the heated surface, which promotes more strength loss under hot
conditions. On top of that, concrete made out of CEM III/A have a denser microstructure and
lower permeability compared to those prepared with CEM 1. From the ambient temperature up
to 300 °C, physically and chemically bound water are released and evaporated under hot
conditions [28],[47],[115]. The denser microstructure and lower permeability of CEM III/A
slows down the exit of the evaporated water from the concrete microstructure, leading to the
buildup of pore pressure [273]. The increase in pore pressure might promote microcracking in
concretes with CEM III/A in this temperature levels, which might in turn lead to the reduction
of the hot compressive strength. The temperature range of 460 °C and 540 °C is associated with

the decomposition of Ca(OH)2, which is present in CEM I to a higher extent. As a result, the
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strength of concretes made of CEM I is more strongly reduced at this temperature range, which
decreases the difference between the hot compressive strength of these specimens and those

made of CEM III/A. The veracity of this hypothesis, however, needs to be further investigated.

Concerning the effect of aggregates, basalt seems to endow both types of cement with the
highest hot compressive strength compared to other aggregate types. While CEM III/A
combination with quartz has had the best hot compressive strength at 250 °C, specimens
containing both CEM I and CEM III/A along with basalt aggregates have performed superior
at all other temperatures. Concretes made of BFS aggregates have been second best in terms of
the hot compressive strength, while those with quartz aggregates have been the weakest. In fact,
the results show a sudden drop of the hot compressive strength of the latter specimens at 500 °C.
This might be due to the higher increase in the thermal expansion of the quartz aggregates
between 250 °C and 500 °C, when compare basalt and BFS aggregates [28]. As the aggregates’
thermal expansion and cement paste shrinkage contribute to the reduction of the concrete
strength, the higher loss of hot compressive strength of the specimens with quartz aggregates is
to be expected. The hot compressive strength of the concrete with quartz is further deteriorated
as a result of the quartz conversion at 573 °C [57]. Above 500 °C, the growth in thermal
expansion of quartz is even more dramatic. As a result of temperature increasing from 500 °C
to 700 °C, the thermal expansion of quartz grows from 8 to 16 %, whereas that of basalt and
BFS aggregates increases by around 4 % only [28]. Accordingly, regardless of the type of
cement, concretes with basalt and BFS aggregates maintain a better compressive strength at

high temperatures compared to those with quartzite components.

The tested concretes in this work comprised slag aggregates only. However, Vaidya et al. have
demonstrated that the positive influence of the BFS aggregates upon the hot mechanical
properties of the concrete is best, when it replaces 20 % of the natural aggregates in concrete
formulation. Increase of the replacement ratio to 40 % and 60 % has been shown to negatively
influence the compressive strength of the concrete above 600 °C [200]. Hence, that partial
replacement of basalt aggregates with BFS might further improve the hot compressive strength

of the concrete.

4.2.1.3 Effect of slag source

To investigate whether the obtained results can be extrapolated to cements made with slag sand
from other production facilities, and potentially with different reactivities, we compared the hot
compressive strength of the specimens made with the commercial CEM III/A and those
prepared with two different custom blends containing slag sand from various sources, with
basalt and BFS aggregates. As previously elaborated, two different types of slag sands, namely
Slag 2 and Slag 3, which fulfill the requirements of DIN EN 15167-1 [141], were used to
produce custom laboratory cements with compositions corresponding to CEM III/A according
to the requirements of DIN EN 197-1 [146]. The selected slags represent the slag sands

typically occurring in Central Europe, and were chosen as previous experience has shown that
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they have different reactivity. For the production of the laboratory cements, 60 % of the pure
CEM I from the manufacturing plant that provided the industrial cements was replaced by one
of the slag sands previously introduced. they were first ground in a 10 kg laboratory ball mill
to a typical Blaine fineness of approx. 4200 g/cm?. The final composition of the custom blends,
except for the type of the used slag sand, was similar to that of the commercial CEM III/A
[266]. The prepared specimens were heated up to the temperatures of 500 °C, at which the hot
compressive strength was measured. The results are summarized in Figure 4.2. As observed,
the relative hot compressive strength of all specimens lays close to one another, with a
maximum difference of about 10 % being observed between the specimens made of the
commercial CEM III/A and those prepared with the custom CEM III/A blend containing Slag 3.
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m CEM III/A

100% CEM 1lI/A (slag 2)
m CEM III/A (slag 3
— /A (slag 3)

60%

40%
N I I
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rel. hot compressive strength

Figure 4.2 Relative hot compressive strength of the specimens made of one industrial and two laboratory
CEM III/A containing ground slag (slag 2 and slag 3) sand from various origins at 500 °C (specimens with
basalt and BFS aggregates) and 700 °C (specimens with BFS aggregates)

In addition to the relative hot compressive strengths, the stress-strain curves of each specimen
were also determined (Figure 4.3). The stress-strain curves have been plotted using the absolute
stress values. As Figure 4.3 clearly demonstrates, the main factor determining the shape of the
curve, i.e. the elongations on reaching the hot compressive strength and the stiffnesses in the
ascending branch is the type of aggregate. Compared to the concrete containing basalt, those
prepared with BFS show a more pronounced curvature and lower stiffness. For the concrete
made with the same aggregate type, the stress-strain curves for all two laboratory cements lay

close to each other.
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Figure 4.3 Stress-strain curves for specimens made of laboratory CEM III/A containing ground slag sand
(slag 2 or slag 3) from various origins with basalt or slag as aggregates measured at 500 °C

4.2.1.4 Effects of non-standard aggregates

The results presented so far covered a wide of aggregates which may be used in concrete
according to DIN EN 12620 [169] together with DIN EN 206-1 [274] and DIN 1045-2 [267].
Figure 4.4 compares the effect of various standard and non-standard aggregates on the hot
compressive strength of concretes made of CEM I and CEM III/A at 500 °C and CEM III/A at
700 °C. The used non-standard aggregates included the electric arc furnace slag (Ef-slag) from
two different sources (Ef-slag 1 and Ef-slag 2), Linz-Donawitz process slag (LD-slag) and
copper slag (Cu-slag). Detailed information regarding the composition of the concrete
specimens used for these experiments has provided in Table 3.6.c and Table 4.2.c. Based on
Figure 4.4, it can be clearly concluded that all standard aggregates, even quartz, perform better
to their non-standard counterparts. A comparison of the BFS content of the cement used for
concrete production reveals a controversial effect. In case of the specimens made with standard
aggregates, those comprising slag sand in the cement (CEM III/A) have lower relative hot
compressive strength. For the specimens containing non-standard aggregates, however, the hot
compressive strength associated with CEM III/A is the same or higher than the specimens made
of pure CEM I. This might pertain to the difference in the thermal expansion of the non-standard
aggregates and the standard aggregates, which might in turn impact the difference between the
shrinkage of the used cement pastes (CEM I and CEM III/A) and the used aggregates. The
measurement of the thermal expansion these aggregates at different temperatures is yet to be

investigated and inspires further research.
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Figure 4.4 Comparison of the hot compressive strength of the specimens made of CEM I or CEM III/A in
combination with various standard (basalt, quartz or slag sand/BFS) or non-standard (Ef-salg 1, Ef-slag 2,
LD-slag or Cu-slag) aggregates at 500 °C (CEM I and CEM III/A) and 700 °C (CEM I1I/A)

A generalized statement about the effect of various tested slags, i.e. Ef-slag, LD-slag and Cu-
slag is not possible. The comparison of the two electric furnace slags (Ef-slag 1 and Ef-slag 2)
shows that even for the same type of industrial aggregate, results can differ based on their origin.
The relative hot compressive strengths of the LD-slag and Cu-slag fall in a similar range.
Nonetheless, it can be clearly concluded that the hot compressive strength of the concretes
prepared with all non-standard aggregates fall below that of the quartz aggregates in most cases.

For the use in practice, individual pretesting would be hence necessary.

4.2.1.5 Effect of pre-loading

The tests of hot compressive strength were partially repeated with the same mixtures and
thermal load procedure, but with a slight pre-loading of 10 % relative to the initial compressive
strength. The goal was to examine the hot compressive strength at hot condition in the presence
of an additional one axial load or self-weight load. This phenomenon is often meaningful in fire
design of structures under a combination of the mechanical and thermal loads (stressed tests).
As observed in Figure 4.5-a, these experiments reflect also the effect of aggregate type,
particularly BFS on the mechanical behavior of concrete when exposed to thermal loads. As
observed, the results match the findings of thermal loading without the mechanical preload,
though the recorded hot compressive strength with the preload is higher. This means that here
again, the increase of the maximum temperature to which the concrete has been exposed, leads
to more significant reduction of the hot compressive strength of all specimens. A similar trend
can be also observed in case of the effect of aggregate type, where compressive strength of the
specimens prepared with basalt are higher than that of those prepared with BFA. Specimens
with quartz aggregates are associated with the lowest relative hot compressive strengths of all.
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The higher measured relative hot compressive strength under mechanical preload can be
attributed to the load-mediated densification of the matrix in the concrete structure. This is a
simple consequence of the concrete being pressed together as a result of the slight one axial
load applied thereto. On the other hand, the preload partially limits the free thermal expansion
of the concrete and especially the aggregates, which consequently lead to a lower level of
damage to concrete structure. Similar results have been reported in other experiments
[275],[276].

The effect of pre-loading is more significant at the temperature of 250 °C compared to 500 °C.
This might originate from the relatively high amount of physically bound water which is
released in the concrete matrix at 250 °C. The resulting built up steam in the concrete structure
creates a resisting force against the mechanical load applied to the concrete structure. As a
result, the hot strength overtakes the initial strength of all concrete mixtures at this temperature.
While these results are in accordance with the findings of [275], the veracity of the proposed
hypothesis should be further investigated and inspires further research.
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Figure 4.5 Relative hot compressive strength of the specimens made of CEM I (a) and CEM III/A (b) with
different standard aggregates at 250 °C and 500 °C in the presence or absence of a pre-load equal to 10 %

of the cold compressive strength

The impact of preloading seems to be more dominant for the concretes containing basalt or BFS
compared to those with quartzite aggregates (around 15 - 20 %). This can be attributed to the
higher thermal expansion of the quartzite aggregates compared to basalt and BFS aggregates
[28].

The impact of preloading has been also analyzed for specimens with CEM III/A and the results
are demonstrated in Figure 4.5-b. Here again, a similar trend could be observed, though the
effect of preloading was less pronounced than in case of specimens made of CEM 1. This is to
be expected, as concrete made of CEM III/A has in general a much denser microstructure
compared to that made of CEM I, which mitigates the effect pre-loading. In all, the positive
effect of pre-loading upon the hot compressive strength of the specimens at all tested conditions,

at least in the normative and structural planning sense, is to be expected.
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4.2.2 Comparison with standards

As discussed in section 4.2.1.2, concretes made of basalt and BFS were associated with higher
hot compressive strength when compared to those comprising quartzite aggregates. Within this
section, the obtained results in terms of the relative hot compressive strength are compared with
the values in European standard DIN EN 1992-1-2 (Figure 4.6) [104], which are the basis of
high temperature design for structural components made of reinforced concrete. The standard
values were given for reinforced concrete made of CEM I and quartzite (solid blue curve) and
calcite (solid red curve) with initial compressive strength in the middle range of normal strength
concrete (NPC). For the concrete in range of high-performance concrete (HPC), DIN EN 1992-
1-2 considers further strength decrements at lower temperature (blue dashed line) [104]. The
three shades of blue refer to the three recommended ranges of class 1 (C55/67 - C60/75), class 2
(C70/85 - C80/95) and class 3 (C90/105 and higher). The initial compressive strength of the
cylindrical specimens investigated in terms of hot compressive strength (average 45 N/mm?),
lays within the higher range of the normal strength concrete and beginning of high-performance

concrete. Therefore, they can be still compared with these standards without correction.

As shown in Figure 4.6, the hot compressive strength of the investigated concretes containing
combination of quartz with both cement types are very close to the solid blue curve, except for
the investigations at 500 °C, where the specimens with both cement types lie slightly under.
The investigation of concretes containing basalt aggregates are corresponding averagely to the
red curve or (concretes with limestone aggregates), or are even higher at the temperatures of
700 °C and 900 °C. This can be attributed to the higher thermal stability of basalt compared to
limestone. The hot compressive strength of the specimens containing BFS lays between that of
concretes with basaltic and quartzite aggregates, respectively. At 250 °C, the hot compressive
strength of the specimens made of CEM III/A falls slightly lower than the solid blue and solid
red curves, which are associated with CEM 1, and closer to that of class 1 and 2 HPC. As the
structure of these specimens is denser than those made of CEM I, these findings seem to be
logical. As observed in Figure 4.6, the presented curves for the three classes of HPC show that
the initial compressive strength of concrete affects the hot compressive strength, especially at
temperatures up to 400 °C, where the loss of strength under hot conditions is higher compared
to normal strength concrete. As the initial compressive strength of the concretes investigated in
this work was at the higher range of normal strength concrete, and since the microstructure of
the concrete made of CEM III/A is much denser, the higher reduction of the hot concrete

specimens at 250 °C is to be expected.
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Figure 4.6 Comparison of the relative hot compressive strength of the specimens made of CEM I or CEM
III/A in combination with basalt, slag (slag sand/BFS) or quartz aggregates with the standard mixes in
range of normal-performance concrete (NPC; CEM I with quartz or limestone aggregates) and high-
performance concrete (HPC) class 1, 2 und 3 according to DIN EN 1992-1-2 [104]

The comparison of investigated hot compressive strength reveals that concretes made of both
CEM I and CEM III/A show a relatively well accordance with standard values. Hence, the blast

furnace slag cement (CEM III/A) is a suitable more sustainable alternative to the conventional

CEM 1, in regards with the performance and load-bearing capacities at high temperatures.

It is also noteworthy that the substitution of limestone with basalt and quartz with BFS
aggregates leads to increase of hot compressive strength, creating more efficient alternatives
for the hot design of concrete constructions. These findings inspire further research focusing on
the potential of stable aggregates to extend the standards.

Figure 4.7 shows the hot compressive strength of the concretes containing non-standard
industrial aggregates in comparison with the concretes prepared with CEM I and the quartzite
(blue curve) and calcite (red curve) aggregates within the context of the hot design according
to DIN EN 1992-1-2 [104]. It should be noted that at 700 °C, the relative hot compressive
strength of Ef-slag 1 and LD-slag as well as Ef-slag 2 and Cu-slag are directly superimposed.
The figure clearly indicates that the relative hot compressive strengths of the non-standard slags
fall below the common quartz and limestone concretes. The main reason for this phenomenon
might be the more pronounced expansion of these industrial aggregates compared to their
standard counterparts. At least in case of the steel slag, the problem with expansion is well
established. Even at lower temperatures, steel slag is known to react with water and expand as
a result. The degree of expansion depends mainly on the amount of free lime in steel slag
aggregates [277]. Netinger et al., who investigated the fire resistance of concrete made with

steel slag aggregates have reported that despite the good fire resistance of steel slag, it cannot
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provide satisfactory thermal performance when combined with CEM 1. They have attributed
this to the fact that CEM I cannot properly adapt to the expansion of steel slags at high
temperatures, which is expected to be high [93]. Ducman et al. have demonstrated that electric
arc furnace slag from carbon steel production undergoes a mineralogical change when at
temperatures higher than 800 °C, in which of wustite is transformed into magnetite. This
transformation leads to significant volumetric expansion, which significantly worsens
concrete’s mechanical properties [278]. They have reported that firing up steel slag to 1000 °C
prior to use will improve the mechanical properties of the concrete product, though it will
significantly rise the production costs [278].
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Figure 4.7 Comparison of the relative hot strength of concretes made of CEM I or CEM III/A and non-
standard aggregates from steelworks with the standard mixes (CEM I with quartz or limestone
aggregates) according to DIN EN 1992-1-2 [104]

4.2.3 Thermal expansion

The thermal expansion coefficients of the specimens following high temperature exposure were
primarily determined for the concretes made of laboratory and commercial CEM III/A with
BFS and basalt as well as for commercial CEM I or CEM III/A with various non-standard
aggregates.

The results are summarized in Figure 4.8, where the thermal expansion of the laboratory and
commercial CEM III/A in combination with basalt or slag aggregates is shown on the left and
that of the combination of CEM I or CEM III/A with different types of non-standard aggregates
is shown on the right. All values are compared with the standard values according to
DIN EN 1992-1-2 for thermal expansion [ 104]. The general rule in the standard is that concretes
with quartzite aggregates show greater thermal expansion than concretes with limestone [104].

This, however, becomes more obvious at temperatures above 250 °C, mainly due to the fact
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that quartz conversion happens at around 573 °C. It can be concluded based on the Figure 4.8
(left) that laboratory cements made of slag sand from different origins have similar thermal
expansion to that of the commercially available CEM III/A. This means that the origin of the
slag sand does not influence the thermal expansion of the specimens. Furthermore, the thermal
expansion of the specimens made of basalt is smaller than that of the specimens made of slag
aggregates. Additionally, both aggregates provide comparable or even smaller thermal
expansion compared to limestone. The lower thermal expansion of the specimens in the current
work maybe also attributed to their higher cement paste content compared to the norm concrete,

which, due to the shrinkage of the cement paste, accounts for a decrease of the total thermal

expansion.
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Figure 4.8 Thermal expansion of concretes with heat resistant aggregates (basalt and slag) and laboratory
cements made of different ground slag sands as a cement component (slag 2 and slag 3) (left) as well as
concretes made of CEM I and CEM III/A and different non-standard aggregates from steel making
industry (Ef-slag 1, Ef-slag 2, LD-slag and Cu-slag) (right)

For the non-standard aggregates, the measured thermal expansion at 500 °C corresponds to the
thermal expansions of concrete with limestone as given in DIN EN 1992-1-2 [104].
Nevertheless, a higher thermal expansion of concrete with these aggregates was expected,
owing to origin of iron particle content. Anyhow, this low thermal expansion is positive
considering the design of concretes with relatively good thermal resistance. Even at 700 °C, the
measured thermal expansion coefficients are still lower than the thermal expansion of the

specimens with quartzite aggregates.

4.3 Residual strength of concrete following cyclic high
temperatures

As mentioned before, the residual strength corresponds to the remaining strength within the
concrete after exposure to one or more thermal cycles. Cooling of concrete to ambient
temperature after the heating phase in each cycle should occur naturally and gradually. Residual

strength can be studied by means of several indicators, such as residual compressive strength,
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residual flexural strength, residual dynamic module of elasticity, etc. While all of these
indicators have been investigated within the context of the current study, only those which have
significantly reflected the influence of the concrete components will be debated here. The
impact of residual flexural strength or residual module of elasticity were comparatively close
to the residual compressive strength. As the results obtained for the flexural residual strength
as well as the dynamic module of elasticity followed the same trend as the residual compressive
strength, these were not further elaborated in this dissertation. It should be noted that the
flexural residual strengths revealed this indicator to have higher sensitivity to the high
temperature exposure, as it provides more information regarding the changes in the concrete
strength. However, given the similarity of the observed trends, concrete stability in cooled state
will be debated solely based on the residual compressive strength. This section presents impacts
of the number of thermal cycles and the maximum temperature. Additionally, the effect of
concrete post-thermal load storage conditions on the residual compressive strength of concretes
with different compositions is debated.

4.3.1 Effect of maximum temperature and number of thermal cycles

Figure 4.9 shows the residual compressive strengths for combinations of CEM I or CEM I1I/A
with basalt, quartz and slag after a single cycle (a), 5 cycles (b) and 20 cycles (¢) to maximum
temperatures of 250 °C, 500 °C and 700 °C. Again, the results confirm significant reductions
of residual strength with an increase of the maximum temperature of the thermal load, which
can be obviously seen in Figure 4.9.a. At the maximum temperature of 250 °C, no significant
reduction in the residual compressive strength of the specimens is observed, as the thermal
expansion of the aggregates at this temperature is rather low. This indeed leads to minimum
stress development within the concrete structure. This increase in residual strengths has been
reported in other experiments, such as those reported by Boquera at al. [128] and Khan et al.
[126],[127]. At higher temperatures a significant reduction of the concrete’s residual strength
is observed, the magnitude of which is depended on concrete composition [123],[126],[127].
These findings further confirm the concept of “concrete specific critical temperature” suggested
by Khoury, which describes a concrete specific temperature below which exposure to a second

thermal cycle would not lead to significant damage to concrete’s structure [123].

Figures 4.9.b and 4.9.c display the residual compressive strength of specimens made of CEM 1
or CEM III/A and supplemented with basalt, quartz or slag aggregates after 5 and 20 thermal
cycles, respectively. The results clearly show an ongoing reduction of residual compressive
strength as the number of the heating cycles increases. Here, the reduction of strength is visible
even at the maximum temperature of 250 °C (around 5 - 10 % for all mixtures), though it is
more significant for 500 °C and 700 °C. This is attributed to the continuation of dehydration
and degradation of the cement paste. The strength reduction is significantly pronounced when
the number of cycles is changed from 1 to 5. From 5 to 20 heating cycles, the reduction of the

cooled strength still significant, though for some specimens, it not as dramatic as that observed
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in the first 5 cycles. The stability of the specimens after 5 thermal cycles depends mostly on
the maximum temperature as well as number of heating cycles. Increasing the number of
exposed heating cycles from 5 to 20 seems to affect the residual compressive strength
depending on cement and aggregate types (will be discussed in detail under 4.3.2). Hence, the
number of heating cycles is a vital determinant of the concrete stability mostly at temperature
higher than 250 °C, though formulation of the concrete specimens using the appropriate cement

and aggregate types can counterbalance the effect of repeated exposure to cycles of the thermal
load.
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Figure 4.9 Relative residual compressive strength of the aggregates made of CEM I or CEM III/A
complemented with basalt, slag or quartz aggregates following exposure to different number of heating
cycles with various maximum temperatures
To verify, whether the impact of the maximum temperature and number of heating cycles is
similar for other types of cements, additional experiments with specimens made of CEM II11/B
and CEM II/A-LL and different aggregates (quartz, slag, and limestone/quartz mixtures) were
heated up to 3 different end temperatures (250 °C, 500 °C and 900 °C) for 1, 8 and 24 heating
cycles. The specimens were then investigated in terms of their residual compressive strength at
cooled state. For details about composition and the initial compressive strength of these please

see Table 3.6.b and Table 4.1.b, respectively.

Figure 4.10 shows the residual compressive strength of specimens after exposure to one cycle
of heating. Interestingly, when heated to 250 °C, the relative residual compressive strength of
the specimens does not decrease, but even an increase in the range of 5 - 20 % is observed for
all specimens. A similar observation has been reported by Xiao and Falkner and

Saravanja et al., who have also measured around 10 % of increase in the residual compressive
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strength of the UHPC specimens when heated up to temperatures below 400 °C and 300 °C,
respectively [279],[258]. Similar results have been reported by Xu et al. when concrete was
heated up to 250 °C for normal strength concrete supplemented by pulverized fly ash [280]. A
possible explanation for this slight increase is that the relatively dense structure of the concrete
specimens made of CEM I1I/B and CEM II/A-LL decelerates the escape of water vapor created
as a result of the release of the physically bound water up to 250 °C. The resultant increase in
pressure together with the created supersaturated atmosphere in the concrete microstructure
might lead to a phenomenon similar to autoclave hardening, where the mineralogical changes
could lead to compaction or an increase in load-bearing capacity. These changes have been
proposed to include the dry hardening of cement paste as a result of further hydration along
with hot vapor mediated internal steam curing caused by internal autoclave conditions
[51],[64]. This explanation seems to be plausible, since, as previously mentioned, similar results
have been found for UHPC, which also has a denser microstructure [258],[279]. Nonetheless,

further research should be dedicated to the investigation of the veracity of this hypothesis.

Above 250 °C, the residual strength decreases continuously. Between 250 °C to 500 °C, a
decrease of about 20 % is observed. An increase of the peak temperature from 500 °C to 900 °C
leads to a reduction of the residual compressive strength by about 70 %. This signifies dramatic
thermally induced damages to concrete structure. This is in accordance with the findings of
previous studies. In a recent publication, Pasztetnik and Wréblewski have compiled these
previous reports and concluded that regardless of the concrete composition and rate and
duration of heating, a decrease of the concrete residual strength (normal and high strength

concrete) as a result of the increase in the maximum temperature is inevitable [69].
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Figure 4.10 Relative residual compressive strength of the specimens made of different cement types (CEM
I, CEM III/B or CEM II/A-LL) following exposure to 1 heating cycle with different peak temperatures
(250 °C, 500 °C and 900 °C)
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In addition to maximum temperature, the influence of the number of heating cycles on the
residual strength of the concrete has been presented in Figure 4.11. Here, the residual strengths
are depicted against the number heating cycles at 500 °C (left) and at 900 °C (right). The
influence of the cement type is obvious within the beginning numbers of heating cycles. For
specimens made of CEM I and CEM II/A-LL, an increase of the number of heating cycles up
to 8 decreases the residual strength at 500 °C to about 65 - 70 %. No significant loss of strength
at cooled state is observed afterwards. At 900 °C, a dramatic reduction of the cooled strength
to 5 - 10 % of the reference cold compressive strength occurs after the first heating cycle. A
glance at the left diagram of Figure 4.11 reveals that the behavior of concrete specimens
containing CEM III/B is partially different. At 500 °C, the exposure to more than one heating
cycle and up to 8 cycles does not lead to a significant loss of residual strength. In other words,
CEM III/B either with quartz or with BFS aggregates presents more stability over the further 7
cycles of high temperature exposure. This observation provides interesting knowledge
regarding the possibility of improved formulation of concrete with CEM III/B that are more
stable when subjected to unlimited cyclic thermal loads at temperature range 250 - 500 °C
(more details will be given under section 4.3.2). In the right diagram a significant reduction of
the residual strength of these specimens at 900 °C can be seen. Yet, the strength of the concrete
at this temperature is still about 10 - 20 % higher than specimens made of other cement types.
A further decrease 8 % and 13 % is observed between the first and the 5th heating cycle in case
of specimens made of CEM III/B combined with slag and quartz aggregates, respectively,
following which a plateau is reached. The plateau discussed for the peak temperature 900 °C
corresponds to almost complete degradation of the concretes, which in almost all cases occur

after exposure to a single heating cycle.

It is worth noting that the change of relative compressive strength of specimens made of
quartzic aggregates, regardless of the type of cement, is identical both at 500 °C and 900 °C.
This is due to the fact that aggregates constitute the major part of the concrete and have the

highest impact upon the thermal behavior thereof.

The results of the second part demonstrate that the dependency of concrete strength loss on the
composition can even become visible during exposure to the first numbers of heating cycles,
but at temperatures lower than 500 °C. A comparison of the two sets of experiments reveals
that while an increase in the number of thermal cycles and the peak temperature can in general
deteriorate the concrete stability, concrete formulation using appropriate cement and aggregate

types can in help reduce concrete thermal sensitivity at least up to a certain temperature level.
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Figure 4.11 Relative residual compressive strength of specimens made of different cement types (CEM 1,
CEM I11/B or CEM II/A-LL) and different types of aggregates following exposure to different number of
thermal cycles (1, 8 and 24) with a peak temperature of 500 °C (left) and 900 °C (right). Note that the
diagrams of CEM I + quartz, CEM II/A-LL+ quartz and CEM II/A-LL + lime +quartz both at 500 °C and
900 °C superimpose.

4.3.2 Effect of concrete composition

4.3.2.1 Effect of slag content, of the cement and aggregate type

In order to further characterize the effects of different types of cements with various slag sand
content, the residual compressive strengths were compared amongst various specimens made
of CEM I (0 % slag sand), CEM II/B-S (about 30 % slag sand) and CEM III/A (about 60 %
slag sand) in combination with quartz or basalt (natural aggregates), or else BFS aggregates
(Figure 4.12). A pronounced decrease in compressive strength is observed for all specimens
until the 5th heating cycle, and particularly at 500 °C and 700 °C. At 250 °C, all specimens
maintain their stability relatively well, as the aggregates are still stable and have rather low
thermal expansion. Exposure to up to 20 thermal cycles at 250 °C decreases the residual
compressive strength up to about 20 %. The highest residual strength at 250 °C after every
heating cycle belongs the mixes with CEM III/A, followed by CEM II/B-S and CEM 1.

A comparison of the three investigated cement types shows a similar trend in the reduction of
the residual compressive strength after 1 and 5 heating cycles at 500 °C and 700 °C. This means
that specimens containing CEM III/A (about 50 % slag sand) show higher residual strengths
compared to CEM II/B-S (about 30 % slag sand), which are in turn associated with higher
residual compressive strength compared to specimens made of CEM I. Specimens containing
CEM I with quartz shows 10 % and 15 % residual strength after 5 heating cycles at 500 °C and
700 °C, respectively. For CEM 1 specimens with basalt and slag aggregates, the residual
compressive strength after 5 heating cycles at 500 °C and 700 °C are reduced to 50 % and 30 %,
and 52 % and 27 %, respectively. Interestingly, all mixes containing CEM I are fully destroyed
after 20 heating cycles at 500 °C and 700 °C, where those made of CEM II/B-S and CEM III/A
(with the exception of the CEM II/B-S combination with quartz) maintain significantly higher
stability.
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A review of the results demonstrated in Figure 4.12 clearly demonstrates the significant
influence of the slag sand content of the cement upon the residual compressive strength. It can
be obviously concluded that the residual compressive strength of the specimens at all
temperatures and following exposure to the same number of thermal cycles always follows the
order of CEM III/A > CEM II/B-S > CEM 1. As previously debated, the main difference among
these cement types lays in their slag sand content. Interestingly, the slag content of the
specimens follows the same order as the residual compressive strength; which indicates that the
amount of the slag sand in the cement is a major determinant of concrete stability in cooled
state following exposure to one or more cycles of thermal loading. The fact that cement types
containing slag sand can to some extent improve the residual compressive strength of the
concrete exposed to one heating cycle has been shown in several investigations [40],[82],
[183],[184],[185],[187],[194],[ 197]. The reports on the temperature at which this positive effect
is the highest is rather controversial. Several studies have reported the maximum improvement
of the residual compressive strength due to slag addition to be at temperature range of
600 °C - 700 °C. Examples are Andi¢-Cakir et al., who reported that when formulated with
comparable compositions using siliceous standard sand as aggregates, mortars made of
CEM III/A showed significantly superior thermal resistance compared to those made of CEM 1,
with the highest difference being noticeable at 600 °C [183]. These results have been confirmed
by Poon et al. for concretes containing coarse riverbed and granite aggregates [82] and
Mandens et al. for concrete specimens made without aggregates [40]. Zemri et al., on the other
hand, who investigated concretes and mortars made of CEM I and CEM III/A with sand as fine
aggregates observed that both mortars and concretes made of CEM III/A showed higher
residual compressive strengths at 300 °C and 400 °C, while no significant difference was
observed at 600 °C [184]. In this work, we investigated the results of residual compressive
strength at 700 °C (Figure 4.12), which seem to point out that the observed difference is
aggregate dependent. As observed, the significant effect of CEM III/A upon the improvement
of the residual compressive strength after one thermal cycle at 700 °C is seen in case of the

specimens made of BFS but not as much in case of those with quartz and basalt aggregates.

The effect of different slag sand content upon the thermal resistance of concrete has been sought
after in several investigations. For instance, Poon et al. compared the residual compressive
strength of concretes containing slag sand when heated up to different temperatures ranging
from 200 °C to 800 °C. The results showed that the increase in slag sand content from 30 % to
40 % slightly improved the residual compressive strength [82]. Mendes et al. reported an
increase in the residual compressive strength when the slag sand content was increased from
35 % to 50 %, which was most pronounced for 600 °C. In case of specimens with 65 % slag
sand, however, a significant reduction of the initial compressive strength (around 20 MPa) was
observed, which in turn reduced the residual compressive strength at higher temperatures [40].
Sim et al. observed no significant influence of increasing the slag sand content of the concrete

from 20 % to 40 % upon the residual compressive strength following exposure to different
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temperatures [189]. Comparing concrete specimens made of 20 %, 40 % and 60 % slag sand,
Siddique et al. found the substitution ratio of 20 % to have the most positive results upon the
residual compressive strength [194]. Aydin has shown that when heated to 900 °C, pumice
containing mortars with higher slag sand content, the residual compressive will be higher [188].
It seems that the diversity in the reported results is caused the difference in the concrete and
mortar formulation, such as the type and aggregate content, the water to cement ratio, etc., and
the initial strength of the concrete [177], [187].

As previously mentioned, our investigations show a positive effect of increasing the slag sand
content of the cement (at least up to 50 %) upon the residual compressive strength. Currently,
there is no comprehensive explanation as to why this can happen. Mandens et al. have attributed
the improved thermal performance to the lowering of the Ca(OH)2 content of the concrete
through the substitution of CEM I with higher levels of slag sand. As the decomposition of
Ca(OH): is a major reason for the reduction of the conventional concretes around 400 - 500 °C,
lower strength arising from this component improves the stability of concrete in case of slag
sand containing specimens [40]. One potential explanation might be related to the fact that the
powdered slag, as a byproduct of reactions at significantly high temperatures, has outstanding
thermal stability and can thus reduce the shrinkage of the cement paste and hinder the
development of cracks and micro-cracks within the concrete structure. Another possible
explanation is a high re-hydration tendency of slag sand through the absorbance of the air
moisture between subsequent heating cycles and within the course of the cooling phase, which
can reduce the number and intensity of the microcracks. Figure 4.13 shows the development of
cracks within the concretes made of CEM III/A, CEM II/B-C and CEM 1. A comparison of the
specimens clearly demonstrates that the formation of cracks in the concrete specimens
following exposure to the thermal load has a reverse relationship with the slag sand content of
the cement. A comparison of the results of the residual compressive strength with those related
to hot compressive strength reveals that the second explanation seems more plausible. As
detailed earlier, the stability of cements made of CEM III/A in hot condition is even lower than
that of specimens with CEM I, whereas in the cooled state, the strength of the specimens is in
the opposite order. This confirms that the gain in the strength of the specimens made of
CEM III/A must be related to the changes during the cooling phase. Nonetheless, the increase
in the stability of the concretes made of slag containing cements following storage post-thermal
treatment, which will be the subject of discussion under later section 4.4, is a potential

confirmation of this hypothesis.
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and CEM III/A complemented with basalt (a), quartz (b) and slag (c) aggregates following exposure to
different number of thermal cycles with a maximum temperature of 250 °C, 500 °C and 700 °C [266]
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The results also demonstrate the impact of aggregate type upon the residual compressive
strength of the concretes made of a certain cement type. As observed in Figure 4.12, specimens
with basalt are associated with the highest stability in the cooled state, followed by those made
of BFS aggregates, and finally those composed of quartz. This is in accordance with the findings
of the previous sections, describing the influence of aggregate type upon the hot compressive
strength. Here again, quartzite aggregates have resulted in the lowest concrete stability in the
cooled state, as they can create the largest damage to the concrete structure as a result of their
significantly larger thermal expansion between 250 °C and 500 °C, followed by the quartz
conversion at 573 °C [28]. Basalt and slag aggregates, which play beside cement at high
temperatures, however, do not inflict much damage to the concrete structure given their
significantly smaller thermal expansions at all investigated temperature levels [28]. Similar to
the case of hot compressive strength, basalt aggregates have endowed the concrete better

thermal stability compared to the slag aggregates.

The results of our investigations further confirm the presence of a “concrete specific critical
temperature” as proposed by Khoury et al. [123]. However, an additional conclusion can be
drawn from the data at this point, which is the presence of a temperature-dependent concrete
specific "maximum damage threshold. In combinations of slag sand containing cements with
temperature-stable aggregates, the damage appeared to stabilize beyond a certain temperature
and number of exposure cycle (Figures 4.12 and 4.13). This suggests the existence of a
"temperature-dependent endurance limit," where the concrete's residual strength reaches a
plateau despite exposure to further thermal cycles, which is similar to the hypothesis of
Khoury et al. [123]. However, we can add that optimization of the concrete composition using
thermally stable cements and thermally stable aggregates can increase the “concrete specific
critical temperature” described by the authors [123]. This behavior is hypothesized to result
from the stabilization of the aggregate-cement matrix interactions and the self-healing effects

of certain hydration products at elevated temperatures (see section 4.4).
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Figure 4.13 Specimens made of a) CEM I, b) CEM II/B-S (30 % blast furnace slag) and ¢) CEM III/A (60
% blast furnace slag) complemented with basalt as aggregate after exposure to 20 thermal cycles with a
peak temperature of 500 °C

The effect of the slag sand in cement upon the concrete stability in cooled state was further
studied in a separate series. Here, specimens made of CEM I, CEM II/A-LL and CEM III/B
were investigated. The detailed composition of these specimens is given in Table 3.6.b, while
the initial compressive strengths is given in Table 4.1.b. Amongst these, CEM III/B comprised
80 % slag sand, and CEM II/A-LL contained 15 % limestone. The residual compressive
strengths of these specimens were compared following exposure to 1, 8 and 24 heating cycles
with the maximum temperatures of 250 °C, 500 °C, and 900 °C. The combination of CEM II/A-
LL and a maximum heating temperature of 900 °C was primarily selected to illustrate the
influence of decarbonization of CaCOs3 within the cement at high temperature behavior of
concrete, which has the highest rate around 900 °C. Figure 4.14.a shows the relative residual
compressive strength of these specimens after 8 heating cycles at different temperature levels.
Here again, it can be clearly observed that the presence of a high slag sand content in the cement
leads to a significant improvement of the concrete stability in cooled state. Indeed, specimens
composed of CEM III/B were associated with the highest residual compressive strengths at all
temperatures. Specimens made of CEM I, on the other hand, had the smallest boundary of
residual strengths over elevated temperatures. The behavior of concretes made of cements with
limestone (CEM II/A-LL) were very similar to the reference concrete with CEM I when
exposed to cyclic thermal loads, though specimens made of the former are associated with

higher levels of residual strength after exposure to 250 °C.

The effect of the aggregates can be determined by comparing the residual compressive strength
of the specimens made of CEM III/B, along with quartz or BFS as aggregates. It is clear from
Figure 4.14.a that the residual strength of the specimens with quartz is always below that of the
specimens with BFS aggregates. The two curves only superimpose at 900 °C. This highlights
the added advantage of using slag not only as a part of the cement, but also as an added
aggregate. At 250 °C and 500 °C, the residual strength of the specimens made of CEM III/B
and BFS aggregates is about 6 % and 8 % higher that of those comprising CEM III/B and
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quartz, respectively. On top of that, BFS aggregates presents more stability against exposure to

cyclic elevated temperatures compared to the usual quartz aggregates.

A further investigation was the impact of replacing part of the quartz aggregate within the
specimens made of CEM II/A-LL with additional limestone filler. In general, limestone is
expected to have better thermal stability, owing to its lower thermal expansion compared to
quartz [28]. The results, however, depict no additional benefit of replacing part of the quartz
aggregates with limestone. It is probably attributed to the dominant effect of cement type upon
the behavior of these concretes at high temperature. As expected, only a small amount of
residual strength remains after heating these specimens to 900 °C, highlighting the effect of

limestone decarbonation.

In general, the results of both sets of experiments summarized in Figure 4.12 and Figure 4.14
highlight the advantage of using CEM 111, in combination with different aggregates, to enhance

the residual compressive strength of the concrete post-thermal exposure.
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Figure 4.14 a) Comparison of the relative residual compressive strength of specimens made of CEM 1,
CEM I11/B and CEM II/A-LL after exposure to 8 thermal cycles at various peak temperatures (250 °C,
500 °C and 900 °C), b) comparison of the relative residual strength of concrete made of CEM I with
quartz aggregates and CEM III/B and BFS aggregates following exposure to 1, 8 and 24 thermal cycles
with a peak temperature of 500 °C. Note that the diagrams of CEM II/A-LL+ quartz and CEM II/A-LL +
lime +quartz in (a) superimpose.

Figure 4.14.b compares the residual compressive strength of two sets of specimens with the
highest and the lowest boundary curves after exposure to different numbers of heating cycles
exemplary at a maximum temperature of 500 °C. As evident from the figure, specimens made
of the cements containing slag sand in combination with slag as aggregate showed almost no
loss of strength when heated up to 500 °C regardless the number of cycles. On the contrary,
exposure to the same conditions resulted in an irreversible loss of strength in conventional
reference concretes (CEM I with quartz aggregates), even after one cycle of thermal exposure.
After 8 and 24 heating cycles at this temperature (500 °C), specimens made of CEM III/B with
BFS aggregates have 38 % and 24 % more residual compressive strength compared to those

made of CEM I and quartz. This figure perfectly summarizes the positive influence of slag (both
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as an SCM and as aggregate) upon the improvement of the concrete stability when exposed to
repeated heating and cooling cycles.

In short, both studies highlight the positive role of slag sand as an SMC in improving the
residual compressive strength of the concrete. It seems that the higher the slag content of the
used cement for concrete production is, the higher the residual compressive strength will be.
The results of both studies also highlight the positive impact of BFS and basalt as aggregates
upon the thermal stability of the concrete specimens, though the performance of basalt
aggregates seems to be superior.

4.3.2.2 Statistical analyses of effect of cement and aggregate mixtures based on
the DOE

As elaborated in the methodology section, the influence of cement and aggregate type along
with the maximum temperature, number of heating cycles and the post-storage duration upon
the residual compressive strength was statistically evaluated through a design of experiments
compiled by FEhS. This section primarily focuses on the impact of the cement type and
aggregate mixtures, while the impact of post-storage will be elaborated under the related
section. The general statistical test plan used for the investigation of the 5 examined aggregate
mixtures is shown in Table 3.1 and results are compiled in Table 3.2 in chapter 3. For the
statistical evaluation of the test plans, the first step to determine whether the produced concrete
came from a homogeneous population. For this purpose, the concrete bulk densities were used
as they were the only determined factor at this point. Any outliers that occurred were identified
and excluded from further evaluations. Additionally, the normal distribution of concrete raw
densities was confirmed. This confirmed a homogeneous concrete production, and hence the

possibility of the statistical evaluation of the results.
Specimens with basalt / basalt aggregate mixture

For specimens with basalt as coarse and fine aggregates, the results of the experiments were
statistically evaluated in terms of the residual compressive strength using multiple regression
analyses. Table 4.3 summarizes the coefficients of determination (R?) and the standard
deviations of the regression as well as the contributions of the significant influencing variables
or interactions on the expected result. Due to the binomial nature of the fitting, the squared
values of slag sand content of the cement (slag) and maximum temperature of exposure (T)

have been evaluated.

Table 4.3 coefficient of determination and contributions of the statistically significant influencing

variables and interactions on the relative residual compressive strength [266]

R T | 1| c| P |TSlag| T5C | T*P [Slag*C[Slag*P| C*p
[70]

c ‘ Slag ‘Slag2

for/foasa | 1 [ 75 8 |t s o ][ 1+ | 2] o] 4| o] 1

Abbreviations defined in Table 3.1
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For the cases where the regression coefficient was R? > 0.50, the regression equation was
evaluated for all combinations of the significant influencing parameters within the previously

defined system limits.

Based on the findings presented in Table 4.3, the strong influence of the maximum temperature
and the number of thermal stress cycles upon the residual compressive strength of the specimens
containing basalt aggregates is once again confirmed. As extensively debated within the
previous section, a significant reduction of the concrete residual strengths is observed as the
peak temperature increases. There is also a clear decrease in the residual compressive strength
of the specimens when the number of the thermal stress cycles increases from 5 to 20
temperature cycles. Although the slag sand content of the cement makes a significantly smaller
contribution to the residual compressive strength (compared to the maximum temperature of
the load), the detected effect is still highly significant. The positive influence of the slag sand
content of the cement upon the concrete strength in cooled state becomes more evident as the
number of the heating cycles increases. This means that the thermally induced damage to the

concrete specimens with higher slag sand content in the cement is significantly smaller.
Specimens with quartz / quartz aggregate mixtures

For specimens with quartz as coarse and fine aggregates, the results of the experiments were
statistically evaluated in terms of the residual compressive strength using multiple regression
analyses. Table 4.4 summarizes the coefficients of determination (R?) and the standard
deviations of the regression as well as the contributions of the significant influencing variables
or interactions on the expected result. Due to the binomial nature of the fitting, the squared
values of slag sand content of the cement (slag) and maximum temperature of exposure (T)
have been evaluated.

Table 4.4 Coefficient of determination and contributions of the statistically significant influencing
variables and interactions on the relative residual compressive strength [266]

R T [ 1| c| P |TSlag| T*C | T*P [Slag*C[Slag*P| C*p
[%0]

c ‘ Slag ‘Slag2

forr/foasa | 95 [ 81 ] - | 3|7 s8] 1] o t ] o] o] of 2

- not significant; Abbreviations defined in Table 3.1

Similar to the test plan with basalt as fine and coarse aggregates, regression models with a high
degree of determination were calculated. In general, the same significantly influencing
parameters identified in the case of specimens with basalt were also found influential in this
case. The maximum temperature has an extremely strong influence, with all test specimens
being severely damaged or even destroyed at 700 °C. Furthermore, the number of thermal stress
cycles as well as the slag sand content of the cement make significant, though smaller,

contributions.
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Specimens with slag sand / basalt aggregate mixtures

For specimens with slag sand as fine and basalt as coarse aggregates, the results of the
experiments were statistically evaluated in terms of the residual compressive strength using
multiple regression analyses. Table 4.5 summarizes the coefficients of determination (R?) and
the standard deviations of the regression as well as the contributions of the significant
influencing variables or interactions on the expected result. Due to the binomial nature of the
fitting, the squared values of slag sand content of the cement (slag) and maximum temperature
of exposure (T) have been evaluated.

Table 4.5 . Coefficient of determination and contributions of the statistically significant influencing
variables and interactions on the relative residual compressive strength [266]

R* | o |Slg[sag| T | 2| C | P [T*Slag| T*C | T*P [Slag*C|Slag*P| C*P

[%]

funlfass |92 |81 7 [ 3 ]Jer [0 [ -] -] - | u | - | 3] 2]o0

- not significant; Abbreviations defined in Table 3.1

Here again, the peak temperature has by far the greatest influence on the residual compressive
strength of the specimens. In addition, the slag sand content of the cement, the number of
temperature cycles and the duration of storage (will be debated separately in section 4.4) also
influence the test results.

Specimens with slag sand / BFS aggregate mixtures

For specimens with slag sand as fine and BFS as coarse aggregates, the results of the
experiments were statistically evaluated in terms of the residual compressive strength using
multiple regression analyses. Table 4.6 summarizes the coefficients of determination (R?) and
the standard deviations of the regression as well as the contributions of the significant
influencing variables or interactions on the expected result. Due to the binomial nature of the
fitting, the squared values of slag sand content of the cement (slag) and maximum temperature
of exposure (T) have been evaluated.

Table 4.6 Coefficient of determination and contributions of the statistically significant influencing
variables and interactions on the relative residual compressive strength [266]

R2 T | ™| c| P |[TrSlag| T*C | T*P [Slag*C|Slag*P| C*P
[%]

c ‘ slag ‘slag2

fur/fasa | 93 (80 6 [ 1 [7s]o ] -] -] o | s8] -] 2] 1] o

- not significant; Abbreviations defined in Table 3.1

Regression equations with a high degree of certainty and comparatively low standard deviations
were also determined for the concretes with slag as fine (slag sand) and coarse (BFS)
aggregates. Similar to other concrete specimens, the maximum temperature of the load has an

enormous influence on the compressive strength in the cooled state. However, the slag sand



4 Results and Discussion 102

content of the cement and the number of temperature cycles are also significant, though they

make a comparatively small contribution to the test results.
Specimens with quartz / BES aggregate mixtures

For specimens with quartz as fine and BFS as coarse aggregates, the results of the experiments
were statistically evaluated in terms of the residual compressive strength using multiple
regression analyses. Table 4.7 summarizes the coefficients of determination (R?) and the
standard deviations of the regression as well as the contributions of the significant influencing
variables or interactions on the expected result. Due to the binomial nature of the fitting, the
squared values of slag sand content of the cement (slag) and maximum temperature of exposure
(T) have been evaluated.

Table 4.7 Coefficient of determination and contributions of the statistically significant influencing

variables and interactions on the relative residual compressive strength [266]

R* | o |Slag|Slag| T | T2 | ¢ | P |T*Slag| T*C | T*P [Slag*C|SlagP| C*P

(%]

fulfass | 93 [80] - [ [ n ]2 7[o] 4 [ 4 ] o ] 1] -] -

- not significant; Abbreviations defined in Table 3.1

As with all other experiments described above, the maximum temperature during the load exerts
a dominant influence on the residual compressive strength of these specimens. Although the
influence of the slag sand content in the cement and the duration of the post-thermal stress

storage are relatively small, they still make a significant contribution.
Evaluation of the regression equations

To check the regression equations determined from the statistical test plan, additional concrete
specimens that were not part of the test plan were produced. The test parameters used were of
course within the defined test limits. In Figure 4.15, the residual compressive strengths
calculated from the measured values are compared with those that were predicted on the basis
of the regression equations. The figure clearly shows that the regression equations can be used
to predict the residual compressive strengths with sufficiently good approximation. Thus, the

statistical test plans can be interpreted in terms of the significance of the influencing variables.
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(sand)/basalt [266]
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Effect of the cement type

The statistical analyses of the mathematical models confirmed that the residual compressive
strength following exposure to temperatures are in general higher if CEM I is replaced by
cements containing slag sand (CEM III/A and CEM II/B-S). Figure 4.16 shows an example of
the change in the residual compressive strength for the concretes with CEM II/B-S and
CEM III/A compared to those made of pure CEM 1. A detailed discussion of these results have
been presented under section 4.3.2. To sum up, an increase in the slag sand content of the
cement leads to an improvement of the concrete’s relative residual compressive strength,
particularly upon exposure to higher peak temperatures and a higher number of the thermal
cycles. This applies to concretes that have been produced with temperature-resistant aggregates
(i.e. basalt and BFS), but also, to a lower extent, even to specimens containing the non-
temperature-resistant quartzite, aggregates. Hence, through the use of slag sand as an SCM, a

significant increase in thermal resistance and thermal cycle stability is achieved.
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Figure 4.16 Increase in residual compressive strength of the concretes containing cements with slag sand
(CEM I1/B-S and CEM III/A) compared to those made of CEM I (CEM I) after exposure to thermal loads

Effect of the aggregate type

When exposed to a maximum temperature of 250 °C, the investigated aggregate mixtures do
not yet have any significant influence on the residual compressive strength of the specimens
(Figure 4.17). This is to be expected, as all aggregates are still stable at this temperature level
and the associated thermal expansion is low. Even in case of the quartzite aggregates, the

conversion reaction for its inadequate temperature stability occurs at 573 °C [28].

On the contrary, clear differences in terms of residual compressive strength of the specimens
can be observed from a peak temperature of 500 °C onwards (Figure 4.18 second and third
row). From here on in, concretes with quartzite aggregates in the coarse and fine fraction had
significantly lower residual compressive strengths compared to specimens comprising
aggregate mixtures containing fine and coarse basalt, and fine and coarse slag (slag sand and
BES). If concretes were produced exclusively with these aggregates, the differences in their

residual compressive strength were slight. This means that the combination of the standard,
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industrial fine a coarse slag aggregates (slag sand and BFS) endows the concrete adequately
high temperature stability comparable to that provided by basalt, which is the most commonly

known type of temperature-stable aggregate in the concrete industry.

Another remarkable finding was that replacing the coarse fraction of the quartzite aggregates
with BFS accounted for a significant increase in the residual compressive strengths of the
specimens. This remarkable improvement was observed both in case of the once time thermal
exposure as well as for frequent temperature exposures up to 20 cycles. The positive effect of
replacing part of the natural aggregates by BFS coarse aggregates upon the residual
compressive strength of the concrete has been shown by Vaidya et al., who found 20 %
substitution ratio to bring about superior results compared to 40 % and 60 % [200]. Yu'ksel et
al. showed that substituting part of the natural aggregates by slag sand as fine aggregates could
also significantly improve the thermal resistance of the produced concrete when subjected to

800 °C, and that a replacement ratio of 20 % was more beneficial than 10, 30, 40 and 50 %
[199].

=
4
=
I
4
&

120%

|
|
|
|

5
|

§
§

—e—quartz —e—quartz

rel. residual compressive strength

—e—quartz
40% —e—basalt 40% —e—basalt 40% —e—basalt
slag slag slag
20% —e—quartz/slag 20% —e—quartz/slag 20% —e—quartz/slag
—a—slag/basalt —o—slag/basalt —eo—slag/basalt
0% 0% 0%
0% 30% 60% 0% 30% 60% 0% 30% 60%
a) 1cycle cement slag content b) 5 cycles cement slag content c) 20cycles cement slag content
120% 120% —*—quartz 120%
500°C 500°C —e—basalt 500°C —e—quartz
100% 100% slag 100% —e—basalt
—e—quartz/slag slag
80% 80% —a—slag/basalt 80% —e—quartz/slag

— A

~e—slag/basalt

60%

§

rel. residual compressive strength
@
g

—e—basalt 0% )
slag —
20% —e—quartz/slag 0% e
0% o—slag/basalt 0% 0%
0% 30% 60% 0% 30% 60% 0% 30% 60%
a) 1cycle cement slag content b) 5 cycles cement slag content c) 20 cycles cement slag content
120%
e | e [ J——s
100% —e—basalt 100% —e—basalt 100% —e—basalt
slag slag slag
80% —e—quartz/slag 80% —e—quartz/slag 80% —s—quartz/slag
—a—slag/basalt +—slag/basalt +—slag/basalt
S —— 60%

- // o
20% 20%
0% 0%

0% 30% 60% 0% 30% 60% 0% 30% 60%
a) 1cycle cement slag content b) 5 cycles cement slag content ¢) 20cycles cement slag content

rel. residual compressive strength

0%

Figure 4.17 Influence of aggregate type on residual compressive strength of concretes after exposure to 1
(a), 5 (b) and 20 (c) thermal cycles at 250 °C (first row), 500 °C (second row) and 700 °C (third row)
depending on blast furnace slag content of the cement using the statistical results from DOE analysis [266]

4.3.2.3 Influence of non-standard slag aggregates

Based on the promising results highlighting the positive influence of the slag aggregates (both
fine slag sand and coarse BFS aggregates) upon the residual strength of the concrete specimens,
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we sought to investigate as to whether other non-standard industrial slag aggregates could
potentially provide comparable improvements. As previously debated (section 4.2.1.4 and
section 4.2.2), these could not provide a comparable hot condition stability to the standard
aggregates. In this section, their influence upon the residual compressive strength of the
concrete will be discussed. Detailed information regarding the composition of the concrete

specimens used for these experiments has been provided in Table 3.6.c.

Figure 4.18 shows the residual compressive strength of the concrete specimens made of the
non-standard slag aggregates (Ef-slag, LD-slag and Cu-slag) following exposure to 5 heating
cycles with maximum temperatures of 500 °C and 700 °C. For 500 °C, the results are presented
for specimens made of both CEM I and CEM III/A, whereas for 700 °C, only the findings for
specimens with CEM III/A are reported. The first result from this figure is the impact of the
cement type. By comparing the residual compressive strength of the specimens made of CEM [
and CEM III/A, it becomes obvious that the addition of all non-standard industrial aggregates
has a significantly better influence upon the growth of the residual strength of specimens made
of CEM 1. Boquera et al. have reported that compared to silicio- calcareous aggregates, steel
slag aggregates led to better cohesion of the components when exposed to high temperatures
without forming remarkable cracks, though a notable separation within the bonding of the
cement paste matrix and the steel slag aggregate was also observed [238]. A second conclusion
is that compared to the findings for the hot compressive strength, the positive impact of the
non-standard aggregates upon the improvement of the residual compressive strength of the
aggregates is significantly more pronounced. At least when heated to a temperature of 500 °C,
the specimens made of non-standard aggregates can in almost all cases provide comparable, if
not superior, residual strength compared to reference specimens made of the same cement type
but complemented with quartz (non-heat-resistant aggregate). At 700 °C, however, the
performance of the non-standard aggregates remains poor, and the values for the residual

compressive strength are considerably lower than that obtained for quartzite aggregates.

Additionally, various industrial aggregates show a different influence on the temperature
resistance of the concretes made thereof. Following heating, concretes with copper slag have
comparable residual strengths to specimens made of slag aggregates. Other aggregates are
associated with significantly lower residual compressive strength values. At maximum
temperatures of 500 °C, the associated compressive strengths are only in the order of magnitude
of concretes with quartzite aggregates. At 700 °C, the results are, as previously mentioned, even
poorer. Among various steelwork aggregates, the thermal performance of Ef-slag 2 has been
the poorest. Specimens made of Ef-slag 2 have been the only concretes with slightly lower
residual compressive strengths compared to those with quartzite aggregates at 500 °C. At

700 °C, these specimens were completely destroyed upon exposure to one thermal cycle, only.

Based on the difference in the function of various steelwork aggregates, a generalization of the
results and thus an assessment of the temperature stability of these is not possible. As observed,

the Ef-slag from different sources had different performance, which signifies the determining
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role of the aggregate source upon the heat stability of the concrete made thereof. While the
residual strengths of the concretes with the Ef-slag 1 were in the order of magnitude of those of
the concretes with quartz aggregates, much lower residual strength values were measured the
concretes made of Ef-slag 2. Further extensive investigations are necessary to determine the
reasons behind this different behavior. Hence, the heat resistance of the concrete made of non-

standard aggregates is to be verified individually should these be meant to use for concrete

production.
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Figure 4.18 Relative residual compressive strength of the specimens made of non-standard aggregates from
steelwork in comparison to those made of standard aggregates (basalt, quartz and slag sand/BFS). The
results are presented for combination of aggregates with CEM I (500 °C) and CEM III/A (500 °C and
700 °C) after 5 cycles

4.3.2.4 Effect of aggregate size

In addition to the influence of the aggregate type, the effect of the largest grain size of the

aggregates upon the residual compressive strength of the concrete specimens was investigated.

As previously debated, the use of basalt as a temperature-stable aggregate and quartz as a
thermosensitive aggregate can provide the upper and lower limit of the results for standard
aggregates. Accordingly, the investigations into the influence of the largest grain size were
limited to these two aggregates. For these experiments, the industrial cement CEM II/B-S was
exemplarily used for concrete production. Production, storage, conditioning and testing were
carried out as described in section 3.3.1 and Figure 3.6. Detailed information about the concrete
compositions were listed in Table 3.6.d and Table A.2.5. The largest aggregate grain size was

varied as:
* CEM II/B-S + quartz (0/2, 0/4, 0/8, 0/16 mm)
* CEM II/B-S + basalt (0/2, 0/4, 0/8 mm)



4 Results and Discussion 108

This resulted in a systematic increase of the largest grain size from 2 mm to 16 mm for quartz
and to 8 mm for basalt. As the largest grain size of the aggregates used within the rest of the
investigations was equal to 4 mm, a such designed experimental setup examined a shift of the

largest grain size towards the finer as well as the coarser aggregate variants.

Figure 4.19 demonstrates the residual strength of the specimens made of quartz (left) and basalt
(right) aggregates with different largest grain size, when exposed to peak temperature levels of
250 °C and 500 °C. As observed, increasing the largest grain size from 2 mm to 16 mm does
not exert any noticeable influence on the residual compressive strength, neither for quartzite
nor for basaltic aggregates. The results are qualitatively and quantitatively comparable within
the scope of the usual measurement inaccuracies. The residual compressive strength of the
specimens made of basalt aggregates with a maximum grain size of 2 mm was only marginally

higher than those prepared with other grain sizes of the same aggregate.
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Figure 4.19 Influence of maximum grain size on residual compressive strength for the specimens made of
quartz (left) and basalt aggregates (right)

The largest aggregate grain size of quartz aggregates seems to have significant influence on the
residual flexural strength of the concrete (Figure 4.20). A recognizable influence of the largest
grain can be seen for quartz aggregates following exposure to merely one temperature cycle. In
this case, a significant reduction of the residual flexural strength with a growth of the largest
aggregate grain size is pronounced. At 250 °C, for instance, the residual flexural strength of the
specimens made of quartzite aggregates with a maximum grain size of 2, 4, 8 and 16 mm is
equal to ca. 90 %, 90 %, 80 % and 55 %, respectively. This observed decrease is even more

pronounced at 500 °C, where an increase of the largest grain size from 2 to 16 mm leads to a
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reduction of the residual flexural strength from 90 % to 20 %. Since the lowest fiber is decisive
for failure when testing the flexural strength and the transition zone between cement stone and
aggregate plays a major role in the flexural tensile area of 16 mm aggregate, the measured

effects are plausible.
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Figure 4.20 Influence of maximum grain size of aggregate on the residual flexural strength (under one
point loading) for the specimens made of quartz (left) and basalt aggregates (right)
A similar trend is not observed in case of specimens with basalt aggregates. In this case, the
measured flexural compressive strength after one heating cycle at 250 °C is highest for 8§ mm
basalt aggregates, and similar for those with grain sizes equal to 2 and 4 mm. At 500 °C, the

residual flexural strength of the specimens follows the order of 2 mm > 8 mm >4 mm.

As previously debated, the residual flexural strength reacts faster and more sensitively to
thermal damage than the residual compressive strength. As a result, the effect of maximum
grain size, which is not visible upon the residual compressive strength of the specimens, is

reflected through their influence upon the residual flexural strength.

4.3.3 Comparison of residual compressive strength with standards

DIN EN 1992-1-2 represents no residual compressive strength following temperature exposure
for concrete. For the better evaluation of findings of this study, the obtained results for residual
compressive strength following exposure to one heating cycle were compared with the residual

compressive strength within the approach for consideration of the cooling phase of concrete in
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Appendix B of DIN EN 1994-1-2 for fire design of composite steel and concrete structures
[114].

The residual compressive strength of investigated concretes containing combination of quartz,
basalt and slag with both cement types are shown in Figure 4.21. The standard values are given
for concrete with quartzite (blue curve) and calcitic (red curve) aggregates. As observed, the
residual compressive strength of investigated concretes containing combination of quartz with
both CEM I and CEM III/A, are higher than the blue curve. Regardless of the cement type,
concrete with basalt always possesses higher residual compressive strength compared with
limestone. Furthermore, the residual compressive strength of the concretes made of a
combination of CEM III/A and slag transcends that of the standard limestone curve at all
temperatures. Combination of CEM I and slag, on the other hand, yields concretes with residual

compressive strength between the standard values for quartz and limestone.

At a thermal load of 250 °C, the measured residual strengths of all tested concretes are between
90 % and 105 % of the cold compressive strength, which is far above that of the standard values
for quartz and limestone (approx. 82 % of the cold compressive strength). Furthermore, clear
differences are observed at 700 °C. According to DIN EN 1994-1-2, about 30 % and 40 % of
the cold compressive strength is expected for standard concretes with quartz and limestone,
respectively [114]. The obtained values for CEM I mixes with quartz and slag aggregates as
well as CEM III/A mix with quartz are within this range. For concrete mixes comprised of
CEM I and basalt, as well as those containing CEM III/A and basalt or slag aggregates, the
residual compressive strength values at 700 °C fall within the range of 55 % to 60 % of the cold
compressive strength. Accordingly, at these higher temperatures, the influence of the aggregate

type and the slag sand in the cement is clearly evident.
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Figure 4.21 Comparison of the relative residual strength of the specimens made of CEM I or CEM III/A
in combination with basalt, slag or quartz aggregate with the standard mixes (CEM I with quartz or with
limestone aggregates) according to DIN EN 1994-1-2 [114]
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4.3.4 Effect of cold compressive strength on the residual compressive
strength following high temperature exposure

In this section, the effect of the cold compressive strength of the concrete upon the residual
compressive strength following exposure to various numbers of heating cycles is discussed. To
this end, two different concrete series with different cold compressive strengths were compared
(Table 4.1). The investigated series are compared in Figure 4.22 in terms of their residual
compressive strength, where the relative residual strength is depicted against temperature. The
diagrams on the left (a, b and c¢) show the results of concretes with higher cold compressive
strength (averagely 65 N/mm?) exposed various peak temperatures for 1, 5 and 20 thermal
cycles, respectively. The curves shown on the right (d, e and f) are obtained for concrete with
lower cold compressive strength (35 N/mm?) with almost similar cement and aggregate types.
Unlike the first experimental series whose cold compressive strength was tested approximately
on day 46 post-production, the latter specimens were tested after 28 days only, which means
that the cold compressive strength of the second test series was significantly lower (almost half;
see Table 4.1). The residual compressive strength of the second series is presented after
exposure to 1, 8 and 24 heating cycles (Figures 4.22 d, e and f, respectively). The combination
of CEM III type A or B with quartz or slag were investigated in both studies. Specimens made
of CEM I and quartz have been examined in both experimental series as reference mixture.
Combination of CEM III/A with basalt has been added to the first series as a reference for the
highest level of temperature resistance (Figures 4.22 a, b and c).

In general, a simple comparison of the two test series reveals that the relative residual
compressive strength of the higher cold strength series (Figure 4.22 a, b and c) are smaller than
those calculated for the lower cold strength series (Figure 4.22 d, e and f). This difference is in
particular more pronounced in case of the specimens made of slag aggregates. At 250 °C, all
concretes maintain their compressive strength, or even show a slight increase thereof, which
might be related to the evaporation of the released water, entrapped within the concrete matrix.
At 500 °C, all the specimens in the second test series with lower cold compressive strength
(right diagrams) maintain significantly higher levels of their compressive strength compared to
those with higher cold compressive strength (left diagrams). The residual compressive strength
of the concretes made of CEM I and quartz heated to a temperature of 500 °C are about 55 %,
15 % and 0 % of the cold compressive strength following exposure to 1, 5 and 20 heating cycles
for the specimen series with higher cold compressive strength (left diagrams), respectively. In
case of the specimens with the same composition but with lower cold compressive strength
(right diagrams), the relative residual compressive strength is reduced to ca. 80 % following
exposure to one heating cycle and has then reached a plateau of about 65 % after exposure to 8
thermal cycles. Here, a smaller cold compressive strength seems to signify better thermal

stability.
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Figure 4.22 Comparison of the relative residual compressive strengths of specimens with higher (a, b and
¢) and lower (d, e, and f) cold compressive strength following exposure to different numbers of thermal

cycles with various maximum temperature

Figure 4.23 compares the a) relative and b) absolute values for the residual compressive strength
of the specimens made of CEM I and quartz aggregates in the test series with higher (first
specimen series) and lower (second specimen series) cold compressive strength. It can be
inferred from the figure that while the relative values for the residual compressive strength of
the first specimen series lay far below the second series, the absolute values of the former still
transcend that of the latter. Considering the fact that the first series possessed almost double the
cold compressive strength, the same level of compressive strength reduction in both series will
yield the same values for the relative residual compressive strength, while the absolute residual
strength of the former is still higher. This is exactly what we can see in Figure 4.22. Considering
the absolute values, we can see that the residual strength of the first series sinks by about
5 N/mm? at 250 °C, whereas that of the second series does not change. Though both test series
lose significant strength at 500 °C, the loss of strength for the first series (higher cold strength)

is much higher (28 N/mm? for the first series versus 10 N/mm? for the second series). At this
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temperature, the absolute values for the residual compressive strength of both specimens is
almost the same, with the first series having slightly higher strengths values. At 700 °C, the
compressive strength of the second series has not been determined, though a simple
extrapolation of the curve based on the obtained values for 500 °C and 900 °C gives us an
absolute residual strength of about 18 %, which is still slightly lower than that measured for the
first series (about 22 %). The home taking message out of this explanation is that the higher the
cold strength of the test specimens is, the more of this strength is lost when the specimens are
exposed to high temperatures, particularly around 500 °C.

120% 120
—e—first specimen series —e—first specimen series

—e—second specimen series

—e—second specimen series

100% 100

80% 80

different initial compressive strength
i Sl

60% 160

40%

20%

rel. residual compressive strength

a) relative compressive strength (CEM | + b) compressive strength (CEM | + q

residual compressive strength [N/mm?]

0%
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
temperature [°C] 1cycle temperature [°C] 1 cycle

Figure 4.23 Comparison of the relative (a) and absolute (b) values of the residual compressive strength of
the specimens made of CEM I and quartz with different cold compressive strengths after exposure to 1

cycle of thermal load with different peak temperatures

To explain the higher reduction of the residual compressive strength in case of the specimens
with higher cold compressive strength, we should first heed to how the concrete strength
develops over time during the curing phase. This has been introduced in detail under 3.3.1 and
Figure 3.6. Curing is related to hydration of cement, which results from the reaction of the
cement with water, enabling the concrete to develop from a plastic state to a hardened state
while obtaining strength over time. Strength growth is in particular related to the formation of
Ca(OH)2 and C-S-H. Which create crystallized structures aggregated with other concrete
components to form a dense and bonded network. The rate of hydration is faster during the
initial days following concrete placement, and slows down later over time, though it can still
go on for years [281]. For the CEM I and quartz mixes used in the current work, the strength of
concrete on day 28 has been almost half of that measured on day 48. Hence, it is plausible to
assume that this significant growth in the strength is related to the formation of more Ca(OH)2
and C-S-H in the concrete matrix. As the density of both specimens remains similar, the water
present in the 28-day-old specimens is more in the form of capillary and physically bound water,
whereas the water in the structure of the 48-day-old specimens is to a greater extent consumed
for hydration, i.e. for the production of C-S-H. The capillary and physically bound water
evaporate at early stages of heating. Given the less dense concrete matrix in specimens with

lower cold strength, the released water at this stage can leave the concrete structure more easily,
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resulting in less internal stresses. For specimens with higher cold compressive strength the
major release of water occurs as a result of the decomposition of Ca(OH)2 at 460 °C - 540 °C,
and subsequently C-S-H between 600 °C and 700 °C [28]. Up to 500 °C, the difference in the
relative compressive strength between the two test series significantly grows. This temperature
corresponds to degradation of Ca(OH)2 and the beginning release of the chemically bound water
[28], which is more pronounced in case of 48-day-old specimens (first series). Not only does
the strength of the concrete decrease as a result of these decomposition reactions, but also the
evaporation of the released water can lead to the formation of steam in the concrete structure.
Considering the denser concrete matrix with higher cold compressive strengths, internal
pressure might build up as result of the slower release of the entrapped steam, which might

contribute to the dramatically reduced residual compressive strength of these specimens.

As mentioned before, DIN EN 1992-1-2 represents no residual compressive strength following
temperature exposure for concrete. Hence, the obtained results for residual compressive
strength following exposure to one heating cycle were compared with the residual compressive
strength within the approach for consideration of the cooling phase of concrete in Appendix C
of DIN EN 1994-1-2 [114]. Figure 4.24 shows this curve for quartzite concrete in comparison
with the residual compressive concrete for the specimens with higher and lower cold
compressive strength, which have been already shown in Figure 4.22. As discussed in the
previous section, regardless of the cement and aggregate type, concretes with the lower cold
(initial) compressive strength show significantly more residual compressive strength following
exposure to 250 °C, 500 °C and 900 °C. The obtained residual compressive strength for both
test series still lay above the standard curve from DIN EN 1994-1-2 [114].

As was explained in 4.2.2, Figure 4.6 presents a comparison of hot compressive strength
between normal-performance concrete and high-performance concrete according to the
DIN EN 1992-1-2 [104]. The figure shows that high-strength concrete loses the hot
compressive strength significantly faster than normal-strength concrete, especially in the
temperature range below 400 °C. Compared to NPC with quartz aggregate, which has an
intermediate cold compressive strength, the HPC class 1 (initial compressive strength class of
C55/67) shows 10 % lower hot compressive strength up to 250 °C. For HPC class 2 (initial
compressive strength class of C70/85) the hot compressive strength reduces 25 % lower than
normal strength concrete with quartz aggregates up to 400 °C. If this statement would be valid
for the residual compressive strength, the observed difference in the residual compressive
strength of the two concrete series (with lower and higher cold strength) would be plausible. It
should be, noted that there are studies in literature that report different results from our findings.
For instance, Chan et al. compared the residual compressive strength of CEM I-based normal
strength concrete as well as two grades of high strength concrete following exposure to a single
thermal cycle at different elevated temperatures. The concretes had similar composition, but
different amounts of cement, which altered the water to cement ratio. The 28-day compressive

strength were equal to 39 MPa, 76 MPa and 94 MPa for the normal strength, grade 1 and grade
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2 HPC, respectively. The results demonstrated that the relative residual compressive strength
for the normal strength concrete was lower than both grades of HPC, which showed similar loss
of strength post-thermal exposure [282]. In a different experiment, the authors investigated two
different grades of normal strength concrete and three grades of HPC. The concretes had similar
compositions, though the HPC specimens had more cement content, less sand, and lower water
to cement ratio. The 28-day compressive strength of the specimens were equal to 28 MPa and
47 MPa for the two grades of normal strength concrete and 76 MPa, 79 MP and 118 MPa for
the three grades of HPC, respectively. The authors found that the loss of strength for different
concretes was to some extent temperature dependent. HPC specimens, for instance, underwent
a significant strength loss when exposed to 600 °C or higher. Amongst the three grades, grade
3 with the highest cold compressive strength had higher strength loss. The grade 1 NPC with
the cold compressive strength of 28 MPa had the highest strength loss throughout, while grade
2 NPC was associated with lower loss of compressive strength post-thermal exposure [283]. In
all, the diversity of the reported results necessitates conduction of further in-depth experiments

focusing on the effect of cold compressive strength upon the residual strength in cooled state.
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Figure 4.24 Comparison of the relative residual strength of the specimens made of CEM I or CEM III/A
in combination with slag or quartz with higher cold compressive strength and the specimens made of
CEM I or CEM II1/B in combination with quartz or slag with lower cold compressive strength versus the
standard mix (CEM I with quartz) according to DIN EN 1994-1-2 [114]

4.4 Post-storage and residual strength

Depending on the temperature, the duration of exposure and the heating and cooling rate, the

residual strength of concrete post-thermal exposure is often lower than the initial cold
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compressive strength. Under circumstances, the compressive strength of concrete might change
with further storage. post-exposure storage duration and environmental conditions might affect
the strength of the concrete. In this section, we will explore the effect of post-exposure storage
(henceforth referred to as post-storage) humidity and duration upon the compressive strength
of concretes subjected to different numbers of thermal cycles with various peak temperatures.
The potential of strength re-gain or further damages during post-storage following exposure to
thermal loads is a very important material property to ensure the load-bearing capacity of
concrete constructions, particularly those exposed to repeated cycles of heating and cooling. As
previously debated, the post-storage recovery is highly dependent on the characteristics of

thermal load as well as the hygric behavior of concrete during post-storage.

In this section, the impact of post-storage upon the residual compressive strength of the concrete
was investigated with respect to the maximum temperature of exposure as well as concrete
compositions, with particular focus upon the role of slag sand in the process. The results of
these experiments are presented in three parts. In the first section, the residual compressive
strength remeasured after 28 days of storage in standard climate (20 °C, 65 % RH), and the
influence of post-storage time upon the residual compressive strength is statistically assessed
based on the generated DOE. In the second section, the impact of post-storage on a different set
of specimens is discussed. In this case, the residual compressive strength of the specimens with
different combinations of cement and aggregates was measured after 7 days and 28 days storage
under the standard climate. In the third section, the impact of three post-storage conditions (dry,
humid in standard chamber, and under water) upon the residual compressive strength of the
specimens has been explored. In this case, the duration of post-storage has been significantly

longer (up to 90 day).

4.4.1 General effect of post-storage

As a part of the test plan generated by DOE, the impact of a 28-day long post-storage upon the
residual compressive strength after high temperature exposure was evaluated. Detailed
information regarding the developed mathematical models has been presented under
section 4.3.2.2. In Figure 4.25, the mathematically predicted values for the residual
compressive strength after heating are compared with the residual compressive strength 28 days
post-thermal load exposure, during which concrete specimens were stored in standard climate.
The middle line depicts the neutral effect of post-storage, i.e. the case in which the residual
compressive strength does not change after the 28-day post-storage in the standard climate.
However, as observed, the general trend of the residual compressive strength is closer to the y-
axis (the trendline). This means that for concretes, which had a higher residual compressive
strength directly after cooling (approximately 80 % - 100 %), the post-storage residual
compressive strength has slightly declined. The residual compressive strength of the more-
damaged concrete specimens (residual compressive strength of around 30 % - 70 %), however,

has not experienced a further decrease during the post-storage. It shows a certain degree of
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rehydration in case of the more damaged specimens. This is in parts in line with the findings of
Barbhuiya et al., who reported post-storage of light weight concrete being more effective for
the strength recovery of the specimens heated to the temperature range of 300 - 500 °C [284].
The temperature range is associated with a strength loss of 30-70 %, which corresponds to the

findings presented here.

Additionally, the diagram provides some information about the influence of aggregates. The
residual compressive strength for most of concretes containing quartz (red dots) are above the
middle line, which statistically shows a further reduction of the compressive strength of these
specimens during post-storage. The concretes with basalt (green dots) are located mostly close
to middle line for those with lower residual compressive strength and nearly to trendline for
those with higher residual compressive strength. This, as previously discussed indicates a slight
post-storage reduction of the compressive strength for the less damaged specimens. Many of
the gray dots representing the concrete containing quartz as fine sand (0/2 mm) and BFS as
coarse aggregate (2/8 mm) are located under the middle line, which shows a benefit on residual
strength recovery during the 28-day post-storage. This effect is, however, is not observed for

concretes with slag aggregates, only (yellow dots).

Figure 4.25 includes the data obtained for all concretes heated to all maximum temperature
(250 °C, 500 °C and 700 °C) for all different numbers of thermal cycles (1, 5 and 20 cycles)
collectively for a statistical evaluation. A detailed comparison of residual compressive strength
following post-storage in terms of maximum temperature, number of cycles and concrete

compositions will be shown in the next section.
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Figure 4.25 Comparison between the predicted relative residual compressive strengths immediately after
cooling vs. after 28 days of post-storage under standard climate (20 °C, 65 % RH) [266]

4.4.2 Effect of concrete compositions

The effect of 28 days post-storage under the standard climate (20 °C / 65 % RH) on the residual
compressive strength of the specimens is shown in Figure 4.26. Here, the influence of the
concrete composition based on the temperature of exposure is highlighted. The residual
compressive strength of concrete with different slag sand content of the cement (0 % for
CEMI), 30% for CEMII/B-S and 60 % for CEM III/A) and with various aggregate
combinations is shown after one heating cycle at 250 °C, 500 °C and 700 °C (Figure 4.26.a)
and after one heating cycle at 250 °C, 500 °C and 700 °C plus 28 days of storage in standard
climate (Figure 4.26.b). By comparing the diagrams in a and b, several findings become evident:

i) In general, specimens heated to 250 °C show a slight reduction of compressive strength
post-storage, whereas the compressive strength of the specimens subjected to 500 °C has
mostly increased. For specimens heated to 700 °C, some degrees of strength recovery are
observed for some concrete specimens.

ii) Type of the aggregate is important for strength recovery. For instance, specimens
comprising quartzite aggregates, do not show any strength gain, particularly upon exposure
to temperatures higher than 500 °C. As a result of quartz conversion within this temperature
range, the structure of the concrete is most dramatically damaged, which might account for
the remarkable decrease of the residual strength following the post-storage period. Contrary
is replacing part of the quartz aggregates by slag dramatically improves the post-storage

residual compressive strength of the concretes, especially after exposure at 500 °C and
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700 °C. In case of concretes with basalt or slag as aggregates, no significant decrease on
residual strength following 28-day post-storage period were observed.

iii) The slag sand content of the cement impacts the initial strength loss during thermal load
exposure (Figure 4.26.a). However, it does not have a significant effect on the strength
recovery post storage (Figure 4.26.b).

120%
’ 250°C 500°C B ot
5 9 —e—basalt
g — \ slag
—

—e—quartz/slag
—e—slag/basalt

60% = ——
.%

80%

40%

20%

rel. residual compressive strength

0%
0% 30% 60% 0% 30% 60% 0% 30% 60%
cement slag content cement slag content cement slag content

a) After 1 heating cycle at 250°C, 500°C and 700°C

120%

250°C 500°C - —e—quartz
100% —e—basalt
—— slag

80% @f % —e—quartz/slag
0

—o—slag/basalt

60% %

40% —— —— ——$

20% /’/
0%

0% 30% 60% 0% 30% 60% 0% 30% 60%
cement slag content cement slag content cement slag content

b) After 1 heating cycle at 250°C, 500°C and 700°C and 28d storing in standard climate (20°C, 65 % RH)

rel. residual compressive strength

Figure 4.26 Residual compressive strength of the concretes 1 (first row) and 28 (second row) days after
exposure to one cycle of the thermal load at 250 °C, 500 °C and 700 °C. The results also depict the
influence of the aggregate mixtures and the slag content of the cement

To better evaluate the effect of maximum temperature on the residual compressive strength of
concrete during short (7 days) and long (28 days) of post-storage, the specimens with lower
cold compressive strength (Table 4.1.b in section 4.1 were investigated. Following exposure to
1, 8 or 24 cycles of heating to 250 °C, 500 °C or 900 °C, the residual strength of the specimens
was measured: i) directly at the same day as the exposure to the thermal load, once cooled down
to room temperature, ii) following 7 days of storage under the standard climate
(20 °C/ 65 % RH), iii) following 28 days of storage under the standard climate.

Figure 4.27 summarizes the changes in the residual compressive strength following exposure
to one thermal cycles at 250 °C, 500 °C and 900 °C. A comparison of the figures reveals that
the post-storage change in the residual compressive strength is different based on the maximum

temperature to which the specimens were subjected. For CEM I and quartz heated up to 250 °C,
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there is no significant decrease in strength immediately after cooling. Nonetheless, the residual
compressive strength continues to sink by day 28 post-storage. Similarly, specimens made of
CEM III/B and quartz do not lose their compressive strength immediately after exposure to
thermal load, though their residual compressive strength reduces to 88 % on day 7 post-storage.

Interestingly, however, an increase of residual compressive strength by 7 % is observed on day
28.

The loss of strength following thermal load at 500 °C follows a similar pattern for the CEM I
and quartz specimens. The relative compressive strength decreases from about 80 % as a result
of thermal exposure further to about 53 % on day 7 of post-storage. It only slightly decreases
from day 7 to day 28. The loss of strength between day 7 and 28 is not observed for specimens
with CEM III/B. Here, the relative residual compressive strength that had originally decreased
to 76 % immediately after thermal load, continues to decrease to about 61 % on day 7, but
increases back to 75 % on day 28. The further decrease of the residual compressive strength of
the cooled specimens overtime (particularly up to day 7) demonstrates that the consequences
of the thermally induced reactions in the concrete structure with CEM I or CEM II1I/B continues
up to day 7 of post-storage. Once the storing continues from 7 to 28 days, however, the concrete
with CEM III/B get the chance to rehydrate and slightly rebuild strength.

When exposed to a maximum temperature of 900 °C, which results in severe damage within
the concrete structure, the post-storage change of the residual compressive strength follows a
different trend. In case of the reference made of CEM 1 and quartz, the strength sinks
dramatically to lower than 10 % of the cold compressive strength. This value remains
unchanged during the 28-day-long post-storage. Substitution of CEM I by CEM III/B improves
the thermal stability of the concrete, and the relative residual strength decreases to close to 20 %
of the original cold value. This value increases to 25 % and 37 % on days 7 and 28 of storage.
This increase of residual compressive strength further confirms the potential of the concretes
containing CEM III/B to rebuild strength within the post-storage phase, particularly following
exposure to temperatures around 900 °C. The superior post-thermal strength of these concretes
might be attributed to the high amount of slag sand in cement and perhaps the renewed
activation of the latent hydraulic reaction between the slag sand and the available Ca(OH)2 in
the severely damaged concrete structure. The Ca(OH):2 is produced as a result of the reaction of
the CaO generated during CaCOs3 decarbonization with ambient humidity [28].



4 Results and Discussion 121

120% 120%

£ — a) CEM | + quartz b) CEM IlI/B + quartz 0250°C
g 100% 100% ———[@500°C
% — ] m900°C
2 80% — — 80% — -~
o
2 60% 60%
8
T 40% 40%
ke
v
£ 20% 20% I
: ]

0% - - - 0%

after HT 7d 28d after HT 7d 28d
20°C/65%RH 20°C/65%RH 20°C/65%RH 20°C/65%RH

Figure 4.27 Effect of post-storage duration on the residual compressive strength of the specimens made of
CEM I (a) or CEM III/B (b) in combination with quartzite aggregates following exposure to one cycle of
thermal loading with various peak temperatures (250 °C, 500 °C and 900 °C)

This significant impact of slag sand in the cement upon the strength regain post-storage has not
been observed in Figure 4.26.b. This can be attributed to two main factors. First, even for
concrete with slag sand, the residual compressive strength after 28 days of storage is lower than
that measured immediately after colling. Since Figure 4.26.b only depicts the residual
compressive strength after 28 days, the changes of strength in between are not reflected. By
measuring the compressive strength on day 7 post-storage, Figure 4.27 shows that the
compressive strength initially decreases and then slightly increases for specimens made of
CEM III/A. The second factor is that the positive effect of slag sand in the cement is most
significant when concretes were heated to 900 °C. This temperature has not been included in
Figure 4.26.b. The third factor is the difference between the cold compressive strength of the
specimens used for both measurements. The specimens investigated in Figure 4.26.b had
significantly higher cold compressive strengths compared to the samples investigated in
Figure 4.27. The less dense concrete matrix of the investigated specimens shown in Figure 4.27
might promote higher permeability post-thermal exposure, facilitating the penetration of

moisture into the concrete structure and thereby promoting the rehydration reactions.

As already discussed, the post-storage had been shown particularly beneficial for concretes
containing slag sand, when subjected to higher temperatures such as 900 °C. To explore the
effect of other composite cements, the change of the residual compressive strength of the
specimens made of Portland limestone cement (CEM II/A-LL) and complemented with either
quartz (Figure 4.28.a) or quartz and limestone powder (Figure 4.28.b) during post-storage was
investigated. At 250 °C, no loss of the cold residual compressive strength was observed for
these specimens. Compared to the specimens made of only quartz, those containing limestone
and quartz had a lower decrease of strength between day 1 and 7 post-storage (approximately
20 % for the latter versus 40 % for the former). Between day 7 and 28 of post-storage,
specimens with quartzite aggregates regained about 7 % of their initial strength, whereas those
with limestone and quartz lost around 12 % thereof. At 500 °C, the behavior of both specimens

was quite similar, with the relative residual strength of the samples immediately after thermal
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exposure and on days 7 and 28 being equal to 58 %, 44 % and 43 % for specimens with quartz,
and 80 %, 67 % and 71 % for mixes with limestone and quartz. In general, it seems that the
addition of limestone powder to the cement has a stabilizing effect up to a temperature of
500 °C. The residual compressive strength directly after exposure at 900 °C was very poor. It
reduced to less than 10 % of the cold compressive strength immediately after heating and
decreased by about 2 % for the specimens with quartz by day 28. The specimens with limestone
powder and quartz aggregates, however, were completely destroyed by day 7. The complete
degradation of compressive strength at this temperature can be attributed to the decarbonation
of the additional amount of limestone (CaC0O3; — Ca0 + CO,) within these mixtures, which
happens at around 850 °C - 900 °C. The resulting calcium oxide (CaO) absorbs the ambient
humidity relatively fast and undergoes a chemical reaction to form calcium hydroxide (CaO +
H,0 — Ca(OH),). This exothermic reaction results in a significant increase in volume and
consequently complete degradation of the specimens [28]. A visual presentation of the state of

both concretes 7 days after exposure to different elevated temperatures is shown in Figure 4.29.
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Figure 4.28 Effect of post-storage duration on the residual compressive strength of the specimens made of
CEM II/A-LL in combination with quartz (a) or with limestone powder and quartz (b) following exposure
to one cycle of thermal load with various peak temperatures (250 °C, 500 °C and 900 °C)
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Figure 4.29 Effect of post-storage on concretes containing limestone cements with a) quartz or b) quartz
and limestone powder, following exposure to one cycle of 900 °C and after 7 days in 20°C / 65 %RH



4 Results and Discussion 123

To sum up the findings of this section, it can be concluded that concrete composition has a
determining impact upon the post-storage rehabilitation. As observed, the presence of slag sand
promoted strength recovery, whereas concrete specimens rich in limestone provide poor
stability during the post-storage phase. The extent of these effects is more visible when concrete
is heated up to 700 °C and higher. The importance of these findings is highlighted when
thinking of concrete structures exposed to fire, where the temperature often rises to these levels.
Under such circumstances, the load-bearing capacity of the structure most probably containing
blast furnace slag will partially regrow after cooling. Yet to this date, a comparable systematic
investigation of the residual compressive strength of concrete following exposure to thermal
stress, with focus on the main components of the concrete, number of the thermal cycles with
various end temperatures up to 900 °C, as well as storage conditions and duration is lacking
both on a national and international level. The current study can provide first step stones

towards the design and conduction of such large-scale investigations in the future.

4.4.3 Effect of moisture availability during post-storage

The current section sought to investigate the impact of longer post-storage duration as well as
the extent of moisture available to the concrete upon the redevelopment of the residual
compressive strength post-thermal stress exposure. To this end, some specimens having been
subjected to elevated temperatures were stored in water for 5 min and then transferred to
standard climate (20 °C/ 65 % RH). On day 7 post-storage, the residual compressive strength
of these specimens was compared to those of the samples that have been directly stored under
standard climate (without having been submerged in water). The results are shown in
Figure 4.30 for specimens made of CEM I or CEMIII/B complemented with quartzite
aggregates following exposure to a thermal cycle with a peak temperature of 500 °C (left) and
900 °C (right), respectively. As in case of the experiments in last section 4.4.2, following a
thermal load of 500 °C, the relative compressive strength of the specimens reduces within the
course of the initial 7 days of post-storage. Interestingly, this reduction is significantly lower in
case the specimens are provided with additional moisture during the 5-minute-long water
immersion treatment. In fact, as a result of the additional moisture provision, the relative
residual compressive strength of the specimens made of CEM I and CEM I1I/B raises by about
12 % and 16 %, respectively. In case of the specimens exposed to 900 °C, the residual strength
of both specimens slightly increases within the course of the 7-day storage under standard
climate (20 °C / 65% RH). Upon the addition of the 5-minute-long water immersion treatment,
the compressive strength of the specimens made of CEM III/B merely rises by 1 %. On the
contrary, the strength of the specimens made of CEM I is much more dramatic (about 13 %).
These unexpected findings persuaded us to examine the impact of longer post-storage under
water upon the strength rebuild of thermally stressed specimens, particularly those made of
CEM L
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Figure 4.30 Relative residual strength of the specimen made of CEM I and CEM I1I/B with quartzite
aggregates following exposure to one thermal cycle at S00 °C (left) and 900 °C (right). The strength is

measured either directly after the heating (HT), or else following 7 days of post-storage under standard

climate (20 °C / 65% RH). The impact of a S-minute-long storage under water immediately after exposure

to the thermal stress upon the measured relative compressive strength at day 7 has been presented

To investigate the impact of longer post-storage duration as well as the extent of moisture

availability during storage phase, specimens made of CEM I and the heat resistant aggregate

basalt were used as reference. These were then compared with two more specimens comprised

of CEM III/A complemented with either basalt or slag aggregates. These specimens were

selected to provide further information regarding the efficiency of slag sand as an SCM and

slag sand/ BFS as fine/ coarse aggregates. Detailed information regarding the composition of

these is presented in Table 4.8.

Table 4.8 Composition of the specimens used for the investigation of the effect of post-storage duration

and moisture availability on the redevelopment of post-thermal stress residual compressive strength

Composition CEM I + basalt CEM III/A + basalt CEM III/A + slag
Water/ Cement [-] 0.52 0.52 0.52
Water [/m?3] 286 286 286
CEM 1 550 - -
CEM IIVA - 550 550
Basalt 0/2 mm [kg/m?] 1426.5 1426.5 -
Basalt 2/4 mm 107.6 107.6 374.0
slag sand 0/2 mm - - 1149.0
Cold compressive strength | [N/mm?] 74.3 76.8 65.2

For these investigations, the specimens were heated up to a temperature of 700 °C or 900 °C,

and the residual compressive strength was directly measured in cooled state. The effect of the

moisture availability during post-storage was investigated under the following three conditions

for up to 90 days; i) dry storage in the desiccator (dry storage), ii) storage under the standard
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climate at 20 °C / 65 % RH (half-wet storage), and iii) storage under the water (water storage;

only for specimens exposed to 900 °C).

Figure 4.31 summarizes the development of the residual compressive strength for a post-storage
period of 28, 56 and 90 days following exposure to high temperatures at 700 °C (a and c) and
900 °C (b, d and e) for the three investigated specimen types. Similar to the findings of the
previous sections, the regain of strength during the post-storage is more pronounced when the
specimens are exposed to extreme temperatures, i.e. 900 °C. The regrowth of residual
compressive strength during the post-storage phase for the specimens exposed to a thermal load
at 700 °C is minimal. Furthermore, the amount of moisture provided by the storage environment
seems to play a vital part in the rebuilding of compressive strength. Focusing on the diagrams
on the right side (b, d and e), where the specimens heated up to 900 °C are portrayed, it becomes
clear that no significant change in the residual compressive strength of the specimens under dry
storage has been detected up to 90 days post-thermal stress. When stored under standard
climate, a minor redevelopment of the residual strength becomes visible at the time points of
28, 56 and 90 days. The strength regain is the most significant for the specimens made of CEM I
and basalt (around 10 %), followed by those comprised of CEM III/A and basalt (ca. 6 %) and
slag (ca. 5 %). When stored under water, however, the increase in the available moisture leads
to a much more remarkable increase in the strength during the subsequent storage period.
Nonetheless, the regrowth of strength in the specimens is not identical. Interestingly, with the
residual compressive strength growing from ca. 15 % to more than 73 %, the standard
specimens made of CEM I and basalt have the highest level of residual compressive strength
regain after 90 days of post-storage under water. In case of the specimens made of CEM III/A
and basalt, the strength also rises during storage under water, increasing from 19 % to over
46 % on day 90 post-thermal stress. On the last place are the specimens made of CEM III/A
and slag, the residual compressive strength of which increases by less than 8 % between day 1
and day 28 and remains constant since day 56 and then increases up to 23 % after 90 days. The
reason for the superior strength regains of the specimens made of CEM I is probably the fact
that following exposure to extreme temperatures, hydrated cement is completely degraded to
re-form the initial clinker phases. As a result of exposure to high amount provided moisture,
the CaO available in the cement reacts with water and forms Ca(OH)2, which potentially
accounts for the significant growth of residual strength observed [28]. As the amount of clinker
in CEM III/A is 60 % lower than CEM 1, the strength rebuild is relatively lower. In case of the
specimens made of CEM III/A and slag aggregates, a complete degradation of the glass
structure of the slag sand occurs at around 850 °C [285]. Accordingly, the slag sand used as
fine (0/2 mm) aggregates are in great part irreversibly destroyed due to a peak temperature of

900 °C, which negatively influences the strength recovery (see Figure 4.32).

The conclusions drawn out of these findings are hence summarized as such; First and foremost,
an increase in strength by increasing the amount of moisture available through storage under

water indicates that the denser matrix of the slag sand containing compositions used here can
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have led to a time-delayed strength development due to the slower penetration of moisture into
the specimen. This conclusion is also supported by the findings presented under section 4.4.2.
Second, the amount of moisture available to the concrete plays a vital part in the redevelopment
of concrete strength. When stored dry in the desiccator, the relative residual compressive
strengths remain almost unchanged. Storage in a standard climate (20 °C / 65 % RH) leads to a
slight increase in the relative residual compressive strength and storage in water largely shows
significant post-hardening, provided that the peak temperature stress had been extremely high
(i.e. 900 °C). Third, with the investigations that have now been carried out, it is obvious that a
remarkable increase in the concrete strength during subsequent storage occurs following
exposure to extreme temperatures (mainly 900 °C). Last but not least, when adequate moisture
is provided, the increase in strength appears to be faster in concretes containing CEM I
compared to the cases, where part of the cement is replaced by slag sand.

To our best of knowledge, the impact of slag sand upon the strength recovery during post-
storage in environments with different moisture has not been investigated. However, several
studies have explored the strength recovery of CEM I concrete under such conditions. For
instance, Suh et al. studied the strength recovery of CEM I-based concrete exposed to different
elevated temperatures (200 °C, 500 °C, 800 °C and 1000 °C) under two different conditions; 1)
storage in standard climate (20 °C/ 60 % RH) for 24 h and ii) storage of hot concrete under
water for 24 h. The results indicated that for the concrete exposed to 200 °C, rehydrating the
paste at 20 °C/ 60% RH for led to the depolymerization of the silicate in C-S-H paste due to
moisture adsorption, and consequently the mechanical degradation of the cement paste. For
concrete heated up to 500 °C, rehydration in water could largely restore the mechanical
properties of the cement paste. The authors attributed this phenomenon mainly to the increase
in the degree of silicate polymerization in the C-S-H phase as well as the reaction between
decomposed CaO and the silicate in the cement paste, which leads to the formation of new C-
S-H. The authors, however, observed no strength recovery once the specimens heated to 800 °C
and 1000 °C were submerged in water for 24 h directly after heating [78]. Our results
demonstrate that the rehydration of the cement under such conditions can still occur but requires
a significantly longer curing time in water. Li et al. have reported that for specimens made of
CEM I (both normal and high strength), which have been exposed to elevated temperatures of
300 °C, 400 °C and 500 °C and cooled through water quenching, 28 day long storage under
water and a further 28-62 day storage in standard climate (20 °C/ 60 % RH) could lead to a
significant strengthening of bond formation (up to 77 % for NPC and 70 % for HPC) [80].
Similarly, Qian et al. demonstrated the strength recovery of specimens to be highest when stored
under water for 14 days, followed by 14-day long storage under dry-wet cycles and finally 14
day long storage in ambient humidity [286]. These reports are also confirmed by the findings
of this work.
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Figure 4.31 Relative residual compressive strength of CEM I and basalt, CEM III/A and basalt and CEM
III/A and slag over a period of 90 days post-storage in dried conditions (desiccator), half-wet conditions
(standard climate; 20 °C / 65% RH) and under water. Specimens had been exposed to one heating cycle

with a maximum temperature of 700 °C (left) and 900 °C (right) prior to post-storage
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Figure 4.32 Macroscopic (a) and microscopic (b) visualization of the surface of the specimens made of

CEM III/A with slag following exposure to one heating cycle with a peak temperature of 900 °C. The
structure of the slag aggregates in the heated specimens is shown side by side to that of the natural slag
sand (c). The comparison demonstrates complete destruction of the slag glass structure as a result of the
extreme thermal load

4.5 Mass loss

As previously explained, the mass measurements were conducted to evaluate the changes,
mostly in terms of the water content, within the concrete subjected to high temperatures. The
aim was to obtain more information that allowed for the interpretation of the collective impact
of hydration or dehydration, in terms of capillary, physically and chemically bound water, upon
the change in the compressive strength of the concrete during and after exposure to thermal
stress. Hence, mass loss is measured here mostly as an approximate criterion for the change in
water content of the specimens. Mass decrement due to decarbonation or other phenomena is
not considered, as they occur at temperatures of 800-900 °C, and thus play a relatively minor

role in lower temperature ranges.

In this dissertation, the mass loss measurements were carried out in cold condition as well as in
cooled state immediately after exposure to high temperatures. In other studies that have not
been included in this thesis, however, mass loss had been also monitored during the heating (in
hot condition) and the data are available under [106]. As the obtained data in hot conditions
showed a comparable behavior as the values in cooled state, the discussion of the hot-state mass
loss has not been provided here lest we risk an extremely lengthy and repetitive discussion
[106],[107],[287],[288].

The composition of the specimens investigated within this section of the work is presented in

Table 3.6.a and 3.6.b. The data were collected simply by weighing the specimens prior to
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thermal load as well as before the measurement of the residual strength at various stages. The
changes in the concrete mass relative to the concrete weight in cold conditions was calculated.
Thus, the change in the concrete mass was documented for specimens with different cement
and aggregate types, immediately after exposure to one or repeated cycles of heating with
different peak temperature, and at various time points during post-storage at different

conditions.

The maximum evaporable water within the concrete was determined separately for each peak
temperature as the change in the mass of the specimen following exposure to repetitive thermal
cycles until a constant concrete mass is reached. At this point, the concrete is assumed to have
lost all water that is evaporable at the tested temperature. This phenomenon can of course
influence the physical characteristics of the concrete, as it affects the pore system, crack
formation, and permeability of the concrete upon thermal loading [106],[107]. The evaluation
of mass changes under a long cyclic exposure could deliver useful knowledge concerning the
development of permeability as well as pore pressure balancing, which can help interpret the
high temperature behavior of concrete. The composition of the specimens investigated

concerning maximum evaporable water is presented in Table 4.9.

4.5.1 Effect of cycle numbers and maximum temperature

To explore the impact of maximum temperature of thermal load on mass loss, the mass loss
following exposure to different cyclic temperature levels are exemplarily depicted for concrete
specimens made of different cements (CEM I, CEM II/A-LL and CEM III/B) complemented
with quartzite aggregates in Figure 4.33. In this Figure, the mass losses at 250 °C, 500 °C and
900 °C are presented over rising numbers of heating cycles. As expected, regardless of the
cement type, the maximum temperature has a determining effect on the amount of mass loss.
At temperature 250 °C, the maximum mass loss following many repeated heating cycles (24
cycles) was between 3 - 4 % for all specimens. The maximum mass loss at 500 °C, however, is
about 5 - 6 % for specimens made of CEM I and CEM III/B, whereas the specimens made of
CEM II/A-LL have only lost 4 % of their mass. At 900 °C the maximum mass loss is slightly
over 7 % for specimen containing CEM I and CEM II/A-LL, and about 6.5 % in case of
specimens made of CEM III/B. Assuming that the mass loss is primarily a product of the water
release and evaporation out of the concrete, the increase of mass loss with a rise of the peak
temperature can be simply attributed to the temperature dependency of the release and
evaporation of the capillary, physically bound and chemically-bound water. This corresponds
also to the decrease in the residual strength of the specimens with an increase of the maximum
temperature. The significantly enhanced mass loss of the specimen containing CEM II/A-LL at
900 °C, however, is beyond the topic of the water evaporation and is a byproduct of the release

of COz2 due to the decarbonation of cement.

Another finding which is confirmatory of the results of the residual compressive strength is that

following the initial dehydration during the thermal load, an increase in the number of the
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thermal cycles from 1 to 8 at every temperature level alters the mass loss significantly. In other
words, the rate of mass loss within the first 8 cycles is much higher. Further heating cycles
(higher than 8), on the other hand do not lead to a significant loss of mass, as the concretes seem
to have reached a temperature-specific maximum mass loss. It is concluded, therefore, that the
water release and evaporation in the concrete specimens exposed to repetitive cycles of heating

is determined within the first heating cycles.
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Figure 4.33 Mass loss of the concrete specimens made of a) CEM I, b) CEM II/A-LL and ¢) CEM III/B
with quartic aggregates following exposure to different numbers of thermal cycles with various maximum

temperatures

4.5.2 Effect of cement and aggregate types

Here, we first discuss the mass loss of the specimens with the two heat stable aggregates,
namely basalt and slag. Figure 4.34 shows the mass loss for concretes with CEM I or CEM III/A
in combination of basalt (Figure 4.34.a) and slag (Figure 4.34.b) aggregates, following exposure
to different numbers of heating cycles at 250 °C, 500 °C and 700 °C. As expected, the first
heating cycle leads to loss of a large amount of water content for all concretes, the mass of
which increases with an increase in the maximum temperature. The mass loss of all concretes
stays relatively stable upon exposure to further heating cycles (up to 20 cycles). There are minor
changes in the mass loss trend depending on the aggregate type. For temperatures of 250 °C,
the mass loss of the specimens with basalt significantly increases after the first heating cycle
and then stays stable as the number of cycles increases. The significant mass loss after the first

heating cycle is also seen for concretes with slag aggregates. However, mass loss continues to
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slightly increase with additional heating cycles. At 500 °C, following the initial significant mass
loss after the first cycle, the mass loss of specimens with both basalt and slag slightly decreases.
This becomes more evident at 700 °C, where the mass loss of specimens with basalt after the
Ist cycle and up to the 5th cycle slightly decrease, and then remains stable. For specimens with
slag, a continuous slight decrease of mass loss is observed after the 1st cycle and up to the 20th
cycle. The extent of decrease in mass loss is more pronounced for specimens made of
CEM III/A (and slag aggregates). These findings correspond to the results presented in section
4.4.2, where the concretes containing slag showed a slight re-gain of compressive strength
following exposure to highest maximum temperature (700 °C). Based on these results, it seems
that the concretes containing slag sand and slag sand/BFS aggregates tend to adsorb humidity
from ambient to rebuild part of their structure. This phenomenon was further observed by

extending the storage time of the specimens in standard climate.

A comparison of CEM I and CEM III/A with both aggregates shows that specimens containing
CEM III/A demonstrate a higher mass loss at all maximum temperatures. This is probably
attributed to the higher content of physically bound water in the structure of these concretes,
originating from the slower strength development of CEM III/A containing concrete compared
to those containing CEM 1. Additionally, the type of aggregates influences the extent of mass
loss. As observed in Figure 4.34, specimens with basalt always have higher mass loss compared

to those with slag aggregates.
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Figure 4.34 Mass loss of the concretes made of CEM I or CEM III/A with a) basalt and b) slag as
aggregate following exposure to different numbers of thermal cycles at 250°C, S00°C and 700°C
To study the effect of concrete compositions on mass loss, a further experiment was carried out
using CEM I, CEM II/A-LL and CEM III/B with different aggregates. Figure 4.35 (left)
demonstrates the amount of mass loss over elevated temperatures after one cycle heating for
the investigated specimens. The graph clearly shows that the different combinations of cement

and aggregates show various amounts and rate of mass loss at 250 °C, 500 °C and 900 °C.

Figure 4.35 (left) establishes a trend for the mass loss of specimens made with different cement

types. In general, up to a temperature of 500 °C, the presence of limestone (CEM II/A-LL) as
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well as slag sand (CEM II1I/B) in the cement seem to reduce the amount of mass loss compared
to specimens made of CEM 1. A similar effect is observed in case slag and limestone are added
as aggregates. In general, however, it seems that limestone has a better ability to reduce the
mass loss up to a temperature of 500 °C. The superior performance of limestone relative to slag
sand can be concluded based on two factors; i) Although the performance of the specimens
made of CEM II/A-LL and CEM III/B with quartz seem to be similar within the introduced
temperature range, the limestone content within CEM II/A-LL is remarkably lower than the
content of slag in CEM III/B (15 - 20 % versus 80 %). ii) The addition of limestone aggregates
reduces the mass loss much more significantly than the slag aggregates. Above 500 °C,
however, the story changes, as the mass loss of CEM II/A-LL dramatically increases and even
transcends that of the CEM I specimens. As previously explained, however, this is not related
to the release and evaporation of water, but rather the decarbonation of limestone and the release
of CO2 as a gas. Generally, specimens made of CEM III/B demonstrate a smoother and more

stable trend from 250 °C to 900 °C compared to other mixes.

Regarding the rate of mass loss, a similar trend is observed for all specimens up to a temperature
of 500 °C. Within this context, the rate of mass loss up to 250 °C is always higher than what is
observed between 250 °C - 500 °C, as the former range is associated with the evaporation of
the capillary water and partially the physically bound water. The temperature range of
250 °C - 500 °C corresponds to the beginning of the release and evaporation of the chemically
bound water [28]. Accordingly, the rate of mass loss decreases. Yet here again, there seems to
be differences among specimens with different cement types. The rate and amount of mass loss
is highest in case of specimens with CEM I, as the decomposition of the Ca(OH)2, which is
abundantly present within concretes made of this cement, occurs at this range. As a result of
the evaporation of the released water from this reaction, mass loss increases. Between 500 °C
and 900 °C, the rate of mass loss in all specimens but those prepared with CEM II/A-LL
decreases. Within the context of the latter, the decarbonation of limestone (CaCO3) around 800-

900 °C accounts for the significant acceleration of mass loss observed within the diagram [28].

The impact of slag and limestone aggregates upon mass loss can be deduced based on the
comparison of the mass loss curves of the CEM III/B specimens with quartz and slag, and the
CEM II/A-LL specimens complemented with quartz and limestone and quartz, respectively.
With respect to the influence of slag aggregates, the mass loss curves demonstrate a
significantly higher rate and amount of mass loss compared to specimens with quartz up 250 °C.
Between 250 °C and 500 °C, the rate of mass loss for specimens with slag aggregates decreases.
From 500 °C, both quartz and slag specimens show the same mass loss rate. The addition of
limestone powder, on the other hand reduces the mass loss of the specimens up to a temperature
of 500 °C. This is due to the very fine structure of the limestone both as a part of the cement
and as an aggregate, which creates a denser concrete matrix, slowing down the escape of the
evaporated water [289]. Above 500 °C, the rate of mass loss in specimens with CEM II/A-LL

and limestone overtakes that of their quartzite counterparts, as the hitherto described
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decarbonation of limestone is not limited to the cement, but also to the limestone aggregates.
The ultimate mass loss for mixes containing CEM I11/B are about 4.5 %, whereas for CEM I is
about 6.2 % and for CEM II/A-LL mixes are 6.9 % and 8.6 % after one heating cycle.
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Figure 4.35 Left: Mass loss of the specimens mad of CEM I, CEM II/A-LL or CEM I11/B following
exposure to one heating cycle with different peak temperatures, Right: comparison of the mass loss of the
specimens made of CEM III/B and slag with the reference specimens (CEM I and quartz) after exposure

to 1 or 24 thermal cycles with different peak temperatures

To explore the mass loss behavior of CEM III/B and slag, its mass loss after exposure to 1 or
24 heating cycles with various peak temperatures is compared with the reference specimen
made of CEM I and slag (Figure 4.35; right). Both after exposure to 1 and 24 heating cycles at
250 °C, the amount and rate of mass loss for both specimens remain very close together,
although concrete mixes of CEM III/B with slag show about 0.5 % more mass loss. Above the
temperature 250 °C, the mass loss of specimens made of CEM III/B and slag significantly
decelerates and reaches a complete plateau following 24 cycles. The mass loss of CEM I and
quartz specimens also slows down after 250 °C, though it continues even after exposure to 24
thermal cycles, which means that the concrete still continues to lose water. In temperature range
higher than about 300 °C, the amount as well as rate of mass loss for specimens with CEM 1
are considerably higher than their CEM I1I/B containing counterparts. At 900 °C, the mass loss
of CEM III/A with slag is smaller than that of the reference mix both 1 and 24 cycles, which

pertains to their lower CaCOs3 content.

4.5.3 Maximum evaporable water at each peak temperature

In this section, the maximum evaporable water of concrete specimens with different cement
and aggregate types (Table 4.9) was measured for different peak temperatures of 50 °C, 100 °C,
250 °C, 400 °C and 550 °C [107]. To this end, specimens were heated to the aforementioned
peak temperatures (with a constant heating rate of 5 K/min) until a constant mass was achieved.
The mass loss at this point was assumed to correspond to the total evaporable water content of
the concrete at that given temperature. The results of these measurements for all specimens are
presented in accordance with the maximum temperature of the heating, the duration of the

heating program required to achieve complete mass loss. The experiments are limited to a
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temperature of 550 °C, since higher temperatures are associated with other physicochemical
changes within the cement or aggregates that can lead to a loss of mass either directly (e.g.
limestone decomposition) or indirectly (e.g. quartz conversion, etc.). Needless to say, the mass
loss measured at such temperatures to not correspond to the amount of evaporated water.

Table 4.9 Composition of the specimens used for investigation of the temperature-dependent maximum
evaporable water

. ) CEMI+ | CEMII/A-LL | CEMIII/B+ | CEMIII/B | CEM III/B
Composition Unit
Quartz + Quartz Quartz + Slag + Basalt
Water/ Cement [-] 0.52 0.52 0.52 0.52 0.52
Water [I/m?] 264 264 264 264 264
CEM1 510 - - - -
CEM II/A-LL 32.5N - 510 - - -
CEMIII/B 42.5 N - - 510 510 510
[kg/m?’]
Quartz 0/2 mm 1468 1461 1461 - -
Slag sand 0/2 mm - - - 1373 -
basalt 0/2 mm - - - - 1597

4.5.3.1  Amount and rate of water release at elevated temperatures

The mass loss of the concrete specimens containing combinations of CEM I and quartz is
exemplarily presented in Figure 4.36 to provide an overview about the flow of water release
behavior at different peak temperatures. As observed, the mass decrement continued throughout
the thermal load until an approximate constant value was achieved. At this point, the cumulative
mass loss reached a maximum value, unique to that temperature level. This signifies that the
concrete had reached its specific temperature dependent dryness, and the experiments were thus
terminated after different number of heat cycle repetitions. As expected, higher temperature
levels result in an earlier reach of constant mass loss. In fact, the required time for the complete
evaporation of the water content was significantly shorter for temperatures higher than 100 °C.
For instance, the curves of specimens at 50 °C have a significantly lower gradient compared to
100 °C, where much water evaporates at the early hours. This is even more significant at a

temperature of 400 °C, where specimen’s maximum mass loss is reached within the first 6 h.

The maximum temperature is also determinant of the amount of mass loss. After 48 h of heating
at 50 °C, only about 2.1 % of water content is released. Increase of the temperature up to 100 °C
results in up to 4 % loss of the water content. A significant mass loss could be seen in case the
tests are run at maximum temperatures between 250 °C (5.1 %) and 550 °C (6.9 %). The
increase of mass loss as a function of the temperature level can be attributed to the evaporation
of the capillary water and the release of physically bound water (up to around 100 °C), and also
the occurrence of dehydration reactions and the subsequent release and evaporation of more

water at temperature above 250 °C [28]. The effect of maximum temperature and time is more
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important in terms of long-time exposure to elevated temperatures, where a considerable part
of water content leaves the concrete in a very short period of time, because of decomposition
reaction within concrete. The extreme increase of mass loss at elevated temperatures can further
imply the formation of a more porous network within the concrete structure that have facilitated
the escape of the evaporated water. While this can reduce the steam pressure build up within
the concrete structure, the increased permeability and the formation of the crack networks

particularly close to the concrete surface can also reduce the stability of the specimen [47].
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Figure 4.36 Maximum evaporable water mass of the concrete specimens made of CEM I and quartz
following heating at different temperatures

4.5.3.2 Maximum water release of various concrete compositions

Figure 4.37 summarizes the maximum mass loss for various concrete mixes over different peak
temperatures ranging from 50 °C to 550 °C. The effect of the cement and aggregate types is
obvious upon examination of the maximum evaporable water content of concretes over the
maximum temperatures of the performed tests. The concrete mixture contains CEM II/A-LL
show a lower maximum mass loss almost for all temperatures, given that the calcite content is
less prone to decomposition resulting in lower release of free water molecules as well as a
denser and more homogenous concrete matrix. The maximum evaporable water for the
concretes with CEM II/A-LL and quartz at 550 °C is about 5.5 %.

The maximum evaporable water following the heating at 50 °C and 100 °C, which is mostly
considered as free and capillary bound water, has different trends in mixes containing
CEM I1I/B, regardless the aggregate type, compared to CEM I, where CEM I with quartz shows
smaller amount and rate of water release. This can be attributed to the higher weakly bound
water of mix CEM III/B with quartz, slag or basalt, considering the same curing time as that of
CEM I with quartz. A comparison of water release at 100 °C amongst the specimens containing

CEM III/B with quartz, slag or basalt aggregates demonstrates a slightly higher water release
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for mix with basalt. The behavior of CEM III/B with basalt continues with a variation up to
250 °C compared to the specimens made of CEM III/B either with quartz or with slag
aggregates. That is close to water release of CEM II/A-LL and quartz in a smooth manner. It
may refer to similar or smooth behavior of limestone and basalt splits at this temperature range
in terms of thermal expansion. This results in smaller thermal strain gradient between cement
paste and aggregate. At 250 °C the maximum evaporable water of CEM I and quartz reaches a
similar value as in CEM III/B either with quartz or with slag (5 %). This value is about 4.5 %
and 4.0 % for the specimens containing CEM II1I/B with basalt and CEM II/A-LL with quartz,

respectively.

Temperatures higher than 250 °C accelerate the maximum water release of CEM I and quartz,
whereas the specimens made with CEM III/B show a smoother flow of mass loss. A larger
value of 7.0 % is observed for the combination of CEM I and quartz at 550 °C. From 250 up to
550 °C, the water release of the specimens containing CEM III/B are mostly similar and reach
a maximum value of 5.5 - 6.0 %. At 400 °C, less water release is measured for the specimens
containing CEM III/B. A larger water release of CEM I at this temperature range, which occurs
due to the decomposition of Ca(OH)2 reveals more initial hydrated products at this specific

concrete age [38].

In conclusion, the findings here support the results presented under section 4.4.2. Here again,
specimens made of CEM II/A-LL and CEM I have the lowest and highest mass loss at
temperature above 250 °C, respectively, whereas specimens made of CEM III/B fall in
between. The type of the aggregates (basalt, slag, quartz) seems to minorly impact the
maximum evaporable water of the specimens made of CEM III/B, though the specimens with

quartz seem to have about 0.5 % less evaporable water at 550 °C.
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Figure 4.37 Maximum evaporable water content of specimens made of different cement and aggregate

types at different temperatures
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The role of the cement is also clear when looking at the rate of the water release at various
temperatures. Figures 4.38 present the mass loss of specimens containing different cement and
aggregate types between from 50 °C to 550 °C over time.

An overall comparison of Figures 4.38.a to 4.38.e shows an interesting outcome concerning the
impact of concrete compositions. At 50 °C the water release of different mixes is mostly similar.
At 100 °C the specimens with CEM II1/B release water faster than those comprising CEM 1. As
previously mentioned, this can be attributed to the faster hydration of the CEM I during the
curing phase, which means that in specimens with the same age, the amount of capillary and
physically bound water in CEM I specimens is lower than in specimens made of CEM III/B.
At 250 °C, however, CEM I meets the water release level of the mixes containing CEM I11/B.
At temperatures higher than 250 °C, CEM I specimens overtake the CEM III/B the specimens
in terms of the water release, with the difference becoming even more pronounced at 550 °C.
This temperature range corresponds to decomposition of Ca(OH)2 and the release of the water
as a result of this chemical reaction. It further demonstrates more structure destruction of
specimens containing CEM I compared to CEM III/B. Specimens made of CEM II/A-LL are
always associated with significantly smaller release of water at temperatures smaller than

550 °C. The impact of aggregate type remains minor.
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Figure 4.38 maximum evaporable water of the specimens made of different cement and aggregate types at
different temperatures over time

4.6 Thermal conductivity

For a better evaluation of concrete subjected to high temperatures, the thermal conductivity of
the specimens with different cement and aggregate types was experimentally determined. The
thermal conductivity of the concrete is dependent upon both the thermal load and the concrete
composition. The change in concrete thermal conductivity alters the temperature penetration
inside the concrete, affecting thereby the physical and mechanical properties thereof. The
composition of the specimens investigated within this section of the work is presented in
Table 3.6.a and 3.6.c.
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4.6.1 Concrete with standard aggregates

The thermal conductivity represents an essential parameter when discussing the influence of
high temperatures on the construction level and not from the material properties perspective.
When focusing on the topic of thermal exposure of structural members, the development of the
temperature field within the structure grows in importance. The lower the thermal conductivity
of a material is, the lower the temperature-stressed cross-section of the construction element

and subsequently the corresponding reduction in its load-bearing capacity will be.

Figure 4.39 shows the thermal conductivity of different concretes before and after exposure to
5 cycles of thermal load at 500 °C. The data are presented for specimens made of cements with

various slag sand content (0 %, 30 % and 60 %) and different aggregate mixtures.
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Figure 4.39 Thermal conductivity of the concretes with standard aggregates and different commercial
cements before the thermal load loading (a) and after exposure to 5 cycles of thermal loading with a

maximum temperature of 500 °C (b)
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The results indicate that the type of aggregate has a clearly measurable influence, while the slag
content of the cement exerts a minimal impact within the scope of the measurement accuracy
except for the combination of quartz and slag aggregates. Within this context, an increase of
the slag content of the cement from 0 % (CEMI) to 30 % (CEM II/B-S) and up to 60 %
(CEM III/A) affects the thermal conductivity slightly as a result of different hydration

development.

The measurements demonstrate that all specimens made of quartz have the highest thermal
conductivity. The use of basalt, on the other hand, reduces the thermal conductivity by about
30 %. In case of the specimens with slag sand as fine aggregates, the remaining thermal
conductivity will be almost half of the thermal conductivity of the quartz-containing specimens.
The fact that the type of fine aggregate has a considerable influence on the thermal conductivity
is to be expected, as it makes up the larger volume fraction of the aggregate mixture (see
Table 3.6.a).

For the purpose of comparing the thermal conductivities even after high temperature stress, the
measured thermal conductivities before and after exposure to 5 cycles of thermal load with a
peak temperature of 500 °C are compiled in Figure 4.40. In addition, the standard values
according to DIN EN 1992-1-2 for concretes made of CEM I and quartz aggregates are also
reported [104]. Overall, the measured thermal conductivities are at the lower limit or, in some
cases, well below the values specified in the DIN EN 1992-1-2 [104]. The lower thermal
conductivity of specimens at 500 °C compared to the standards is to be expected, as the former
were subjected to 5 heating cycles while the reported values for DIN EN 1992-1-2 are following
exposure to one thermal cycle only [104]. An increase in the number of thermal cycles leads to
more damage to the concrete structure and higher level of crack formation (see section 4.3.1).
The difference in thermal conductivity of specimens before thermal loading maybe attributed
to the fact that the concretes studied in this section have a higher proportion of binder compared
to the normal concrete as well as specific pre-curing conditions, which account for lower
thermal conductivities. These values, however, are within the range of the thermal
conductivities reported for thermally stressed normal and high-strength concrete in the literature
by Lyzwa und Zehful3, which are shown in Figure 4.40.a [290]. The good agreement with the
literature values highlights the plausibility of the obtained results.
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Figure 4.40 Thermal conductivity of specimens made of a) CEM I and b) CEM III/A with standard
aggregates before (at 20 °C) and after exposure to thermal stress at 500 °C in comparison to DIN EN
1992-1-2 (upper and lower limits for concretes made of CEM I and quartz aggregates

4.6.2 Concrete with non-standard aggregates

Figure 4.41-a demonstrates the thermal conductivity of the specimens made of CEM I or
CEM III/A with different non-standard aggregates from the copper and steel industries before
exposure to thermal stress. As observed, both the type of cement and the aggregates only exert
a small influence on the thermal conductivity of the specimens before thermal load. Within this
context, specimens made of Cu-slag have a slightly higher thermal conductivity, followed by
those prepared with Ef-slag and LD-slag. Similarly, the effect of the type of cement in
specimens’ thermal conductivity is quite small, where the addition of slag sand to the cement
decreases the thermal conductivity of specimens relative to those prepared with standard
aggregates (Figure 4.40.a). This can be a result of the different hydration development in the
specimens made of CEM III/A.
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Figure 4.41 a) Thermal conductivity of the specimens with non-standard aggregates and different cements
before the thermal stress and b) thermal conductivity of concretes with CEM III/A and standard or non-
standard aggregates before (at 20 °C) and after exposure to thermal stress at 500 °C in comparison to
DIN EN 1992-1-2 (upper and lower limits for concretes made of CEM I and quartz aggregates) [104]

In Figure 4.41-b, the thermal conductivity of the specimens produced with non-standard

aggregates from copper and steel industries are compared with the values from the
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DIN EN 1992-1-2 [104] as well as the measured value in specimens containing standard
aggregates (quartz, basalt and slag) before and after 5 cycles of thermal exposure at 500 °C.
The results show that the thermal conductivities are still lower than the standard for specimens
before thermal load, but within the range measured in the specimens with standard aggregates.
The thermal conductivity of specimens with Ef-slag, LD-slag or Cu-slag are between values of
specimens with slag and specimens either with basalt or quartz. The thermal conductivity of
specimens after 5 cycles of thermal load at 500 °C are also comparable with specimens
containing standard aggregates. Only in the case of Cu-slag does the thermal conductivity at
500 °C increase. It can be thus concluded that while the type of aggregate (both standard and
non-standard) in specimens seems to exert only a small influence on the concrete thermal
conductivity in cold conditions, it has a much more significant impact upon the values measured

in cooled conditions after exposure to thermal stress.
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5 From laboratory to large scale: Transferring the
findings to practical application

One of the main goals of the diverse investigations carried out in this dissertation is to formulate
a general approach, based on the existing fire structural design, that enables relating the material
behavior of both conventional and more sustainable (and stable) concretes in the cooling phase
to that of the structural elements, and thus to fill the existing gap with regard to the design of
concrete under natural fire exposure as prescribed in the standards. In fire structural design, the
load-bearing capacity of components and structures must be verified for the entire duration of
the fire, including the cooling phase. This is essential as failure may occur due to delayed
heating and/or high tensile forces in the concrete during the cooling phase. The design
specifications and material parameters contained in DIN EN 1992-1-2 [104], however, are
derived from fire tests using the standard temperature-time profile (ETK) as a thermal load,
which measures the maximum time the load-bearing capacity is maintained during the heating
phase. The standard takes neither the effect of the inner temperature profile once the heating
has stopped nor the material behavior during the cooling phase. According to Schneider [28],
the material behavior during the cooling phase is irreversible, and should be thus taken into
account for the structural design using natural fire models. It has been also shown that concrete
properties can change during post-storage, which can impact the need for repair or the
replacement of the structural elements after exposure to high temperatures. Accordingly, in this
section of the work, a “simplified” Excel-made model will be introduced, which has been
developed with the purpose of simplifying the transfer of the measured values for the hot and
residual compressive strengths from the material level to the structural element level. The model
is not intended to represent a standard measurement method for the determination of the hot
and residual compressive strength of the structural element, but to illustrate the relationship
between the high temperature behavior of the concrete, the properties of the used materials and

the geometry of the structural element in an exemplary and methodical manner.

5.1.1 Boundary conditions of the developed model

Upon and following exposure to thermal load, the strength of the structure is determined by the
temperature profile inside the structural element, which is, in turn, dependent upon the
properties of the used materials and the geometry of the structural element. Hence, to enable a
proper evaluation of the hot and residual compressive strength of a structural element, the
temperature profile inside the element should be also determined in a point-by point manner.
The data used for modeling were based on a process with simplified boundary conditions, which
results in an increased heat flow into the element, due to overestimated surface temperature of
the element, and thereby higher temperatures in different inner layers of the component
compared to the standard design in hot conditions. Thus, using this method, the influence of the

material properties on the load-bearing capacity of the element will be overestimated. The
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calculations based on an exemplary wall with a thickness of 30 cm (Figure 5.1), which is
subjected to heating on both sides. The cross section of this wall (across thickness) was divided
into 24 individual layers to calculate the transient temperature evolution in each layer. To
simulate the thermal loads, a closed temperature-time profile was selected, which combined the
heating phase of the standard temperature-time profile (ETK), and the cooling phase based on
the RABT-ZTV profile (see under section 2.1.4) [84]. In this temperature-time profile, the
temperature first increased to 905 °C based on the standard temperature-time profile within 60
minutes, followed by a linear cooling over a period of 90 min to reach room temperature
(20 °C). The surface temperature of the element was regarded equal to the temperature of the
oven without considering the heat transfer, which results in higher surface temperatures
compared to standard hot measurements. The heat storage capacities and thermal conductivities
were averaged for each aggregate combination from the measured values at room temperature
and 500 °C and used as constant values. Hence, a slightly higher heat input is estimated for
temperatures above 500 °C. When evaluating the hot and residual load-bearing capacity, the
hot or residual compressive strength of each layer was assessed separately, and interactions in
the form of transferred shear stresses between the layers have not been considered. As a result,
thermally damaged layers are recognized with their full hot or residual strength, which they
would not achieve due to the overall shortening of the entire column. Thus, a slightly higher
load-bearing capacity is calculated in this respect. Due to the small differences in the thermal
characteristics of cements with different slag sand contents (see section 4.2.1.2 and section
4.2.1.3), the cement type was not considered in the calculation of the temperature profile.
However, considering the significant influence of the slag sand content on the residual strength,
the cement type was taken into account in the assessment of the load-bearing capacity,

particularly in the cooled state.

5.1.2 Temperature profile

The calculated maximum temperatures reached at different layers of the cross section both
during the heating and cooling phases are shown in Figure 5.1 Particularly in the center of the
wall section, the temperature at the time of exposure to maximum temperature outside the wall
is significantly lower than during cooling. This effect has already been described by Klingsch
and Toris [291]. During heating, the heat flow is clearly directed from the surface to the interior
of the member. When the fire load is removed and the wall is allowed to cool, the direction of
heat flow is partially reversed from the inner volume to the cooling surface. Yet a heat flow
towards the interior of the element remains due to the lower temperatures of these layers. This
inward heat flow causes an ongoing temperature increase in the inner layers of the cross section,
while the outside temperature is already falling. Therefore, the maximum temperature
difference between the heating and cooling phases occurs in the center of the component,
affecting large parts of the structure during cooling. As seen in Figure 5.1, this difference is

around 200 °C regardless of the type of aggregates used in concrete.
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The dashed curve in Figure 5.1 shows the inner temperature profile, to which the concrete is
exposed during the measurement of the hot compressive strength. Under such circumstances,
the center of the model wall made of concrete with quartz aggregates will be exposed to a
temperature of around 380 °C, whereas the central temperature of the wall made of concrete
with slag sand and BFS aggregates is merely heated up to around 50 °C. In other words, for
concrete element made of slag aggregates, only 25 % of the wall cross section is exposed to a
temperature of above 500 °C, while for concrete with quartzite aggregates, over 60 % of the
element is affected by such high temperatures.

After the cooling phase (shown as solid lines in Figure 5.1), the temperatures in the center of
the structural element increases. The extent of this increase is mainly dictated by the aggregate
type. For the model wall used in this analysis, a difference of approximately 200 °C is observed
between the temperature of the center of the wall during heating to the maximum temperature
0f 905 °C and during cooling to the room temperature, regardless of the type of aggregate used.
Due to the lower thermal conductivity of the concrete made of basalt and slag aggregates,
however, the central temperature after cooling remains significantly lower than that observed
in case of the concrete made of quartz aggregates, which signifies an overall lower penetration
of the temperature into the cross-section of the concrete element made of the former two. As
seen in Figure 5.1, the center of the wall made of concretes with slag and basalt aggregates
reaches a maximum temperature of 230 °C and 280 °C, respectively during cooling. The inner
temperature of the wall made of concrete with quartz aggregates, on the other hand reaches
around 590 °C. Consequently, the wall section exposed to a temperature of 500 °C or more
increases to 25 % and 28 % for concrete elements with slag or basalt aggregates and to 100 %

for concrete element made of quartzite aggregates.
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Figure 5.1 Maximum temperatures of the model walls during fire exposure (60 min) and cooling phase
(90 min)

The increase in the inner temperature of the element during cooling highlights the necessity of

evaluating not only the hot but also the residual compressive strength of the structural elements
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exposed to high temperatures. This becomes significantly important to determine the service
life of the elements exposed to repeated heating cycles. Due to the increase in the inner
temperature, the thermal damage to the concrete element continues even when the thermal load
has been apparently removed. Moreover, the concrete element can be further damaged during
and post-cooling as a result of cracking and the reformation of Ca(OH)2. On the other hand,
partial strength recovery might also occur depending on the concrete composition and the
storage conditions. In the next section, we will discuss the influence of the inner temperature
profile upon the load-bearing capacity of the structural element under hot and cooled conditions.

At the end, it should be once more highlighted that the developed Excel-made model is to
provide a “simplified” overview of the transfer of the measured values for the hot and residual
compressive strengths from the material level to the structural element level. The data used for
modeling were based on a process with “simplified” boundary conditions, which results in an
increased heat flow into the element, due to overestimated surface temperature of the element,
and thereby higher temperatures in different inner layers of the component compared to the
standard design in hot conditions. In this “simplified model”, very small values for specific heat
capacity are considered, which contributes to the overestimation of the temperature in different
inner layers. Thus, using this method, the influence of the material properties on the load-

bearing capacity of the element will be overestimated.

5.1.3 Application of modified material characteristics in structural fire design

As discussed in Chapter 4, concrete specimens made of CEM I and the blast furnace slag
cement (CEM III/A) formulated with quartz, basalt and slag aggregates were subjected to
thermal loads with different maximum temperatures, following which the hot and residual
compressive strength was determined. In this section, the calculated temperature profile for
different layers of the wall model was combined with the respective practically determined hot
and residual compressive strength for each concrete to determine the overall load-bearing
capacity of the wall during the heating and cooling phases (see sections 4.2 and 4.3). The
remaining load-bearing capacity in each phase is then divided into the load-bearing capacity
before thermal loading and presented as the relative load-bearing capacity of the wall model
during the heating phase Figure 5.2.a and during the cooling phase Figure 5.2.b. As observed,
aggregate type seems to play a more pronounced role in determining the load-bearing capacity
of the structural element in general. However, the effect of the cement type becomes more
noticeable in case of the residual load-bearing capacity. As observed in Figure 5.2.a, the load-
bearing capacity of the model wall under hot conditions is mainly dependent on aggregate type,
where concretes made of CEM I and CEM III/A with quartz and basalt aggregates show the
lowest (around 45 %) and highest (around 75 %) relative load-bearing capacity, respectively.
In case of concrete made with slag aggregates, the load-bearing capacity of the wall under hot
conditions is much higher than concrete with quartz and very close to that of concrete with

basalt aggregates (69 %). The relative load-bearing capacity of the wall during cooling,



5 From laboratory to large scale: Transferring the findings to practical application 147

however, follows a slightly different trend (Figure 5.2.b). First, type of the cement plays a
significant role, where concrete walls made of the slag sand containing cement (CEM III/A) are
associated with higher load-bearing capacities. Within this context, the relative load bearing
capacities of the specimens made of CEM III/A is equal to 45 %, 80 % and 75 % when
combined with quartz, slag and basalt aggregates. When formulated using CEM I but with the
same three aggregate types, the relative load-bearing capacity is reduced to 26 %, 72 % and
68 %, respectively. The second difference is the effect of aggregate type, where concrete wall
made of slag aggregates outperform those made of basalt aggregates in terms of load-bearing
capacity during cooling. Thus, the combination of CEM III/A with slag aggregates (slag sand

and BFS) are associated with the highest load-bearing capacity of the structural element during

cooling.

100% 100%
% mCEM | T ECEM |
T 90% T 90%
g mCEM III/A S g mCEM III/A 80%
= 80% ° 76% = 80% T2% 75%
z 69% 69% 2 ) 68%
2 70% o 70%
E 5
S 60% S 60%
Z Zz
S 50% 47% 459 S 50% 45%
& =
§ 40% E" 40%
§ 30% E 30% 26%
§ 20% ’é 20%
5 10% 5 10%

0% 0%
a) quartz slag basalt b) quartz slag basalt

Figure 5.2 Idealized load- bearing capacity of the model wall during exposure to thermal load (a) and
during the cooling phase (b)
As observed, combining the inner temperature profile of the structural element with the related
hot and residual compressive strength, we have shown that the structural member might have a
lower load-bearing capacity after cooling compared to the hot state (e.g. in case of CEM I and
quartz aggregate combination). The design of the component according to ISO 834 or
equivalent standards, without taking the cooling phase into account, can hence be on the unsafe
side. For this reason, it is recommended that the load-bearing capacity of concrete structures
should be verified both during exposure to thermal loads and after cooling, preferably with a

couple days delay.

5.1.4 Summary of findings related to the model

Based on the findings of this section, it can be concluded that not only the mechanical
properties, but also thermal characteristics play a vital part at the structural level. Thermal
conductivity plays a key role in load-bearing capacity of the structural elements. This is
particularly relevant for the heating phase. The improved load bearing capacity of concrete with
slag aggregates (69 %) compared to the concrete with quartz aggregates (47 %) seen in

Figure 5.2.a is mainly owing to the lower thermal conductivity of the former as seen in
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Figure 4.39). Material properties or concrete composition therefore have a direct effect on load-
bearing capacity, especially during and after the cooling phase. The results also showed,
perhaps for the first time, that besides the stability of the aggregates, the type of cement also
has a significant influence on residual compressive strength. When cement and aggregates with
better thermal stability are combined, significant improvement of load-bearing capacity is
observed. As seen in Figure 5.2.b, the combination of more thermally stable slag aggregates
with the more heat resistant CEM III/A leads to 54 % improvement of the relative load bearing
capacity of the model wall, when compared to the standard concrete comprised of CEM I and
quartz aggregates.
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6 Towards more Sustainable High-Temperature
Resistant Concretes: Technological Design Guidelines

6.1 The significance of cold, hot, cooled, and post-storage
compressive strength for large scale construction

As abundantly elaborated in this work, as an important indicator of concrete’s mechanical
properties, compressive strength is the most commonly measured value in laboratory scaled
tests for the evaluation of the high temperature resistance. Measurement of compressive
strength can be carried out at different stages in the process of testing. Cold compressive
strength corresponds to the initial strength before exposure to high service temperatures or fire.
It is known that concrete’s cold compressive strength impacts its behavior when exposed to
thermal loads. In real life, concrete structures that have been used in building structural elements
have had specific initial compressive strengths, which might have slightly changed as the
concrete aged or has been exposed to different and sometimes extreme environmental
conditions. According to the findings of this work, higher cold compressive strength can signify
higher decrease in the hot and residual compressive strengths, at least for certain temperature

ranges.

The thermal resistance of the concrete can be characterized in terms of hot or residual
compressive strength. The main difference in the methodology of hot compressive strength and
residual strength is the testing during or after high temperature exposure. In other words, the
hot compressive strength is measured immediately at the end of the holding time at maximum
temperature, while the residual compressive strength is measured once the specimen is
completely cooled down. The rate of cooling process also influences the residual compressive
strength, thus the free and slow cooling process was applied in these investigations. To further
investigate the impact of curing conditions upon any further strength loss or strength recovery
of the concrete not immediately, but long after thermal load exposure, investigation of the
residual compressive strength at different time points after exposure to thermal loads and under

different storage conditions was also sought after (see Figure 6.1).
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Figure 6.1 Schematic presentation of the theoretical temperature-time regime used in this investigation
and the main measurement points for the compressive strength: 1) cold compressive strength measured
initially before the heating cycle is applied, 2) measurement of hot compressive strength after the heating
phase with a rate of 5 K/min and at the end of the holding time (4 h) at the maximum temperature, 3) free
cooling phase, during which no measurement of compressive strength was carried out 4) measurement of
the residual compressive strength once the specimen is fully cooled to ambient temperature (after one or
more thermal cycles), 5) measurement of the compressive strength after further post storage exemplary
shown for storage in standard climate (20 °C, 65 % RH) after 28 days

Figure 6.2 summarizes the values obtained for hot and residual compressive strengths as well
as the standards DIN EN 1992-1-2 (EC2; left) [104] and DIN EN 1994-1-2 (EC4; right) [114].
A side-by-side presentation of the two figures, which have been separately presented in sections
4.2.2 and 4.3.4, reveals that the values for the residual compressive strengths are approximately
5-10 % lower than those obtained for the compressive strengths in hot conditions. This is
mainly due to the fact that the concrete structure is further damaged as a result of further crack
systems developed during the shrinkage of the concrete components within the course of the
cooling phase. Even more interestingly, the residual compressive strength of the concrete
further decreases during the initial days or even weeks after exposure to the thermal load (see
section 4.4). This was further confirmed by the modeling of the temperature field inside of a
30 cm-thick wall as a model for a concrete elemental structure. As presented in Chapter 5, the
temperature in different inner layers of the structural element continues to rise even during the
cooling phase, with the temperature of the innermost layer being about 200 °C higher during
cooling when compared to the heating phase. Hence, a continued decrease in the load bearing

capacity of the structural element during cooling is to be expected.

At this point it is important to note that so far in practice, concrete strength is in most cases
exclusively estimated or measured under hot conditions, which is supposed to simulate the load-
bearing capacity, integrity and isolation during fire. The majority of the available building codes
apply standards (e.g. ISO 834, ASTM E119, etc.) that prescribe the investigation of the load-
bearing capacity of the structure under hot conditions only. Even in case of closed temperature-

time curves (such as RABT-ZTV, etc.), which is common for tunnels, few adequate material
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models are currently available that allow the evaluation of the load-bearing capacity of the
structure in the cooled or re-cooled state. Additionally, existing material properties in available
standards are not sufficient to carry out a long-term assessment of the residual load-bearing
capacity. Hence, the results presented here highlight the importance of expanding the available
concrete load-bearing measurements in practice beyond those conducted at the hot state to
include measurements in cooled or re-cooled state, as the strength of concrete might even
further decrease once it has reached the supposedly safe cool temperatures. Moreover, most
available testing standards do not prescribe compressive strength measurements for concrete
structures that are supposed to be subjected to cyclic thermal loads during their service life.
Accordingly, the results shown in Figure 6.2. only compare the residual compressive strengths
of the specimens with the available standards after exposure to one thermal cycles. However,
this work has also investigated the effect of different numbers of thermal cycles upon the
residual compressive strength of the concrete, where some further deterioration of the
mechanical properties has been detected for some concrete compositions up to a certain number

of the thermal cycles. Detailed information on this subject has been presented in section 4.3.2.
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Figure 6.2 Comparison of the results of the hot and residual compressive strength of the specimens
investigated in the current work along with the standards presented in DIN EN 1992-1-2 (EC2) [104] and
DIN EN 1994-1-2 (EC4) [114]

The significance of the findings for structural design is that hot compressive strength might not
be an adequate indicator to reflect the thermal stability of the concrete constructions.
Considering the continuation of the concrete strength loss during and after cooling, an adequate
hot compressive strength does not necessarily guarantee a sufficient post-cooling stability. As
a result, measurement and optimization the compressive strength in cold, hot, cooled and post-
storage conditions are required to provide a laboratory-scaled overview of the concrete ability
to withstand thermal stresses in real life. This is of particular importance in case of concrete

constructions exposed to repetitive cycles of heating and cooling.
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Figure 6.3 a) Test of hot compressive strength of concrete in laboratory (self-generated) and b) concrete

column after a fire accident in practice [293]

Figure 6.3.a shows the laboratory-based test setup for the measurement of the compressive
strength of a cylindrical concrete specimen under hot conditions. In order to be able to use the
results for the hot design of reinforced concrete structures, an additional temperature level of

900 °C was introduced, which causes the steel punch to glow at this temperature.

6.2 Design of a temperature resistant sustainable concrete
alternative

One of the main objectives of this work was to develop basic knowledge for sustainable and
durable alternative to conventional concrete with enhanced thermal resistance. While concrete
does not burn, exposure to fire or high temperatures leads to the deterioration of its mechanical
properties both due to chemical and mineralogical changes and the thermally induced internal
strains. Development of concrete with adequate resistance to heat is both important from a fire
safety perspective and industrial serviceability of the structures exposed to repetitive thermal
cycles. Here, we sought to investigate the effect of incorporating temperature-resistant
sustainable materials, such as blast furnace slag in the cement paste or as fine and coarse
aggregates upon the stability of concrete when exposed to a single or repeated thermal load. On
one hand, being mostly recycled industrial waste and reducing the required amount of CEM I
and natural aggregates in the concrete, the use of these materials can significantly improve
sustainability by reducing the CO: footprint of the concrete industry and the use of
environmental resources. On the other hand, being byproducts of high temperature processes
(e.g. in case of slags), or else given their positive impact upon the concrete mechanical
properties and strength (e.g. in case of slag sand and limestone), these were expected to improve
the thermal resilience of the concrete made thereof. In the next sections, we will provide a
summary of the findings of this study with respect to the thermal stability of the aggregates and
the sustainable and stable cement types. Since the results point out that compared to the cement
type, the thermal stability of the aggregates plays a much more significant part in the heat

resistance of the concrete, we will begin the summary focusing on the former.
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6.2.1 Stable sustainable aggregates

The choice of aggregates plays a crucial role in determining both the hot and the residual
compressive strengths of the concrete, as they comprise the majority of the concrete volume. In
general, the compatibility of the aggregates with the cement matrix, e.g. in terms of thermal
expansion coefficient at different temperatures, and their ability to withstand thermal stresses
exerts a significant effect upon the strength of the concrete both during and after exposure to
thermal loads. This study differentiated between conventional natural aggregates, standard
industrial aggregates and non-standard aggregates from the steel and copper industries.

The investigation of hot compressive strength of concrete made of different combinations of
fine and coarse aggregates showed that aggregates that are byproducts of high temperature
processes could improve the thermal performance of the concrete made thereof. These can be
naturally occurring aggregates such as basalt, or else industrial aggregates such as slag sand
and/or BFS. Compared to traditional natural aggregates such as quartz, these aggregates
improved the hot compressive strength of the concretes made thereof. Furthermore, slag sand
and BFS as fine and coarse aggregates could provide the concrete with higher thermal resistance
compared to limestone. Other industrial slags, e.g. those obtained from the steel and copper
industries, however, negatively influenced the thermal stability of the concrete and led to poorer
hot compressive strengths even compared to quartz, which is potentially associated with their

large thermal expansion at higher temperatures [277].

Thermal stability of the aggregates can also significantly impact the residual compressive
strength of the concrete. Aggregates with lower thermal expansion coefficient such as basalt,
slag sand and BFS led to higher residual strengths compared to quartz-based aggregates. The
low thermal expansion of these aggregates minimizes internal stresses and reduces the risk of
thermal cracking within the concrete matrix. While quartz-based aggregates are associated with
significantly higher thermal expansion at different temperatures, they also undergo phase
transition at approximately 573 °C, which leads to a remarkable volumetric expansion. This
leads to significant irreversible microcracking and a substantial loss of strength, which cannot
be recovered once the concrete is cooled down to room temperature [28]. Basalt, being highly
temperature-resistant, provided superior performance across all temperature ranges tested. Its
high melting point and minimal thermal deformation make it particularly suitable for
applications involving exposure to extreme heat [28]. Standard sustainable aggregates, namely,
slag sand and BFS, provided almost similar results to basalt aggregates, and better results
compared to quartz aggregates. Since these are cheaper compared to basalt, and considering
their positive impact upon the concrete sustainability, slag sand and BFS provide a valuable,
more economical and more sustainable alternative to basalt aggregates for the development of
concretes with enhanced thermal performance. These results were further confirmed by the
modeling of the load-bearing capacity of a 30 cm-thick wall as a model for concrete structural
element. In this case, the role of aggregate type upon the increase of the internal temperature of

the concrete element was paramount. Within this context, incorporation of basalt and slag
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aggregates in the concrete wall led to comparable temperature profiles in different internal
layers of the element, which was significantly lower than that predicted for the concrete
structure made of quartz aggregates. As a result, the relative residual load-bearing capacity of
the wall comprising basalt and BFS aggregates was significantly higher than that of their

quartzite counterpart.

While non-standard industrial aggregates obtained from steel and copper industries had poorer
performance in regards with the hot compressive strength of the concrete, they demonstrated
better, though varying, effects upon the residual compressive strength. Copper slag aggregates
improved the residual compressive strength even more than basalt, slag sand and BFS. It is not
clear as to why these aggregates improve the residual mechanical properties of the concrete,
when they negatively influence its strength under hot conditions. It seems that unlike quartz,
the negative effects associated with copper slag aggregates at hot conditions is reversible once
the concrete is cooled down. Slag aggregates obtained from the steel industries provided mixed
results, with some samples performing comparable to basalt and slag sand/BFS at moderate
temperatures (up to 500 °C). However, when exposed to higher temperatures, these resulted in
lower residual strengths, even when compared to concrete made of quartz-based aggregates,

likely due to phase changes or internal microstructural instabilities.

The investigations of the concrete thermal dilation showed that concrete made of quartz
aggregates suffered from significant thermal expansion (in general and due to the phase
transition), leading to irreversible damage to concrete and residual loss of strength. Basalt
aggregates exhibited excellent resistance to thermal deformation, enabling the concrete to retain
its structural integrity even at temperatures above 700 °C. Concretes made of standard industrial
aggregates (slag sand and BFS) demonstrated excellent performance due to their low thermal
expansion and compatibility with slag-containing cements, resulting in higher residual
compressive strengths. Non-standard slag aggregates obtained from the steel and copper
industries showed potential as a sustainable alternative to natural and standard industrial
aggregates. Their performance varied, underscoring the need for additional research to optimize

their use in high-temperature applications.

6.2.2 Efficient sustainable cement

Partial substitution of the CEM 1 by slag sand as SCM led to a slight reduction in hot
compressive strength of the concrete. Slag sand exhibits slower hydration reactions compared
to CEM 1, resulting in a microstructure with a relatively higher proportion of unreacted slag
particles at early stages. The hydration products of slag sand cements (low-lime C-S-H and
secondary phases such as ettringite) dehydrate and decompose faster under high heat
conditions, leading to (reversible) microstructural breakdown [61]. This can in turn bring about
greater differences between the thermal expansion of the layers at different distances from the

heated surface, which may promote more strength loss under hot conditions.
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On the other hand, slag sand containing cements, particularly those with higher proportions of
slag sand, were found to significantly enhance the residual strength of concrete exposed to high
temperatures subsequent cooling. This is observed both in comparison with the concretes made
of traditional CEM I and those in which part of the CEM I has been substituted by limestone
(PLC). This improvement is attributed to the unique chemical and physical properties of slag
sand, which contribute to enhanced microstructural stability, reduced thermal degradation, and
improved post-thermal recovery in the concrete matrix. Increasing the slag sand content in the
cement enhances both temperature and cycle stability. For instance, CEM III/A cement (with
60 % slag sand content) outperformed CEM II/B-S cement (with 30 % slag sand content) in
terms of residual compressive strength following exposure to higher temperatures (500 °C and
700 °C) and an increase in the number of thermal cycles. The superior thermal resistance of
slag sand containing cements can be linked to the formation of stable hydration products such
as C-S-H with lower Ca/Si ratios, which are less prone to thermal decomposition. Additionally,
the latent hydraulic properties of slag sand contribute to ongoing strength development, even
after high-temperature exposure in cooled state (post-storage). However, it should be noted that
the type of the aggregate seems to influence the performance of the concrete made of slag sand
substituted cements. As previously mentioned, the compatibility between the aggregates and
the cement paste in terms of thermal expansion at high temperatures is a paramount determinant

of concrete thermal stability.

These findings highlight the significant potential of slag sand containing cements for
application in structures exposed to high temperatures, refractory linings, and other
environments requiring high durability under thermal stress. The ability of slag sand containing
cements to retain high residual strength makes them a preferred choice for sustainable and heat
resilient construction. By leveraging the benefits of slag sand containing cements, the
construction industry can achieve enhanced performance, improved fire safety and thermal
resistance, and extended service life for concrete structures, particularly those constantly

subjected to extreme thermal conditions.

6.2.3 Interaction between sustainable aggregates and the sustainable cement
matrix

The interaction between aggregates and the cement matrix was found to be a critical
determinant of the hot and residual compressive strength. Aggregates with higher thermal
stability effectively reduced the stress in the cement matrix, enhancing the concrete's ability to
withstand thermal cycling and elevated temperatures. The degree of the thermal expansion
mismatch between the aggregates and the cement matrix was found as a key factor in
temperature induced strength reduction. Aggregates with thermal expansion properties closer
to that of the cement paste (e.g., basalt and slag aggregates) minimized cracking and ensured
better retention of the strength during and post thermal exposure. The combination of

temperature-stable aggregates with slag sand containing cements resulted in the best
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improvement of the concrete’s residual mechanical properties. This combination proved
especially effective under high numbers of thermal cycles and at higher temperature ranges
(500 °C and 700 °C). The dense and thermally stable microstructure created by the interaction
of slag sand containing cements and temperature-stable aggregates can reduce the propagation
of thermally induced microcracks. For example, combinations such as slag sand containing

cement with and BFS or basalt aggregates demonstrated the highest thermal stability.

The positive impact of the thermally stable BFS aggregates combined with slag containing
cement (CEM III/A) was further confirmed through the temperature dependent prediction of
the relative residual load-bearing capacity of the 30 cm-thick concrete wall model. As shown
in Figure 5.2, combinations of CEM III/A and BFS aggregates were associated with the highest
predicted residual load-bearing capacity, even compared to the model element made with the
same cement type, but with basalt aggregates. This highlights the importance of considering

cement-aggregate interactions within concrete technological development.

A further finding of this study was the detection of a temperature-dependent "maximum damage
threshold" in concrete. In combinations of slag sand containing cements with temperature-
stable aggregates, the damage appeared to stabilize beyond a certain temperature and number
of exposure cycle. This suggests the existence of a "temperature endurance limit," where the
concrete's residual strength reaches a plateau despite exposure to further thermal cycles. This
behavior is hypothesized to result from the stabilization of the aggregate-cement matrix

interactions and the self-healing effects of certain hydration products at elevated temperatures.

Based on the findings of this work, the use of temperature-stable industrial aggregates,
particularly in combination with slag sand containing cements, is highly recommended for
structures exposed to high temperatures repeatedly or for prolonged periods of time. This
combination offers a sustainable alternative for enhancing the thermal performance of concrete,
provided sufficient quality control measures are implemented. The residual compressive
strength of concretes made with slag sand containing cements exceeded the normative values
specified in standards such as DIN EN 1994-1-2 [114]. This suggests that incorporating slag
sand not only meets but surpasses the standard requirements, making these cements particularly

suitable for high-performance applications in high-temperature-exposed constructions.

Table 6.1. provides an overview of the findings summarized in this section.
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Table 6.1 Summary of the findings regarding the behavior of aggregate and cement type upon the hot and

residual (post-cooling or post-storage) compressive strength of the investigated concrete compared to the

reference concrete (CEM I + quartz)

Temperature | Aggregate Effect on Effect on residual compressive Effect on residual
(°O) type hot strength compressive strength
compressive post-storage (28 days in
strength 20 °C, 65 % RH)
One cycle Repeated
cycles

Basalt - - (CEM ) T* T

1 (CEM III/A)

- (CEM )
Sl d/
250 °C ag san - 1 (CEM 1I/A) T )
BFS

T (CEM 11/B-S)
Slag/Basalt - l - T*
Quartz/slag - - - T
Basalt T T* T* T*
Slag sand/ T T* T* T*

BFS

500 °C Slag/Basalt - T - T*
Quartz/slag - T - T*
Ef-Slag l T - -
LD-Slag l T - -
Cu-Slag l T - -
Basalt T T* T* T*
Slag sand/ T - (CEM ) T* T*

BES T (CEM III/A)
Slag/Basalt - T* - T*

700 °C - (CEM )

Quartz/slag - T (CEM III/A) - T*

T (CEM 1II/B)
Ef-Slag l l - -
LD-Slag l l - -
Cu-Slag l T - -

* Specimens made of CEM III/A and CEM III/B have better thermal resistance compared to specimens

made of CEM 1
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6.3 A performance-based test concept for optimizing concrete
composition for high temperature applications

As demonstrated in the preceding sections, well-composed concretes exhibit temperature
resistance that is at least comparable to, if not superior to, that of conventional concrete
incorporating limestone as aggregate. This finding underscores the importance of optimized
material selection and mix design in achieving enhanced thermal performance in concrete

structures in high-temperature environments.

The superior thermal resistance of well-composed concretes can be attributed to several key
factors. First, the selection of aggregate materials with higher intrinsic thermal stability plays a
crucial role. Aggregates such as basalt as well as slag sand and BFS exhibit lower thermal
conductivity and reduced susceptibility to thermal degradation compared to limestone. These
properties contribute to improved retention of mechanical integrity at elevated temperatures,

thereby reducing the likelihood of thermal cracking and structural failure.

Second, the incorporation of SCM, particularly slag sand, can enhance the high-temperature
performance of concrete. As pozzolanic materials, SCM refine the microstructure by reducing
porosity and increasing the overall density of the concrete matrix. Consequently, well-
composed concretes display lower permeability and reduced internal moisture movement,

which are critical in mitigating explosive spalling under rapid heating conditions.

Furthermore, the optimization of the water-to-cement ratio and the use of advanced admixtures
contribute to the thermal resilience of well-composed concretes. A carefully controlled water-
to-cement ratio ensures a dense and durable microstructure, minimizing pathways for heat-
induced moisture migration and subsequent internal stresses. High-performance admixtures,
including superplasticizers and shrinkage-reducing agents, further enhance the concrete’s

ability to withstand thermal fluctuations without compromising structural stability.

Experimental studies elaborated on in this dissertation and reported in other studies corroborate
these insights, demonstrating that well-composed concretes maintain higher residual
compressive strength after exposure to elevated temperatures compared to their limestone-
based counterparts. This enhanced resistance is particularly significant in fire-prone
environments, where prolonged exposure to high temperatures can severely compromise the
structural integrity of conventional concrete. Furthermore, concretes can be specifically
engineered for specialized applications, where exposure to defined temperature thresholds, as
a one time or recurrent event (i.e. exposure to cyclic high-temperature loads) are critical
considerations. The ability to tailor concrete compositions for such scenarios underscores the
importance of a holistic approach to material selection. While the role of stable aggregates has
been more widely acknowledged, the influence of cement choice has often been
underestimated. Different cement types exhibit varying levels of thermal stability, shrinkage
behavior, and reactivity with supplementary materials, all of which can significantly impact

overall performance in extreme conditions. Consequently, the development of a performance-
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based assessment framework is essential to ensure optimal material selection and usage. A
structured testing concept for performance-based evaluation is therefore proposed in the
following section, offering a systematic methodology to assess and optimize concrete

compositions for high-temperature applications.

Before starting on the performance-based audit concept, it is essential to consider whether the
concrete’s exposure to high temperatures is a one time or a repeated event. In the case of cyclical
high-temperature exposure, the resistance of the concrete is the key parameter. In contrast, the
heat storage capacity and thermal conductivity are also important in the case of a one time

exposure to elevated temperature, e.g. as a result of a fire.

The performance-based testing concept for the design of concrete for high-temperature

application involves the following steps:

1) Identification of key performance criteria

Define the essential thermal and mechanical properties for the intended application, including:
e Thermal conductivity and thermal storage capacity
e Maximum exposure temperature
e Hot compressive strength (with specified test levels)
e Residual compressive strength (with test levels, post-storage duration, and conditions)
e Required number of thermal cycles
e Stress-strain relationship and stiffness for structural design (with defined test

parameters)

2) Assessment of thermal conductivity and heat storage capacity
e Establish the maximum operating temperature.
e Conduct temperature-dependent measurements of thermal conductivity and heat storage
capacity during heating.
e Utilize standardized refractory material testing procedures, as referenced in industry

guidelines such as those provided by the German Institute for Refractories and Ceramics
[292]

3) Evaluation of residual compressive strength immediately after cooling
e Define the maximum temperature exposure.
e Utilize RILEM standard compressive strength testing [256].
e Conduct residual strength testing using a minimum of three specimens at two or more

temperature levels, with one being the maximum exposure temperature.

4) Ifrequired: Cyclic thermal stability assessment
o [Establish testing criteria for repeated heating and cooling cycles.

e Define the maximum exposure temperature and the number of cycles.
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e Conduct RILEM-standard compressive strength tests with a minimum of three
specimens at defined temperature levels.

e Ifapplicable, specify a “maximum damage level” threshold.

5) Ifrequired: Residual strength evaluation after post-storage
e Define post-exposure conditions, including cooling rates and storage duration.
e Conduct compressive strength testing using at least three specimens at two or more
temperature levels.

e Ensure compliance with industry standards for post-storage mechanical evaluation.

6) Ifrequired: Stress-strain behavior and/or stiffness measurement during or after thermal load
exposure
e Define the maximum exposure temperature.
e Perform RILEM-compliant stress-strain and stiffness evaluations [256].
e Conduct testing with a minimum of three specimens during or after thermal exposure,

including potential post-storage conditions.

The performance-based testing concept outlined above provides a structured and standardized
framework for evaluating the high-temperature resilience of concrete. By incorporating
rigorous testing methodologies and industry-recognized standards, this approach ensures
reliable assessment of concrete formulations for demanding applications. Future research
should focus on refining these protocols, expanding material databases, and integrating
predictive modeling techniques to enhance the efficiency and accuracy of high-temperature

performance evaluations in industrial and structural applications.
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7 Summary and Conclusions

The focus of the dissertation was to investigate the possibility of developing a sustainable
alternative to conventional concrete with enhanced thermal resistance. To this end, the effect
of cements containing different amounts of slag sand or limestone and the aggregates obtained
as byproducts of metal industries at high temperatures, namely unground slag sand (as fine
aggregates) and BFS (as coarse aggregate) on the mechanical behavior of concrete during and
after exposure to one or more thermal cycles was investigated. The statistical evaluation of the
results from more than 1800 data sets showed that the slag sand and BFS aggregates have
comparably high temperature stability comparable to that of basalt (and significantly superior
to quartz) and improve both the hot and residual compressive strength of the concrete. Thus, it
seems that in addition to improving concrete sustainability, industrial aggregates made of slag
sand and BFS can be also used as more economical alternatives to temperature-resistant natural
aggregates such as basalt. In regards with the cement type, partial replacement of the CEM I by
slag sand as SCM was shown to slightly reduce the hot, but significantly improve the residual
compressive strength of the concrete, both immediately after cooling and after storage under
humid conditions. Within this context, slag sand performed superior to limestone, and
increasing the slag sand content of the cement was shown to bring about positive effects upon

the concrete residual properties.

The use of slag sand and BFS aggregates and to a lower extent cements containing slag sand as
SCM was shown to reduce the thermal conductivity of concrete. This leads to lower
temperatures in the internal layers of the structural component made of these materials both
during exposure to thermal loads and cooling. As a result, both the temperature-related stress
and the size of the regions of the element exposed to temperature-related stress decrease. In
fact, the modeling of the residual load-bearing capacity of a 30 cm-thick wall as a model for
concrete structural element demonstrated that incorporation of basalt and slag aggregates in the
concrete wall led to comparable temperature profiles in different internal layers of the element,
which was significantly lower than that predicted for the concrete structure made of quartz
aggregates, both during the heating and the cooling phases. As a result, the relative residual
load-bearing capacity of the wall comprising basalt and BFS aggregates was significantly
higher than that of their quartzite counterpart. Additionally, it was shown that combinations of
slag containing cement (CEM III/A) and BFS aggregates were associated with the highest
predicted residual load-bearing capacity of the model structural element, even superior to the
model element made with the same cement type, but with basalt aggregates. This highlights the
importance of considering cement-aggregate interactions within concrete technological

development.

Even though a systematic investigation of other industrial by-products, e.g. different types of
steel and copper slags, and their influence on the thermal properties of the concrete was out of

the scope of this work, some preliminary experiments were done on the subject. The results
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indicated that these non-standard industrial aggregates negatively affected the hot compressive
strength but mostly improved the residual compressive strength of the concrete, even in some
cases in a manner comparable with basalt aggregates. These findings inspire further in-depth
research in terms of the thermal properties of these materials and the systematic investigation

of their influence on the mechanical properties of the concrete exposed to high temperatures.

Combined, this study successfully managed to introduce a more sustainable alternative to
traditional CEM I concrete with superior thermal performance, particularly for constructions
that have to endure exposure to repeated heating and cooling cycles during their service life.
The findings of this work are interesting both from a fire safety and high temperature
serviceability perspective and from the sustainability point of view. We hope that these findings
serve as a stepstone, paving the way for the development of more sustainable and at the same
time more thermally resilient concrete alternatives for the fields of architecture and civil

engineering.
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8 Outlook and Perspectives

Neither the standard industrial aggregates such as slag sand and BFS nor the slag aggregates
obtained from other industries are currently considered in the fire resistance design of concrete
structures according to DIN EN 1992-1-2. The knowledge gained through this work suggests
that to treat the standard industrial aggregates (slag sand and BFS) at least similarly to quartzite
aggregates might be justifiable. It seems even logical to add these in a new class of concretes
with relative hot compressive strengths between those of concrete with limestone and quartz
aggregates. In terms of the thermal characteristic values and the thermal expansion, the
"favorable properties" curves in the standard could be used. This would allow a normative fire
resistance design of concretes with slag sand and BFS as industrial aggregates. Additionally,
the preliminary results of this work highlighted the potential of copper slag aggregates, and to
some extent the slag aggregates from the steel industries, to improve the residual properties of
the concrete exposed to high temperature. This inspires further research focusing on the thermal
properties of these aggregates and the potential of using these as standard industrial aggregates

in the concrete industry.

For the design of the load-bearing capacity of structures in the cooled state after a fire event,
concretes with slag sand and BFS aggregates could be evaluated using the standard curves
presented in DIN EN 1994-1-2. The favorable characteristics of the specimens made of these
aggregates according to the standard combined with the uncovered positive effect of slag sand
containing cements upon the residual mechanical properties of the concrete point out that
combination of slag sand containing cements and slag aggregates leads to an increased load-
bearing capacity of these structures following exposure to one time or repeated thermal loads.
Additionally, the use of further temperature-resistant aggregates such as basalt or limestone
(below a temperature of 850 °C) can also provide residual strength values above the standard
curve. This is of particular interest for civil engineering projects such as bridges and tunnels,
where so-called "closed fire curves" are used for the evaluation of the residual mechanical
properties. Furthermore, particularly in line with the detected temperature-dependent
"maximum damage threshold" in concrete, similar models can be used to present normative
values for the load-bearing capacity of the structures exposed to repeated cycles of heating and

cooling.
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Appendix

The appendix consists of two parts, part A.1 for the tables and figure of chapter 2 and part
A.2 for all other chapters.

Appendix A.1

Table A.1.1. Test standards for the evaluation of concrete’s thermal and mechanical properties at
different temperatures discussed in section 2.1.7

Property Temperature range Test Standards
Thermal Ambient temperature to 85 °C ISO 8302, ASTM C177,
conductivity ASTM C1363
Elevated temperatures (up to 1000 °C) ISO 22007-2
Specific heat Ambient temperature to 600 °C ISO 11357, ASTM
Thermal
. E1269
properties
Elevated temperatures (up to 1000 °C) ISO 22007-2
Thermal Ambient to elevated temperatures ISO 11359-2
expansion (up to 1000 °C) ASTM E831
Mass loss Ambient to elevated temperatures ISO 11358382
(up to 1000 °C) ASTM E1131
Compressive Ambient temperature DIN EN 12390-3
strength ASTM C39
Mechanical Elevated temperatures (up to 750 °C) RILEM 200-HTC
"

PrOPETHEs DIN EN 12390-6,
Tensile Ambient temperature ASTM C78, ASTM
strength C1583, ASTM C496

Elevated temperatures (up to 750 °C) RILEM 200-HTC
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Table A.1.2 Composition and specifications of the specimens used for the investigations discussed in

section 2.2.2.1

Type, shape and Slag sand w/c Aggregate type | a/c ratio Curing time and Referen
dimensions content of ratio conditions ce
the cement
(%)
Prismatic mortar CEM IIVA 0.5 siliceous 3 28 days in water + | Andic-
specimens 40 x 40 x (45) standard sand 28 days in air Cakir et
160 mm aggregates (TS al. [183]
EN196-1)
Cylindrical concrete | CEM III/A 0.5 Concrete: No Concrete: | 20 °C, 100 % RH Zemri
or mortar: d =40 (not aggregates No for 90 days + 25 °C and
_ . 0 .
mm and h = 80 mm specified) Mortars: Sand Aggregat | and 55 % RH for 2 Bac.hlr.
(0/4 mm) es weeks Bouiadj
Mortars: ra [184]
1.775
Cubic concrete CEM IIVA 0.3 Quartz sand (0/2 1.5 20 °C and 50 % RH | Hager et
specimens 150 x (53) mm)+ river bed (covered) for 7 al. [185]
150 x 150 mm and gravel or days
cylindrical concrete crushed basalt
specimens d =100 (2/8 and 8/16
mm and h = 200 mm mm)
Cylindrical hardened 0,5,10, 0.23 - - >70 % RH + Wang
cement paste 20,50, 80 0.47 storage at 23 °C for [187]
(concrete) d =20 , 100 . 28 days
mm, h =40 mm 0.71
Prismatic pumic 0,20,40, 0.7 - - 20°Cand 90 % RH | Aydin
mortars 60, 80 for 27 days [188]
40 x 40 x160 mm
Prismatic mortars 0,20,50, 0.64 Siliceous sand 3.86 Curing in plastic Delhom
40 x 40 x 160 mm 80 waterproof bags at me
20 .C for 28 Zlays + et al.
drying at 35 °C for [182]
4 days
Cylindrical hardened | 0,20, 40 0.48 Not available 3.65 Moisture curing at Sim et
cement paste 22°Cand 99 % RH | al. [189]

(concrete) d = 100

mm, h =200 mm

for 24 h + curing in
lime-saturated

water for 28 days +
drying at 80 °C
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Type, shape and Slag sand w/c Aggregate type | a/cratio Curing time and Referen
dimensions content of ratio conditions ce

the cement
(%0)
Cubic concrete 0,10,20 0.54 Siliceous sand + 1.8 Curing in water El

150 x 150 x 150 mm coarse dolmite until testing Saleem

aggregates et al.
[190]
Cubic concrete 0, 50, 60, 0.55 River sand (0/5 5.6 Curing in lime Lietal.
specimens 100 x 70 mm) + crushed saturated water (20 [191]
100 x 100 mm stone (0/25 mm) °C) for 28 days

Cylindrical concrete 0, 10, 30, 0.41 Sea sand (0/5 4.17 Curing in lime Lietal
specimens d = 100 50 mm) and saturated water (20 [192]
mm, h =200 mm crushed stone °C) for 28 days

(0/25 mm)

Cylindrical concrete 0, 20, 40, 0.45 Natural sand 3.38 Ambient Siddiqu
specimens d = 150 60 (0/4.75 mm) + temperature (27 °C) e and
mm, h =300 mm coarse selicious for 28 or 57 days Kumar

aggregates (0/10 [194]
mm)

Cylindrical concrete 0,35,50 Not Old basalt sand Not Curing in lime- Menden
specimens d = 100 availabl + old basalt available | saturated water bath | setal.
mm, h =200 mm e crushed rock at 23 °C for 28 days [193]

(0/14 mm)

+ drying at 23°C
and 50 % RH for
60 days

w/c ratio: water to cement ratio, a/c ratio: aggregate to cement ratio
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Table A.1.3 Composition and specifications of the specimens used for the investigations discussed in

section 2.2.2.2

Type, shape and | Cement | w/c Aggregate type a/c Curing time Reference
dimensions ratio ratio | and conditions
Cubic concrete OPC 0.45 | Fine sand and slag sand (20 4.1 Not specified | Vaidya et
specimens 150 x %, 40 % or 60 %)+ coarse al. [198]
150 x 150 mm aggregates not specified
(0/20 mm)
Concrete OPC 0.48 River aggregates as coarse 53 Not specified Yiiksel et
specimens, shape (3/7mm) and fine (0/3 mm) al. [199]
and dimensions aggregates, non-ground
not specified granulated BFS, bottom ash
or a mixture thereof for the
partial substitution of the
fine aggregates
Concrete OPC 0.45 River sand (0/4.75 mm) + 4.1 Not specified | Vaidya et
specimens, shape river aggregates (0/20 mm), al. [200]

and dimensions

not specified

BFS for partial substitution
of the coarse aggregates (20,
40 or 60 %)

w/c ratio: water to cement ratio, a/c ratio: aggregate to cement ratio
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Table A.1.4 Composition and specifications of the specimens used for the investigations discussed in

section 2.2.3

Type, shape and Cement w/c Aggregate type alc Curing time and | Reference
dimensions ratio ratio conditions

Cubic concrete CEMIor | 045 Silico-calcareous or 6.5 28 days in Buquera

specimens 100 x calcium steel slag aggregates water at 20 °C et al
100 x 100 mm aluminum (0/2 mm, 2-4 mm and [238].

cement 6-12 mm)
Cylindrical mortar OPC 0.6 Natural siliceous sand 2.8 Storage at room | Saha et al.

specimens d = (0/1.18 mm) partially temperature for [239]

100 mm, h =200

mm

replaced ferronickel
slag (0/4.75 mm)
aggregates (25, 50, 75
or 100 %)

28 days + oven
dried at 105 °C
for 24 h

w/c ratio: water to cement ratio, a/c ratio: aggregate to cement ratio
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Table A.1.5. Composition and specifications of the specimens used for the investigations discussed

in section 2.2.4

Type, shape and Cement w/c Aggregate type a/c ratio Curing time and Reference
dimensions ratio conditions
Cylindrical CEMIor 0.55 | Gravel aggregates Not Curing in water or Klingsch et
concrete CEM II/A- containing available highly humid al. [247]
specimens LL carbonate (57 %) climate (20 °C, RH
. o
d=150 mm, h = and siliceous (38 > 95 %) + Storage at
0, O o
300 mm %) 23 °Cund 50 % RH
for 90 days
Cubic concrete OPC 0.46 Silico-calcareous 4.65 14 days in water + Adel
specimens 100 x partially or steel slag 14 days in air at 20 | Mohammed
100 x 100 mm substituted aggregates (0/4.75 °C et al. [248]
Cylindrical by limestone mm and 0/20 mm)
(0, 10, 15,
concrete
. 20 or 25 %)
specimens
A=100mm, h=
200 mm
Rectangular cubic | OPC, either 0.4 Natural siliceous 4.4 Storage at 20 °C for | El-Kurdi et
concrete partially sand + pink 27 days + oven al. [249]
specimens 100 x substituted limestone dried at 105 °C for
100 x 200 mm by 24h
limestone,
or with the
addition of
limestone
(10 or 15 %)
Prismatic self- OPC, 0.5 Natural sand (0/1 Not Storage at 100 % Uygunoglu
conditioning partially mm) available RH for 24 h + et al.
micro-concrete substituted curing in water for [250]
specimens by limestone 28 days
5% 5 %25 mm (10, 20 or 30
7o)
Cylindrical OPC 0.55 Fine aggregates 4.94 Not available Tofail et al.
concrete not specified (0/5 [253]
specimens mm) + granite,
d=150 mm, h = . quartzite or
300 mm limestone coarse
aggregates (5/25
mm)

w/c ratio: water to cement ratio, a/c ratio: aggregate to cement ratio
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Appendix A.2

Table A.2.1. Physical properties of the cements used for concrete production [266]

Z & @
Z
p i & =
o 3 e z | 2
Parameter Unit : ;f < < <
- ~ || || [l
e = — —_ —_
= = = = =
= = = = =
Q Q Q Q Q
Glass content - - - 99.4 99.7
Slag sand content % 0 29 52 - -
& (W/W)
Density g/cm? 2.928 2.921
Fineness cm?/g 4290 4100
Grain size n - 0.99 0.99
distribution
(RRSB) d: um 15.8 15.3

Results obtained by FEhS-Research Institute for Construction Materials.
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Table A.2.2. Chemical analysis of the cements used in the current work [266]

z < -
Z

o ' & &

& b g 2 <)

Parameter Unit :2 ;nb < < <
- = = - = =

) ) ] ) ] L]

= = = = > =

= = = = = =

Q Q Q Q Q @}

LOI
(COLHLO0) 231 | 213 | 102 | 024 | o012 | 012
IR 0.75 0.61 0.23 0.15 0.14 n.d.
Al O3 5.46 7.18 8.23 5.16 10.7 15.1
CaO 63.3 57.3 51.5 66.2 43.1 38.8
fcao 0.47 0.31 0.44 0.64 n.d. n.d.
Si0; 19.7 24.5 26.8 22.1 36.5 33.3
FeO n.d. n.d. n.d. n.d. 0.78 0.35
Fe, O3 2.11 1.78 1.41 2.34 n.d. n.d.
%

MgO (W/w) 1.39 2.94 4.32 1.03 6.85 9.61
Na,O 0.15 0.16 0.19 0.20 0.26 0.44
K>,O 0.89 0.72 0.69 0.74 0.60 0.59
TiO; <0.20 <0.20 <0.20 0.26 0.54 1.33
SO; 3.19 3.06 3.11 1.02 0.06 0.17
S? n.d. n.d. n.d. n.d. 0.79 1.06
Cl 0.077 0.084 0.088 n.d. 0.02 0.011
CO; 1.60 0.99 0.47 0.07 0.11 0.10
H,0O 0.17 0.01 <0.03

LOI: Loss on ignition, IR: Insoluble residue, n.d.: not determined

Results obtained by FEhS-Research Institute for Construction Materials.
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Table A.2.3. Initial density of the prismatic specimens used for the measurement of the residual

compressive strength (and mass loss)

a) Initial density of the specimens used to investigate the effect of slag sand content of the cement and

type of the natural aggregates

Aggregate CEMI CEM 1I/B-S CEM IIIVA Unit
Basalt 2.353 2.342 2.356
Quartz 2.183 2.182 2.190
Slag 2.100 2.107 2.071 [kg/dm?]
Quartz/BFS 2.055 2.023 2.024
Slag sand/Basalt 2.186 2.141 2.177

b) Initial density of the specimens used to investigate the effect of slag sand and limestone in the

cement and as added aggregates

Aggregate CEMI CEM II/A-LL CEM III/B Unit
Quartz 2.153 2.109 2.110
Sla, - - 2.06
£ [ke/dm?]
Limestone/ - 2.124 -
Quartz

c¢) Initial density of the specimens used for the measurement of the maximum evaporable water

Aggregate CEMI CEM II/A-LL CEM 11I/B Unit
Quartz 2.135 2.032 2.068
Basalt - - 2.137 [kg/dm?]

Slag - - 2.365
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Table A.2.4. Initial density of the cylindrical specimens

a) Initial density of the specimens with industrial cements used to investigate the effect of slag sand

content of the cement and type of the natural aggregates

CEMI

Aggregate CEM 1I/B-S CEM IIVA Unit
Basalt 2.304 - 2.321
Quartz 2.183 - 2.178 [kg/dm?]
Slag 2.100 - 2.193

b) Initial density of the specimens prepared with laboratory mixed cements used to investigate the

effect of slag sand from different sources

CEM IIVA

Aggregate CEM III/A (slag 2) CEM III/A (slag 3) Unit
Basalt 2.321 - 2.290
[kg/dm?]
Slag 2.193 - 2.178

c) Initial density of the specimens used to investigate the effect of non-standard aggregates

Aggregate CEMI CEM II/B-S CEM IIIVA Unit
Ef-Slag 1 2.881 - 2.906
Ef-Slag 2 2.853 - 2.840
[kg/dm?]
LD-Slag 2.810 - 2.687
Cu-Slag 2.866 - 2.853
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Table A.2.5. Composition of the concretes used for the investigation of the influence of aggregate

largest grain size upon the residual compressive strength following exposure to thermal stress

Quartz | Quartz | Quartz | Quartz | Basalt | Basalt | Basalt
Composition 0/2 0/4 0/8 0/16 0/2 0/4 0/8
mm mm mm mm mm mm mm
Water/cement [-] 0.52 0.52 0.52 0.52 0.52 0.52 0.52
Wasser [I/m?3] 286 286 286 286 286 286 286
Cement CEM 1I/B-S 42.5 N 550 550 550 550 550 550 550
Quartz 0/2 mm 1337.0 | 865.1 699.3 480.0 - - -
Quartz 2/4 mm - 472.0 - - - - -
Quartz 2/8 mm - - 637.8 435.9 - - -
Quartz 8/16 mm [kg/m?] - - - 421.2 - - -
Basalt 0/2 mm - - - - 15153 | 1417.2 | 1094.6
Basalt 2/4 mm - - - - - 98.0 -
Basalt 2/5 mm - - - - - - 97.0
Basalt 5/8 mm - - - - - - 3243
Cold compressive strength 61.4 63.0 61.3 58.2 69.0 73.6 71.7
[MPa]
Cold flexural strength 5.6 8.9 8.2 7.7 9.7 9.4 8.6







Kurzfassung LIV

Kurzfassung

Der Bausektor ist einer der Hauptverursacher der weltweiten CO2-Emissionen. Um die
Klimaziele der EU zu unterstiitzen, ist die Entwicklung nachhaltiger Betone mit
verbesserter Dauerhaftigkeit und reduziertem CO.-FuBlabdruck unerlédsslich. Diese
Dissertation untersucht die Verwendung von Nebenprodukten aus industriellen
Hochtemperaturprozessen, hauptsidchlich Hochofenschlacke (BFS) und Hiittensand (slag
sand), zur Herstellung von stabilen, thermisch bestindigen und nachhaltigen
Betonalternativen. Der Schwerpunkt der Studie lag auf der Verbesserung der
Dauerhaftigkeit von Beton wéhrend und nach einmaliger oder wiederholter thermischer

Beanspruchung.

Die Wirkung von Hiittensand als zusédtzliches zementartiges Material wurde durch den
Vergleich der HeiB3- und Restdruckfestigkeit von Betonen untersucht, die mit CEM I1I/A,
CEM III/B sowie herkdmmlichem Portlandzement (CEM I) hergestellt wurden und
verschiedenen thermischen Belastungen (unterschiedliche Anzahl von Zyklen mit
verschiedenen Maximaltemperaturen) ausgesetzt waren. Zudem wurden diese Ergebnisse
mit einem kalksteinbasierten Zement (CEM II/A-LL) verglichen. Dariiber hinaus wurde
die Leistung von BFS, Hiittensand und anderen nicht standardisierten metallurgischen
Schlacken als Gesteinskdrnung mit konventionellen Gesteinskdrnungen wie Quarzit,

Basalt und Kalkstein verglichen.

Basierend auf iiber 1800 experimentellen Datenpunkten konnten BFS und Hiittensand die
Restdruckfestigkeit von Beton signifikant verbessern. Wihrend Hiittensand die
Druckfestigkeit bei hohen Temperaturen leicht reduzierte, erhohte er die Restfestigkeit
deutlich - insbesondere nach Abkiihlung und anschlieender Lagerung unter feuchten
Bedingungen. Ein hoéherer Hiittensandanteil im Zement korrelierte mit verbesserten
mechanischen Eigenschaften nach thermischer Beanspruchung. Die Modellierung des
Temperaturprofils einer 30 cm dicken Wand zeigte, dass Schlacken- und Basaltzuschldge
die Innentemperaturen wihrend der Aufheiz- und Abkiihlphasen signifikant stirker
reduzierten als Quarzit. Die verringerte Warmeleitfdhigkeit und die geringeren
thermischen Spannungen fiithrten zu einer héheren geschitzten Resttragfiahigkeit, mit
leichten Vorteilen fiir Schlacke gegeniiber Basalt wihrend der Abkiihlphase. Betone aus
schlackenreichen Zementen (CEM III/A) in Kombination mit BFS-Gesteinskdrnungen
zeigten die besten Resttragfiahigkeiten, was die Bedeutung der Zement-Gesteinskornung-
Wechselwirkung unterstreicht. Erste Versuche mit anderen Industrieschlacken zeigten
ebenfalls vielversprechende Ergebnisse und weisen auf ein hohes Forschungspotenzial
hin. Diese Arbeit liefert ein solides Bewertungsmodell sowie praxisorientierte Ansitze

zur Entwicklung langlebiger, thermisch stabiler und umweltfreundlicher Betonlosungen.
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