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Abstract

Concrete exposed to fire, particularly in confined environments such as tunnels, can experience
explosive spalling. This phenomenon reduces the load-bearing cross-section and exposes the re-
inforcement layer, thereby compromising the structural integrity of the building. At the same time,
the cement industry is striving to reduce the high CO: emissions associated with Portland cement
production by introducing blended cements. These cements partially replace clinker with supple-
mentary cementitious materials, significantly lowering the overall carbon footprint. However, as
the use of blended cements becomes more widespread, concerns about their behavior under fire
exposure are growing. Spalling is primarily driven by thermomechanical and thermohydraulic
mechanisms. Cement composition affects the microstructure, moisture content, and dehydration
behavior, all of which are impacting thermohydraulic processes.

Therefore, this thesis presents a comprehensive analysis of the spalling behavior of concrete made
with blended cements, focusing on the underlying thermohydraulic properties. The goal was to
assess how different blended cements influence spalling susceptibility and to identify the material
characteristics responsible for this behavior. The key areas of investigation included moisture
transport properties as well as the dehydration behavior of the cementitious matrix.

A review of existing literature revealed significant knowledge gaps. Specifically, no clear rela-
tionship could be established between cement type and spalling susceptibility, nor are the under-
lying mechanisms well understood. To address this, spalling experiments were conducted on ring-
restrained specimens made with four cement types: CEM I, CEM II/A-LL, CEM III/A, and CEM
II/B-Q. The fire tests showed a marked increase in spalling susceptibility in concrete made with
blended cements. While the CEM I reference concrete exhibited only minor spalling (up to 1.5
cm), blended cement concretes suffered severe damage, with spalling depths exceeding 5 cm. To
understand the causes of these results, IH-NMR relaxometry was used to analyze thermally in-
duced moisture transport. Small scale cylindrical specimens were measured before and after heat-
ing. The tests showed higher initial moisture content in CEM III/A and CEM II/B-Q concrete,
differences in pore-size-specific moisture distribution and overall lower permeability in all
blended cement concretes. After heating, variations in the depth of the drying front and the de-
velopment of the moisture accumulation zone, the so-called moisture clogs, were observed. In-
terestingly, these results did not correlate directly with the measured permeabilities, suggesting
that permeability alone is not the decisive factor in moisture transport during fire exposure. Fur-
ther analysis of the dehydration and decomposition behavior by XRD and TGA revealed that
blended cement pastes exhibit greater thermal resistance. The dehydration behavior was in good
agreement with the development of the drying front suggesting that the mineral phase composi-
tion has a strong influence on the thermally induced moisture transport and hence the differences
in spalling susceptibility.

The findings suggest that the greater amount of available energy in the form of hot water due to
higher initial moisture content, lower permeability, and less dehydration up to 200 °C is the main
contributor to the increased spalling tendency observed in blended cement concrete. However,
the differences between the single blended cement concretes are still not fully understood.



Kurzfassung

Betonbauwerke unter Brandlast, insbesondere Tunnelbauwerke, neigen zu explosionsartigem Ab-
platzen. Durch das Abplatzen reduziert sich der tragende Querschnitt und die Bewehrungslage
kann freigelegt werden, was die Tragwerkssicherheit des Gebdudes erheblich beeintrichtigt.
Gleichzeitig versucht die Zementindustrie, die CO2-Emissionen, die bei der Herstellung von Port-
landzementklinker entstehen, durch den Einsatz klinkereffizienter Zemente zu reduzieren. Bei
diesen Zementen werden Teile des Klinkers durch Zusatzstoffe ersetzt, wodurch der CO-Fullab-
druck deutlich verringert werden kann. Die wachsende Popularitét 16st jedoch Bedenken hinsicht-
lich des Hochtemperaturverhaltens von Betonen mit diesen Zementen aus. Das Abplatzen basiert
auf thermomechanischen und thermohydraulischen Mechanismen. Die Zementart beeinflusst die
Mikrostruktur, das Feuchtetransportverhalten sowie das Dehydrationsverhalten der Zementstein-
matrix. All diese Faktoren sind an thermohydraulischen Prozessen beteiligt.

Diese Dissertation beinhaltet eine ganzheitliche Analyse des Abplatzverhaltens von Betonen mit
klinkereffizienten Zementen. Ziel war es herauszufinden, wie diese Zemente das Abplatzverhal-
ten beeinflussen und welche Eigenschaften dafiir verantwortlich sind. Der Fokus lag auf den
Feuchtetransporteigenschaften und dem Dehydrationsverhalten des Zementsteins.

Der aktuelle Stand der Technik zeigte bestehende Wissensliicken auf. Daten aus der Literatur
lieferten keinen klaren Zusammenhang zwischen Zementart und Abplatzverhalten sowie den zu-
grunde liegenden Mechanismen. Zur Schlieung dieser Liicke wurden Brandversuche an Betonen
mit vier verschiedenen Zementen (CEM I, CEM II/A-LL, CEM III/A, CEM I1I/B-Q) durchgefiihrt.
Die Ergebnisse zeigten, dass der Einsatz klinkereffizienter Zemente zu einem erhdhten Abplatz-
risiko fithrt. Wahrend CEM I Beton nur Abplatzungen mit Tiefen bis zu 1.5 cm aufwies, wurden
in Betonen mit klinkereffizienten Zementen mit iiber 5 cm deutlich grofiere Abplatztiefen festge-
stellt. Zur Analyse der Ursachen wurde der thermisch induzierte Feuchtetransport mittels 1H-
NMR Relaxometrie untersucht. Dabei wurden kleinformatige Proben vor und nach einseitiger
Erwarmung gemessen. Auffillig war die erhohte Ausgangsfeuchte in CEM III/A und CEM 11I/B-
Q Betonen sowie verschiedene porengroBenspezifische Feuchteverteilungen. Zusétzlich wurden
insgesamt niedrigere Permeabilititen bei Betonen mit klinkereffizienten Zementen festgestellt.
Die Messungen nach der Erwérmung zeigten unterschiedlich stark ausgepragte Trocknungsfron-
ten und Feuchteakkumulationen. Diese Unterschiede lassen sich jedoch nicht nur durch die Per-
meabilitét erkldren. Untersuchungen zum Dehydrationsverhalten der verschiedenen Zementsteine
mittels XRD und TGA zeigten, dass klinkereffiziente Zemente zur Ausbildung thermisch stabi-
lerer Hydratphasen neigen. Der Vergleich zwischen Dehydratation- und Trocknungsverhalten
zeigt, dass der Feuchtetransport stark vom Phasenbestand abhéngt.

Zusammenfassend lésst sich feststellen, dass infolge hoherer Ausgangsfeuchten mehr Energie in
der Form von heilem Wasser gespeichert werden kann. Dies stellt zusammen mit niedrigeren
Permeabilitdten und geringerer Dehydration in einem Temperaturbereich bis zu 200 °C die Haupt-
faktoren fiir die erhdhte Abplatzneigung in Betonen mit klinkereffizienten Zementen dar. Die



Unterschiede zwischen den einzelnen Zementtypen lassen sich mit den présentierten Daten je-
doch nicht vollstindig erkléren.
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1 Introduction

1.1 Tunnel fires

The global population continues to grow, driving an increase in both public and industrial traffic.
This surge creates a rising demand for safe and efficient transportation systems. A key component
of modern infrastructure is the development of tunnels and tunnel networks, which play a vital
role in meeting society’s transportation needs. All modes of transport carry inherent risks, includ-
ing the potential for fire, which can be caused by the ignition of fossil fuels or electric car batteries
as well as by the transport of highly flammable substances. Fires have long posed a serious threat
to tunnel infrastructure. Due to the confined environment of tunnels, fires can escalate rapidly,
leading to devastating consequences such as loss of life and extensive structural damage. Numer-
ous incidents around the world have underscored the severity of this risk, highlighting its impact
not only on human safety but also on infrastructure integrity and economic stability.

1.1.1 Tunnel fire characteristics

Tunnel fires typically originate from the ignition of vehicles or train wagons within road or rail-
way tunnels. Due to the elongated and confined geometry of tunnels, such fires can rapidly gen-
erate extremely high temperatures and facilitate the spread of smoke and toxic gases [1]. The rate
of temperature rise and the peak temperatures obtained are largely dependent on the fire load (see
Figure 1), which corresponds to the type of vehicle involved (e.g., car, bus, or train wagon) and
the composition of its materials (e.g., plastics, aluminum, steel) [2] as well as its cargo. The high-
est gas temperatures typically develop near the tunnel ceiling, with values up to 1350 °C [3]. This
extreme thermal exposure leads to significant degradation of the concrete’s mechanical proper-
ties, often accompanied by severe spalling. Spalling, and the consequent loss of the concrete
cover, poses a critical threat to structural integrity, as it exposes the reinforcement directly to high
temperatures. This exposure results in a rapid decline in the load-bearing capacity of the rein-
forcement [4], thereby compromising the overall stability of the tunnel structure.

1200
a) 1200 -=-Truck b) — —{ -a= Aluminium body
800 -o-Coach 800 ) -o- Steel body

-+-Car (modern, plastic)

400 <-Car (old) sl e
2 \/} 7
| (=)
| DL
Nal/ 5
| | oo | |
1200 800 400 0 0 400 800 1200 1200 800 400 0 0 400 800 1200
Temperature [°Cl] Temperature [°Cl

Figure 1 Maximum temperatures in the walls during a) a road tunnel fire and b) an underground railway tunnel
fire [5].
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1 Introduction

1.1.2 Examples of historic tunnel fires

The following examples illustrate the serious consequences of tunnel fires, which include death
and destruction. A more detailed list on tunnel fire incidents over the last century can be found in
the PhD thesis of Lonnermark [6].

On the 18" November 1996, a vehicle on board of a shuttle wagon caught fire and was carried
into the rail road Channel tunnel, which connects the United Kingdom and France. Subsequently,
the fire spread on to several wagons and reached temperatures of approximately 1000 °C. Luckily,
no fatalities were caused, however, the tunnel lining out of precast reinforcement concrete was
heavily damaged (see Figure 2 a)). On the 24" of January 1997, the repair agreement was reached.
In total 690 tons of plain shotcrete and 630 tons of fiber reinforced shotcrete were required to
replace the linings within 60 days [7].

One of the most devastating tunnel fires in history was the Mont Blanc Tunnel fire, which oc-
curred on March 24, 1999. At the time, the Mont Blanc Tunnel, spanning 11.76 kilometers, was
the longest road tunnel in the world, connecting France and Italy. The disaster began when a truck
carrying margarine, flour, and diesel caught fire. The blaze burned for 53 hours, reaching temper-
atures of up to 1000 °C. Unfortunately, 39 people lost their lives, and the tunnel sustained exten-
sive damage (see Figure 2 b)). It took three years of repair and safety enhancement work before
the tunnel was reopened in 2002 [8].

Another major tunnel fire that received significant media attention was the Gotthard Road Tunnel
fire on October 24, 2001, in the Swiss alps. The incident began with a collision between two
trucks, which caused diesel fuel to spill and ignite, likely due to a short circuit in an electrical
cable. The resulting fire engulfed both trucks and their cargo. Tragically, eleven people died, and
the tunnel sustained severe structural damage over a 230-meter stretch (see Figure 2 c)). In the
aftermath, the tunnel was closed for two months, with the total associated costs estimated at
around 14 million Swiss francs [9].

a) Channel Tunnel (1996) b) Mont Blanc Tunnel (1999) ¢) Gotthard Tunnel (2001)

Figure 2 Damages of the tunnel lining after the fire a) Channel Tunnel, 1996 [10] b) Mont Blanc Tunnel, 1999 [10]
and c) Gotthard Tunnel, 2001 (https://www.alptransit-portal.ch/en/media/file/3768)
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1 Introduction

1.1.3 Tunnel fires today

Today, an increasing number of safety measures are being implemented in tunnels to prevent the
worst from happening. However, the number of accidents and incidents continues to rise. This
growing risk is primarily driven by increasing traffic volumes, higher vehicle speeds, and the
expanding length of modern tunnels [2]. Currently, there are no official global statistics available
on tunnel fires. Statistics from highway tunnel fires in China between 2000 and 2016 recorded
161 total incidents, which accounts to 0.8 per month. One quarter of the recorded tunnel fires
caused damage to the tunnel structure [11]. In Australia, recent statistics report 8 fires per billion
vehicle-kilometers travelled. Between 2000 and 2016, 74 fires were recorded in major roadway
tunnels, averaging approximately 0.4 tunnel fires per month [12]. In Europe, the rate is higher,
with around 20 fires per billion vehicle-kilometers travelled [ 13]. Media reports from Switzerland,
Germany, and Austria recorded a total of 439 fire incidents in road and railway tunnels between
2012 and 2023. This equates to an average of three incidents per month, with Germany leading
the count at an average of 1.6 tunnel fires per month. While a slight decline in railway tunnel fires
has been observed, the number of road tunnel fires continues to rise steadily [14]. Although not
all these incidents result in severe structural damage, the risk remains significant and must not be
underestimated.

1.2 Decarbonation of the cement industry

To meet the growing infrastructure demands driven by growing populations and rapid urbaniza-
tion, the need for construction materials, particularly concrete, is still increasing. Concrete is al-
ready the most widely used man-made material on Earth and is responsible for approximately 6-
8% of global carbon dioxide (CO2) emissions [15, 16]. The majority of these emissions, roughly
5%, come from the production of ordinary Portland cement (OPC) [15] due to the high energy
demand and the decomposition of limestone-based raw materials. In light of ongoing climate
change, there is an urgent need to pursue sustainable solutions with a reduced carbon footprint.
The Paris Climate Agreement commits governments to keep global warming below 2 °C, prefer-
ably below 1.5 °C. To achieve this goal, the economy, including the cement and concrete produc-
tion must be carbon neutral by 2050 [15]. Therefore, developing and adopting solutions is essen-
tial for achieving the climate targets that have been set.

1.2.1 Portland cement production

The production of cement clinker begins with the extraction of raw materials, primarily limestone
and clay. These materials are mined and transported to the cement manufacturing plant, where
they are dried, crushed, and ground. The raw mix is then pre-homogenized to minimize variations
in chemical composition, which could affect the quality of the final product [17]. Typically, the
raw meal consists out of 75 — 79 wt.-% calcium carbonate CaCO; and 25 -21 wt.-% Clay [18].

The next phase is pyro-processing, which includes preheating, pre-calcination, and clinker pro-
duction in rotary kilns. The preheating stage, introduced to improve energy efficiency, reduces
the thermal energy required in the main combustion chamber. In this stage, the raw material passes
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through a series of cyclones in a preheater tower, where it is heated by hot flue gases rising from
below. Following this, the pre-calcination stage occurs, during which CaCOs decomposes into
calcium oxide (CaQ) and CO: [19]. This reaction is a major contributor to CO2 emissions in ce-
ment production. The raw meal is then fed into a rotary kiln, where it is heated to temperatures of
up to 1450 °C to form clinker, the primary component of cement [19]. Fuels such as natural gas,
petroleum coke, and coal are used to reach these temperatures, further contributing to CO- emis-
sions [17]. Finally, the clinker is air-cooled to approximately 120 °C, where parts of the thermal
energy are reused in the preheating and pre-calcination stages. Subsequently, the clinker is trans-
ferred to a storage tank [19]. Overall, the calcination process, particularly the decomposition of
limestone, is responsible for roughly two-thirds of the CO- emissions in cement production, while
the operation of the rotary kiln accounts for the remaining third [15, 16]. The average Portland
cement clinker consists out of 65 wt.-% CsS, 13 wt.-% C,S, 11 wt.-% C3A, 8.3 wt.-% C4AF, 1.2
wt.-% CaO and 1.5 wt.-% MgO [18]. Lastly, the clinker is ground while adding the sulphate
carriers (typically gypsum) making the production of Portland cement complete. An overview of
the production process is given in Figure 3.
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Figure 3 Cement production [20]

1.2.2 Reduction of the clinker factor: Chances and Challenges

Recent developments have revealed several promising strategies to reduce the cement industry's
CO: footprint. These include improving energy efficiency, adopting alternative fuels, using alter-
native binding materials, and implementing carbon capture technologies. However, even in tech-
nologically optimized cement plants, the chemical decomposition of limestone during clinker
production remains unavoidable [16]. Therefore, the reduction of the clinker factor, which de-
scribes the clinker to cement ratio, remains by far the most effective way to reduce CO; emissions
associated with cement production [16]. This is primarily achieved by replacing a portion of Port-
land cement clinker with supplementary cementitious materials (SCMs) to produce blended ce-
ment. Between 1990 and 2022, the global average clinker factor decreased from 0.85 to 0.77 [20],
reflecting the growing adoption of this strategy worldwide.

SCMs can originate from natural sources, such as limestone or from industrial byproducts like fly
ash (FA) and blast furnace slag (BFS). Consequently, the local substitution rate for Portland
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cement clinker is highly dependent on the availability of natural resources and the presence of
relevant industries in a given region. While natural materials like limestone are generally unaf-
fected by political or economic decisions, the same cannot be said for industrial byproducts. For
instance, in Europe, and particularly in Germany, the energy and steel industries are transitioning
toward more sustainable practices. As a result, coal-fired power plants are being phased out,
which will soon eliminate the availability of FA [15, 21]. Similarly, the raw iron production is
moving toward hydrogen-based reduction processes, casting doubt on the long-term availability
and consistent quality of BFS [21].

This growing scarcity underscores the urgent need for alternative SCMs. Among the most prom-
ising candidates are activated clays. The activation can be either thermal or mechano-chemical.
During thermal activation, also referred to as calcination, the dehydroxylation of the crystal lattice
caused by high-temperature treatment (between approx. 600 °C and 900 °C) leads to its amor-
phization and simultaneously activates the pozzolanic properties of the resulting calcined clays
(CCs) [22]. Thermo-mechanical activation also involves dehydroxylation and subsequent amor-
phization of the structure, but instead of heat, the required energy is supplied through intensive
grinding, where mechanical forces from the milling balls are transferred into the material [23].
Until now, most attention has been given to CCs. Although the potential for replacing clinker with
CC has been known for decades, it has regained significant interest in the current era due to the
increasing focus on sustainability. Thanks to its global abundance and excellent pozzolanic prop-
erties, it is expected to play a major role in future cement formulations [24]. The calcination of
clay requires significantly lower temperatures than clinker production and involves virtually no
limestone decomposition, resulting in substantial CO: savings. Looking ahead, ternary cement
systems composed of Ordinary Portland Cement (OPC), limestone (LS), and CC are projected to
become leading sustainable alternatives. With these new cements often referred to as limestone
calcined clay clinker cements (LC?) achieving clinker factors as low as 0.4 seems possible. How-
ever, despite their advantages, these systems also present challenges. The quality of raw clays can
vary widely, making the performance of the final calcined clay blended cement highly dependent
on the source material. Additionally, calcined clays have a high-water demand, which negatively
affects the workability of fresh concrete, while at the same time commonly used superplasticizers
show worse effectiveness. Furthermore, there is still limited knowledge regarding the long-term
durability and performance of these materials under extreme conditions, such as fire [25].
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2 State of the art (Paper 1)

Paper 1 concludes the critical review of the current state of the art, including blended cements,
spalling theories and mainly the impact of blended cements on the fire induced spalling behavior
of concrete. The paper summarizes the experimental results and highlights the shortcomings and
challenges within the current research.

2.1 Blended cements

The practice of partially substituting Portland cement clinker with SCMs has been known for a
long time. Historically, this approach was primarily driven by cost savings and economic ad-
vantages, as the replacement materials were often industrial byproducts from the iron, steel, or
power sectors [26]. In recent years, however, blended cements have regained attention as a more
sustainable alternative to OPC. Nevertheless, the incorporation of SCMs into the cementitious
system changes the material properties, which affects both the fresh and hardened concrete prop-
erties. In general, SCMs needed for blended cements can be classified after their chemical com-
position and their properties displayed in Figure 4.
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Figure 4 Ternary diagram of commonly used SCMs [Paper 1 modified]
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2.1.1 Latent hydraulic SCMs

The most abundant latent hydraulic SCM is BFS. As previously mentioned, it is a byproduct of
the pig iron manufacturing process and has been used in cement production since as early as 1865
[27]. BFS is an amorphous material that forms the same primary hydration product as OPC, cal-
cium silicate hydrate (C-S-H), but reacts at a significantly slower rate [28, 29]. Consequently,
replacing OPC with BFS typically results in reduced early-age strength, followed by a gradual
increase in strength over time [29, 30]. Studies have shown that in slag-based systems, the outer
C-S-H product more effectively fills the pore space, minimizing the formation of interconnected
capillary pores [31, 32]. Additionally, slag-blended cement systems exhibit improved thermal
stability, with reduced pore coarsening when exposed to high temperatures [33].

2.1.2 Pozzolanic SCMs

Natural pozzolanic materials have been used since Roman times, dating back over 3000 years
[34]. Today, a wide range of pozzolanic SCMs are available and commonly used in the production
of blended cements. FA has historically been the most widely used pozzolanic material; however,
due to concerns about its long-term availability [15], interest in CCs is growing. In general, poz-
zolanic SCMs have a chemical composition like that of OPC, consisting primarily of silicates or
aluminosilicates in combination with lower amounts of calcium oxide. During the later stages of
cement hydration, the pozzolanic reaction occurs, where the pozzolan reacts with Portlandite
(Ca(OH)2) in the presence of water to form C-S-H or calcium aluminum silicate hydrate C-(A)-
S-H respectively [35]. The impact of pozzolanic SCMs on concrete properties depends heavily
on the type and dosage used, making their effects complex and variable. However, for commonly
used materials such as FA, silica fume (SF), and metakaolin (MK), compressive strength tends to
increase with replacement levels up to approximately 30%. This strength gain is typically accom-
panied by reduced porosity and permeability. At higher replacement levels, however, the opposite
effect seems to occur [36].

2.1.3 Fillers

In addition to reactive replacement materials, inert fillers can also serve as SCMs. Although they
do not contribute to the formation of strength-giving hydration products, fillers are considered
more sustainable since they typically require minimal processing beyond grinding. Limestone is
the most commonly used filler, but other mineral materials such as quartz are also utilized [37].
While fillers do not directly participate in hydration reactions, they can still enhance concrete
strength by providing additional nucleation sites, which accelerate the hydration of the cementi-
tious components. Moreover, they help fill interstitial voids between cement paste and aggregates,
thereby densifying the concrete [37]. It is important to note that fillers are not entirely inert. For
example, limestone has been shown to react with aluminate phases in cement to form monocar-
boaluminate hydrates [35, 38]. Similarly, quartz fillers have demonstrated pozzolanic activity
over extended periods [37]. Regarding replacement levels, studies have shown that substituting
more than 10% of cement with limestone can lead to a reduction in compressive strength, although
this does not necessarily correlate with increased porosity [36].
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2.2 Fire-induced concrete spalling

Concrete exposed to fire can experience different types of spalling including aggregate spalling,
corner spalling, surface spalling and explosive spalling. Explosive concrete spalling is a particu-
larly critical phenomenon in concrete structures, referring to the violent ejection of concrete frag-
ments within the first few minutes of fire exposure [39]. A wide range of interacting parameters
influence whether spalling occurs and how severe it becomes. Thermo-mechanical and thermo-
hydraulic mechanisms have been identified as the primary driving forces behind explosive spall-
ing. However, due to the complexity of the phenomenon, the exact working of these mechanisms
is still not fully understood. In the following section the main mechanisms and the main influenc-
ing parameters are briefly described.

2.2.1 Mechanisms

The thermohydraulic mechanism was first introduced by Shorter and Harmathy [40] and later
refined by Harmathy [41] into what is known as the “moisture clog” theory. This theory describes
the buildup of steam pressure within the pore structure of concrete when exposed to elevated
temperatures. As the temperature rises, pressure-driven moisture transport occurs, pushing water
vapor both outward to the concrete surface and inward toward the cooler core. In the cooler re-
gions, the vapor condenses, gradually forming a fully saturated layer. This saturated zone, referred
to as the moisture clog, impedes further vapor escape, resulting in a rapid increase in pore pres-
sure. If this pressure exceeds the tensile strength of the concrete, spalling occurs. However, the
theory was never completely verified experimentally due to the challenges associated with meas-
uring pore pressure during fire exposure. Nevertheless, several studies have successfully demon-
strated the formation of moisture clogs under such conditions [42-45] . A schematic representation
of this mechanism is shown in Figure 5.

A more recent approach was proposed by Felicetti et al. [46], who explained the acceleration of
concrete fragments through the vaporization of liquid water and its adiabatic expansion following
initial cracking. Over the years, multiple theories addressing thermohydraulic spalling have
emerged, and a comprehensive summary of these can be found in the review by McNamee [47].

Figure 5 Schematic representation of the thermohydraulic spalling mechanism [Paper 1]
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The thermomechanical mechanism is governed by two primary factors. The first is the thermal
incompatibility between the main components of concrete, the hardened cement paste and the
aggregates. When exposed to elevated temperatures, particularly above 150 °C, the aggregates
keep expanding, while the hardened cement paste begins to shrink [48]. This mismatch in thermal
behavior generates internal stresses and leads to the formation of microcracks, potentially pro-
moting explosive spalling[47]. Simultaneously, the development of cracks causes deterioration
of the cementitious matrix, resulting in increased permeability [49]. The higher permeability pro-
motes greater water vapor release, thereby diminishing the effect of thermohydraulic mecha-
nisms.

The second, and likely more dominant factor, is the development of a pronounced temperature
gradient within the concrete due to its low thermal diffusivity. During fire exposure, the surface
of the concrete heats up rapidly, while the interior remains relatively cool. This temperature dif-
ferential causes restrained thermal expansion near the heated surface, resulting in high compres-
sive stresses [50]. These compressive stresses, acting in a biaxial manner, are accompanied by
tensile stresses perpendicular to the heated surface. When these tensile stresses exceed the tensile
strength of the concrete component, spalling occurs [51, 52]. A graphical depiction of this process
is provided in Figure 6 below.
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Figure 6 Schematic representation of the thermomechanical spalling mechanism [Paper 1]

2.2.2 Influencing parameters

Explosive spalling in concrete is a complex phenomenon influenced by a multitude of factors,
including material, component and loading parameters summarized in Table 1. Among these, the
thermal exposure parameters are particularly critical. Elevated heating rates induce steep thermal
gradients within the concrete cross-section, resulting in a greater restraint of the thermal expan-
sion and the development of internal stresses that can cause explosive spalling. The absolute tem-
perature reached is also a determining factor, with spalling typically initiating up to 300 °C [53].
Furthermore, the orientation of the heat source and the duration of fire exposure significantly
affect the severity and likelihood of spalling.

The concrete strength class plays a pivotal role in spalling susceptibility. While normal-strength
concrete (NSC) generally exhibits lower vulnerability, high-strength concrete (HSC) and ultra-
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high-performance concrete (UHPC) are markedly more prone to spalling. This increased suscep-
tibility is primarily attributed to their inherently low porosity and permeability [54], which hinder
vapor escape and promote pore pressure buildup. These microstructural characteristics also mod-
ulate the influence of moisture content. In low-density concretes, moisture contents in the range
of 3—4 wt.-% are typically critical [53], whereas in dense concretes, spalling has been observed at
moisture levels as low as 1 wt.-% [55].

Aggregate characteristics, specifically size, shape, and mineralogical type, also affect spalling
behavior. Smaller [54, 56, 57] and angular aggregates [58] tend to elevate the risk. Further studies
have shown that river gravel and flint aggregates are associated with higher spalling susceptibility
compared to granitic and basaltic or quarzitic and calcareous aggregates respectively [59, 60].
Particularly the coefficient of thermal expansion (CTE) of the mineral aggregate plays a decisive
role. Aggregates with a high silicon (Si) content have been shown to exhibit comparatively higher
CTE values [61, 62]. The resulting increase in thermal expansion leads to elevated thermal
stresses and, consequently, more pronounced crack formation [62]. These stresses can, on the one
hand, promote thermomechanical spalling mechanisms; on the other hand, the associated increase
in permeability due to cracking reduces the contribution of thermohydraulic effects. A summary
of typical CTE values for different concrete aggregates can be found in the work of Johnson and
Parsons [63]

In addition to material properties, component geometry and design parameters display significant
influence. Larger concrete members are more susceptible to spalling [57, 64]. Conversely, older
concrete elements tend to exhibit reduced spalling risk as a result of progressive drying over time
[65, 66]. Lastly, the applied load and surrounding environment play a crucial role for explosive
spalling. Studies have shown that mechanical loaded or restrained test specimens experienced a
lot more damage in comparison to unloaded counterparts [54, 67].

Table 1  System parameters influencing the spalling behavior of concrete (A increase ¥ decrease)
Parameter Spalling susceptibility
Cement/SCM type A SF, MK
Aggregate type A river gravel, flint
Composition | Aggregate size V large A small
. Aggregate shape A angular ¥ round
Material Parameters wie ratio ¥ hich A low
Strength A high V¥ low
Properties Porosity and Permeability | A low V¥ high
Moisture content A high V low
Location V wide A narrow
Component Parameters Reinforcement | Preload A high V¥ low
Concrete Cover A large V¥ small
Dimension Size V small A large
AY/min A highV low
Fire load Omax A high V low
Load Parameters Temperatgre gradient A lgrge V¥ small
Mechanical Compresswe load A h¥gh V low
load Tensile load A high V¥ low
Restraint A high V¥ low
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2.2.3 Measures against spalling

According to DIN EN 1992-1-2 [68], fire-induced spalling must be taken into account in struc-
tural design. So far, the recommended measures only concern high strength concrete. One widely
adopted mitigation strategy involves incorporating at least 2 kg/m?® of polypropylene fibers (PP-
fibers) into the concrete mix. During a fire, the PP fibers begin to melt at approximately 170 °C,
creating expansion space in the form of empty fiber beds, which reduces internal pore pressure
and helps prevent explosive spalling. Additionally, the melting of fibers promotes the formation
of a network of microcracks, which increases the permeability of concrete and facilitates the re-
lease of water vapor [69]. Other effective measures include the use of a reinforcement mesh
placed with a nominal concrete cover of 15 mm, which helps maintain structural integrity during
spalling events. Furthermore, the application of fire protection materials to the concrete surface
can provide an additional layer of defense against high temperatures and thermal degradation
[68].

2.3 Impact of blended cements on the fire induced
spalling behavior

With the rising popularity of blended cements and the increasing use of SCMs, it is essential to
understand their influence on the high-temperature behavior of concrete, particularly regarding
fire-induced spalling. To address this, the existing literature on spalling in blended cement con-
cretes was systematically reviewed and evaluated.

A distinction was made between: Standardized blended cements, as defined by regulations such
as DIN EN 197-1, and laboratory-blended cements, where OPC was partially replaced with SCMs
without considering the broader implications on material properties (e.g. fineness and sulphate
content). Furthermore, the studies were categorized based on whether they involved: Dedicated
spalling experiments with a structured testing program and evaluation methodology, or just gen-
eral high-temperature tests, where spalling was only described as a side effect. In total, 66 studies
were evaluated (see Figure 7).

The key findings are summarized below:

I) Only a small number of studies conducted in-depth investigations into fire-induced spall-
ing, including comprehensive descriptions of materials, testing procedures, and eval-
uation criteria. In particular, studies using standardized blended cements often lacked
detailed material characterization. This was especially evident in the specification of
SCM content. For example, DIN EN 197-1 allows a wide substitution range for cer-
tain cement types (e.g., CEM III/A: 35-64 wt.-% blast furnace slag), making it diffi-
cult to assess the specific influence of the SCM on spalling behavior without more
precise data.

II) The majority of studies focused on the general high-temperature performance of
blended cement concretes. Consequently, many employed test setups were unsuitable
for assessing spalling. Most results were derived from small-scale specimens tested

22



2 State of the Art (Paper 1)

at concrete ages below 90 days. This is problematic, as blended cements typically
require longer curing times than OPC to achieve comparable hydration and strength
development. The use of small specimens also tends to reduce the severity of spalling,
potentially masking the true influence of cement type under realistic fire conditions.

III) Moisture content, a critical factor in spalling, was often not reported. This omission
makes it difficult to determine whether thermomechanical or thermohydraulic mech-
anisms were the primary drivers of spalling. Additionally, most tests were conducted
without applied load or restraint, which does not reflect real structural conditions.

IV) Several studies concluded that cement type does influence spalling behavior. The re-
sponsible parameters identified include moisture content, the definition of the inter-
facial transition zone (ITZ) and density. However, due to variations in material prop-
erties (e.g., strength, aggregate type) and testing conditions (e.g., heating rate,
specimen size, applied load), comparisons across studies are limited. This is further
complicated by inconsistent spalling evaluation methods, such as counting spalling
events, measuring depth, or calculating volume.

V) Based on the reviewed data, SF and MK tend to increase spalling susceptibility due to
the formation of a dense microstructure that disables water vapor escape. The effect
of FA is more complex. While low replacement levels showed no clear trend, high-
volume FA replacements (> 25%) appeared to reduce spalling, likely due to a poten-
tial accompanied increase in porosity and permeability. No consistent relationships
were found between other cement types and spalling susceptibility.

In conclusion, the current state of research reveals significant inconsistencies and contradictions
regarding the influence of cement type on fire-induced spalling. Further in-depth studies are ur-
gently needed, especially as new types of blended cements are increasingly adopted in practice.
Particular attention should be given to calcined clays, which are expected to play a major role as
future SCMs against the background of sustainability.

To improve comparability and reliability of results, testing protocols, such as those recommended
by the Réunion Internationale des Laboratoires et Experts des Matériaux, systémes de construc-
tion et ouvrages (RILEM), should be adopted. However, additional considerations are necessary
when working with blended cements. It is strongly recommended to provide information beyond
the compressive strength of the corresponding concrete, as the incorporation of certain SCMs can
significantly influence microstructural properties, such as porosity and permeability, without
markedly affecting mechanical performance. Moreover, the standard method of free moisture de-
termination by drying at 105 °C until mass constant, should be re-evaluated. The type of cement
used has a substantial influence on the mineral phase composition of the cementitious matrix,
which in turn affects its dehydration behavior, where lots of water is removed beyond 105 °C.
Therefore, higher drying temperatures, such as 300 °C, may be more appropriate to ensure a more
precise determination of the water content. However, care must be taken to avoid temperatures
that coincide with the decomposition of specific mineral phases, such as calcium carbonate, to
prevent misinterpretation of mass loss data or water content respectively.
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Figure 7 Breakdown of the number of articles evaluated
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3 Research objectives

The increasing use of novel blended cements in infrastructure and housing is driven by their lower
CO: footprint. However, this shift raises concerns regarding the fire resistance of such concretes,
particularly their susceptibility to explosive spalling. As highlighted in Chapter 2, the type of
cement can significantly influence the spalling behavior of concrete. Nevertheless, current re-
search does not establish a clear correlation between cement type and spalling susceptibility. Fur-
thermore, there is a notable lack of data on the fire performance of concretes incorporating CC, a
SCM expected to play a key role in future construction due to the declining availability of com-
monly used SCMs such as FA and BFS.

In addition to these knowledge gaps, many existing studies suffer from methodological limita-
tions, employing inadequate testing and evaluation procedures. This compromises the reliability
and comparability of their findings. To address these shortcomings, the present thesis aims to
systematically investigate the spalling behavior of concretes made with various blended cements
under fire exposure, with a particular focus on the underlying thermohydraulic mechanisms.

An overview of the research approach is provided in Figure 8.

The first phase of the study involved comprehensive spalling tests on tunnel-grade concrete in-
corporating four different cement types, subjected to hydrocarbon (HC) fire exposure. Ordinary
Portland cement (CEM I) was used as a reference. Two widely used blended cements, CEM II/A-
LL (with limestone) and CEM III/A (with blast furnace slag), were selected to represent current
practice. A fourth binder, CEM II/B-Q, containing calcined clay, was included to reflect future
trends. The testing methodology and evaluation of spalling behavior followed the guidelines of
RILEM TC-256-SPF published in [70] and [71].

In the second phase, the focus shifted to analyzing the thermohydraulic mechanisms responsible
for explosive spalling. This involved a detailed investigation of the pore structure and transport
properties of the different blended cements. Special emphasis was placed on thermally induced
moisture transport, studied using '"H-NMR relaxometry. This technique provided insights into
pore-size-specific moisture distribution before and after heating, and the associated development
of the moisture clog. To correctly interpret these findings, mercury intrusion porosimetry and gas
permeability measurements were conducted.

In parallel, the mineralogical characteristics of the cement pastes were examined to understand
the effects of decomposition and dehydration at elevated temperatures. X-ray diffraction (XRD)
analyses were performed on binder samples exposed to various temperature levels, complemented
by thermogravimetric analysis (TGA) and subsequent differential thermogravimetric analysis
(DTG) to assess the stability and water release behavior of the hydrate phases.

Lastly, the effectiveness of PP fibers, which are recognized as a proven strategy for mitigating
spalling was evaluated for the different concrete types through fire tests, as well as NMR and
permeability measurements.
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Ultimately, the integration of data on moisture content, transport dynamics, and binder decompo-
sition aims to enhance the understanding of thermohydraulic spalling in concretes made with
blended cements. This knowledge is essential for developing more fire-resilient concrete formu-
lations in the context of sustainable construction.

Analysis of thermohydraulic spalling in low-clinker blended cement concrete

State-of-the-Art (Paper 1)

-> Properties of blended cement concrete
-> Relationship between cement type and spalling susceptibility
—> Identification of responsible spalling mechanisms

Preliminary investigations

Spalling tests in low-clinker blended cement concrete (Conf. Paper)

-> Analysis of the spalling susceptibility of low-clinker blended cement concrete

Moisture transport Mineral phase decomposition
I'H-NMR Investigation (Paper 2) ‘ XRD Investigation (Paper 3)

- New insights into the pore size - New insights into the inital phase
specific moisture distribution content and the decomposition and
before and after high temperature dehydration behavior at elevated
exposure temperatures

-> Investigation of the effectivness of PP fibers in low-clinker blended cement concrete

Extended knowledge regarding the thermohydraulic spalling of blended cement concrete

Figure 8 Research structure

26



4 Experimental investigations

In this chapter, the experimental studies of the thesis are presented.

4.1 Fire tests of blended cement concrete (Conf. paper)

This chapter presents the summarized results of the fire tests published in the conference proceed-
ings of the 13" International conference on structures in fire.

4.1.1 Methodology

A total of four different normal-strength concretes were tested, produced using CEM I 42.5 N,
CEM II/A-LL 42.5 N, CEM III/A 42.5 N, and CEM II/B-Q 42.5 N cements. Two specimens of
each concrete were cast in cylindrical form (d = 48; h = 30 cm) with a water-to-cement ratio of
0.47. For CEM 1I/B-Q concrete a polycarboxylate-ether based superplasticizer (SP) was needed
to ensure comparable workability. Thermocouples Type K were embedded during casting at
depths of 5 mm, 10 mm, 20 mm, 30 mm, 50 mm, and 100 mm to the fire exposed surface.

After 24 h, the specimens were demolded and placed in a water bath for an additional six days.
Subsequently, they were conditioned at (20 + 2) °C and (65 £ 5) % relative humidity (RH) until
reaching a minimum testing age of 90 days, as recommended by [70]. During conditioning, the
lateral surface was sealed to ensure one-dimensional moisture transport, simulating the conditions
in a large-scale concrete element.

Prior to testing, the specimens were grouted into a steel ring using an expansive mortar to create
a restrained testing environment similar to Klimek et al. [67], following the methodology of
Ozawa et al. [72]. Since the steel ring remains insulated from the direct fire exposure, the thermal
expansion of the concrete is partially restrained, simulating the thermomechanical conditions of
a large-scale concrete member exposed to fire. In addition, the steel ring prevents moisture release
via the outer surface of the test specimen. The free moisture content was determined by drying
accompanying concrete cylinders (h =30 cm; d = 10 cm) from the same production batch until
mass constant. In addition, the further moisture content—here referred to as the detectable mois-
ture content, including free water, gel pore water and portions of the chemically bound water—
was determined in the sample edge zone using '"H-NMR relaxometry on an additional set of cyl-
inders (h =30 cm, d = 7 cm). The surface topography of the specimens was analyzed before and
after testing using a 3D laser scanner. The concrete’s composition and properties are given in
Table 2.
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Table 2  Concrete mixture and properties
Unit CEM I CEMII/A-LL | CEM III/A | CEM II/B-Q
425N 425N 425N 425N
cement [kg/m3] 420
water [kg/m?] 197
SP [kg/m’] 0 | 0 | 0 | 2.5
quarzitic aggregates
0/2mm [kg/m?] 646 646 646 634
2/4 mm [kg/m3] 153 153 153 150
4/ 8 mm [kg/m3] 221 221 221 217
8/ 16 mm [kg/m?] 679 679 679 666
cube compressive strength
28 d [MPa] 46 51 57 57
>90d [MPa] 50 55 59 56
Moisture content
Drying at 105 °C [wt.-%] 543 5.67 5.60 -
'"H-NMR [wt.-%] 3.66 3.93 4.17 4.52

The fire tests were carried out in an oil-burner furnace with a volume of 1 m?, following the HC
fire curve for a duration of 1 hour. During the experiment sound and video recordings were per-
formed. The evaluation of the spalled volume was based on 90% of the fire-exposed surface, in
accordance with the recommendations outlined in [70], described in the bachelor thesis of Peter
Sorge [73].

4.1.2 Results

The results (see Figure 9) revealed an increased spalling susceptibility in concretes made with
low-clinker blended cements. Concrete made with CEM I exhibited only minor spalling, with an
average volume loss of approximately 1.5%. In contrast, CEM II/A-LL and CEM III/A showed
significantly greater damage, with comparable spalling volumes of around 7%. The highest de-
gree of spalling was observed in CEM II/B-Q concrete, which experienced a volume loss exceed-
ing 9%.

CEMIVA-LL CEM IIVA

CEMI/IB-Q

Figure 9 Spalling depths in the different concretes after HC fire exposure
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An analysis of the temperature development at a depth of 50 mm (see Figure 10) revealed a rapid
temperature rise and final temperatures of roughly 700 °C, 600 °C, and 1000 °C for CEM II/A-
LL, CEM III/A, and CEM II/B-Q, respectively. This behavior is attributed to the absence of suf-
ficient concrete cover. This depth is particularly critical, as it corresponds to the typical location
of reinforcement layers, which would be severely compromised by direct flame exposure in con-
crete made with blended cement.

1000 -
800 4
CEM II/A-LL

600 1

400 1

Temperature [°C]

CEMI
200 1

Time [min]

Figure 10 Temperature development in 50 mm depth during the fire test

4.1.3 Main findings

It was demonstrated that the type of cement significantly influences the spalling behavior of nor-
mal-strength concrete. The use of low-clinker cements, particularly CEM II/B-Q, leads to a mark-
edly increased tendency for spalling. This results in a reduction of the effective cross-section and
exposes the reinforcement directly to fire, potentially compromising the structural integrity of the
element. The results indicate that a higher moisture content in blended cement concrete is at least
partially responsible for the enhanced spalling risk. Consequently, a thorough understanding of
the underlying material properties and mechanisms responsible for spalling is essential in order
to develop effective mitigation strategies. This is in particular important as up to now Eurocode
2 is not considering any measures against spalling for normal strength concrete as necessary [74].
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4.2 Thermally induced moisture transport in blended
cement concrete (Paper 2)

Paper 2 presents the impact of the cement type on the thermally induced moisture transport stud-
ied by '"H-NMR relaxometry.

4.2.1 Methodology

To investigate the influence of different cement types on thermally induced moisture transport,
"H-NMR relaxometry studies were conducted before and after high-temperature exposure, fol-
lowing the methodology established by Stelzner et al. [45]. The objective was to identify differ-
ences in pore-size-specific moisture distribution, as well as variations in drying behavior and the
development of the moisture clog.

Complementary analyses of pore structure and transport properties were performed using mercury
intrusion porosimetry (MIP) and gas permeability measurements. Due to the varying Fe.Os con-
tents in the cements, which can distort T- relaxation times towards shorter times [75], it was nec-
essary to estimate the surface relaxivity p to accurately determine pore sizes. This estimation was
achieved by correlating results from fully pressure-saturated samples measured by 'H-NMR with
MIP data, as the latter are unaffected by paramagnetic impurities.

The concrete mixture used corresponds to that described in Chapter 4.1.1. Fresh concrete was cast
into slightly conical marcor ceramic tubes (h = 10 cm; d = 5 cm) and subjected to the same con-
ditioning regime as the fire test specimens. Additionally, small concrete fragments and drill cores
(h=5cm, d =5 cm) extracted from concrete cubes were prepared for MIP and gas permeability
measurements. It should be noted that the fresh concrete was sieved to a maximum aggregate size
of 8 mm to ensure a suitable ratio between aggregate size and sample diameter for the "H-NMR
relaxometry investigations.

The '"H-NMR relaxometry measurements were performed by an NMR-tomograph from pure de-
vices GmbH. The device operated with a vertical resolution of 2 mm and was fitted with a radio-
frequency coil measuring 52 mm in diameter. To reduce the decay of the transverse relaxation
time (T2), a Carr—Purcell-Meiboom—Gill (CPMG) pulse sequence was applied. This sequence
featured an echo time of 70 ps, produced 1429 echoes, and included 200 scans per slice (for ad-
ditional details on the device, see [76]). Signal inversion was performed using NUCLEUS, a
MATLAB-based tool developed by Hiller and Costabel [77]. After the initial pore size specific
moisture distribution was determined, the specimens were heated at a rate of 10 K/min until a
target temperature of 300 °C was reached. This temperature was maintained for 40 minutes, fol-
lowed by a free cooling phase lasting 120 minutes. Subsequently, the pore size specific moisture
distribution was determined again.

The porosity and pore size distribution of the concrete were analyzed in their initial state using
MIP on two samples of each concrete type. The porosimeter operated within a pressure range of
0.0007 to 420 MPa, applying a wetting angle of 140° in accordance with ISO 15901-1 [78]. For
the purposes of this study, pores are classified as gel pores (<10nm) and capillary pores
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(> 10 nm). Prior to testing, the samples were subjected to vacuum treatment and simultaneously
dried at 40 °C for 24 hours.

Gas permeability tests were performed in the initial state and after heating to 105 °C, 150 °C,
170 °C, and 300 °C under Argon (Ar) atmosphere. A moderate heating rate (approx. 1 K/min)
was selected to minimize the risk of excessive crack formation due to thermal stresses, which
would arise from steep temperature gradients. Afterwards, the intrinsic permeability was deter-
mined according to Klinkenberg [79].

4.2.2 Results

Figure 11 displays the permeabilities of the concretes before and after high temperature exposure.
CEM I concrete had the highest permeability in comparison to the other concretes. After heating
to 105 °C, all concretes showed similar increases of permeability. At higher temperatures (150—
300 °C), CEM II/B-Q and CEM III/A samples exhibited stronger permeability growth, while
CEM II/A-LL concrete showed the overall weakest increase. By 300 °C, CEM I, CEM III/A, and
CEM II/B-Q concrete reached similar final permeability values, while CEM II/A-LL concrete
exhibited the lowest permeability.
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Figure 11 Intrinsic gas permeability of concretes with different blended cements after exposure to 20 °C, 105 °C,
150 °C, 170 °C and 300 °C [Paper 2]

The MIP results provided in Figure 12 show similar total porosity across all concretes: CEM 1
(13.26 Vol.-%), CEM II/A-LL (13.21 Vol.-%), CEM III/A (13.79 Vol.-%), and CEM II/B-Q
(12.87 Vol.-%). CEM I and CEM II/A-LL concrete had similar pore distributions. CEM I1I/B-Q
concrete had fewer capillary pores >10 nm but more gel pores down to 3.6 nm. CEM III/A con-
crete had the fewest large capillary pores (>30 nm) but the smallest capillary and gel pores. No
major differences were found for pore sizes above 200 nm.
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Figure 12 a) Cumulative porosity and b) incremental porosity of the concretes in the initial state [Paper 2]

Figure 13 shows the pore size specific moisture distribution before and after heating. Before heat-
ing, CEM I and CEM II/A-LL concrete showed steeper drying gradients than CEM III/A and
CEM II/B-Q samples, though all reached similar depths (20-30 mm). CEM I and CEM II/A-LL
had slightly lower moisture contents (~12 and 11 Vol.-%) compared to CEM III/A and CEM II/B-
Q concrete (>13 Vol.-%). Most water was in gel pores across all types. CEM III/A concrete had
the highest capillary pore fraction, while CEM II/B-Q concrete had the most gel pores. After
heating, a drying front formed in all samples. CEM 1I/B-Q sample showed the deepest drying
front (~50 mm) and steepest gradient. CEM [ and CEM II/A-LL samples developed the strongest
moisture clogs, while CEM II/B-Q had the weakest. Moisture shifted from gel to capillary pores

in all types, but only in CEM 1I/B-Q sample did gel pores remain dominant before and after heat-
ing.
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Figure 13 Moisture distribution before and after heating determined by '"H-NMR [Paper 2]
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A comparison of the one-dimensional moisture profiles after heating shows that three zones de-
velop (figure 14): a dry layer, a moist region, and a saturated area known as the “moisture clog.”
The dry zone reaches from the heated surface down to the point where the water content begins
to increase noticeably. From there, the moist zone continues until it meets the moisture clog,
which is identified as the point where the post-heating moisture curve intersects the initial mois-
ture profile. All blended cement concretes contain more water ahead of the moisture clog. This
means they store more thermal energy as hot water heightens the risk of spalling.
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Figure 14 Summarized illustration of the moisture distribution in the different types of concrete after heating showing
an increased moisture content for blended cement concretes in the moist zone before the moisture clog. The dashed
lines indicate the on-set of the moisture clog for the corresponding concrete [Paper 2 modified]

4.2.3 Main findings

The investigation into thermally induced moisture transport in concretes made with different
blended cements revealed several key findings.

I) Initial permeability and porosity were found to be dependent on the cement type, with
CEM I concrete exhibiting the highest initial permeability. However, these differ-
ences diminished with increasing temperature, resulting in similar final permeability
values for CEM I as well as CEM III/A and CEM II/B-Q concretes after exposure to
300 °C.

II) CEM III/A and CEM I1I/B-Q concretes showed higher initial moisture contents and dis-
tinct pore-size-specific moisture distributions. While CEM III/A contained a greater
proportion of capillary pore water, CEM 11/B-Q was characterized by a higher content
of gel pore water. The high amount of gel pore water might increase pore pressure,
as with decreasing pore size, pore pressure increases reported by Jiang et al. [80]. All
specimens exhibited the formation of a drying front and moisture clog after thermal
exposure, accompanied by pore coarsening. However, the extent and depth of these
features varied significantly between cement types and could not be explained by
permeability alone.
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III) Blended cement concretes contain more water and lower permeabilities in the area be-
fore the moisture clog, which corresponds to more available energy for explosive
concrete spalling.

4.3 Thermally induced phase decomposition and
dehydration behavior of blended cement paste
(Paper 3)

Paper 3 the thermal decomposition and dehydration in blended cement paste systems studied by
XRD and TGA.

4.3.1 Methodology

For the XRD analysis cubic samples out of hardened cement paste (ca. 4 x 4 x 4 cm?) of each
cement type were exposed to 20, 105, 300 and 500 °C for 72 h. Afterwards, the samples were
sealed in plastic foil and stored in a desiccator to avoid any rehydration. In the next step the
samples were crushed, immersed into anhydrous isopropanol and further ground in a McCrone
mill. Thereafter, the measurements were carried out with a Bruker D8 DaVinci Diffractometer
equipped with an energy dispersive LynxEye detector. The measurement was executed in a 20
range of 5° - 80 © with a step width of 0.011° per 0.5 seconds. Subsequently, the Rietveld analysis
was conducted in TOPAS V7.0.

The TGA analysis was performed on residual powder of the XRD samples which did not experi-
ence high temperature exposure. A Mettler Toledo TGA/DSC 3 was used. The measurements
were carried out under nitrogen (N,) atmosphere with a temperature increase of 10 K/min from
25 to 1000 °C.

4.3.2 Results

The results of the XRD-Rietveld analysis are presented in Figure 15. Notable differences in phase
composition were observed in the initial state at 20 °C. Calcite was detected in all cement paste
specimens, with the highest concentrations found in CEM II/A-LL, where it serves either as a
secondary component or as the primary clinker replacement material. In addition to calcite, va-
terite was also identified, likely due to carbonation of the samples. Particularly high vaterite con-
tents were observed in CEM III/A and CEM II/B-Q, indicating more extensive carbonation, which
is typical for systems containing slag or calcined clay [81, 82]. A significant quartz content, ex-
ceeding 12 wt.-%, was measured in the CEM II/B-Q sample. This is attributed to the presence of
quartz as a byproduct of calcined clay.

Regarding the hydrate phases, lower amounts of AFt and AFm phases were recorded in the
blended cement pastes (ranging from 8.5 to 9 wt.-%) compared to the CEM I paste (11.6 wt.-%).
Upon exposure to 105 °C, ettringite was completely dehydrated and no longer detectable in the
XRD patterns. Further heating to 300 °C led to the decomposition of AFm phases across all
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cement types. Additionally, lower quantities of C-(A)-S-H were found in the CEM III/A and CEM
1I/B-Q pastes, with values around 22 and 23 wt.-%, respectively. In contrast, CEM I and CEM
II/A-LL showed significantly higher contents of approximately 30 wt.-%. Despite these initial
differences, a pronounced reduction in C-S-H content was observed in CEM I and CEM II/A-LL
after exposure to 300 °C, whereas the C-(A)-S-H content in CEM III/A and CEM II/B-Q remained
relatively stable. This suggests enhanced thermal resistance of C-(A)-S-H in the cement types
with reactive SCMs. Responsible for this increased thermal stability might be the denser foil like
structure leading to an incorporation of more non evaporable water in C-(A)-S-H of slag contain-
ing systems [33, 83]. Furthermore, carbonation in blended cement pastes can lead to the formation
of a calcium-carbonate modified silica gel with improved thermal properties [84]. At 500 °C, the
C-(A)-S-H content decreased in all samples, accompanied by a marked increase in the amorphous
phase content. In addition to changes in C-(A)-S-H, differences in portlandite content were also
observed. Initially, CEM I and CEM II/A-LL contained higher amounts of portlandite (10 and 8
wt.-%, respectively), while CEM III/A and CEM II/B-Q showed lower levels (around 5 wt.-%),
reflecting their lower clinker content and pozzolanic nature. Even after exposure to 500 °C, port-
landite remained detectable in all samples. However, the corresponding XRD peaks exhibited
reduced intensity and increased broadening, indicating a loss of crystallinity rather than complete
structural degradation. Similar findings have been reported by Song et al. [85].
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Figure 15 Phase content of the different hardened cement pastes after high temperature exposure to 20 °C, 105 °C,
300 °C and 500 °C

The TGA results are shown in Figure 16. Due to solvent exchange during sample preparation, no
free evaporable water remained in the samples. The mass loss observed up to approximately
200 °C is primarily attributed to the dehydration of AFt and AFm phases. This effect was most
pronounced in the CEM I cement paste. However, CEM I1I/B-Q also exhibited a significant mass
loss between 140 °C and 200 °C, particularly due to the decomposition of AFm phases, most
likely monocarboaluminate. Notably, the CEM III/A paste showed the lowest overall mass loss
up to 500 °C, supporting the hypothesis of a thermally more stable C-(A)-S-H phase, as also in-
dicated by the XRD results. The mass loss between 400 °C and 500 °C corresponds to the
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dehydration of portlandite and was more prominent in the CEM I and CEM II/A-LL samples
compared to CEM III/A and CEM II/B-Q. Above 500 °C, up to around 760 °C, the decomposition
of calcium carbonate phases becomes evident. A more detailed analysis of the DTG curve reveals
that this process occurs in two distinct stages: the first corresponds to the decomposition of amor-
phous and low-crystalline vaterite, while the second is associated with the breakdown of calcite
[84]. As expected, CEM II/A-LL exhibited the highest mass loss due to its high carbonate content,
followed by CEM III/A and CEM II/B-Q, which also showed elevated losses due to increased
carbonation. These findings are consistent with the XRD data. In conclusion, CEM I experienced
the highest mass loss primarily due to dehydration processes, whereas CEM II/A-LL showed the
greatest total mass loss, largely resulting from the high calcite content in its raw materials.

Furthermore, the comparison between the TGA and 'H-NMR results revealed that thermally in-
duced moisture transport is strongly influenced by the dehydration behavior of the cementitious
matrix. This is illustrated in Figure 16 b), where the sequence of mass loss closely corresponds to
the progression of the drying front. Therefore, it can be concluded that permeability alone is not
the decisive factor governing moisture distribution during heating. Additionally, the observed
changes in permeability with increasing temperature appear to be of minor relevance, as the ma-
jority of water is released below 200 °C.
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Figure 16 a) TGA and DTG of the hardened cement pastes b) Dehydration behavior of the hardened cement pastes
(TGA) and the moisture profiles in concrete after one-sided heating ('H-NMR) show the same sequence of water loss
[Paper 4]
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4.3.3 Main findings

The characterization of the mineral phase composition and decomposition at elevated tempera-
tures revealed significant differences between the various cement pastes. In relation to the phe-
nomenon of explosive spalling in concrete, the following insights were derived:

I. Blended cement pastes generally exhibited lower quantities of early-dehydrating AFt and
AFm phases than the CEM I paste, as shown in XRD analyses. TGA supported this trend,
indicating slightly higher water loss in CEM 1. This suggests that blended cement con-
cretes may retain more moisture at elevated temperatures, potentially increasing the risk
of explosive spalling in concrete made with this type of cement.

II. The C-(A)-S-H phases in blended cements, with latent hydraulic or pozzolanic compo-
nents, demonstrated superior resistance to thermal degradation. This was particularly ev-
ident in CEM III/A paste, which showed minimal decomposition as temperatures rose.
This enhanced stability may be attributed to the denser microstructure of the C-(A)-S-H
gels and their increased carbonation, which leads to the formation of calcium-modified
silica gels with better thermal performance.

III. It was shown that the thermally induced moisture transport and the movement of the drying
front described in chapter 4.2 is strongly dependent upon the dehydration behavior of the
cementitious matrix. The development of permeability, particularly the steep increase in
CEM III/A and CEM II/B-Q concrete, seems to have only a minor impact, as most of the
water is already released below 200 °C. Instead, the initial permeability of the concrete
plays a more significant role in assessing its vulnerability to explosive spalling.

4.4 Impact of PP fibers (Conf. Paper & Paper 4)

This chapter presents the summarized results of the fire tests of concrete with PP fibers and the
impact on the thermally induced moisture transport published in the conference proceedings of
the 13th International conference on structures in fire and Paper 4.

4.4.1 Methodology

The fire tests and the investigation of thermally induced moisture transport in concrete with PP
fibers were conducted following the same methodology described in Chapters 4.1.1 and 4.2.1,
respectively. The composition and properties of the PP fiber-reinforced concrete are presented in
Table 3.

According to Eurocode 2, no mitigation strategies are specified for NSC. However, since spalling
was observed in NSC, a dosage of 2 kg/m* PP fibers as recommended for HSC was applied. The
fibers, supplied by Baumhueter Extrusion GmbH, had a length of 6 mm and a diameter of
15.4 um. To ensure comparable workability, varying amounts of superplasticizer were used for
each concrete formulation, since the addition of PP fibers noticeably compromised the concrete’s
workability, this was most pronounced in the mixture containing calcined clays.

39



4 Experimental investigations

Table 3 PP fiber concrete mixture and properties

Unit CEMI | CEMIVA-LL | CEMIIVA | CEMII/B-Q
42.5N 425N 42.5N 425N
cement [kg/m3] 420
water [kg/m?] 197
PP fibers [kg/m?] 2 2 2 2
SP [kg/m?] 1.5 34 2.1 5
quarzitic aggregates
0/2mm [kg/m?] 640 634 637 628
2 /4 mm [kg/m?] 152 150 151 149
4 /8 mm [kg/m?] 219 217 218 215
8 /16 mm [kg/m?] 675 668 669 661
cube compressive strength
28 d [MPa] 46 54 65 60
>90d [MPa] 52 61 73 62
Moisture content
Drying at 105 °C [wt.-%] 5.66 5.46 5.44 6.08
'"H-NMR [wt.-%] 3.77 3.89 4.02 4.72

4.4.2 Results

After exposure to the HC-fire for 1 h, none of the specimens exhibited spalling (Figure 17). Only
crack formation and a slight outward deformation of the surface were observed. This clearly
demonstrates that the PP fibers performed effectively, regardless of the cement type used.

CEMI CEMI/A-LL CEMIIVA CEMII/B-Q

Spalling depth [mm]

5 0 -10 -20 -30 -40 -50 -60 70 -75

Figure 17 Spalling depth after HC exposure in PP fiber concrete

Additionally, it is worth noting that the temperature measured at a depth of 50 mm was compara-
ble across all concrete types, reaching approximately 200 °C (see Figure 18). This suggests that a
potential reinforcement layer at this depth would be shielded from direct flame contact, thereby
reducing the risk of significant strength loss.
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Figure 18 Temperature development in 50 mm depth for the different PP fiber concretes

The influence of PP fibers was evident in the measurements of thermally induced moisture
transport, as illustrated in Figure 19. The 'H-NMR results revealed a slightly lower initial mois-
ture content in the mixes containing PP fibers. After one-sided heating, all concrete types exhib-
ited a more pronounced drying front with similar drying gradients. Despite the presence of fibers,
a moisture clog was still observed in all samples. This suggests that, at elevated temperatures, the
addition of fibers equalized the transport properties across different concrete types, effectively
eliminating microstructure specific differences. This observation is further supported by permea-
bility measurements, which show a sudden increase in permeability beyond 105 °C, reaching sim-
ilar levels across concretes. Interestingly, the most significant rise occurs at temperatures below
the fiber melting point, around 150 °C, a trend also reported in previous studies [86, 87]. This
behavior is likely caused by cracking induced by the expansion forces of the heated fibers. MIP
results for PP fiber mixes revealed a slight increase in porosity and an overall pore coarsening
effect in the initial state. However, this coarsening did not lead to a higher initial permeability in
PP-fiber concrete. The measured permeability and porosity are presented in Figure 20.
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Figure 19 1D moisture profiles of the concretes after heating a) without PP fibers b) with PP fibers [Paper 4]

41



4 Experimental investigations

10-14 _
a) P e 3 = b) )
T g = 0.06-
= . PP fiber effect =
& 10-15 J - T T : — 0041 \ A
£ — c \ |
S ke ' : \ / A
© (2] ' '0y, 0024 N \
@ g 0041 i \
£ 107 A = S N e
8 / g é (_E . gl 1 10 100 1000 10000 1000001000000}
&) g E= olids ity ¢
‘B 7] ® o 0.02- A
e 10 / g -‘ ‘:\
£ B 5 3 ﬂ\\‘ Bl "‘j' s
1018 . , , 8 0.00 . . b bkl
0 50 100 150 200 250 300 350 — 1 10 100 1000 10000 1000001000000
Temperature [°C] Pore diameter [nm]
CEM | CEM II/A-LL - -CEM III/A ——— CEM II/B-Q
- - CEMI_PP- - CEMII/A-LL _PP - - CEMII/A_PP- - CEMII/B-Q_PP

Figure 20 a) Intrinsic gas permeability b) Incremental pore size distribution obtained by MIP [Paper 4]

4.4.3 Main findings

The addition of PP fibers to concrete with low-clinker cement led to the following conclusion:

I.  The incorporation of PP fibers negatively affects concrete workability. This effect is
particularly pronounced in mixes containing calcined clays, where high amounts of
superplasticizer were required to achieve adequate workability. Therefore, further in-
vestigation is needed to determine whether lower fiber dosages could be sufficient.
Alternatively, the use of altered PP fibers which demonstrate higher effectiveness
[88] might be a viable solution.

II.  Fire-induced spalling was successfully prevented regardless of the cement type used.
Consequently, PP fibers remain an effective strategy for mitigating spalling, even in
more sustainable concrete compositions with low-clinker cements.

III.  The addition of PP fibers resulted in a significant and uniform increase in permeability
across all concrete types at 150 °C. This reduced the influence of binder-specific
properties and enabled consistent moisture release. As a result, less hot water was
available before moisture clogging occurred, thereby minimizing the risk of spalling.
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S5 Discussion

5.1 Contextualization with respect to data from
literature

In this section, the findings of this study are compared with selected results from the literature.
As previously mentioned, comparing spalling data is inherently limited due to the complexity of
the phenomenon, which involves numerous interacting factors. The comparison between the ob-
tained data and literature reveals both consistencies and contradictions. An overview of the max-
imum recorded spalling depth of the selected data is given in Table 4.

The results presented in this thesis align well with those reported by Kirnbauer and Schneider
[58]. In their study, NSC made with CEM 142.5 N and CEM II/A-L 42.5 R was tested under ISO
834 fire exposure. They observed that the use of CEM II/A-L increased the susceptibility to spall-
ing, despite similar free moisture contents obtained by drying at 105 °C until mass constant. Sim-
ilar observations were made in this thesis. This suggests that moisture content alone is not the
decisive factor in determining spalling proneness. Unfortunately, no further data on porosity or
permeability were provided, making it unclear whether a denser microstructure inhibited water
release or if other factors, such as thermomechanical effects, played a role. Additionally, the lack
of information on cement composition limits the comparability with the cements used in this
study.

A similar spalling tendency between CEM II/A-LL 42.5 R (85 wt.-% clinker, 12 wt.-% LS, 3 wt.-
% BFS) and CEM III/A 42.5 N ( 54 wt.-% clinker, 3 wt.-% LS, 43 wt.-% BFS) was also reported
by Miah [89], who tested NSC slabs under various biaxial loading conditions and ISO 834 expo-
sure. The cement compositions, concrete strengths, and moisture contents were comparable to
those in this study. While the permeability values were also within a similar range, Miah noted
larger initial differences in permeability between CEM II/A-LL and CEM II/A concretes. In con-
trast, this thesis found the initial permeabilities of the different blended cement concretes to be
nearly equal. This suggests that comparable clinker replacement levels in blended cements may
lead to similar microstructures and, consequently, similar spalling behavior. Tests conducted on
uniaxial load small scale cubes revealed an increased spalling susceptibility for CEM II/A-LL
concrete. However, partially large fluctuations were reported in the results and the small sample
size might have blurred the actual effect of the cement type on the spalling susceptibility of con-
crete.

Reiners [90] investigated the spalling behavior of concrete with CEM 1 42.5 N, CEM II/A-LL
42.5 N, and CEM III/A 42.5 N under both restrained and unrestrained ISO 834 exposure. An
increased spalling tendency in CEM III/A concrete compared to CEM I concrete was observed,
which is consistent with the findings of this thesis. Reiners attributed this to a denser microstruc-
ture and higher moisture content, leading to so called “moisture weakening”, which was described
as the observed decrease of tensile/flexural strength in high saturated concrete. Thus, making it
easier to overcome the stress needed to violently eject concrete pieces in the form of explosive
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spalling. This type of explanation would also apply to the findings of the presented work as the
blended cement concretes with increased moisture content showed increased spalling susceptibil-
ity. However, Reiners also reported a similarly low spalling tendency between CEM I and CEM
II/A-LL concrete, which contradicts this thesis findings. Here, CEM II/A-LL concrete showed a
significantly higher spalling tendency than CEM I concrete. One possible explanation lies in dif-
ferences in microstructure and porosity. Reiners observed a significant increase in capillary po-
rosity for CEM II/A-LL concrete, along with a roughly 10 MPa lower compressive strength. Alt-
hough no permeability measurements were provided, the higher porosity and lower strength might
suggest increased permeability. In contrast, this study found similar strength and porosity between
CEM I and CEM II/A-LL concrete, but significantly lower permeability in the latter, which may
have contributed to the higher spalling risk. Again, the absence of cement composition data com-
plicates further interpretation. The clinker replacement ratio in CEM II cements (6—20 wt.%) is
crucial for microstructure development. Panesar et al. [36] concluded that limestone replacement
above 10% leads to a gradual strength reduction, indicating that raw cement composition can
significantly influence microstructure and therefore the spalling behavior. This highlights the im-
portance of comprehensive material characterization.

Hager et al. [59] studied the spalling behavior of HSC made with CEM 1 42.5 R and CEM III/A
42.5 N under unloaded ISO 834 exposure. Regardless of the aggregate type (basaltic or granitic),
CEM I concrete exhibited slightly more spalling, despite lower permeability in CEM III/A. These
results contradict the findings of this study and the general consensus. The authors argued that
initial permeability and general material properties are not decisive for the spalling behavior in
HSC. Instead, they emphasized the role of structural factors such as the cold rim. However, the
promotion of thermomechanical effects trough the cold rim might only be small in a setup without
applied external restraint [67]. In addition, no detailed cement composition data were provided.
In CEM III/A, 3664 wt.-% of clinker can be replaced by blast furnace slag, a wide range that
significantly affects hydrate phase composition. Whittaker et al. [91] demonstrated that chemistry
and particularly the replacement amounts of clinker with slag strongly influence the hydrate min-
eral phase composition: Increasing replacement rates led to decreasing amounts of AFt and Port-
landite and increasing amounts of AFm and C-S-H. Moreover, it was revealed that SO* contents
above 4 wt.-% increased the formation of ettringite, which promoted explosive spalling in high
volume slag cement concrete [92]. In this study, it was shown that phase composition and asso-
ciated dehydration behavior significantly affect moisture transport during heating, which in turn
impacts explosive spalling. Therefore, material properties once more should not be underesti-
mated.

To date, no in-depth studies have addressed the spalling behavior of concrete with calcined clays
and in particular not in standardized cements such as the here presented CEM II/B-Q. Preliminary
fire and high-temperature tests on small-scale specimens with MK indicate an increased spalling
risk due to a denser microstructure and the associated restriction of water vapor release [93-95].
These findings provide initial confirmation of the results presented here. However, it must be
noted that in practice, various types of calcined clays will be used, each potentially affecting con-
crete properties differently. Given that calcined clay is expected to become the most widely used
SCM in the long term, further investigation into its fire-induced spalling behavior is essential.
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Table 4  Maximum spalling depth from fire tests with blended cement concrete from different research groups

Fire Maximum spalling depth [mm]

curve Reference CEM 1 CEM CEM CEM
II/A-L(L) 1II/A 11/B-Q

. , 0V 4590h) - R

Kirnbauer & Schneider 220 35008 - -

459 - 4090 -

Hager et al. 6590 - 5090 i

ISO 834

. - 0o (R -

Miah R 61" 5890 -

' 0o 0 752 -

Reiners 109 107 300 R
HC Pittrich 15990 53b)ei) 520)2)) 720)2))

a) moisture content 5%; b) moisture content 6%, c) calcareous; d) basalt; e) granite; f) Rhine gravel; g) siliceous
h) unloaded; i) 5 MPa biaxial; j) restraint

5.2 Contextualization with respect to selected spalling
theories

In this thesis high moisture contents, low permeabilities and thermally more stable hydrate phases
have been identified as the main factors responsible for the increased spalling susceptibility in
blended cement concrete. But how would those parameters interact within the framework of pop-
ular spalling theories? In the following section, the experimentally obtained results will be dis-
cussed in regard to selected spalling theories.

The earliest and well-known *’moisture clog’’ theory claims that with the formation of the mois-
ture clog the inward transport of further water vapor is restricted leading to an increase in pore
pressure and finally to explosive concrete spalling [40, 41]. Therefore, higher moisture contents
and denser microstructures lead to an increased spalling susceptibility. From a general point of
view this applies to the observations made in this thesis as the existence of the moisture clog was
validated in every sample and the blended cement concretes with lower permeabilities and higher
moisture contents showed increased spalling proneness. However, pore pressure measurements
in NSC and HSC exhibited values below the tensile strength of the material in a temperature range
of 220 — 300 °C [96]. Hence, pore pressure alone cannot be responsible for explosive concrete
spalling. More recent advances by Felicetti et al. [46] and Yarmohaamdian and Felicetti [97]
propose a two-stage process causing the violent ejection of concrete fragments. The first stage
describes the crack initiation by exceeding the tensile strength of concrete through the combined
effects of pore pressure and thermal stresses. This is in alignment with experimental results, where
it was shown that dry as well as non-restraint or loaded specimens show lower spalling tendencies
in comparison to moist and restraint or loaded samples respectively [53, 54, 67]. The second stage
describes crack instability and propagation, which appears when the internal pressure exceeds the
remaining strength of the concrete cross-section. Thereafter, sudden pressure drop leads to flash
evaporation of the superheated water, whereas the adiabatic expansion ignites the acceleration of
the concrete fragments known as spalling. The researchers in particular highlight the crack initi-
ation timing paired with sufficient thermal energy and water as decisive for the spalling severity.
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The experimental results showed increased initial water contents for CEM III/A and CEM II/B-
Q as well as lower permeabilities especially emphasized in temperature ranges (50 — 170 °C)
where most of the water is released during heating in CEM II/A-LL, CEM III/A and CEM II/B-
Q concrete. This is shown in the consolidated overview of the performed investigations, normal-
ized across the depth of the one-sided heated cylinders from section 4.2 in Figure 21. Three dis-
tinct regions were assigned: a dry zone, a moist zone, and a saturated zone (“moisture clog”). The
dry zone describes the area up to the point where the moisture content begins to increase signifi-
cantly, marking the transition into the moist zone. This moist zone continues until the formation
of the moisture clog, which is defined as the point where the post-heating water content intersects
with the initial, unheated moisture profile. Due to reduced dehydration and lower permeability,
blended cement concretes retain more water in the moist zone prior to the beginning of the mois-
ture clog at a temperature range between 150 — 230 °C. This corresponds well to the temperature
range of 170 — 240 °C, where spalling was observed during the fire tests. Hence, it can be con-
cluded that the greater amount of available thermal energy in the form of hot water significantly
increases the risk of explosive spalling in concrete made with blended cements. Thereby support-
ing the idea of the proposed mechanism. The addition of PP fibers, which is combined with a
significant increase in permeability at elevated temperatures, accelerates the drying process. This
results in a more pronounced dry zone extending to greater depths, followed by a much thinner
moist zone with lower but uniformly distributed water content across all concrete types. The re-
duced moisture availability in regions with lower temperatures (ca. 125 — 175 °C) means that
insufficient thermal energy is present to cause explosive spalling. Nevertheless, despite similar
material properties, noticeable differences between the spalling susceptibility between the differ-
ent blended cement concretes appear which cannot solely be explained by the current state of the
art of thermohydraulic approaches. This raises the question of whether differences in the mineral
phase composition also influence the thermomechanical modes of action, such as initial crack
formation and propagation.
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a) without PP-Fibers b) with PP Fibers

saturated saturated

I dry | moist I (,moisture clog®) | : dry Immst (,moisture clog®)
|

Norm. weight loss [wt.-%)]
cement paste

Detc. water content [wt.-%] Norm. gas permeability [m?]
concrete

Temperature [°C]

20
Sample depth [mm] Sample depth [mm]
Legend
e CEM | me CEM II/A-LL (1) TGA (weight loss): AT/At = 10 K/min
CEM /A CEMIVB-Q () Gas permeability: AT/At = 1 Kimin
Cement type specific moisture clog on-set
— = CEM I — = CEM IVA-LL @ Moisture Profile: AT/At = 10 K/min
== == CEMII/A == == CEM II/B-Q @ Temperature profile: AT/At = 10 K/min

Figure 21 Coherent representation of the investigations carried out with regard to dehydration behavior, gas permea-
bility, moisture distribution, and temperature distribution normalized over the sample length in different types of con-
crete a) without PP-fibers, b) with PP-fibers [Paper 4]
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The present thesis investigated the impact of low-clinker blended cements on the fire spalling
behavior of concrete in combination with a comprehensive study of the underlying thermohy-
draulic properties. It was shown that the utilization of CEM II/A-LL, CEM III/A and CEM I1/B-
Q significantly increases the spalling vulnerability of concrete. Above all, the addition of calcined
clays shown in CEM II/B-Q appears to greatly increase the tendency to spalling, for which wide-
spread use is predicted in the near future. Furthermore, it should be emphasized that the use of
blended cements causes NSC to spall so severely that a potential reinforcement layer is endan-
gered due to direct flame exposure. However, up to now, according to Eurocode 2, no prevention
strategies are considered necessary in NSC. Both of those aspects should be considered in the
sense of sustainable construction in the future.

The determination of the pore size-specific moisture distribution before and after high tempera-
ture exposure showed clear differences in dependency of the cement type. Here, CEM III/A and
CEM II/B-Q exhibited a higher initial moisture content already indicative for the more severe
spalling observed. Moreover, permeability measurements showed noticeable lower values for all
types of blended cement concrete further promoting the spalling risk. However, a comparison
between the permeabilities and the obtained drying fronts showed that this cannot be the only
influencing factor. XRD and TGA analyses revealed that the decomposition and dehydration be-
havior of the cementitious matrix is one main driver of moisture transport during high-tempera-
ture exposure. It was shown that the sequence of mass loss in the hardened cement paste corre-
sponds to the sequence of drying observed in the concrete samples. The reasons for this
appearance are less AFt and AFm phases in blended cement pastes and additionally a more tem-
perature resistant C-(A)-S-H phase in CEM III/A and CEM II/B-Q samples. Both the lower per-
meabilities and the increased thermal stability of the cement pastes lead to higher water retention
in a temperature range critical for explosive spalling. With the addition of 2 kg/m? of PP fibers,
binder-specific influences on the microstructure were largely eliminated at elevated temperatures,
resulting in a uniform increase in permeability and, consequently, a consistent moisture release.
This enhanced drying process ensures that significantly more water is expelled, leaving insuffi-
cient thermal energy to cause explosive spalling. Therefore, PP fibers remain an effective mitiga-
tion strategy, even for more sustainable concrete compositions incorporating blended cements.
However, PP fibers strongly affect the workability of fresh concrete. It is therefore necessary to
investigate whether lower fiber dosages could achieve similar performance or whether the intro-
duction of altered PP fibers with improved efficiency is required to ensure practical, problem-free
application.

The findings presented here offer a solid explanation for the general differences in spalling be-
havior between Portland cement and blended cement concrete. However, the variations observed
among individual blended systems are not fully understood. Notably, the increased spalling ten-
dency in CEM II/A-LL, despite having similar moisture content and dehydration characteristics
to CEM I and the even greater spalling observed in CEM II/B-Q in comparison to the other
blended cements suggest that additional mechanisms must be influential.
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Based on the insights gained, several directions for future research can be proposed (see figure
22). From a thermohydraulic standpoint, the moisture distribution across different pore sizes
needs closer examination. In particular, the elevated presence of gel pore water, which appears to
be unique to CEM II/B-Q concrete, should be investigated further. Results in literature indicate
that as pore size decreases, pore pressure in unsaturated pores tends to increase [80]. While pore
pressure alone may not be the primary driver of explosive spalling, it could still contribute to the
overall process, potentially playing a more significant role in CEM II/B-Q concrete, where the
most severe damage was observed. From a thermomechanical perspective, differences in mineral
phase composition may also be critical. The enhanced thermal stability of C-(A)-S-H in CEM
1I/B-Q and CEM III/A cements could influence the thermomechanical response of concrete, par-
ticularly with respect to load-induced thermal strains (LITS). In structures where thermal expan-
sion is constrained, LITS potentially have a mitigating effect by developing in the direction of the
applied load, thereby reducing compressive stresses caused by restrained thermal dilation [98].
This stress relaxation may help lower the risk of explosive spalling. LITS are primarily driven by
thermal transient creep and drying creep, both of which are closely linked to the decomposition
of hydration phases and the movement of water within the cement matrix [99, 100]. Peters et al.
[101] observed that the progression of C-S-H dehydration closely follows the development of
LITS, which is attributed to creep-like sliding of C-S-H under compressive stress. However, in
cement systems such as CEM II/B-Q and CEM III/A, the presence of thermally stable C-(A)-S-
H may inhibit this sliding mechanism. As a result, LITS may be reduced, leading to lower stress
relaxation and potentially increasing the material’s susceptibility to spalling under elevated tem-
peratures. Another important factor contributing to explosive spalling is the thermal mismatch
between the cement paste and the aggregates. At temperatures around 150 °C, the cement paste
tends to shrink while the aggregates expand, generating internal stresses that might contribute to
spalling. In blended cement systems, the composition of residual non-hydrated phases varies sig-
nificantly and must be considered. For example, the CEM II/B-Q cement analyzed in this study
contains a high proportion of quartz, which acts as micro-aggregates and introduces thermal in-
compatibility even within the binder matrix. Quartz aggregates are known for their pronounced
thermal mismatch, but similar behavior is also observed with limestone and slag aggregates [48].
These incompatibilities are key contributors to spalling behavior and should be carefully evalu-
ated when assessing the influence of cement type on fire resistance and thermal performance.
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Figure 22 Recommendations for future work
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Abstract The cement and concrete industries are
striving to reduce the CO, emissions caused by the
production of Portland cement. An effective way
to achieve this is to replace Portland cement clinker
with more environmentally friendly supplementary
cementitious materials (SCMs) to produce blended
cements. A variety of different SCMs are used today,
from fly ash to more exotic options such as rice husk
ash or waste glass powder. Depending on its mate-
rial properties, concrete exposed to fire may experi-
ence spalling caused by thermomechanical and ther-
mohydraulic mechanisms. Severe spalling leads to
a reduction in the cross-section and exposure of the
reinforcement, jeopardizing the load-bearing capac-
ity of the concrete element. The use of blended
cements changes the concrete properties which can
affect spalling behavior at high temperatures. The link
between high temperature and spalling behavior of
concrete with blended cements has been investigated
in several studies. A review of the existing litera-
ture led to the conclusion that the cement type influ-
ences the spalling behavior of concrete. However,
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the relationship does not appear to be clear, as there
are contradictions and inconsistencies between the
evaluated results. Therefore, further in-depth studies
will help to gain a more precise understanding of the
effects of blended cements on the spalling behavior of
concrete at elevated temperatures.

Keywords Fire-induced spalling - Concrete - High
temperatures - Blended cements - SCM - Filler

1 Introduction

In blended cements, part of the Portland cement
clinker is replaced by another material. Originally,
the replacement was motivated by lower costs and
economic benefits, as the substitute materials were
usually byproducts from other industries such as the
iron, steel or power industries [1]. For example, slag
cements were already utilized in the 1920s for mas-
sive concrete structures such as dams [2]. Next to the
economic benefits, blended cements provide addi-
tional ecological advantages, now attracting renewed
attention as a sustainable alternative to ordinary
Portland cement (OPC). Cement clinker production
is associated with high CO, emissions caused by the
use of fossil fuels and the decomposition of lime-
stone during the sintering process. One ton of cement
clinker is responsible for roughly 0.87 t of CO, [3].
Therefore, large quantities of cements with high
replacement rates of supplementary cementitious
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materials (SCMs) leading to a low clinker factor are
desirable [4, 5]. However, the long-term availability
of typically used SCMs such as fly ash and blast fur-
nace slag is questionable [4, 6], which leads to rising
demands for alternatives. In addition, the different
cements affect the concrete’s mechanical properties,
durability and more even at ambient conditions [7].
Therefore, it can be assumed that the properties under
fire load also differ. The increasing availability of
blended cements leads to an increasing use of those
cements for housing and infrastructure construction,
highlighting the need for a profound understanding of
the fire behavior of blended cement concrete.

Although concrete does not burn, it undergoes cer-
tain chemical and physical changes at elevated tempera-
tures, one of them being explosive spalling. Explosive
spalling is particularly critical as it occurs early on
during the fire: usually in the first 20 min [8]. Those
spalling events are caused by thermohydraulic and ther-
momechanical mechanisms related to various factors
such as moisture content, age, strength, microstructure,
etc. During the spalling event, small concrete fragments
are dislodged from the concrete surface and acceler-
ated to high speeds. Intensive spalling can lead both to
reduction of the cross-section of the load bearing mem-
ber and to the uncovering of the reinforcement, reduc-
ing the structure’s overall stability. As well as the struc-
tural damage, flying concrete pieces can become an
additional danger for humans. The subsequent repair of
the building parts after a fire costs a great deal of time
and money. The most well-established strategy to mini-
mize or even avoid fire spalling is the addition of poly-
propylene fibers (PP-fibers) to the concrete mixture [9].

Subsequently, the question arises whether different
types of blended cements with different SCMs influ-
ence the fire spalling susceptibility of concrete. In this
review, the available literature on the spalling behav-
ior of concrete with blended cements was examined
to identify a possible relationship between cement
type and spalling behavior of concrete.

2 Blended cements
In order to understand and evaluate the spalling

behavior of blended concrete, the differences between
the various cement types must first be explained.

Blended cements can include different types of
SCMs or fillers, distinguished by their chemical com-
position with latent hydraulic, pozzolanic or inert
properties (see Fig. 1). The most common substitute
materials are ground blast furnace slag, fly-ash, and
limestone but materials such as silica fume or glass
powder are also utilized. In the future, reduced avail-
ability of slag and fly-ash is forecast for Europe, lead-
ing to an increasing demand for alternative SCMs
such as calcined clays [6]. SCMs decisively influence
the reaction kinetics and therefore the amount, type,
and structure of the hydrated phases [10]. The type,
number, and dosage of the substitutes determine the
cement type in national or international regulations
such as DIN or EN e.g., DIN EN 197-1.

2.1 Latent hydraulic SCMs

The most common latent hydraulic SCM is blast fur-
nace slag (BF). Its latent hydraulic properties were
already discovered in 1862 [11] and the first slag
cements appeared in 1865 [12]. BF is a byproduct of
the pig iron manufacturing process. The reactivity of
slag is determined by its chemical and mineralogical
composition as well as its glass content and fineness.
In cementitious composites, BF reacts with water to
the same hydration products as OPC in the form of
C-S—H [13, 14]. The replacement of Portland cement
clinker with slag leads to a decrease in early age
strength followed by a delayed increase in strength
[14, 15]. The outer product C-S-H in slag systems

silica
fume

W hydraulic
latent hydraulic

: pozzolanic

limestone @ @ inert

Portland cement Il
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Fig.1 Ternary diagram of typical cements and SCM adapted
from [7]
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more effectively fills pore space without forming
large interconnected capillary pores [16, 17]. Moreo-
ver, the thermal stability of binder containing slag
seems to increase as with increasing temperature, less
pronounced pore coarsening takes place [18].

2.2 Pozzolanic SCMs

The first utilization of pozzolans for construction
purposes dates back to the Romans 3000 years ago
[19]. Today, there are a variety of pozzolanic SCMs
available which are used in blended cements. A few
examples are fly-ash (FA), silica fume (SF), volcanic
ash (VA) and metakaolin (MK). Up to now the most
frequently used SCM in blended cements was FA.
However, the further availability of FA is uncer-
tain since the quantity available is decreasing due
to the shutdown of coal-fired power plants [6, 20].
Therefore, the demand for alternatives is rising. Big
potential is seen in calcined clays (CC), as they offer
good pozzolanic properties and sufficient availability
all around the globe [4]. What all pozzolanic SCMs
have in common is a similar chemical composition to
Portland cement in the form of silicates or alumina-
silicates. Under the presence of portlandite Ca(OH),
and water, they react to form C—S-H or more likely
C-A-S-H (depending on the amount of alumina)
[20]. Howeyver, the influence of pozzolanic SCMs on
the microstructure is highly dependent on the type
and amount of material used and therefore not con-
sistent. The compressive strength tends to increase up
to a replacement rate of 30% while at the same time
porosity and permeability decrease for SF, FA and
MK. Higher replacement rates lead to the opposite
effect [7].

2.3 Fillers

Alongside the abovementioned reactive SCMs, so-
called inert fillers are also used to produce blended
cements. Since fillers usually need no treatment
besides grinding, they are favored in terms of low
CO,-emissions and costs. The most common filler
used is limestone, but other types of mineral fillers
are also utilized, e.g., quartz [21]. The filler effect
describes the filling of intergranular voids between
cement paste and aggregates, densifying the concrete.
Additionally, fillers can provide nucleation sites,
promoting the hydration of the cement paste [21]. It

should be mentioned that fillers are not completely
inert and may show some kind of chemical reactiv-
ity. For example, limestone fillers react with the alu-
mina phases of cement to form monocarboaluminate
hydrate [20] [22] and quartz fillers can exhibit poz-
zolanic properties over a long period of time [21]. It
was reported that substitution rates of limestone pow-
der fillers above 10% primarily lead to a reduction in
strength but not necessarily to a reduction in porosity

[7].

3 Concrete spalling

Heat-induced concrete spalling does not occur dur-
ing every fire scenario and is dependent on numerous
factors. The most influential are the fire conditions
but material and specimen properties also have great
impact. Furthermore, different types of spalling exist,
namely corner spalling, surface spalling, and explo-
sive spalling [23]. An overview of the influencing
factors and common fire curves is given in Fig. 2.

The heating or fire conditions are most decisive for
the occurrence and severity of spalling. High heat-
ing rates induce a stronger thermal gradient inside
the structure, resulting in restrained thermal dila-
tions which usually promote spalling. Obviously, the
absolute temperature reached is also important since
spalling usually starts to happen at around 300 °C
[22]. Other factors related to the appearance of
spalling are the direction of the flame and duration of
the fire with the associated temperature gradient.

In general, concrete with high compressive
strength, which is mostly associated with low poros-
ity and low permeability, shows correspondingly
high spalling susceptibility [24]. Conversely, nor-
mal strength concrete (NSC) is usually less prone
to spalling than high strength concrete (HSC) or
ultra-high-performance concrete (UHPC). Never-
theless, moisture content must be considered. It was
concluded that the spalling risk is relatively low for
moisture contents below 3—4 wt% in traditional con-
crete with comparatively low densities [25]. This is
not applicable for dense concrete, where it was shown
that spalling took place despite a very low moisture
content of 1 wt% [26]. Another factor is aggregate
size. Several studies concluded that smaller aggre-
gates lead to heavier spalling [24, 27, 28]. Moreover,
it has been observed that the aggregate shape might
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Fig.2 System parameters influencing heat-induced spalling
(top) and commonly used fire curves (bottom)

also affect spalling behavior, as roundish aggregates
led to less intense spalling compared to crushed
angular aggregates in [29]. Lastly, the aggregate type
is also decisive. For example, results of [30] show
higher spalling susceptibility for river bed gravel
specimens in comparison with granitic or basaltic
aggregates and investigations by [31] found more
severe damage including spalling in specimens with
flint aggregates compared to specimens with quarzitic
or calcareous aggregates. Furthermore, the cement
type or the addition of SCMs influences the spalling
behavior of concrete in certain ways; however, this

will be addressed in detail in the main body of this
paper.

Alongside material properties, component proper-
ties also influence spalling behavior. In particular, the
size of the specimen plays an important role as with
increasing size increasing spalling can be expected
[28, 32]. The spalling risk tends to decrease with
increasing concrete age due to the continuous drying
of the material [33, 34]. Another strong impact results
from the applied load. In many studies, loaded and
restrained specimens experienced a lot more damage
than unloaded specimens [24, 35].

3.1 Thermohydraulic spalling mechanisms

The initial suggestion that thermohydraulic mecha-
nisms influence the spalling behavior of concrete was
made by Shorter and Harmathy [36] and was further
developed by Harmathy [37]. The “moisture clog”
theory describes the increase of steam pressure inside
concrete pores during a fire. Subsequently, the steam
begins to move towards the heated external surface
of the concrete but also towards the concrete interior
where overall colder temperatures are present. The
water vapor starts to condense in the colder areas
and over time a fully saturated zone develops. This
moisture clog prevents any further transversal water
vapor escape, resulting in rapidly rising pore pres-
sure. If this pressure exceeds the transversal tensile
strength of the specimen, the concrete starts to spall.
According to [38], the acceleration of concrete frag-
ments is caused by the vaporization of liquid water
and its adiabatic expansion after initial cracking.
However, the measurement of pore pressure during
fire tests turned out to be quite difficult, as pore pres-
sure drops immediately as soon as thermally induced
cracks start to form around the probe. Heat-induced
moisture transport and the appearance of the moisture
clog were confirmed experimentally in different stud-
ies [39—41]. A brief schematic display of the process
is given in Fig. 3.

Several more theories deal with moisture influ-
ence on concrete spalling, including the frictional
forces from vapor flow theory [8, 42], the boiling
liquid expanding vapor explosion (BLEVE) theory
[43] or the fully saturated pore pressure theory [44,
45]. No fundamental experimental proof exists for
those theories. An overview of a variety of different
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Fig. 3 Schematic representation of thermohydraulic spalling
adapted from [40]

thermohydraulic spalling mechanism theories and
how they work can be found in McNamee’s review
[46].

3.2 Thermomechanical spalling mechanisms

Two main factors have been identified as responsible
for the thermomechanical spalling of concrete. The
first is the thermal incompatibility between concrete’s
main components, hardened cement paste and aggre-
gates, at high temperatures. While hardened cement
paste shrinks above temperatures of roughly 150 °C,
aggregates dilate [47]. This mismatch leads to ther-
mally induced stresses, resulting in microcracks that
promote spalling [46]. The second factor is the devel-
opment of a temperature gradient inside the concrete
due to the material’s low thermal diffusivity, result-
ing in a hot fire-exposed side and a cold interior. The
emerging temperature differences subsequently cause
restrained thermal dilations, creating high compres-
sive stresses close to the fire exposed surface [23].
The compressive biaxial thermal stress parallel to
the heated surface are accompanied by tensile stress
perpendicular to the heated surface. If the tensile
strength of the concrete is exceeded by those forces,
concrete spalls [48, 49]. A representation of mechani-
cally induced spalling is displayed in Fig. 4.
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Fig. 4 Schematic representation of thermomechanical spalling
adapted from [50]

3.3 Measures against spalling

Fire-induced spalling must be considered in nor-
mal and high strength concrete according to DIN-
EN 1992-1-2 [51]. For high strength concrete, dif-
ferent measures against spalling are recommended.
One successful strategy to minimize or even prevent
fire spalling is the addition of polypropylene fib-
ers (PP-fibers) to the concrete mix. During a fire
event, the fibers start to melt at around 170 °C. The
steam pressure is subsequently lowered as there
is now expansion space available in the form of
empty fiber beds. In addition, an induced network
of microcracks is formed which allows the escape
of water vapor to the outside [52]. The effectiveness
of PP-fibers is strongly dependent on the dosage and
geometry [53] and can be further improved by elec-
tron radiation pre-treatment [9]. It is recommended
to add at least 2 kg/m> PP-fibers. Investigations by
[9] showed that the amount of fibers can be halved
when altered fibers are used. Further measures
against spalling include the use of a reinforcement
mesh with a nominal concrete cover of 15 mm or
the application of fire protection materials accord-

ing to DIN EN-1992-1-2 [51].
nilem



186 Page 6 of 21

Materials and Structures (2025) 58:186

4 Spalling of blended cement concrete

A variety of studies deal with the spalling behavior
of Portland cement clinkers mixed with supplemen-
tary cementitious materials (SCMs). However, a
distinction should be made between standardized
cements according to DIN EN 197-1 or ASTM C595/
C595M-21 regulations and research where a certain
amount of clinker was simply replaced by one or sev-
eral SCMs. In standardized cements, parameters like
fineness and sulphate content are adjusted to guar-
antee equal strength of the cements, whereas when
Portland cement is simply replaced by an SCM, the
resulting effects on hydration, strength development,
and workability are usually neglected. In addition,
this review only considered articles where replace-
ment took place in the cement fraction and not in
the aggregate fraction. Therefore, these two types of
blended cements are referred to in separate sections in
this paper as standardized blended cements and labo-
ratory blended cements. Moreover, the temperatures
stated in the article always refer to furnace tempera-
tures, to ensure the greatest possible comparability.
The moisture content given always refers to the deter-
mination of mass loss after drying to 105 °C until
mass constant.

It should be noted that recently published recom-
mendations by RILEM TC 256 SPF provide a guide-
line for fire spalling tests [54, 55]. The recommenda-
tions describe which material, specimen and testing
parameters should be determined and chosen to get
the best results out of a fire spalling experiment. They
also state how to evaluate the recorded data in a
meaningful way. Hence, the documents can serve
as a unified basis to compare studies from different
research groups that followed the recommendations.

4.1 Standardized blended cements

This section summarizes spalling observed in con-
crete containing blended cements standardized
according to DIN EN-197 [56].

4.1.1 Spalling experiments

Studies on the spalling behavior of blended cements
were conducted by [29, 30, 57-60]. Table 1 gives an
overview of the experiments conducted, including the
most relevant material and testing parameters as well

as the heating conditions. Under ISO 834 fire expo-
sure, larger spalled volumes and maximum spalling
depths were recorded for high strength concrete with
CEM I 42.5 R compared to CEM III/A 42.5 N, with
basalt as well as gravel aggregates, showing compa-
rable moisture content (2.4-2.8 wt%). This is particu-
larly interesting since higher compressive strength
and lower permeability were measured for CEM III/A
specimens [30]. The findings contradict the results of
Reiners and Miiller [57] and Reiners et al. [58]. The
former study investigated the spalling behavior of
normal strength concrete containing CEM I, CEM
II/B-S, CEM II/A-LL, CEM II/B-V and CEM III/A
with radiant panel pore pressure—temperature—mass
loss (PTM) tests according to Kalifa [61]. The results
show that CEM III/A concrete experienced the heavi-
est spalling followed by CEM II/B-V concrete; the
use of other cements led to no spalling. In addition
to the PTM tests, spalling experiments with the ISO
834 fire curve on concrete with and without lateral
restrain were conducted. Specimens with lateral
restraint showed the largest amount of spalling for
CEM III/A concrete followed by CEM II/B-V con-
crete. CEM I and CEM II/A-LL concretes exhibited
no spalling. Equal experiments with lateral restraint
showed slightly deeper spalling for CEM III/A and
CEM II/B-V cement concretes and comparatively
low spalling for CEM I and CEM II/A-LL specimens
[58]. According to the authors, both the higher mois-
ture content and a weaker defined interfacial transi-
tion zone (ITZ) in concretes with reactive SCMs was
responsible for the worse spalling behavior. However,
the abovementioned statements regarding the spalling
propensity of ordinary Portland cement and lime-
stone cement concrete are once more in contradic-
tion to the studies of Kirnbauer and Schneider [29].
The researchers carried out spalling experiments on
normal strength concrete with CEM I 42.5 N, CEM
II/A-L 42.5 R and sulphate slag cement (Slagstar®)
under ISO 834 fire exposure. The study revealed that
concrete with CEM II/A-L experienced much more
spalling than CEM I-containing concrete for two dif-
ferent moisture states of around 5 and 6 wt% for both
types of concrete. The highest amount of spalling
was recorded in concrete with sulphate slag cement
in all cases. The work of Miah et al. [59] compared
the spalling behavior of CEM II/A-LL 42.5 R cement
concrete and CEM III/A 42.5 N cement concrete
under unloaded conditions and biaxial compressive
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Table 1 Material properties and testing conditions of spalling experiments with standardized blended cements

Refs Specimen Testing Result
Cement type Coarse aggregate Geometry Load/re-straint Age (>) Exposure/furnace Spalling
type
[29] CEMI142.5N calcareous slab no/no 28d I1SO 834 v
CEM II/A-L42.5R (30%25x%10 cm®) gas burner | 4
Sulphate slag cem A
[30] CEMI1425R basalt slab no/no 90d ISO 834 A
CEM III/A 42.5 N granite (120% 100 x 30 cm?) gas burner v
[57] CEMI142.5R Rhine gravel slab yes/no la 20 °K/min v
CEM II/B-S 42.5 N (30%30x12 cm®) 750 °C v
CEM II/A-LL 42.5 N radiant panel v
CEM II/B-V 42.5 R »
CEM III/A 42.5N A
[58] CEMI1425N Rhine gravel slab no/yes® 15a ISO 834 v
CEM II/A-LL 42.5N v
CEM II/B-V 42.5 R »
CEM III/A 42.5N A
[59] CEM II/A-LL 42.5R calcareous slab yesa)/ no 90d ISO 834 | 4
CEMII/A 425N (80x80x 10 cm®) gas burner »
[60] CEMI1425N quarzitic cylinder no/yes 90d HC v
CEM II/A-LL 425N (30x50 cm) oil burner | 4
CEM III/A 42.5N >
CEM II/B-Q42.5N A
[62] CEMIS52.5N - slab no/no 87d HC increased -
CEMII/B-LL 42.5 N (142.5%125.0 x> 800
CEM II/A-LL 42.5R cm’)
CEMIII/B 42.5N

A =high spalling susceptibility; » =medium spalling susceptibility, ¥ =low spalling susceptibility

a) samples were tested with and without load or restraint respectively

stress using ISO 834 fire exposure. Unloaded speci-
mens did not spall, regardless of the cement type
used. Applied stress of 0.5 MPa led to spalling in
CEM III/A concrete, while the CEM II/A-LL speci-
men remained unharmed. At higher stress levels (up
to 10 MPa) both concretes showed similar spalling

behavior and no clear distinguishable differences in
spalling depth were observed. The maximum spalling
depths of the abovementioned spalling experi-
ments are summarized in Table 2. Investigations by
Pittrich et al. [60] examined the spalling behavior
of restrained normal strength concrete with CEM 1

Table 2 Max.imum Refs
concrete spalling depth of
spalling experiments with

blended cements after ISO
834 exposure

a) moisture content 5%;

b) moisture content 6%;

¢) calcareous d) basalt; e)
granite; f) Rhine gravel; g)

Maximum spalling depth [mm)]
CEMI CEM IV/A-LL CEM III/A CEM II/B-V
Kirnbauer & Schneider [29] 0998 45998 - -
22b)0)g) 3 5b)C)g) _ _
Hager et al. [30] 4599 - 4099 -
656)g) _ 50€)g) _
Miah et al. [59] - 0% 0% -
_ 6 lc)h) 5 8C)h) _
Reiners et al. [58] 0h2 oh2 2509 1599
1 Of)i) 1 Oﬂi) 3 Of)i) 2091)

unloaded; h) 5 MPa biaxial
stress; 1) restraint
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42.5 N, CEM II/A-LL 42.5 N, CEM III/A 42.5 N and
CEM 1II/B-Q 42.5 N exposed to HC fire. The results
showed only slight surface spalling in CEM I concrete
(ca. 1.5 vol%) while the utilization of blended cement
caused a significant increase in damage. CEM II/A-
LL and CEM II/A experienced comparable spalling,
leading to similar spalled volumes (ca. 7 vol%). CEM
II/B-Q concrete showed the greatest amount of dam-
age in the form of the deepest recorded spalling depth
and largest loss of volume (ca. 9 Vol%). The higher
spalling susceptibility of the blended concretes might
be related to slightly higher moisture contents of
around 5.7, 5.6 and 6.0 wt% in CEM II/A-LL, CEM
III/A and CEM II/B-Q in comparison to 5.4 wt% in
CEM 1. In addition, equal mixtures with PP-fibers
were tested. Here it was shown that the fibers prevent
explosive concrete spalling regardless of the cement
used.

Spalling experiments on large scale cut outs of
existing tunnels with different compositions incor-
porating CEM I, CEM II/A-LL, CEM II/B-LL, and
CEM III/B exposed to the HC increased fire curve

led to the conclusion that no relation between cement
type and spalling behavior could be identified as not
enough data and insights on the concrete properties
were available [62].

4.1.2 High temperature experiments

Several studies laid their focus on the high tempera-
ture behavior of concrete regarding their mechanical
performance and microstructural changes on small
scale specimens. However, the authors also observed
spalling during their experiments [63—69]. The mate-
rial and testing conditions can be found in Table 3.
Investigations on hardened cement paste and
mortars of CEM I and CEM III/A were conducted
by [63]. The authors reported that CEM III/A
showed better heat resistance and spalling was
only noticed in CEM I-containing cement paste
specimens around 650 °C (1 K/min). In the stud-
ies by Balazs [64] and Lubloy [65] the corners of
CEM I-containing concrete spalled after being
heated to 500 °C with a rate similar to ISO 834 and

Table 3 Material properties and testing conditions of high temp. experiments with standardized blended cements

Refs Specimen Testing Result

Cement type Coarse Geometry Load/re-straint Age Exposure/ Spalling
Aggregate (>) Furnace type

[63] CEM152.5 none prism no/no 104 d 1 K/min

CEM III/A 52.5 60-650 °C
electric

[64] CEMI1425R quarzitic cube no/no 28d I1SO 834 | 4
CEM II/A-V 425 R (a=15cm) v
CEM II/A-P42.5N v
CEM II/A-S 42.5 N v
CEM 142.5 N+SF v
CEM 142.5 N+ MK v

[65] CEMI1425R quarzitic cube no/no 28d 40 K/min | 4
CEM II/A-P 425N (a=15cm) 50 - 800 °C v
CEM II/A-V 42.5 R electric v

[66] CEM II/A-LL 42.5 R calcareous cube no/no 42d 20 - 600 °C v
CEMII/B-P 425N (a=15cm) electric v

[67] CEMI1425N fire clay cube no/no 29d I1SO 834 A
CEM II/A-LL 425N (a=10 cm) A
CEM III/B 32.5 N v

[68] CEMI1325R quarzitic cube no/no 28d ZTV ING | 4
CEM II/A-S 42.5 R calcareous (a=15cm) oil burner | 4
CEMII/A 425N >

[69] CEM142.R granodiorite cube no/no - HC v
CEM III/B 32.5R basalt (a=10cm) gas burner v

A =high spalling susceptibility; ®» =medium spalling susceptibility, ¥ = low spalling susceptibility
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subsequent holding phase. Concrete with CEM II/A-
V, CEM II/A-P, and CEM II/A-S did not show any
spalling but visible surface cracks started to develop
at 800 °C. Concrete consisting of blended cements
showed higher residual compressive strength com-
pared to specimens prepared with ordinary Portland
cement and in general exhibited less damage. A pos-
sible reason for the different fire resistances is the
lower release of water associated with less portlan-
dite in cement pastes made of pozzolanic material.
The results of [66] showed only occasional spalling
of blended cement concrete with a CEM II/B-P 42.5
N and a CEM II/A-LL 42.5 N. At high temperature
loads up to 600 °C (40 K/min), three specimens
per concrete were investigated. In total, 18 cubes
were tested for both concretes, whereby only one
specimen of each mixture spalled around 400 °C. It
was assumed that the high thermal gradient inside
the specimen was responsible for spalling. Studies
by Jocius et al. [67] concluded that CEM I 42.5 N
and CEM II/A-LL 42.5 N concrete stayed mostly
unharmed, while CEM III/B 32.5 N concrete expe-
rienced explosive spalling after both one-sided
and volumetric ISO 834 exposure. The researchers
assume that the varying thermal dilations and con-
tractions of the different cement pastes as well as
the decomposition of certain mineral phases in the
slag cement concrete at 700 °C were responsible for
the variations in fire resistance. Further small-scale
fire tests on concrete with blended cements and fib-
ers were executed by Dehn et al. [68] and Bodn-
arova et al. [69]. The group of [68] examined the
fire behavior of tunnel concrete with CEM I 32.5 R,
CEM 1II/A-S 42.5 R and CEM III/A 42.5 R; in addi-
tion, all comparable mixtures contained 20% fly ash
(by weight of cement) plus 2 kg/m?® PP- fibers. The
specimens exhibited moisture contents between 4.5
and 5.6 wt%. After exposure to the RABT ZTV-ING
fire curve, specimens showed damage in the form of
sloughing-off. The results of fire resistance tests on
different concrete made of CEM I 42.5 R and CEM
III/B 32.5 R with and without polypropylene and
steel fibers under HC fire showed no spalling [69].
Apparently, the different moisture contents rang-
ing from 2.9 to 4.4 wt% were not the decisive factor
either. It should be noted that the fiber amount and
type as well as the aggregate amount and type were
not the same in the CEM I and CEM III/B mix. This
makes a reasonable comparison rather difficult.

4.2 Laboratory blended cements

This section deals with spalling observed in concrete
made with laboratory blended cements.

4.2.1 Spalling experiments

An overview of all the spalling experiments with
blended cements is given in Table 4.

Small-scale spalling tests on concrete with differ-
ent SCMs were performed by [70-72]. The use of
30% FA and BF did not influence the spalling behav-
ior of concrete with 0.05, 0.1 and 0.15 vol% PP fibers
as no damage was recorded. If SF was added, spalling
could not be prevented regardless of the fiber dos-
age. Furthermore, a mixture with 10% SF and 20%
FA only showed spalling at the lowest fiber dosage
of 0.05 vol% and therefore demonstrated reduced
spalling tendency compared to SF-only mixes [70].
Results of Nuruudin et al. [71] showed less spalling-
induced damage in a ternary blended cement concrete
consisting of 80% OPC+10% FA+10% RHA in
comparison to the pure OPC reference concrete. Both
concretes started to spall at the same temperature of
400 °C. In Gedam’s study [72] binary mixes with-
out the addition of fibers showed increased spalling
in SCM-containing concrete. The researcher con-
cluded that concrete with only OPC did not exhibit
any spalling while roughly 17% replacement of OPC
with either FA, SF or BF led to more spalling in
every case for exposure up to 1000 °C. Of the three
SCMs used, the heaviest damage was recorded in
BF concrete. The addition of PP fibers or steel fibers
improved spalling resistance and ultimately inhibited
it completely. Intermediate-scaled spalling experi-
ments were carried out by Ki-Seok and Dong-Woo
[73], regarding the impact of SF, FA and BF. The
mixes, moisture contents and results of this group’s
more detailed spalling analyses are summarized in
Table 5. For the experiments, two different HSC
concretes with targeted compressive strengths of 56
and 70 MPa after 90 d were examined after [ISO 834
fire exposure. In the 56 MPa series, specimens with
50% BF showed the least amount of spalling while
specimens with ternary binder mixes with SF and BF
exhibited the most damage. In the 70 MPa series, the
least spalling was recorded in concrete containing SF
while all other specimens with ternary binder mix-
tures displayed heavy damage caused by explosive
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Table 4 Material properties and testing conditions of spalling experiments with laboratory blended cements

Refs Specimen Testing Result
Binder type Coarse aggregate Geometry Load/re-straint Age (>) Exposure/ Spalling
Furnace type
[70] OPC,FA, SF,BF - cylinder no/no 28d 1SO 834 » OPC, FA, BF
(20x 10 cm®) A SF
[71] OPC,FA+RHA - cube no/no 28d 200-1200 °C A OPC
(a=10 cm®) gas » FA+RHA
[72] OPC, FA, SF, BF — cylinder no/no 28d 1000 °C V¥ OPC
(10x20 cm?) electric » FA, SF
A BF
[73] OPC, SF, FA, BF gravel slab no/no 91d 1SO 834 » OPC, SF, FA,
(50x50x 15 cm®) BF
A BF+SF
[74] OPC, SF, FA calcareous column yes/no la ASTM E119-88 V¥ OPC, FA
siliceous (381 x41x41 cm®) A SF
[75] OPC, FA+NS granite slab no/no - ISO 834 A OPC
(185 % 170 % 20 cm®) » FA+NS
[76] OPC, FA, SF, BF calcareous column yes/no 210d 4.16 K/min A OPC
[77] (330%20%20 cm®) 8 K/min > FA
[78] OPC+FA - slab no/no - RWS AOPC
[79] (200 100 %25 cm?) gas » FA
[80] slab
(300 150 %25 cm?)
A =high spalling susceptibility; » =medium spalling susceptibility, ¥ = low spalling susceptibility
Table 5 Su.rnmarized Series Composition Moisture Spalled area  Avg.depth Max.depth
results of Ki-Seok and [Wt%] [%] [mm] [mm]
Woo-Dong [73]
56 MPa 5% SF 4.0 99.46 19.1 429
25% FA 4.0 92.98 18.0 27.2
50% BF 39 75.05 6.5 16.2
5% SF+65% BF 3.3 97.51 59.9 142.9
70 MPa 5% SF 34 100 22.5 40.3
(reinforced) 59, SF4+25% FA 2.7 98.07 65.5 112.2
5% SF+45% BF 3.1 94.29 71.9 142.2
5% SF+65% BF 3.2 98.53 82.2 120.1

spalling. The mixes with OPC, SF and BF turned out
to be most prone to spalling in both concrete strength
classes. Despite compressive strength differences of
10 MPa no significant differences in spalling behav-
ior between the 5% SF specimens were observed [73].
Kodur and McGrath [74] described heavier spalling
with the addition of 13.3% SF on high strength con-
crete columns under concentrical load and ASTM
E119-88 fire exposure [74]. However, several other
parameters were changed in the mix design, including
the replacement of calcareous by siliceous aggregates.

This change most likely increased the spalling as well
and therefore the true influence of SF on the spalling
behavior of these columns remains rather unclear.
Medium-scale spalling investigations on High-Vol-
ume FA (ca. 50%) reinforced slabs containing small
amounts of nano silica (NS) (5%) were conducted by
Mussa et al. [75]. Summarized, the results showed a
deeper maximum spalling depth of 19 mm in OPC
reference slabs at lower temperatures (480-700 °C)
compared to the high-volume FA specimens with
11 mm at higher temperatures (680-840 °C) after
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ISO 834 exposure. Seemingly, the higher moisture
content of 5.97 wt% in the FA samples compared to
4.95 wt% in the OPC samples was not the crucial fac-
tor. Experiments on high-volume FA HSC columns
with 10% SF, 10% BF and 25% FA showed a spalled
volume of only 17% compared to a spalled volume
of 41% in regular HSC [76]. The authors explain the
better spalling resistance of high-volume FA concrete
by its higher tensile strength at elevated temperatures
(up to 20%). Interestingly, despite the more severe
spalling in regular HSC columns, only the FA HSC
column failed after 165 min. The addition of PP fib-
ers stopped spalling in both cases. It should be noted
that the results of the regular HSC columns came
from experiments by [77], where the heating rate was
almost twice as high; this might have contributed to
the more severe spalling recorded and must be viewed
critically when comparing the two results. The afore-
mentioned results on the spalling behavior of high-
volume FA concrete also align with the research
series of [78-80], where the authors recorded less
spalling with increasing FA content from 30 to 60%
and 70% in reinforced concrete after RWS fire load.
The addition of PP fibers to those mixtures reduced
spalling but could not prevent it from happening.

4.2.2 High temperature experiments

High temperature experiments where spalling was
observed in laboratory blended cement concrete are
given in Table 6 below.

In [81-86], spalling was observed in hardened
blended cement pastes and mortars. The replace-
ment of 20% OPC with either fly ash, natural poz-
zolana, limestone (LS) or slag or 10% of OPC with
metakaolin showed that only specimens with addi-
tional limestone started to spall at a thermal load of
800 °C, while pure OPC specimens started spalling
at a temperature of 1000 °C [81]. Investigations by
Wang [82] only recorded spalling in no or low-level
slag-containing cements (0 and 5 wt%) exposed
to a temperature of 1050 °C. Results presented by
[83] showed no spalling for pure OPC cement paste
exposed to high temperatures up to 800 °C (20 K/
min), while studies by [85] only showed spalling in
OPC cement paste specimens. Regarding the replace-
ment of OPC by FA, MK or silica fume, only the lat-
ter spalled at 800 °C when a replacement of 12 or 15
wt% took place. The higher spalling tendency of SF

specimens was caused by their lower porosity [83].
Binary and ternary blended mortars consisting of
OPC and MK or OPC, MK and NS showed increased
spalling susceptibility compared to the OPC con-
trol mix up to 650 °C (10 K/min). However, the
recorded spalling frequency varied and no clear rela-
tion between replacement rate and spalling tendency
was made. The authors propose that the denser pore
structure of the MK and NS mortars is responsible
for the differences [86]. The available literature shows
that spalling susceptibility already varies at the binder
level where thermomechanical effects of loading and
mismatch between aggregates and cement paste do
not exist.

Spalling of blended cement concrete specimens
was also noted in several studies dealing with the
material properties at elevated temperatures.

Concrete with silica fume in general shows more
severe spalling, often happening at lower tempera-
tures compared to concrete with none or other SCMs
[26, 70, 87-93]. This phenomenon was first noted and
described by Hertz [26] who recorded heavy explo-
sive spalling in SF concrete with an approximate
moisture content of 1.2 wt%, exposed to a maximum
temperature of 650 °C (1 K/min). Lai et al. [87] con-
cluded that of all tested concretes with various SCMs,
explosive spalling only occurred on concrete cubes
with an SF replacement ratio of >10% starting at
temperatures of 600 °C. Not only can the amount of
spalled material change with the addition of SF but
also the spalling type changes from large pieces to
small, pulverized particles with increasing SF con-
tent [88]. Even when ground to the nano scale, the
spalling susceptibility increased when SF is used in
comparison to OPC, FA or MK [89]. Responsible for
the increased spalling susceptibility is the develop-
ment of a very dense microstructure caused by the
pozzolanic effect and improved packing density of the
fine particles, making it impossible for water vapor to
escape. However, further results of Poon et al. [90] on
NSC and HSC with pure OPC as well as FA, BF and
FA +SF showed only occasional spalling in OPC-
HSC specimens between 400 and 600 °C (2.5 K/
min) and no spalling for the other SCM-containing
concretes independently of type, dosage and strength
class. Based on their experimental investigations,
Phan and Carino concluded that no clear tendency
between silica fume and increased spalling suscep-
tibility is given for different concrete mixtures with
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Table 6 Material properties and testing conditions of high temp. experiments with laboratory blended cements

Refs Specimen Testing Result
Binder type Coarse aggregate Geometry Load/re-straint Age  Exposure/ Spalling
(=) furnace type
[81] OPC, FA, LS, BF, none cube no/no 90d 200-1000°C » OPC,
MK electric ALS
V FA, BF, MK
[82] OPC, BF none cylinder no/no 29d 25-1050 °C AOPC
(2x4 cm?) ¥ BF
[83] OPC, SF, FA, MK none prism no/no 90d ISO 834 V¥ OPC, FA, MK
(4x4x16 cm’) electric A SF
[84] OPC, LS, SF, NS none cube no/no 3d 20 K/min V¥ OPC, LS, NS
(a=5cm’) 7d 20-800 °C A SF
28d electric
[85] OPC, SF, FA none cube no/no 30d 3 K/min A OPC
250-800°C V¥ SF, FA
electric
[86] OPC, MK, NS none cube no/no 56d 10 K/min ¥ OPC
(a=7.6 cm?) 200-650°C A MK, NS
electric
[26] OPC+SF diabase cylinder no/no 80d 1K/min V¥ OPC
(20x10 cm®) 350-650°C A SF
electric
[87] OPC, BF, FA, SF - cube no/no 28d 400-1000 °C V¥ OPC, BF, FA
(a=10 cm®) electric A SF
[88] OPC, SF - cube no/no 5d 5 K/min V¥ OPC
(a=10 cm?) 500 °C A SF
[89] OPC, SF, FA, MK - cylinder no/no - 250-1000 °C V¥ OPC, FA, MK;
(6.4x15 cm?) electric A SF
[90] OPC, SF, FA, BF granite cube no/no 60d 2.5 K/min V¥ OPC
(a=10 cm®) 200-800 °C A SF, FA, BF
electric
[911 OPC, FA, SF, BF siliceous cylinder yes/no 84d 5K/min ¥ OPC
(15x45 cm?) 200-800°C  » FA, BF
electric A SF
[92] OPC, SE, WGP - cylinder no/no 35d 13.33 K/min  » WGP
(20x 10 cm?) 25-800 °C A SF
electric
[93] OPC, SF - cylinder no/no 28d 20 K/min » OPC
800 °C A SF
[94] OPC, SF calcareous cylinder yes¥/no 400d 5 K/min » OPC
(10x20 cm?) 600 °C » SF
electric
[95] CEMIIA-LL, BF calcareous slab no/no - 3000 °C » CEM II/A-LL
(y X yx3.5 cm®) ¥ BF
[96] OPC, BF - cube no/no 14d 27-800 °C » OPC
(a=10 cm®) 28d electric V BF
[97] OPC, BF granite cube no/no 7d 10 K/min V¥ OPC;
(a=15cm®) 28d ISO 834 » BF
56d 200-800 °C

gas, electric

niem



Materials and Structures (2025) 58:186 Page 13 0f 21 186
Table 6 (continued)
Refs Specimen Testing Result
Binder type Coarse aggregate Geometry Load/re-straint Age  Exposure/ Spalling
(>) furnace type
[98] OPC, BF granite cube no/no 7d 10 K/min » OPC
(a=15cm®) 28d 1SO 834 A BF
56d 200-800 °C
gas, electric
[99] OPC, FA, BF calcareous cube no/no 56d 1K/min » OPC, FA, BF
(a=10 cm®) 200-800 °C
electric
[100] OPC, FA, BF calcareous cylinder no/no 60d 30 K/min A OPC, BF
(10x20 cm®) 200-800°C A FA
electric
[101] OPC, FA, SF, BF, granite cylinder no/no 28d 200-800 °C A OPC, FA, BF, SF
MK, RHA (20 10 cm®) electric » RHA
A MK
[102] OPC, SF, MK, FA granite cube no/no 60d 2.5 K/min V¥ OPC, FA
200-800 °C  »SF
A MK
[103] CEM II/B-L, MK - cube - 57d 200-800°C V¥V CEM II/B-L
A MK
[104] OPC, MK - cube no/no 28d  100-500 °C A OPC
(a=10cm?) 91d A MK
[105] OPC, FA, SF, MK - cube no/no 28d 27-900 °C V¥ OPC, FA, SF
(a=15cm®) electric A MK
cylinder
(15%30 cm)
beam
(50x10x 10 cm®)
[106] HL, MK calcareous cube no/no 90d ISO 834 » HL
siliceous (a=10 cm®) 200-834 °C » MK
[107] OPC,LC? - cube no/no 84 d 10 K/min V¥ OPC
(a=10 cm®) 200-800°C  » LC?
electric
[108] OPC, FA, MK, NS granite cube no/no 28d 200-1000 °C A OPC
(a=15cm®) electric A FA, MK, NS
[109] OPC, LS calcareous cube no/no 28d  200-600 °C » OPC
(a=10 cm®) electric ALS
[110] OPC,LS siliceous cube no/no 28d 20-700 °C » OPC
(a=15cm®) electric VLS
[111] OPC, CRD - cube yes/no 35d 10 K/min » OPC
(a=10 cm?) 200-800°C  » CRD
electric
[112] OPC, VA calcareous cube no/no 56d 2.5 K/min » OPC
(a=10 cm®) 200-800°C V¥ VA
electric
[113] OPC, BA, MK granite cube no/no 91d 10 K/min » OPC, BA
200-800°C A MK
[114] OPC, VA, FAS - cylinder no/no 91d 200-800°C » OPC, VA, FAS
(10%20 cm?) electric
[115] OPC, RHA, BHSC calcareous cylinder no/no 90d 3 K/min V¥ OPC, RHA
(10%20 cm®) 200-1000 °C  » BHSC
electric

niem
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Table 6 (continued)

Refs Specimen Testing Result
Binder type Coarse aggregate Geometry Load/re-straint Age  Exposure/ Spalling
(>) furnace type
[116] OPC, NSHA - cube no/no 28 d 10 K/min » OPC
(a=cm?) 200-800°C > NSHA
electric
[117] OPC, RHA - cube no/no 28d 23-1000°C  » OPC
(a=10cm®) 56d » RHA
90 d
[118] OPC, SF, FA, BF, granite cube no/no 56d 5 K/min » OPC, SF, FA, BS,
AASA, POFA (a=10 cm®) 400-800 °C AASA, POFA
electric
[119] OPC, BC calcareous cube no/no 7d 10 K/min V¥ OPC, BC
28d  300-700 °C
electric
[120] CEM II/A-M, LF, granite cube no/no 180d 10 K/min A CEM II/A-M, LF,
GP, BF calcareous (a=10 cm3) 300-600 °C GP, BS
cylinder electric
(15%30 cm®)

A =high spalling susceptibility; » =medium spalling susceptibility, ¥ = low spalling susceptibility

a) samples were tested with and without load or restraint respectively

moisture contents between 5 and 7.3 wt% exposed up
to 600 °C (5 K/min) [94].

According to [95], the replacement of limestone
cement with 10% or 20% slag leads to lower con-
crete surface temperatures and therefore to lower
thermal gradients inside the structure, resulting in
less spalling. Improved fire spalling resistance by
the replacement of OPC with ultra fine slag was also
described in [96]; however no supporting data was
available in this study. High volume slag cement
concrete with a BF content of 30, 50 and 70% were
examined by [97]. Only the 50 and 70% BF speci-
mens experienced spalling of the tested cube edges at
temperatures of 600 and 800 °C in [99]. In addition,
another paper by the same authors [98] described the
behavior of a 0% slag reference. In this paper all spec-
imens, irrespective of the replacement percentage,
showed spalling at 800 °C (ISO 834 up to 1.5 min.,
afterwards 10 K/min). However, this paper reported
that spalling of pure OPC concrete was the lowest.
Similar spalling behavior of cube edges was seen for
OPC, OPC-FA and OPC-BF concrete at the same
temperature range but with a much lower heating
rate of 1 K/min by [99]. In [100], only OPC-FA con-
crete experienced spalling in comparison to OPC and
OPC-BF concrete after exposure to 800 °C (30 K/

min). NSC made with high volume FA cements (60%
FA) on the other hand only showed explosive spalling
in combination with 12% MK or 7% rice husk ash at
temperature loads > 600 °C [101].

Information on the impact of MK on the spalling
susceptibility of concrete can be found in [102-106].
Increasing MK replacement rates increases the
spalling susceptibility [102-104]. In NSC con-
crete, 5% of the specimens with 10% MK and 16%
of the specimens with 20% MK replacement spalled.
Regarding HSC concrete, roughly one third of the
specimens with 10% MK and half of the specimens
with 20% MK replacement spalled as well as 5% of
the reference OPC concrete. A replacement of 5%
MK caused no spalling in NSC or HSC specimens.
In both cases, most of the spalling occurred between
450 and 500 °C (2.5 K/min) [102]. The damage to the
specimens was not further investigated. Labiran et al.
[103] claimed to record similar results of an increas-
ing spalling proneness with increasing MK con-
tent from O to 10% between 400 and 800 °C [103].
However, the authors show neither any data related
to spalling nor any pictures of damaged specimens.
Finally, [105] summarized that only MK-containing
concrete spalled in comparison to FA or SF speci-
mens; again no supporting data was given and the
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SF concrete mix designs exhibited much lower initial
compressive strength which might have led to this
finding. Spalling results of concrete with hydraulic
lime (HL) as the main binder and replacements of 20
and 30% MK showed no distinguishable influence of
MK on the spalling behavior. Spalling began at a tem-
perature load of 400 °C and increased with increas-
ing temperatures up to 800 °C for all test specimens
[106]. It should be noted that the test specimens were
pre-dried and therefore the recorded spalling behav-
ior might not apply for untreated concrete of the same
kind. In mixes where OPC was replaced with 10%,
20% and 30% limestone calcined clay cement (LC?),
corner spalling started to happen at 600 °C and explo-
sive spalling was once noted in a specimen with 20%
replacement at 800 °C (10 K/min) [107]. The speci-
mens were dried prior to testing and in conclusion,
no meaningful relation between replacement rate and
spalling behavior was drawn. Results of a quaternary
concrete mix out of OPC, FA, MK and NS compared
to an OPC control mix by [108] showed excessive
spalling for both types of concrete when heated up to
1000 °C. Some authors explain the increased spalling
susceptibility of MK with the development of a
denser microstructure promoting the development of
higher pore pressures [102, 103].

Explosive spalling in laboratory limestone cement
blends were observed by [109, 110]. [109] suggests
slightly less spalling for limestone-incorporating con-
crete as they experienced a lower mass loss at every
tested temperature from 200 to 600 °C.

Moreover, heat-induced spalling in concrete with
rather non-traditional SCMs or fillers were observed
by [92, 111-120]. Spalling in HSC with 25% inert
waste glass powder (GP) usually occurred at higher
temperatures of 500 °C, whereas HSC with 25%
SF showed more destruction already happening
at 400 °C for a heating rate of 13.33 K/min in both
cases. The greater spalling susceptibility of the HSC-
SF specimens can be explained by their higher com-
pressive strength of 142 MPa compared to 81 MPa of
HSC-GP specimens [92]. The replacement of Port-
land cement with up to 40% crushed rock dust (CRD)
led to no clear change in the spalling behavior of
HSC heated to 800 °C (10 K/min) [111]. The work of
Anwar Hossain [112] provided first insights into the
spalling behavior of HSC concrete with volcanic ash

(VA). The author replaced 5%,10%,15% and 20% of
the cement with natural pozzolan. In total, 8% of the
control specimens without VA spalled and no HSC
with VA spalled throughout the investigations in the
range of 200-800 °C (2.5 K/min). Further experi-
ments on the high temperature behavior of concrete
with volcanic ash in binary and ternary blends were
conducted by [114]. Concrete with pure OPC, 20%
VA, 20% FA, 20% VA + 10% furnace arc slag (FAS)
and 20% FA + 10% FAS as cement replacements were
compared. The results showed clear surface spalling
in the OPC control mix and the VA 20% +FAS 10%
after exposure to 800 °C. It should be noted that the
specimens were already pre-dried to avoid spalling.
High temperatures studies on concrete with rice husk
ash (RHA) and bagasse ash (BA) were conducted by
[115]. The replacement of cement by 10% RHA or
10% BA in general led to better mechanical proper-
ties at elevated temperatures; however, the addition
of 10% RHA and 10% BA led to more cracking and
the latter finally spalled at 672 °C (3 K/min). Spalling
was caused by the denser microstructure inhibiting
the release of water vapor as well as by the thinner
ITZ which provided no cushion for the thermal dila-
tion mismatch of aggregates and cement matrix [115].
It was also reported that with increasing amounts of
RHA, the spalling type changes from a surface and
aggregate spalling to a softer sloughing-off [117].
In various binary and ternary blended concrete with
SF, BF, and FA, thermally activated alum sludge ash
(AASA), and palm oil fuel ash (POFA), spalling hap-
pened after exposure to 800 °C (5 K/min) in all speci-
mens without any relation to the binder type. The
addition of PP fibers reduced or eliminated the risk of
explosive spalling in every concrete [118]. With the
replacement of 0, 3, 5 and 10% of OPC with biochar
(BC), minimal spalling was discovered after 700 °C
(3 K/min) exposure for all mixtures except for that
with 3% replacement [119]. Anagnostopoulos et al.
[120] studied the high temperature behavior of self-
compacting concrete (SCC) made from CEM II/A-
M 42.5 N plus either additional limestone powder,
glass powder or slag with moisture contents between
3.1 and 4.4 wt%. Explosive spalling was observed at
600 °C (10 K/min) in every concrete but according
to the authors no influence on the spalling severity
related to the different binder blends was identified.
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5 Conclusion

The collected data from the published literature on
the influence of blended cements on the heat-induced
spalling behavior of concrete was analyzed and evalu-
ated. The present review article led to the following
conclusions:

1)

2)

In total just a few studies focus on in-depth fire
spalling studies and deliver a complete picture
of the material characteristics. In experiments
with standardized blended cements in particular,
the initial characteristics of the binder material
are often only insufficiently described, meaning
that no precise specification regarding the SCM
content and composition was given. Information
about the proportion of substitution would make
it easier to compare different cements from the
same classification as these have wide spans of
substitution rates defined in the regulations. For
example, the specified substitution rate for CEM
III/A according to DIN EN-197-1 is between 36
and 65% BF. This large range could also be a pos-
sible reason for the differences in spalling behav-
ior of concrete with the same type of cement.

Most articles deal with the general high tempera-
ture behavior of concrete with blended cements,
where spalling often was only noted as a side
effect. The majority of those tests were conducted
in electric furnaces. This usually led to applied
heating rates that are much lower than during an
actual fire event. Therefore, the spalling behavior
examined in these studies might not correspond to
the behavior in practice. Moreover, many results
are from small-sized specimens aged less than
90 days. This might blur the spalling differences
between the different concretes as smaller test
specimens lower the spalling susceptibility, mak-
ing it harder to distinguish between the impacts
of cement type and specimen size. Due to the
comparatively young test age, hydration may not
yet be complete. This is a particularly important
aspect, as different types of cement have differ-
ent hydration characteristics and blended cements
usually undergo longer hydration processes com-
pared to Portland cement. This could mean that
the compressive strength of blended concrete is
lower than that of Portland cement concrete and
that spalling is correspondingly less severe at

niem

3)

4)

young testing ages. Therefore, the significance of
experiments with small-sized test specimens with
an age of less than 90d is very low. In addition,
the moisture content was not mentioned in a large
number of articles. Due to this lack of informa-
tion, no conclusion can be drawn as to whether
thermo-hydraulic or thermo-mechanical mecha-
nisms are crucial for the differing spalling behav-
iors. Lastly, most of the conducted experiments
were carried out without load or restrained ther-
mal expansion, which is indicative of a scenario
that deviates significantly from actuality.

The spalling of concrete is influenced by the
cement type. This was proven by several stud-
ies from different researchers. Factors identified
as changing spalling behavior in relation to the
cement type were moisture content, definition
of ITZ, and density. Since fire-induced concrete
spalling is further dependent on additional mate-
rial properties (strength, aggregate type, etc.) and
testing conditions (furnace type, heating rate, load,
etc.) a comparison between individual research
groups is limited. This is amplified because dif-
ferent research groups use different criteria to
evaluate the extent of spalling (frequency, spalling
depth, spalled volume, weight loss etc.). Standard-
ized test procedures are therefore urgently needed.
In general, the addition of SF or MK tend to
increase the spalling risk compared to OPC and
cements with other SCMs. This is most likely
caused by the development of a very dense micro-
structure inhibiting the release of water vapor at
high temperatures, thus promoting thermohydrau-
lic spalling. The influence of FA on spalling sus-
ceptibility is not straightforward. While no clear
relation between FA and spalling susceptibility
was recorded for low contents, high FA contents
(>25%) led to less severe spalling in several
studies. This might be attributed to the increase
of porosity and permeability caused by the high
replacement rates. No further meaningful relation
between other cement blends and the influence on
spalling susceptibility of concrete could be drawn
based on the current data situation.

In view of the inconsistencies and contradic-

tions of the evaluated articles, further in-depth stud-
ies on the fire induced spalling behavior of concrete
with blended cements must be carried out. Since the
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use and variation of blended cements is constantly
increasing, a well-founded understanding of their
behavior under fire exposure is necessary. In particu-
lar, since the addition of MK increases the spalling
risk, the influence of other calcined clays must be
studied in detail as they are predicted to be the most
popular SCMs of the future. To minimize the influ-
ence of other factors, the material, testing and evalu-
ation conditions should be strictly defined and follow
the guidelines of published recommendations like
[54, 55]. Above all, care should always be taken to
follow a defined fire curve, as this is the only way to
adequately represent the temperature development in
the event of a live fire. Furthermore, the tests should
be carried out on restrained or loaded specimens of
an appropriate size as this is also the closest reflec-
tion of reality. For blended cement concrete, a testing
age of at least 90 d must definitely be reached, other-
wise the differing hydration degrees make a reason-
able analysis impossible. While for conventional con-
crete it might be sufficient to state the typical material
parameters like composition, compressive strength
and moisture content, this might not be enough for
blended cement concrete. Due to the strong influ-
ence of the SCMs on the microstructure, it is possi-
ble for concrete of similar strength to have very dif-
ferent pore space and permeability, which might not
degrade to the same extent at elevated temperatures.
It is therefore recommended to further specify the
microstructure e.g., through porosity and permeabil-
ity measurements before and after high temperature
exposure. Since different binders lead to different
mineral phase compositions, it is also advisable to
obtain information about the dehydration behavior of
the different cement pastes as these contribute greatly
to the release of water during heating. A large frac-
tion of this water is released beyond 105 °C; there-
fore the typical determination of the moisture content
by drying to constant mass at 105 °C is not enough.
Hence, the specimen should be dried at higher tem-
peratures, for example at 300 °C, until it is constant
in mass. In any case, the selected temperature should
not be within the range of other decomposition reac-
tions such as those of calcium carbonate. In addition,
a thermogravimetric analysis can be executed if the
quantity of water release at different temperature lev-
els is of interest. Lastly, spalling must be conscien-
tiously evaluated during and after temperature load.
This means that number, character and point of time

of the spalling events as well as the depth and volume
must be recorded to guarantee meaningful results.
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ABSTRACT

The cement industry is looking to reduce its overall CO: footprint. Greener manufacturing can be achieved
by the introduction of more clinker-reduced cements. Concrete exposed to fire tends to show explosive
spalling caused by thermomechanical and thermohydraulic processes. It is therefore essential to determine
how concretes with clinker-reduced cements behave under fire exposure, especially for concretes
containing calcined clays, as these are expected to be the supplementary cementitious material of the future.
In this paper, normal strength concretes with four different cements (CEM I, CEM II/A-LL, CEM III/A and
CEM 1I/B-Q) were examined for their fire-induced spalling behaviour. In addition, a mix with PP fibres
was investigated for each concrete. The experiments were conducted on ring-restrained cylindrical
specimens exposed to the hydrocarbon fire curve. The results showed that the cement type influences
spalling behaviour. Samples with CEM I spalled the least, followed by CEM II/A-LL and CEM III/A.
Finally, samples with CEM 11I/B-Q showed the most severe damage. It was found that the spalling behaviour
of different concretes correlates with the moisture content before exposure to fire, meaning that higher
moisture content leads to higher spalling susceptibility. The use of 2 kg/m? PP fibres completely inhibited
spalling regardless of the cement type used and therefore remains a successful avoidance strategy.

Keywords: Fire-induced concrete spalling; normal strength concrete; blended Portland cement; SCM; PP-fibres

1 INTRODUCTION

Cement is the most used material in the world, and as the world’s population grows, so does the demand for
more buildings and infrastructure rise [1]. However, cement clinker production is associated with high CO2
emissions that are mainly caused by the decomposition of limestone and the use of fossil fuels for rotary kilns.
In total, the cement industry is responsible for approximately 8% of the global CO2 emissions [2]. One
strategy for lowering cement’s CO2 emissions is to reduce the clinker factor. This is achieved by replacing
cement clinker with supplementary cementitious materials (SCMs) such as fly ash (FA), granulated blast
furnace slag (GBFS) or calcined clays. The utilisation of calcined clays in particular is expected to increase,
as reduced availability of slag and fly ash is forecast for Europe [2]. Therefore, blended cements with a
reduced clinker factor will become an increasingly important aspect for the construction industry.

Concrete structures exposed to fire can experience heavy damage due to explosive spalling. This results on
the one hand in reducing the load-bearing cross-section and on the other hand in exposing reinforcement
[3]. The reasons behind explosive concrete spalling are not yet fully understood. Concrete is a
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multicomponent material consisting of cement paste and aggregates; however, the individual components
behave in contrasting ways during heating. The aggregates dilate while the hardened cement paste shrinks
from a temperature of approx. 150 °C, resulting in stresses and the formation of microcracks. Additionally,
concrete’s low thermal diffusivity leads to high thermal gradients between the hot, fire-exposed side and
the cool interior. This causes restrained thermal dilation, the obstruction of which results in high
compressive stresses close to the fire-exposed surface [4]. These compressive biaxial thermal stresses
parallel to the heated surface produce tensile stress perpendicular to the heated surface according to [5], [6].
Exceeding the tensile strength causes brittle fracture of the concrete, described as spalling. Another
approach to describing concrete spalling originated with the so-called “moisture clog’’ theory by Shorter
and Harmathy [7], later developed in more depth by [8]. The authors state that pore pressure inside concrete
rises when exposed to fire. Subsequently, water vapour moves out of the specimen towards both the heated
surface and the concrete’s cooler interior. The lower temperatures further inside the specimen lead to the
condensation of water vapour. The ongoing accumulation of liquid water continues until an impermeable
fully saturated zone has developed. This impermeable layer prevents any further moisture transport, causing
a rapid rise in pore pressure. If the pore pressure exceeds the transversal tensile strength of the concrete,
the material starts to crack and spall. The measurement of pore pressure at fast heating rates proved to be
difficult, as induced cracks lead to a rapid pressure drop [9]. Therefore, the relation between pore pressure
and explosive concrete spalling is not yet totally clarified. Another approach is the boiling liquid expanding
water explosion theory (BLEVE). The theory states that when water is heated above 100 °C, it remains
liquid as long as a certain pressure is present. When the pressure suddenly drops, the liquid water turns into
steam, releasing all the stored energy and thus causing an explosion [10]. The heat-induced moisture
transport and the existence of the “moisture clog’’ were experimentally confirmed in studies by [11-13].

An effective strategy to avoid spalling is the addition of polypropylene fibres (PP fibres) [14, 15]. After the
fibres melt at around 170 °C, expansion space is available in the form of empty fibre beds connected through
mechanically induced microcracks. This induced network of canals supports the release of water vapour to
the outside, reducing the overall moisture content and steam pressure in the system and thus minimizing
the spalling risk [14].

The information available in the literature does not provide clear insights into the relation of cement type to
the susceptibility to concrete spalling. Hager et al.[16] investigated concretes containing CEM 1 42,5 R and
CEM III/A 42,5 N under the ISO 834 fire curve. The experiments showed greater spalling for concretes
containing CEM I, even though higher permeability and lower compressive strength were measured for those
types of concretes [17]. The authors suggested no explanation for these contrary results. Extensive studies by
Reiners [18] using the ISO 834 fire curve showed the following results: the most severe spalling was observed
for concretes containing CEM III/A 42,5 N, followed by CEM II/B-V 42,5 R. Concretes containing CEM
II/A-LL 42,5 N and CEM 1 42,5 R exhibited only comparatively low amounts of spalling under restrained
conditions. Equal experiments without restraint showed similar results, except that concrete with CEM I or
CEM II/A-LL did not spall [18]. Miah [19] investigated the spalling behaviour of concretes containing CEM
II/A-LL 42,5 R and CEM III/A 42,5 N under different applied loads using ISO 834 fire exposure. While
unloaded specimens did not spall in both cases, uniaxial loaded samples with CEM II/A-LL showed spalling.
In the case of biaxal loading, it was not clearly distinguishable which cement type led to more spalling on
average [19]. Lubloy et al. [20] studied concretes with CEM 142,5 N and CEM II/A-P 42,5 N as well as CEM
II/A-V 42,5 R. At temperatures of 500°C, spalling of the cube corners was noticed for CEM I concrete.
Concretes with other types of cement experienced no spalling. Kirnbauer et al. [21] investigated the spalling
behaviour of CEM 1 42,5 N, CEM II/A-LL 42,5 R and a sulphate slag cement concrete by applying the ISO
834 curve. Summarized, concretes with sulphate slag cement and CEM II/A-LL led to more intense spalling
than concretes with CEM I [21]. Research on the high temperature behaviour of concretes with metakaolin
was carried out by Poon et al.[22]. The authors replaced 5%, 10% and 20% by weight of Portland cement in
normal and high-strength concrete with metakaolin. The researchers observed more spalling with increasing
metakaolin content in both cases when heating the specimens up to 800 °C [22].

This paper presents the results of fire spalling tests of normal strength concretes (NSC) containing different
types of blended cement with and without PP fibres. The aim of the research was to identify how different
SCMs influence the spalling behaviour of concretes. Of special interest here was cement containing
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calcined clays. Up to this point, no in-depth research concerning the spalling behaviour of calcined clay
cement concrete has been carried out. Furthermore, the performance of PP fibres in concrete mixes with
different binders was also investigated.

2  RAW MATERIALS AND MIX DESIGN

Table 1 displays the chosen cements classified according to DIN EN 197-1 [23] and their composition. All
cements contained Portland cement clinker from the same manufacturing batch and only differed in the
type and quantity of SCM. The kaolinitic-illitic clay was calcined at 700 °C to generate pozzolanic
properties. Quarzitic aggregates with a grain size up to 16 mm were used in all concrete mixtures. The
superplasticizer used throughout the work was a polycarboxylate ether-based product. Lastly, PP fibres of
=6 mm and @ = 15.4 pm were used.

Table 1. Composition of the cements used

CEM 1 CEMII/A-LL | CEM III/A | CEM 1I/B-
42,5N 425N 42,5N Q425N
Portland cement clinker [wt.%] | 95.7 85.7 55.8 71.6
Limestone [wt.%] 4.3 14.3 3.8 34
Blast furnace slag [wt.%] - - 40.4 -
Calcined clay [wt.%] - - - 25.0

Eight different mix designs were tested in total: for each cement one mix without and one mix with PP
fibres (Table 2). The water to cement ratio (w/c) was kept equal in all formulations at 0.47. Superplasticizer
was not needed in the formulations without PP fibres, except for the one with calcined clays. In the further
mixes, 2 kg/m* PP fibres were added, as recommended in the Eurocode (EN 1992-1-2:2004) [24]. The mix
designs with PP fibres contained superplasticiser in different amounts to ensure comparable workability in
the fresh concrete state. The compressive cube strength was determined after 28 d and on the day of fire
testing (at least 90 d).

Table 2. Concrete mix designs and properties [kg/m?]

CEM 1 CEM IIVA-LL CEM III/A CEM II/B-Q
PC PC pp | LC LC pp | SC SC pp | CC CC pp
cement 420 420 420 420
water (w/c) 197 (0.47) 197 (0.47) 197 (0.47) 197 (0.47)
superplasticiser | 0 1.5 0 34 0 2.1 2.5 5.0
PP fibres 0 2 0 2 0 2 0 2
quarzitic aggregates
0/2mm 646 640 646 634 646 637 634 628
2/ 4 mm 153 152 153 150 153 151 150 149
4/ 8 mm 221 219 221 217 221 218 217 215
8/ 16 mm 679 675 679 668 679 669 666 661
compressive cube strength [MPa]
28d 46 46 51 54 57 65 57 60
>90d 50 52 55 61 59 73 56 62
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3 METHODOLOGY

3.1 Sample preparation

For the fire test two cylindrical samples (h =29 cm; @ = 47 cm) of each concrete mix were prepared. The
samples were demoulded one day after casting and subsequently placed under water for 6 more days.
Afterwards, the samples were stored in a climate chamber at (20 + 2) °C and (65 £ 5) % RH until the day
of testing. Additionally, the lateral surface was covered to provide a 1D moisture transport.

To generate restraint testing conditions, the cylindrical specimens were grouted into a steel ring (outer @ =
51 cm) after Klimek et al. [25], a methodology based on the work of Ozawa et al. [26]. Both the steel ring
and the outer boundary of the concrete remain insulated during the fire test. Therefore, the reduced thermal
dilation of the steel ring leads to restraint stresses. The restrained set up and the disabled moisture transport
were chosen to simulate the conditions in the centre of a large-scale concrete wall.

3.2 Experimental set-up

The fire tests were conducted in an oil burner furnace running the hydrocarbon fire curve for 1 h under
unloaded conditions. The fire room had a volume of 1 m?* and the samples were placed at a furnace opening
of 0.25 m?. The fire exposed area measured 0.14 m? thus the remaining specimen was insulated by a
vermiculite board and high temperature mineral wool. The temperature inside the concrete samples was
measured with embedded thermocouples Type K, at depths of 5, 15, 30, 50 and 100 mm from the fire-
exposed surface. Acoustic signals of spalling events were recorded with a microphone placed outside the
furnace. The moisture content was determined according to the recommendation of RILEM TC 256-SPF
[23], by drying two cylindrical samples (h = 30 cm; @ = 10 cm) at (105 + 5) °C until mass equilibrium.
Mass equilibrium was reached when the mass difference between two consecutive weight intervals within
24 h was less than 0.1 %. Moisture distribution and content were additionally determined on equally treated
accompanying concrete cylinders (h =29 cm; @ = 7 cm) by means of 'H-NMR relaxometry. The technique
can detect water content ranging from water bound in gel pores to free water in coarse pores, which
distinguishes it from the method above. The topography of the concrete specimens was measured before
and after fire exposure with a handheld 3D laser scanner. In addition, the spalled volume was calculated by
defining an assessment area equal to 90% of the fire exposed surface and the corresponding spalling depths
according to [27]. Figure 1 shows the set-up of the spalling experiments as well as a sketch of the test
specimen.

a . b
) oil-burner )
ring
restrained
specimen
il |
: QBSSCSSIHCH‘ area = 40'32 Cm :‘
P i
| Qﬁre exposed area 42.50 cm
% 1
thermocouple insulation board Bpecimen = 51.00 cm

Figure 1. a) Oil-burner furnace with ring restrained concrete specimen b) sketch of clyindrical concrete specimen
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4 RESULTS

4.1 Initial moisture content and distribution

Table 3 gives an overview of the moisture content determined by mass loss as stated above. As the addition
of PP fibres showed no drastic influence on the initial moisture content, it was assumed that the moisture
content of CC and CC_pp was comparable. The captured data showed that PC had the overall lowest
moisture content and mix CC_pp the highest.

Table 3. Moisture content

PC

PC pp

LC

LC pp

SC

SC pp

CC

CC pp

[wt.%]

5.43

5.66

5.67

5.46

5.60

5.44

6.08

Figure 2 presents the initial detectable water content of the concrete cylinders after 90 d up to a depth of
116 mm, measured in 2 mm steps. It shows that all concretes displayed a drying gradient from the
concrete centre to the surface. The gradient extended to similar depths in all cases but differed in its
absolute moisture content. The mean moisture content for PC was 8.41 Vol.% and for LC 9.05 Vol.%.
SC concrete showed slightly higher moisture with an average of 9.59 Vol.%. Concrete mix CC showed
the overall highest moisture content with an average value of 10.39 Vol.% The moisture content for the
fibre mixes follows the same sequence, as PC_pp presented the lowest amount of water with 8.60 Vol.%
followed by LC pp and SC_pp with 8.98 Vol.% and 9.29 Vol.% respectively. Lastly, CC_pp contained
the most water with 10.58 Vol.%. No significant differences between the mixes with and without fibres
were observed.

Figure 2. Detectable water content measured by 'H-NMR relaxometry a) mixes without fibres b) mixes with fibres

Both results show that with the same amount of water during preparation, different moisture states occur
after 90 days of curing, depending on the binder used.

4.2 Temperature propagation and acoustic registered spalling events

The temperature profiles of the different concretes are shown below in Figures 3 and 4 for one test specimen
per cement type. Explosive spalling was observed in each test specimen without PP fibres. The concrete
with PC showed a rapid increase in temperature at the depths of 5 and 15 mm around minute 3 after test
begin. This increase in temperature is associated with spalling events, uncovering the designated
thermocouples, and therefore indicating the approximate depths of spalling. Five spalling events were
recorded for each of the specimens tested. Concrete LC exhibited a heavy temperature increase beginning
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after 2 mins at the thermocouples embedded at 5, 15 and 30 mm from the fire exposed surface. In total, 70
spalling events for specimen one and 96 for specimen two were counted. Concrete mix SC also showed a
rapid temperature rise in minute 3 measured by the first three thermocouples. 88 spalling events were
recorded for specimen one and 134 for specimen two. Mix design CC also experienced a high temperature
increase after roughly 2 mins. The spalling of the concrete exposed the top four thermocouples.
Additionally, 134 and 216 spalling events were counted, respectively. The appearance of temperature
plateaus was recorded in all specimens, particularly with the thermocouple located at 100 mm depth. This
phenomenon is associated with the evaporation of liquid water, an endothermic process consuming energy.
No spalling events were recorded for any sample with PP fibres, leading to a much lower temperature
development inside the specimens. Again, temperature plateaus were observed caused by the evaporation
of water. It is notable that the plateaus occur at lower temperatures compared to the non-fibre mixes, which
indicates lower pressure during phase transition.

Of further interest are the temperatures measured at 50 mm depth, where the reinforcement is usually
located. Concrete PC showed a maximum temperature of 400 °C, mix LC and SC showed maximum
temperatures of approximately 650 °C and 600 °C, respectively. Mix CC showed a maximum temperature
of above 1000 °C. The maximum recorded temperature for PP fibre concretes was around 200 °C,
independent of the cement type utilized. The results show that the use of PP fibres would effectively reduce
the heating of a potential steel reinforcement.

Furthermore, the temperature of the steel ring was measured at three different locations at a depth of 30 mm
for one of each sample. The results always displayed lower temperatures for the steel ring compared to the
concrete member (after 30 mins maximum steel temperature 270 °C), confirming the idea of a restraint
testing regime by differing thermal dilations. This is consistent with the findings of Klimek et al. who used
a similar test setup [25].

Figure 3. Concrete temperatures of mix PC and LC with applied HC curve (without PP—) (with PP ----)
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Figure 4. Concrete temperatures of mix SC and CC with applied HC curve (without PP—) (with PP ----)

4.3 3D surface analysis

The results of the 3D surface analysis are summarized in Figure 5 as locally resolved colour coded spalling
depths. The different concretes containing various types of cements exhibit different spalling behaviour.
PC showed the lowest amount of damage with a spalling volume of 786.83 cm?® and 321.71 cm?3. Maximum
spalling depths of 15 and 13 mm were recorded. While sample one showed a homogeneous spalled surface,
only about half the area of sample two spalled. The residual area showed slight local expansions. Mix LC
experienced heavier spalling with a spalled volume of 2385.21 cm® and 3025.23 cm?®. The recorded
maximum spalling depth was 46 and 53 mm, respectively. Similar results could be observed for concrete
SC. The specimens’ entire fire exposed surface spalled and a volume loss of 2302.6 cm?® and 2856.15 cm?
was measured. The maximum spalling depths were 50 and 52 mm, respectively. Samples of mixture CC
were most prone to spalling with recorded volumes of 2798.86 cm?® and 4084.07 cm?; their maximum
spalling depths sat at 56 and 72 mm. Both the mean spalling depth and the mean spalling volume are given
in Table 4 below.

Concretes containing PP fibres did not spall, regardless of the cement type used. Slight damage in the
form of cracks and expansions up to 5 mm were determined for every specimen. A change in colour from
grey to whitish and reddish colours on the concrete surface was visible. According to Hager [3] the colour
change to white is caused by the transformation of CaCOs to quicklime and the reddish colours appear
due to the oxidation of iron-containing mineral composites in the quarzitic aggregates. It should be noted
that during the fire test of SC_pp 1 the top oil- burner failed and therefore, the desired HC fire curve was
not reached.

Table 4. Mean spalling depth and mean spalling volume of concretes without PP fibres

PC LC SC CC
depthmess [mm] 434 23.54 22.45 26.96
Vmean [cm?] 554.27 2705.22 2579.38 3441.47
Vimean [VOL. %] 1.49 7.28 6.94 9.26
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Concrete specimens

without PP-fibres

PC 1

LC 1

SC 1

cC 1

with PP-fibres
PC 2 PC pp 1 PC pp 2
LC 2 LC_pp_1 LC_pp_2
SC 2 SC_pp. 1 SC pp 2
CC 2 CC pp 1 CC pp 2

Figure 5. Ring restrained specimens after fire exposure

458




S DISCUSSION

Although cements with the same strength class were provided by the same manufacturer and an equal mix
design was applied for all concretes, differences in compressive strength appeared. This should be kept in
mind when referring to the spalling experiments, since a higher compressive strength leads to more spalling.
Also, in this study the concrete mix with CEM I exhibited the lowest strength and the lowest amount of
spalling. The problem, however, seems to be unavoidable since an adaption of strength would suggest a
change of mix design, most probably affecting the water content. Moreover, the adjustment of the water
content to obtain equal compressive strength values would essentially influence the spalling behaviour of
the concretes. Furthermore, it is seen that the addition of 2 kg/m® PP fibres lead to an increase of the
compressive strength compared to the mixtures without fibre addition. Mixture SC pp in particular
experienced a heavy strength gain of 24 %. Results in literature show that fluctuations and changes of
strength appear dependent on the fibre properties and dosage [28, 29]. The effectiveness of PP fibres was
proven in every concrete, as no spalling was observed in any case even though compressive strengths
increased. Since the fibres primarily affect internal moisture transport, this further emphasises that
thermohydraulic processes are decisive for explosive spalling.

The experiments presented here clearly showed the influence of cement type on the spalling behaviour of
NSC. The maximum spalling depths in concretes with blended cements reached values where steel
reinforcement could be uncovered and directly exposed by the fire. Direct heat exposure of the steel member
can be critical for the residual stability of a building during a fire. The study also shows the relationship
between moisture content and spalling intensity, as increasing spalling was observed with increasing
moisture content. While all specimens were prepared with the same w/c ratio of 0.47, the water content
varied on the day of testing. This is even more emphasised when looking at the 'H-NMR Relaxometry data,
which provides insights into the amount of water beyond the free water content. Therefore, the influencing
water content must consist of the amount of chemical, physical and free water predetermined by the mineral
phase composition of the cements used. For example, an increasing change in the morphology of outer
product C-S-H from a fibrillar to a denser foil-like structure is seen in systems containing slag and
pozzolana [30]. A denser microstructure with possibly lower permeability would slow the drying process
during conditioning as well as disabling the water release at fire exposure. The high availability of water
plus the impossibility for it to escape consequently lead to increased explosive spalling of concretes with
blended cements. The findings are in agreement with the literature, where it can be found that high moisture
content is responsible for heavy spalling [31].

For further understanding of the moisture influence on the fire spalling behaviour of concretes with
blended cements, pore size-specific moisture distribution studies will be carried out on specimens before
and after heat exposure. In addition, porosity and permeability experiments are planned to finalise the
picture.

6 CONCLUSIONS

This paper provides new insights into the spalling behaviour of normal strength concrete containing
different types of blended Portland cement. The above-mentioned results of this study can be summed up
as follows:

e The cement type influences the explosive spalling susceptibility of NSC. Concretes with CEM 1
only experienced minimal spalling with an average depth of 4 mm. Concretes containing CEM II/A-
LL and CEM III/A already showed deeper spalling with an average depth of 23.5 and 22.5 mm,
respectively. The highest average spalling depth was recorded for concrete made with CEM I1/B-Q
with a value of 27 mm.

o There is a relation between moisture content and spalling amount, as increasing spalling was
observed with increasing initial moisture. The respective free water content, determined by drying
cylinders at 105 °C, was 5.43 wt.% for CEM I concrete, 5.67 wt.% for CEM II/A-LL concrete, 5.60
wt.% for CEM III/A concrete and 6.08 wt.% for CEM II/B-Q concrete. The results were confirmed
by the 'H-NMR relaxometry measurements.
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e Spalling occurred between minute 2 and 15 in all concrete mixes without fibre addition. The number
of acoustically recorded spalling events correlates with the intensity of damage.
e [t was proven that 2 kg/m?® PP fibres inhibit explosive spalling regardless of the cement type in NSC.

Under the given conditions every concrete with a clinker-reduced cement showed worse fire-induced
spalling behaviour than concrete with OPC. Above all, concrete with calcined clay-containing binder was
damaged the most. This should be taken into consideration when thinking about the utilization of these

cements in cases where fire resistance is crucial. However, the problem can be avoided by adding PP-
fibres.
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Abstract Clinker-reduced cements are gaining in
popularity as part of efforts to lower the construc-
tion industry’s CO, footprint. Past studies showed
that utilization of these cements negatively influences
the fire-induced spalling behavior of concrete, which
is highly influenced by thermohydraulic damage
mechanisms. Therefore, thermally induced moisture
transport in normal strength concretes made with dif-
ferent types of blended cements (CEM I, CEM II/A-
LL, CEM III/A and CEM II/B-Q) was investigated by
means of 'H-NMR relaxometry in combination with
supportive side investigations concerning permeabil-
ity and porosity. In addition, a numerical model was
used to analyze in-situ moisture development during
high temperature exposure. The results show that the
cement type influences both initial moisture content
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and pore size-specific moisture distribution. This was
primarily reflected in an increased water content in
CEM III/A and CEM II/B-Q concretes as well as a
comparable high gel pore water fraction in CEM II/B-
Q concrete before heating. After heating, a similar
degree of pore coarsening from gel to capillary pore
was observed in all samples. Although the measure-
ments were only conducted after, not during, high
temperature exposure, the depth of the drying front
and the extent of the moisture clog could be deter-
mined. With the additional numerical analysis, it can
be assumed that during high temperature load, the
drying front is less advanced and the moisture clog
even more pronounced. In conclusion, it can be stated
that the increased spalling susceptibility in blended
cement concrete is caused by the lower initial perme-
ability and increased moisture content.

Keywords Fire concrete spalling - Thermally
induced moisture transport - Blended cements - 'H-
NMR

1 Introduction

To reduce the construction industry’s CO, emis-
sions, more cements with a reduced clinker factor are
finding application in infrastructure and residential
construction. Therefore, the risk of low-carbon con-
cretes being exposed to fire rises. Concrete under fire
can experience heavy damage caused by explosive
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spalling. Results of different research groups showed
that the cement type influences spalling behavior;
however, no clear relation between cement type and
spalling susceptibility has been discovered [1]. Fur-
thermore, there is even less knowledge available on
the driving mechanism behind this phenomenon.
Fire-induced spalling of concrete is usually caused by
thermomechanical and thermohydraulic mechanisms.
The thermomechanical spalling mechanism is based
on restrained thermal expansion caused by the tem-
perature gradient inside the concrete. The restrained
thermal dilation causes high compressive stresses
close to the fire-exposed surface, ultimately leading
to tensile stress perpendicular to the heated surface,
which is responsible for spalling [2, 3]. In addition,
the thermal mismatch between expanding aggregates
and shrinking cement paste (< 150 °C) [4] leads to the
formation of microcracks, which further promote the
risk of spalling [5, 6]. The thermohydraulic spalling
mechanism was first mentioned by Shorter and Har-
mathy [7], who described water vapor migration and
subsequent accumulation inside the concrete mem-
ber, known as the moisture clog theory. The moisture
clog, a saturated water layer caused by the condensa-
tion of water vapor in the concrete’s cooler interior,
inhibits any further moisture transport. Thus, pore
pressure exceeding the tensile strength of concrete
rises inside the concrete, causing high stresses which
finally lead to explosive concrete spalling. However,
the relation between pore pressure and spalling was
never clarified and many other possible explanations
of thermohydraulic spalling mechanisms have been
summarized by McNamee [5]. A common strategy to
avoid fire induced concrete spalling is the addition of
polypropylene fibers (PP fibers) to the mixture. The
PP fibers melt at around 170 °C, creating a network
of empty fiber beds and mechanically-induced micro-
cracks which allow water vapor to escape, reducing
pore pressure [8].

To understand the impact of moisture on fire-
induced spalling of concrete, different experimen-
tal studies in recent years have investigated heat-
induced moisture transport, confirming the existence
of the moisture clog. Neutron radiography studies
in high performance cement mortar heated up to
600 °C showed a pronounced drying front as well
as an increase in water content in regions where the
temperature was close to 100 °C [9]. Further neu-
tron tomography imaging of in-situ heated mortar

specimens with superabsorbent polymers (SAP) and
SAP in combination with PP fibers was conducted
by Toropovs et al. [10]. The researchers investigated
mortar slabs (25x100x 100 mm) heated to 550 °C
on a copper heating plate and simultaneously meas-
ured temperature, pore pressure and moisture content.
The sample without PP fibers spalled at a depth cor-
relating to the drying front, while the sample with PP
fibers stayed unharmed. A noticeably smoother dry-
ing front was recorded for the PP fiber sample, indi-
cating less steep temperature variations and therefore
reduced thermal stress and pore pressure, minimizing
the risk of spalling. Also, Dauti et al. [11] analyzed
in-situ heat-induced moisture transport in high perfor-
mance concrete (HPC) by means of neutron tomogra-
phy. Two different mixtures with maximum aggregate
sizes of 4 and 8 mm respectively were cast in cylin-
drical samples (d=3 cm) and heated up to 300 °C.
The drying front started to develop after 10 min at
around 170 °C for both samples; however a faster-
moving drying front for the sample with bigger aggre-
gates was recorded. This faster drying was attributed
to a more well-established crack network induced by
the bigger aggregates. Beyond the drying front, water
accumulation was visible in both samples at slightly
different depths. X-ray tomography studies by Powi-
erza et al. [12] led to similar results. The observations
on HPC cylinders (h=10; d=4 cm) covered by a
Marcor ceramic and aluminum silicate wool casting
heated up to 300 °C showed once more the develop-
ment of a drying front with subsequent appearance
of the moisture clog. Van der Heijden et al. [13] used
nuclear magnetic resonance (NMR) relaxometry to
study the moisture distribution in concrete cylinders
equilibrated at different relative humidities (97%,
86%, 75% and 50% RH) heated above 300 °C. The
authors concluded that a comparable development
of the drying front and condensation happened in all
samples. However, only specimens cured at 97% RH
and 86% RH reached a fully saturated state described
as complete clogging. Furthermore, it was stated that
neither the drying front nor condensation influence
heat transport in the samples. The work by Stelzner
et al. [14] considered heat-induced moisture transport
measured by X-ray tomography as well as "H-NMR
relaxometry in HPC cylinders with and without PP
fibers equal to [12]. In both methods the develop-
ment of the drying front and the moisture clog were
detected when exposed to temperatures of 300 °C.
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The addition of PP fibers led to a faster-moving dry-
ing front towards larger depths within the specimen,
demonstrating their effectiveness by increasing the
material’s permeability. While X-ray tomography
delivered a three-dimensional in-situ resolution of
the moisture transport, NMR results only provided
information on water distribution before and after
heating. However, with the latter it was possible to
quantify the absolute detectable water content as well
as recording the reconfiguration processes of water
from small to large pores. An overall evolution from
fine to coarse pores between 200 and 800 °C was also
observed in NMR studies by Guo et al. [15]. Chen
et al. [16] investigated the in-situ permeability devel-
opment of mortar and concrete made with CEM I1/B-
M (LL-S) and CEM V/A during heating to 60 °C,
105 °C and 200 °C. They concluded that moisture
clogging depends on several factors including heating
rate, sample scale, degree of saturation, and cement
type. The researchers found that height-to-diameter
ratios of approx. 2, heating rates between 2.5 and
4.9 K/min, and saturation levels starting at 45% were
most critical for clogging. Moreover, it was observed
that not only free water but also water released dur-
ing dehydration of the cementitious matrix contrib-
utes to gas retention. Consequently, cement type plays
a significant role in the clogging mechanism. Due to
the higher thermal stability of CEM V cement paste,
dehydration occurred more slowly, leading to a more
uniform water release as temperature rises caus-
ing weaker gas retention. However, the higher initial

CEM II/A-LL

|
-10 -20 -30

saturation found in this type of mortar (exceeding
80%) ultimately also led to severe clogging.

In our previous work, noticeable differences in the
spalling behavior of normal strength concrete with
different types of blended cements were observed
[17]. The spalling susceptibility of the concretes
increased in the following order for the used cements
CEM I (low), CEM II/A-LL (medium), CEM III/A
(medium) and CEM II/B-Q (high) as displayed in
Fig. 1. However, no information on the influence of
the cement type on thermally induced moisture trans-
port is available as most studies focus on concretes
with Portland cement in HSC. Understanding mois-
ture transfer in these concretes is particularly impor-
tant as it is known that the binder type significantly
influences both micro- and pore structure [18, 19] as
well as the dehydration behavior of the cementitious
matrix [20, 21]. Furthermore, as mentioned above,
the utilization of clinker-reduced cements is increas-
ing in practice. Against this background, the aim of
this article is to fundamentally investigate the role of
thermohydraulic spalling mechanisms in concretes
with different types of blended cement. This work
also covers the characterization of initial pore size
distribution and evolution of the pore structure after
heating. Based on the methodology of [14], 'H-NMR
relaxometry measurements were carried out on nor-
mal strength concretes made with four different types
of cement before and after high temperature expo-
sure. A numerical model was applied to simulate the
course of the moisture transport during heating and

CEM IIVA

CEM lI/B-Q

Spalling depth [mm]

-40 -50 -60 =70 75

Fig. 1 Spalling depth of blended cement concretes after hydro-carbon fire exposure
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Table 1 Main oxide composition of the cements (wt%)

Table 3 Concrete composition (kg/m?)

Oxide CEMI CEMII/A-LL CEMIIVA CEM II/B-Q PC LC SC CC
Si0, 19.84 18.39 26.44 33.99 Cement 420 420 420 420
ALO, 511 481 7.29 8.38 Water (w/c) 197 (0.47) 197 (0.47) 197 (0.47) 197 (0.47)
Fe,0; 2.99 2.66 1.91 3.00 Superplasti- 0 0 0 2.5
CaO  61.87  60.68 52.47 45.58 cizer

Quarzitic

aggregate

0/2 mm 646 640 640 634
Table 2 Blaine values of the cements (cm2/g) 2/ 4 mm 153 152 152 150
Cement CEMI1 CEMII/A- CEMII/A CEM II/B-Q 4/ 8 mm 221 219 219 217

LL @/16mm)  (679) (674) (674) (666)
Blaine 2900 4650 4890 6050
value

cooling which was not possible experimentally. In
addition, porosity and gas permeability measurements
were carried out to provide further information on the
pore structure and transport properties.

2 Materials

Four cements, CEM I 42.5 N, CEM II/A-LL 42.5
N, CEM III/A 42.5 N, and CEM 1I/B-Q 42.5 N in
accordance with DIN-EN 197 [22] and quarzitic
aggregates were used for the casting of the concrete
specimens. All cements contain clinker from the
same production batch. A calcined clay with medium
reactivity made of a kaolinitic-illitic clay was used
for the production of CEM II/B-Q. To ensure a rea-
sonable relation between aggregate size and sample
diameter, the original mixture given in [17] with a
maximum aggregate size of 16 mm was sieved down
to 8 mm. Furthermore, polycarboxylatether-based
(PCE) superplasticizer was needed to ensure compa-
rable workability of the concrete with calcined clay
cement (CEM II/B-Q) to the rest of the group. All
concrete samples were demolded 1 d after casting.
Subsequently the samples were stored under water for
6 more days and finally kept in a climate chamber at
(20£2) °C and (65+5) % RH according to DIN EN
12390-2 [23] until an age of at least 90 d was reached,
as recommended in [24].

The main oxide composition of the cements is
given in Table 1, the Blaine values are provided
in Table 2. The exact concrete composition and the

Table 4 Fresh and hardened concrete properties for the con-
crete composition with 16 mm aggregates

Concrete Fresh concrete properties Hardened concrete
properties

Slump flow (mm) f.m (MPa) Bulk
density (kg/
m’)

28d 90d 28d 90d

PC 445 46 50 2300 2300
LC 395 51 55 2330 2313
SC 418 57 59 2290 2310
CcC 390 57 56 2317 2307

corresponding fresh and hardened concrete proper-
ties of the original 16 mm mixture can be found in
Tables 3 and 4. All the different concrete composi-
tions are abbreviated in this paper as PC—Portland
cement concrete, LC—Ilimestone cement concrete,
SC—slag cement concrete and CC—calcined clay
cement concrete.

Three cylinders (drilled cores) with the dimensions
h=5 cm and d=35 cm were used for gas permeability
measurements. The same sample type was also uti-
lized for porosity measurements determined by satu-
ration with the help of the NMR tomograph. Lastly,
mercury intrusion porosimetry (MIP) measurements
were carried out on small concrete fragments.

To determine the thermally induced moisture
transport, two samples of each concrete were prepared
and measured by 'H-NMR relaxometry. The fresh
concrete was directly filled into slightly conic cylin-
drical glass—ceramic (Macor) casts and subsequently
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densified on a vibrating table. This set-up was cho-
sen to generate a 1D moisture transport, mimicking
the conditions of a unilaterally-heated large scale con-
crete member.

3 Methodology

An overview of the methodology applied is given
in Fig. 2. The first part of the main investigation
includes analysis of the pore size-specific mois-
ture distribution before and after unilateral heating
in blended cement concretes by means of 'H-NMR
relaxometry. The second part describes the applica-
tion of numerical simulations to understand the tem-
poral course of local moisture distribution during
heating and cooling. Moreover, supportive side inves-
tigations were conducted. Gas permeability measure-
ments at room temperature and after defined high-
temperature exposure provide additional information
on the transport properties, supporting the interpreta-
tion of the moisture analysis by 'H-NMR relaxom-
etry. MIP in combination with 'H-NMR relaxometry
of pressure saturated samples was used to eliminate
the effect of Fe,O; on the NMR signal by estimating

the corresponding surface relaxivity, which allows the
conversion of measured transverse relaxation times
into pore sizes (explained in detail in Sect. 3.5).

3.1 Gas permeability

The development of gas permeability was analyzed
on three specimens of each concrete composition
in the initial state and after temperature loading of
105 °C, 150 °C, 170 °C, and 300 °C. A moderate
heating rate (approx. 1 K/min) was selected in order
to minimize the risk of microcracks due to residual
stresses caused by temperature gradients. The gas
permeability coefficient was obtained at three differ-
ent pressure states (3, 4, and 5 bar) using Ar based on
the recommendations of RILEM TC 116-PCD [25].
Thereafter, intrinsic permeability, which is defined as
apparent permeability extrapolated to infinite pres-
sure, was determined in accordance with Klinkenberg
[26].

3.2 Porosity

The concrete’s porosity and pore size distribu-
tion were investigated by MIP in the initial state for

Investigation of the thermally induced moisture transport

Legend: . ;
[ ] glass-ceramic (Macor)
~ §
glass-silicate wool insulation =
2| [ |\ '
moisture content temperature
TH-NMR unilateral heating TH-NMR
Determination of the moisture profile
numerical analysis during heating and cooling
o Determination of the transport properties gas permeability measurements at 20° and after defined
;E high-temperatue exposure (105,150,170 and 300 °C)
&
A Determination of the surface relaxivity p, MIP "H-NMR (saturated)

Fig. 2 Investigation program
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two samples of each concrete. The porosimeter was
operated in a pressure range of 0.0007—420 MPa
with a chosen wetting angle of 140° according to
ISO 15901-1 [27]. Throughout this paper the pore
types are defined as gel pores <10 nm and capillary
pores>10 nm. Before measurement, the samples
were vacuum-pulled and simultaneously dried at
40 °C for 24 h. It should be noted that thermal treat-
ment may alter the pore structure, resulting in an
increase of pore size and a higher proportion of capil-
lary pores.

3.3 Unilateral heating

To analyze the thermally-induced moisture transport
in the concretes, unilateral heating was applied. Since
explosive concrete spalling usually occurs at tempera-
tures around 300 °C, a surface temperature of 300 °C
was targeted. This was achieved by using an equal
experimental set-up as reported by Stelzner et al. [14],
positioning an electrical heating device 1.6 cm above
the specimen which was insulated by a glass-silicate
wool covering. There was no contact between the
sample and the device at any time, which led to heat
transfer mainly conveyed by radiation. The heating
rate was 10 K/min. Once the target value was reached
after roughly 30 min, the temperature was held con-
stant for 40 min. Next, the sample was allowed to
cool freely within the room for 120 min. Right after,
the sample was placed in the NMR-tomograph for the
moisture distribution measurements. The temperature
distribution in accompanying test specimens was also
recorded.

3.4 Pressure saturation

The pressure saturation was carried out in accordance
with [28]. First, the samples were placed under water
and subjected to a vacuum with an absolute pressure
ranging from 100 to 250 Pa for 3 h. Subsequently,
the samples stayed under water at atmospheric pres-
sure for an additional 2 h. Finally, the pressure was
increased to 15 MPa, and the samples remained in the
chamber for 24 h.

niem

3.5 Experimental analysis of pore size-specific
moisture distribution

Moisture content before and after heating was meas-
ured by 'H-NMR relaxometry, a technique which
allows the quantification of total water content and
pore size-specific moisture distribution. An NMR
core-analyzing tomograph (8.97 MHz) with a verti-
cal resolution of 2 mm from pure devices GmbH was
used; a detailed description of the tomograph and its
capabilities can be found in [29]. A radio-frequency
coil with a diameter of 52 mm was installed in the
instrument. To study the transverse relaxation time
(T,) decay a Carr-Purcell-Meiboom-Gill (CPMG)
pulse sequence was applied, where the corresponding
echo time was 70 ps and the number of echoes was
1429 with a total of 200 scans per slice. Following
the measurement, a multi-component T,-time fitting
was performed. This process is commonly referred
to as an inverse Laplace transformation, although it
more accurately involves solving a Fredholm inte-
gral equation of the first kind, where the measured
signal is related to the 7,-time distribution through
an exponential kernel [30]. The numerical inversion
was performed using the software NucleusInv,' which
employs lower—upper (LU) decomposition to ensure
computational stability. A regularization parameter
of A=0.1 (samples before and after heating) and 0.07
(pressure saturated samples) was applied to balance
the trade-off between fitting accuracy and the smooth-
ness of the resulting distribution. An exemplary illus-
tration of the data inversion is provided in Fig. 3,
including the measured data, the applied fit, and the
resulting inversion.

The presence of magnetic impurities such as Fe,0;
influences the magnetic signal enhancing the T,
decay, which causes a shift of the function to smaller
T, times with increasing Fe,O; content [31]. Hence,
the translation of the 7, time into pore sizes would
lead to an overrepresentation of smaller pores. This
is of particular importance as different cements with
different Fe,O5 contents (see Table 1) are compared
in this study. One possible way to eliminate this effect
is given by estimating the surface relaxivity p, which
describes the strength of the fluid’s magnetic interac-
tion with the surrounding pore walls. Thus, Eq. (1)

! https://github.com/ThoHiller/nmr-nucleus.
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Fig. 3 Data inversion process (example CC)

allows the measured 7', time to be directly assigned to
the corresponding pore radius.

1 _«a
=p7 (1)

T,
where p, is the surface relaxivity, r is the pore radius,
and a is the geometry shape factor. Depending on the
pore geometry a=1,2 or 3 for planar, cylindrical or
spherical shapes, respectively. To finally determine
the surface relaxivity, porosity recorded by measur-
ing vacuum-treated pressure-saturated samples by

means of 'H-NMR relaxometry were compared to
porosities obtained by MIP. The area selected for
curve fitting corresponds to the capillary pore space
associated with the interhydrate pores of C-S-H. This
region is identifiable as the most prominent capillary
pore peak in the MIP curve and was chosen because
it demonstrates the highest level of agreement
between the measurement methods, as stated by Mul-
ler and Scrivener [32]. In this work, pore geometry
is assumed to be cylindrical. This assumption arises
due to the ink-bottle effect, which causes the MIP to
predominantly detect pore throats, particularly in the
smaller pore size range that accounts for the major-
ity of the material’s porosity. Therefore, the geome-
try shape factor of =2 is used, which has also been
applied in other studies [33, 34]. Subsequently, the
surface relaxivity was chosen as the value leading to
the best fit between NMR and MIP results. Once the
surface relaxivity is acquired, Eq. 1 can be expressed
as follows in Eq. (2), making the calculation of the
pore radius in relation to the respective T, value
possible.

r=,02'(l'T2=,02‘2'T2 (2)

3.6 Multiscale chemo-thermo-hygro-modeling

Due to the challenges associated with in-situ mois-
ture content measurement during heating using NMR,
assessments are typically conducted in the cold state.
To reconstruct the evolution of the moisture front
based on the experimentally obtained data, numeri-
cal modeling serves as a valuable tool and will be
employed in the following analysis.

The numerical model is based on the hybrid mix-
ture theory proposed by Lewis and Schrefler [35]
describing cement-based materials as partially satu-
rated porous media with a solid skeleton and an inter-
connected pore network containing capillary water,
vapor, and dry air. It explicitly accounts for key high-
temperature mechanisms, including temperature-
dependent material properties, bound water release,
phase transitions, and fluid transport. For heat and
mass transfer in porous media, the model follows the
Thermodynamically Constrained Averaging Theory
framework [36], incorporating mass, energy, and
momentum conservation at the continuum level. For
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detailed formulations and governing equations, see
Peters et al. [37, 38] .

The model incorporates four primary state vari-
ables: the temperature 7, gas pressure p,, capillary
pressure p., and displacement field u, consistent with
the formulation of Gawin and Pesavento [39] Addi-
tionally, five internal variables &; describe the binder-
specific dehydration kinetics, while a further inter-
nal variable, d, governs the evolution of mechanical
damage.

The resulting governing system comprises ten
coupled equations: mass balance for liquid water and
dry air, an enthalpy balance (energy conservation), a
momentum balance (mechanical equilibrium), and six
evolution equations to capture the damage and dehy-
dration processes. For completeness, the final form of
the governing equations is presented below; a detailed
derivation is provided in [40].

The enthalpy balance of the multiphase medium
accounts for: (i) heat storage within the material, (ii)
conductive heat transfer, (iii) latent heat effects asso-
ciated with phase transitions, and (iv) heat release or
consumption due to dehydration. It is expressed as in
Eq. (3):

oT
(pCp)eﬁE -

V- (ieﬂ‘VT) = _mvapAHvap — Tgen AH e
3
where (pC,). and A is the effective heat capacity
of concrete and the effective thermal conductivity,
respectively. AH,,,, AHyq;, and m,,, are the enthalpy
of evaporation dehydration, and the evaporated water
mass, respectively [39].
The evolution of the solid density is governed by
the temperature-dependent porosity according to [38]

in Eq. (4):
pS(T) =Ps0" (1 - ¢p,con) 4)

In the proposed model, the porosity ¢ is not pre-
scribed through an empirical function. Instead, it is
directly linked to the dehydration kinetics of the indi-
vidual hardened cement paste constituents via Eq. 3
The evolution of these constituents is described by
five internal variables, each governed by its respective
kinetic law, see [41]. Consequently, the cement paste
porosity is expressed as in Eq. (5).

¢ = Qi + D, ;  With € {CH, AFt, TCA, AFm,}

®)

The mass balance of dry air accounts for diffusive
and advective transport, as well as porosity variations
induced by temperature, saturation changes, and den-
sity variations of water and air, leading to the follow-
ing form in Eq. (6):

d(p(1 = S)py,) .\

. = 6
— VJu,=0 (©)

where p,, denotes the gas-phase density of air and J,,
the corresponding mass flux.

The mass balance of water (liquid and vapor)
incorporates diffusive and advective transport of both
phases, mass exchange induced by dehydration, and
porosity variations arising from temperature changes,
saturation evolution, and density variations of liquid
water and water vapor. Accordingly, the governing
Eq. (7) reads:

(p(1 = $)pg, +Sp,)
ot

+V- (Jw +Jh) = _mdehydr

(N
where p,,, and p, are the fluid densities and
(J,,+J,) the fluid flux of water in gaseous and lig-
uid state 7i1geyq, Characterizes the source term from
dehydration.

Fluid transport within the porous medium is gov-
erned by pressure-driven flow described by Darcy’s
law, while gas-phase diffusion and adsorbed water
transport are modeled according to Fick’s law [38].
These flux formulations enter the mass conservation
equations introduced above. The resulting mass fluxes
of dry air, water vapor, and liquid water are therefore
given by Eq. (8)—(10):

Kintgkrg MM, pga
Jgo=——"—Vp,— — ”DeffV(—> (8)
: b f M P
K k. M M Pgw
J,=——2"(Vp, —Vp,) - —2D V(i)
p (P V) M2 N pg
©)
Jh = _thsh (10)

The multiscale framework of Peters and Meschke
[41] is employed to determine binder-specific dehy-
dration behavior and related pore space evolution at
elevated temperatures, building on the stoichiometric
formulas of each hardened cement paste constituent
and the associated dehydration kinetic, governed by
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an Arrhenius equation. Subsequently, at each temper-
ature step the actual volume fractions of the constitu-
ents are utilized in a micromechanical framework to
homogenize the effective macroscopic thermal con-
ductivity; see Peters et al. [37] for further details.

In following numerical analysis, the initial thermal
conductivity is calibrated based on the experimen-
tally determined temperature field at depths of 5 mm,
10 mm, 20 mm, 30 mm, 50 mm, and 70 mm. Fur-
thermore, the intrinsic permeability evolution is pre-
scribed by the experiments conducted, see Fig. 4. All
input parameters are summarized in Table 6, further
material formulations can be found in Peters et al.
[37].

4 Results
4.1 Permeability

The average intrinsic gas permeability and the maxi-
mum and minimum values determined after condi-
tioning at different high temperature regimes are dis-
played in Fig. 4. First, it is noted that the PC sample
exhibited an initial permeability almost half a mag-
nitude higher than that of the other concretes. After
exposure to 105 °C, all samples exhibited a similar
increase in permeability. However, a further tem-
perature increase to 150 °C led to a more pronounced
permeability rise in CC and SC samples compared to
PC and LC specimens. This trend continued for the
final temperature steps of 170 and 300 °C and thus
the final permeability of CC, SC and PC was equal
while the LC showed a slightly lower value. Overall,
the results show that with increasing temperature the
initial differences in permeability between PC, SC,
and CC vanish and ultimately reach the same value
after exposure to 300 °C, while LC follows a weaker
permeability development, ending at a slightly lower
final permeability.

4.2 Porosity

Figure 5 shows the total cumulative porosity obtained
by MIP, indicating comparable values for all con-
cretes with 13.26, 13.21, 13.79, and 12.87 Vol.%
for PC, LC, SC, and CC, respectively. A closer look
into the specific pore sizes shows an equal distribu-
tion for PC and LC; the CC sample follows a similar

course but exhibits less capillary porosity greater than
10 nm and an increasing number of gel pores down to
3.6 nm. The SC sample shows the lowest number of
capillary pores over 30 nm but the highest number of
small capillary and gel pores below this size. No sig-
nificant differences in the pore size distribution above
200 nm were recorded.

4.3 Experimental analysis of pore size-specific
moisture distribution

Moisture distribution before and after heating to
300 °C is displayed in Fig. 6. The surface relaxivi-
ties obtained were 6 nm/ms for PC, LC, and CC and
5 nm/ms for SC respectively (see Appendix A). In the
initial state PC and LC exhibit a steeper drying gradi-
ent during conditioning in contrast to SC and CC con-
crete which finally reach similar depths of 20-30 mm.
The absolute water content varied, as PC and LC
specimens showed slightly lower total moisture con-
tents of approximately 12 and 11 Vol.% compared
to SC and CC which had a total amount of above 13
Vol.% detectable water. Furthermore, differences in
the pore size-specific moisture distribution are vis-
ible, shown in Table 5. Most of the available water
is found in the gel pores in every concrete. However,
while PC and LC show comparable fractions of gel
and capillary pores, SC shows the highest fraction of
capillary pores above 10 nm. CC on the other hand

10—14
E
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3
g 10—16_
(0]
S A —=—PC
g 10174 ——LC
I B¢ e
108 T | | .CC
0 50 100 150 200 250 300 350
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Fig. 4 Average intrinsic gas permeability of the different con-
cretes before and after high-temperature exposure
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shows the largest absolute and relative fraction of gel
pores.

After heating the surface to 300 °C, a continuous
drying front was established, and subsequently the
appearance of the moisture clog was detected. Even
though all the samples showed similar behavior,
notable differences between the concrete types were
obtained. Firstly, the drying front of the CC sam-
ples reached slightly deeper depths of around 50 mm
in comparisons to roughly 40 mm for all other con-
cretes. This corresponded to the steepest drying gra-
dient found in the CC specimen. Furthermore, a more
strongly developed moisture clog appeared in PC
and LC compared to SC and especially CC. Lastly,
moisture reconfiguration from gel pores to capillary
pores happened in all specimens. While for the PC,
LC, and SC samples, areas close to the beginning of
the moisture clog experienced strong reconfiguration
leading to more water found in capillary pores than
gel pores, this is never the case for CC. Even though
reconfiguration takes place, the gel pore fraction
always contains the largest amount of water before as
well as after high temperature exposure for this type
of concrete.

A comparison of the one-dimensional moisture
profiles after heating reveals three distinct zones, as
shown in Fig. 7: dry, moist, and saturated (‘‘moisture
clog’’). The dry zone extends from the top surface

L
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down to the point where the water content begins to
rise sharply, marking the start of the moist zone. This
moist zone ends at the onset of the moisture clog,
which is defined here as the intersection between the
post-heating water content and the initial water con-
tent. It is evident that all types of blended cement
concrete exhibit a higher water content before the
moisture clog, within a temperature range critical for
explosive spalling. In other words, they contain more
available thermal energy in the form of hot water in
front of the impermeable zone. The lower perme-
abilities measured in blended cement concrete partly
explain this phenomenon. However, the differences
between the individual blended cement types cannot
be attributed solely to variations in permeability, as
those differences are comparatively small.

4.4 Numerical analysis of moisture distribution at
elevated temperatures

To investigate the temporal saturation evolution of
the different binder systems, the concrete samples
have been discretized by 240 elements and analyzed
by means of the multiphysics Finite-Element model
described in Sect. 3.6. The input parameters are sum-
marized in Appendix B Table 6, with the cement
and concrete composition, permeability, and geom-
etry matching experimental measurements. The

b
) 141

12 4

10

capillary pores

Incremental porosity [Vol.-%]
(o]

1
gel pores;
1
1
1
1
|

1 10 100 1000 10000 1000001000000
Pore diameter [nm]

——PC LC

SC CcC

Fig. 5 Average porosity of the different concretes in the initial state a cumulative porosity; b incremental porosity determined by
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numerically computed temperature profiles at depths
of 5 mm, 10 mm, 20 mm, 30 mm, 50 mm, and 70 mm
are compared with the experimentally recorded tem-
peratures in Fig. 8a, illustrating good agreement with
the experimentally obtained data. The numerically
determined moisture profiles represent the experi-
mentally obtained data in Fig. 8 sufficiently, captur-
ing both the individual drying depths and saturation
curvatures in the drying zone. Rescaling the numeri-
cally determined saturation values into the detectable
water content also shows good agreement between
the calculated and experimentally determined depths
and course of the curves after cooling (Fig. 8 b). This
indicates that the qualitative moisture distribution
during heating can be illustrated realistically.

Figure 9 contains computational results obtained
from re-analyses of the 'H-NMR experiment. It
shows the saturation distribution along the depth of
the specimen at different points of time during the
uniaxial heating procedure protocol. The numeri-
cal analysis during the first 30 min of heating yields
similar drying behavior for all concretes, see Fig. 9a.
After reaching the target surface temperature of
300 °C at 30 min, a faster advancing drying front
and lower moisture accumulation in deeper depths is
observed for PC and LC as compared to SC and CC
in Fig. 9b). On the other hand, the saturation increase
behind the drying front remains similar for all con-
cretes. At the start of cooling a more symmetric satu-
ration profile is formed within moist zone for SC and
CC as compared to PC and LC, see Fig. 9c. During
the cooling phase, all saturation profiles exhibit a flat-
tening effect, characterized by a reduced moisture
gradient at the front, decreased saturation in the moist
zone, and increased saturation in the previously dried
regions, see Fig. 9d. Once again, an increased water
content can be observed in front of the moisture clog
in blended cement concrete, which is in alignment
with the experimental results.

5 Discussion

The results show that the utilization of different
blended cements affects concrete’s microstructure and
transport properties. Blended cement concrete with
CEM II/A-LL, CEM III/A or CEM II/B-Q exhibits a
lower initial permeability compared to CEM I sam-
ples. The increased fineness of the blended cements

(Table 2) likely leads to a more densely packed micro-
structure, attributable to enhanced hydration kinet-
ics and improved space-filling effects [42, 43]. Fur-
thermore, binder-specific characteristics contribute
to microstructural differences: in CEM II/A-LL con-
crete, the filler effect of limestone enhances packing
density, while systems incorporating latent hydraulic
or pozzolanic binders exhibit reduced portlandite and
increased C-S-H contents, which may further densify
the material. Moreover, Richardson and Groves [44]
and Richardson [45] reported that the foil-like mor-
phology of the outer product C-S-H in slag- or poz-
zolan-containing systems more efficiently fills space
without leaving large interconnected capillary pores.
Decreased pore connectivity in blended cement sys-
tems containing various types of SCMs has also
been reported in other studies [46—49]. In addition, it
was found that e.g. pozzolans have only little effect
on mechanical properties, but significantly reduce
pore connectivity compared to Portland cement [49].
The reduced connectivity limits the release of water
vapor during fire exposure, which aligns with the
low permeabilities observed in the blended cement
concretes presented here. As a result, concrete of the
same strength class may exhibit significantly varying
spalling behaviors, as stated in this work. However,
the permeability differences between CEM 1, CEM
III/A, and CEM II/B-Q become increasingly smaller
above 105 °C and ultimately vanish at 300 °C.

The pore size-specific moisture distribution deter-
mined before and after heating by 'H-NMR relaxom-
etry showed that in the initial state, clear differences
between the single binder types occur. In particular,
the high initial moisture content in CEM III/A and
CEM II/B-Q plus the large fraction of gel pore water
in CEM 1I/B-Q, compared to OPC, should be high-
lighted. Moreover, pore coarsening takes place in
all concretes during heating, leading to an increased
amount of capillary water in the moisture clog regions
after heating. The moisture profiles recorded after
high temperature exposure show differences between
the single blended concretes regarding the depth and
extend of the moisture clog. However, the simula-
tions suggest that these differences become more
pronounced during cooling, leading to further move-
ment of the drying front as well as to a decrease in
the moisture clog. During heating, comparable depth
and extent of the moisture clog are visible in all con-
cretes. This shows that the "H-NMR measurements in
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«Fig. 6 Moisture distribution and reconfiguration before and
after heating determined by "H-NMR

the cold state after heating do not provide the mois-
ture distribution which actually occurs during high
temperature exposure. Therefore, the applied model
turned out to be a valuable tool to close this gap of
missing information.

The spalling behavior of the concretes can only
be explained to a limited extent with the results pre-
sented. Firstly, the existence of the moisture clog was
verified in every concrete, which is why a strong con-
tribution of the thermohydraulic mechanism to the
spalling can be assumed. However, one should not
misinterpret the results by directly linking the depth
of the moisture clog to the depth of spalling, since
the damage was not caused by a single large spalling
event but by many small events over a period of time.
The lowest spalling tendency in CEM I concrete is
most likely due to its low initial moisture content and
comparatively high permeability before and during
high-temperature loading leading to the fastest mov-
ing drying front. Despite comparable moisture con-
tent between CEM I and CEM II/A-LL concretes, the
increased tendency to spall could be explained by the
overall lowest permeability recorded over the entire
temperature range. In CEM III/A concrete, the high
initial moisture content appears to be responsible for
the increasing spalling intensity. CEM II/B-Q con-
crete displays a similar high initial moisture content
but additionally the highest proportion of gel pore
water. Jiang et al. [50] reported that with decreasing
pore radius, pore pressure rises inside concrete; this
additional effect may lead to the most severe spalling
observed in CEM II/B-Q concrete.

In summary, the increased spalling susceptibility
of blended cement concrete can be attributed to the
greater availability of thermal energy in the form of
hot water within the moist zone preceding the mois-
ture clog, which occurs in a temperature range criti-
cal for explosive spalling. This finding is supported
by both experimental and numerical results. Lower
permeabilities and higher initial moisture contents
in blended cement systems are partly responsible for
this appearance. However, the current data does not
fully account for the differences observed among the
individual blended concrete types.

The abovementioned findings suggest that the
amount and nature of water, which is determined by

Table 5 Average pore size specific moisture content (Vol.%)

Condition Pore type PC LC SC CC

Before heating Gel pores 10.09  9.39 10.12 12.04
Capillary pores 1.62 1.61 328 1.15
Total 11.71 11.00 13.40 13.19

After heating  Gel pores 575 557 649 1752
Capillary pores  4.08 445 4.61 223
Total 9.83 10.02 11.10 9.75

the mineral phase composition, is decisive for ther-
mohydraulic spalling. The dehydration and decompo-
sition of the cementitious matrix determines the point
of time and amount of water released under high
temperature exposure. This also explains why CEM 1
and CEM II/A-LL concretes are quite similar in their
pore structure and moisture distribution since they
basically have the same mineral phase content. CEM
III/A and CEM II/B-Q on the other hand include an
additional component (slag or calcined clay) with an
additional reaction mechanism (latent hydraulic or
pozzolanic) strongly influencing the overall mineral
composition in the non-hydrated and hydrated state.
For example, it was observed that blended cement
pastes with metakaolin or ground blast furnace slag
showed larger amounts of C-S-H and calcium alumi-
nate ferrite monosubstituted (AFm) phases but at the
same time lower amounts of portlandite and calcium
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Fig. 7 Summarized illustration of the moisture distribution
in the different types of concrete after heating showing an
increased moisture content for blended cement concretes in the
moist zone before the moisture clog. The dashed lines indicate
the on-set of the moisture clog for the corresponding concrete
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aluminate ferrite trisubstituted (AFt) phases com-
pared to OPC cement pastes [51]. Furthermore, it has
already been proven that low Ca/Si ratios promote Al
uptake into C-(A)-S-H and subsequently higher Ca/
Si and Al/Si ratios in the C-(A)-S-H phase generally
lead to a denser foil like morphology [52]. Moreo-
ver, the water uptake increases in the C-(A)-S-H with
introduction of Al to the system [52, 53], resulting in
large amounts of non-evaporable gel water [52]. In
addition to the C-S-H, the amount and type of AFt
and AFm phases which are strongly dependent on
the chemical composition of the cement [54] must
not be neglected. It should be mentioned that these
phases already start to decompose at approximately
70 °C and 170 °C, influencing the deterioration and
dehydration of the microstructure at comparatively
low temperatures. Furthermore, it cannot be ruled out
that the different cement pastes have different thermal
expansion behavior due to their compositional differ-
ences which could possibly lead to differing thermo-
mechanical spalling behaviors.

Therefore, further investigations concerning min-
eral phase composition and their dehydration and
decomposition behavior caused by high tempera-
ture exposure are planned for a better evaluation of

300

QO
~

Temperature [°C]

0 50 100 150 200

Time [min]

Fig.8 a Numerically determined temperature profiles at
depths of 5, 10, 20, 30, 50, and 70 mm for the heating and
cooling procedure of 180 min. For comparison, the range of
experimentally determined temperatures is included in the grey

thermally induced moisture transport of concretes
with blended cements.

6 Conclusion

The investigations into thermally induced moisture
transport in blended cement concrete led to the fol-
lowing conclusions:

o Initial permeability and porosity are influenced by
the cement type. CEM I concrete shows the high-
est initial permeability in comparison to the other
concretes made out of CEM II/A-LL, CEM III/A
or CEM II/B-Q. The lower initial permeability in
blended cement concrete in general appears due to
increased fineness and improved hydration kinet-
ics leading to a more efficient filling of the pore
space. However, these differences strongly reduce
with increasing temperature leading to an equal
final permeability after an exposure to 300 °C in
CEM III/A and CEM II/B-Q concrete.

e The initial moisture content is increased for CEM
III/A and CEM II/B-Q. Additionally, these con-
cretes show different pore size-specific mois-

100 ezt
0 2 4 6 8 10 12 14 16 18
Detectable water content [Vol.-%]

Experiment: PC — LC sC —— CC
Simulation: ----- PC. = LG ——— SE = CC

envelopes in the corresponding depths; b Experimental mois-
ture distribution compared to simulated moisture distribution
after 70 min of heating and subsequent cooling
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ture distributions compared to CEM I and CEM
II/A-LL concrete. CEM III/A exhibits the largest
amount of capillary pore water while CEM II/B-Q
exhibits the largest amount of gel pore water. This
could affect the development of pore pressure.

e After temperature exposure, drying front and
moisture clog formation in combination with
pore coarsening were recorded in all specimens.
However, there are clear differences in both the
steepness of the drying gradient and the depth
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and extent of the moisture clog, which cannot be
explained by permeability alone under the given
circumstances.

The simulation model presented shows a good
agreement with the experimentally determined
values. Additionally, it provides valuable insights
into depth-resolved moisture development in the
concrete specimen during heating and cooling.
From these findings it can be concluded that the
'"H-NMR results after cooling are not entirely
comparable with the moisture profile at the time
of heating as they presented deeper depths of the
drying fronts as well as lower water content of the
moisture clog. Therefore, it serves as a valuable
addition as it compensates for the weaknesses of
the non-in situ high temperature measurement of
'H-NMR.

Blended cement concretes demonstrate higher
spalling susceptibility due to the increased avail-

ability of hot water in the moist zone before the
moisture clog. This relationship was confirmed
through both experimental and numerical results.
Responsible for this appearance are high initial
moisture contents (CEM III/A and CEM II/B-
Q concrete) as well as low permeabilities (CEM
II/A-LL, CEM III/A and CEM II/B-Q concrete).
The differences of spalling proneness between the
single concrete types are not yet fully understood.

In the next step, investigations should be carried

out at the level of mineral phase composition. Here
the focus should be on the dehydration and decom-
position behavior of the hardened cement paste after
various high temperature loads to evaluate the phase
changes, both qualitatively and quantitatively.
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Table 6 Parameters
utilized in the numerical

Parameter PC

LC SC CC

analysis Permeability K 00 -c)

Permeability K105 °c)
Permeability K50 -c)
Permeability K179 c)
Permeability K300 c)

2.13e-17 (m?)
1.55e-16 (m?)
2.36e-16 (m?)
3.20e-16 (m?)
1.16e-15 (m?)

5.86e-18 (m?)
3.49¢-17 (m?)
7.69e-17 (m?)
1.20e-16 (m?)
4.88¢e-16 (m?)

2.93e-18 (m?)
3.10e-17 (m?)
1.04e-16 (m?)
1.65e-16 (m?)
1.17e-15 (m?)

5.47e-18 (m?)
3.31e-17 (m?)
1.43e-16 (m?)
2.05e-16 (m?)
9.99¢-16 (m?)

Permeability K, 5e-20 (m?) 5e-20 (m?) 5e-20 (m?) 5e-20 (m?)

Saturation curve Ag=86 Ag=386 Ag=86 Ag=86
B¢=0.59 Bs=0.49 Bs=0.26 By=0.29

Deinitial 7.955¢7 (Pa) 8.355e7 (Pa) 8.955¢7 (Pa) 6.955¢7 (Pa)

Py initial 101,325 (Pa) 101,325 (Pa) 101,325 (Pa) 101,325 (Pa)

Tinitial 20 (°C) 20 (°C) 20 (°C) 20 (°C)

pbw 1:1.4:0.6 1:1.4:0.6 1:1.4:06 1:1.4:0.6

wlc 0.47 0.47 0.47 0.47

Bgnd 0.56 0.56 0.56 0.56

Bgoregate 0.46 0.46 0.46 0.46

R (conductivity) 0.1 0.1 0.1 0.1
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Appendix A Estimation of surface relaxivity

Surface relaxivity was estimated by determining the
best fit between MIP and 'H-NMR results of pres-
sure saturated samples. This method has already been
used in the past in various studies dealing with the
determination of fluid content in rocks, concrete or
other building materials. Before comparing the sam-
ples, an equal sampling density for measurements is

necessary. Therefore, the MIP pore size distribution
was resampled to fit the NMR 7),-time distribution
with a frequency of 30 points per decade. Subse-
quently, the surface relaxivity p, was chosen as the
number providing the best match between the MIP
and NMR curves displayed in Fig. 10.

Appendix B Simulation parameters and boundary
conditions

For the simulation of the blended concretes the simu-
lation parameters and initial conditions in Table 6 are
conducted. For a detailed formulation of the consti-
tutive laws, parametric relationships, and material
parameter evolution, see [25, 26].

The boundary conditions are defined in accordance
with the approach presented in Sect. 3.6 and remain
consistent across all investigated cement types.

(pngg + p]/VVPV + pgvgw)n = ﬁc(ng - pgw,oo) on FC
1D
(PViB o = Ag VT )n = a (T = T,,) + ecy(T* = T2)
12)
Equation 11 is defined with capillary pres-
sure parameters of f,= 0.028 (ms~!) on the heated

side and f,= 0.009 (ms™") on the rear side, with a
gas—water equilibrium density of p,,, .= 0.0031 (kg/
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m?) at both boundaries. Equation 12 governs the heat
transfer on the rear side of the specimen, with con-
vective heat transfer coefficient a,= 8 (Wm™2K) and
radiation term ec, = 5.1e"® (Wm™2K). In addition to
the Cauchy boundary conditions applied in Egs. 11
and 12, Dirichlet boundary conditions are imposed
for the pressure equation, setting the gas pressure to
P,=101365 (Pa) on both sides. Furthermore, the tem-
perature profile at depths of 5 mm, 10 mm, 20 mm,
30 mm, 50 mm, and 70 mm from the heated side is
prescribed based on the data measured by the cali-
brated heater.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
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ARTICLE INFO ABSTRACT
Keywords: Blended cements are gaining increasing popularity due to their lower CO»-footprint in compar-
Fire concrete spalling ison to ordinary Portland cement (OPC). However, this growing use raises the potential risk of

High temperatures

buildings made with blended cement concrete being exposed to fire, which can lead to heavy
Blended cements

Dehydration damages caused by explosive concrete spalling. It has already been shown that the cement type

XRD strongly influences the fire-induced concrete spalling and the thermally induced moisture

TGA transport, however, to understand the mechanisms behind these findings the thermal decompo-
sition behavior of the cementitious matrix must be investigated more systematically. Therefore,
the phase content of three blended cement pastes (CEM II/A-LL, CEM III/A and CEM II/B-Q) was
studied in comparison with a Portland cement paste (CEM I) after temperature exposure to 20 °C,
105 °C, 300 °C and 500 °C. Clear differences in the initial phase composition and their dehy-
dration behavior between the individual cement types were recognized. In conclusion, blended
cements showed lower amounts of AFt and AFm phases and additionally lower amounts of
portlandite and C-(A)-S-H were found in CEM III/A and CEM II/B-Q pastes. The results suggest
that higher AFt and AFm contents in CEM I, which are associated with greater water release at
relatively low temperatures may ultimately reduce the spalling risk. Furthermore, C-(A)-S-H in
CEM III/A and CEM II/B-Q showed increased thermal stability and large amounts of non-hydrated
phases were found in every blended cement paste. Both of those aspects might contribute to
thermomechanical spalling and the overall increased spalling susceptibility observed in blended
cement concrete.

1. Introduction

Nowadays, blended cements gain attention as their utilization is an effective way to reduce the COz-emssions caused by the or-
dinary Portland cement (OPC) production. In blended cements part of the Portland cement clinker is replaced by fillers and/or sup-
plementary cementitious material (SCM). These materials can be of natural origin (e.g. limestone) or man-made materials such as by
products from the steel or power industry. Therefore, there is a wide range of usable materials that influence concrete properties on the
mineralogical level. The mineralogical composition of non-hydrated and hydrated OPC and blended cements is already well known.
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OPC mainly consists of the clinker phases C3S, CyS, C3A and C4AF' and minor amounts of free lime (CaO). In addition, it contains
sulfate carriers in the form of gypsum, anhydrite or bassanite as well as secondary components such as limestone. Blended cements
contain the same clinker minerals but fillers and/or SCMs are used to replace fractions of the Portland cement clinker. Up to now most
commonly used fillers and SCMs are limestone (LS), fly ash (FA) and blast furnace slag (BFS). However, the long-term availability of FA
and BFS is questionable and therefore the interest in alternatives such as calcined clays (CC) rise as their raw material is globally
available and they provide good pozzolanic properties after activation [1]. During hydration clinker minerals mainly form C-S-H and
portlandite as well as sulfoaluminate phases in the form of ettringite (AFt) which in later hydration stages partly converts into AFm
phases. In addition to the regular hydration process blended cements experience further pozzolanic or latent hydraulic reactions. The
pozzolanic reaction describes the consumption of portlandite during the presence of water and a reactive silicate bearing SCM leading
to the formation of additional C-S-H or C-(A)-S-H respectively. Therefore, blended cements in general show lower amounts of por-
tlandite [2].

Due to the increasing popularity of blended cements the probability of buildings made with blended cement concrete being exposed
to fire rises. When exposed to fire, concrete undergoes various chemical and physical changes, which cause an overall decrease in
strength and in the worst-case explosive spalling. Responsible for spalling are thermohydraulic and thermomechanical mechanisms.
While neither is yet fully understood, several contributing factors have been identified. The thermohydraulic spalling mechanism is
often associated with an increase in pore pressure and/or the sudden evaporation of superheated water within the concrete matrix.
These processes generate internal stresses that can exceed the tensile strength of the material, leading to explosive spalling. The
thermomechanical mechanisms are linked to restrained thermal expansion and thermal incompatibility between cement paste and the
aggregates. These mismatches can induce significant internal stresses, which may also result in spalling. A comprehensive overview of
various theories and mechanisms related to concrete spalling can be found in [3]. Many studies showed that the cement type used
influences fire induced concrete spalling, however, the reasons behind those findings remain rather unclear [4]. During a fire event, it
can be assumed that the point of time and amount of water release, which depends heavily on the dehydration of the different mineral
phases found in different types of hardened cement paste, has a decisive influence on thermohydraulic processes. Of particular interest
is the temperature range between 250 °C and 450 °C, as fire-induced spalling typically occurs within this range. To understand those
differences, further understanding of the decomposition of blended cement pastes at elevated temperatures is necessary. The general
dehydration and decomposition behavior of hardened cement paste can be described as follows (Fig. 1): Initially, free and physical
bound water within the capillary pores begins to evaporate at temperatures up to approximately 200 °C. Between 80 and 150 °C,
ettringite starts to dehydrate accompanied by the gradual loss of chemically bound water from the C-S-H, which ultimately de-
composes into B-C2S between 600 and 800 °C. The AFm phases release their water in the range of 130-180 °C. Portlandite (Ca(OH)3)
dehydrates between 460 and 540 °C, forming CaO. From around 600 °C, calcium carbonate (CaCOs) also begins to decompose into CO5
and CaO [5,6].

Even though the basic principle of thermal decomposition remains very similar in all cementitious systems, there can be significant
differences in water release and decomposition of the cement matrix depending on the phase type and content. Investigations by Zhang
and Ye [7] as well as Saillio et al. [8] looked at the quantitative phase development of OPC cement paste exposed to elevated tem-
peratures. Zhang and Ye analyzed hardened Portland cement paste with a water to cement ratio (w/c) of 0.5 cured for 28 d by X-ray
diffraction (XRD) with subsequent Rietveld analysis. In total, the samples were exposed to ten different temperatures starting at 105 °C
up to 1000 °C. It was observed that the phase composition barely changes between 105 and 400 °C. At 500 °C, the crystallinity de-
creases and the dehydration of portlandite was noticed accompanied with the formation of amorphous lime. At temperatures above
600 °C the crystallinity increased again which was caused by the decomposition of amorphous C-S-H into p-C5S. In addition, the
formed lime started to become more and more crystalline with higher applied temperatures. It should be noted that the content of all
amorphous phases was summarized in this study and therefore no precise information concerning the amounts of C-S-H, ettringite,
AFm etc. was given. The group of Saillio et al. [8] took a closer look into the phase assemblage of a 5-year-old Portland cement paste
submitted to various high temperature and cooling regimes, including air and water quenching. The pastes, prepared with a w/c of
0.272, were subjected to temperatures between 100 °C and 1000 °C. Subsequently, the samples were subjected to either air cooling or
water quenching in a freshwater tank, simulating the thermal shock that may occur during real-life fire extinguishing scenarios. The
quantification of the phase assemblage before and after heating was conducted by a method combining XRD, nuclear magnetic
resonance (NMR) spectroscopy, inductively coupled plasma atomic emission spectroscopy (ICP-AES) and thermal gravimetric analysis
(TGA) stated in [9]. Due to the allowance of air- and water-cooling rehydration happened which led to the presence of hydrated phases
also after heating especially in the water-cooled samples. Standing out was once again the dehydration of portlandite at 500 °C as well
as the gradual decomposition of C-S-H which finally resulted in the formation of anhydrous phases mostly C2S and C3S. Research
conducted by Song et al. [6] analyzed the phase transformation of Portland cement blended with slag qualitatively by means of
High-Temperature X-ray diffraction (HT-XRD). The OPC reference and the OPC-BFS (74 wt% BFS, 6 wt% gypsum) were made with a
water to binder ratio of 0.4 and cured for 3 d, 28 d and 56 d. Upon the respective day of testing, the samples were placed in the
diffractometer and simultaneously heated with 1 K/min until the specific temperature was reached. Finally, the XRD patterns were
recorded. Next to the composition differences caused by the raw materials, slight differences of the mineral phase composition in the
initial state appeared. Minor traces of hydro garnet were only found in the hardened OPC paste as well as much lower contents of
portlandite in the OPC-GBFS sample. After exposure to high temperatures the first phase to decompose was ettringite at 75 °C followed

1 Cement chemistry notation will be used in this paper: C = Ca0; S =SiO5; A = Al;03; F =Fe,03; $ =S03; H =H,0
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Fig. 1. Schematic representation of the dehydration and decomposition of the main phases in hardened cement paste in concrete.

by the AFm phases which disappeared at 160 °C in both pastes. Thereupon, hydrogarnet decomposed between 200 and 380 °C in the
hardened OPC paste. The decomposition of the main binder phase C-S-H was firstly noted after exposure to 400 °C where the CaO
layers got destroyed. However, the actual dehydration already starts at temperatures around 80 °C. This early stage of dehydration is
not detectable in XRD patterns, as moderate temperatures primarily affect the interlayer spacing of hydration products without
altering their crystalline structure. Beyond 600 °C the dehydration of portlandite and decomposition of CaO3 was reported.
Furthermore, the formation of a;-C5S, and lime was observed during the high temperature exposure. Lin et al. [10] studied the thermal
decomposition behavior of OPC, as well as binary and ternary blends of OPC with LS and CC after 180 d of curing, over a temperature
range of 20 — 900 °C. Key findings included the formation of monocarboaluminate in limestone-containing blends, and both mono-
carboaluminate and hemicarboaluminate in limestone calcined clay cement (LC?) systems. The peak intensity increased with higher
proportions of limestone and calcined clay. Upon exposure to 300 °C, the AFt and AFm phases were no longer detectable. Instead,
katoite was observed, which was reported to positively influence strength development. At higher temperatures of 550 °C, katoite and
portlandite decomposed and a further increase up to 900 °C led to the decomposition of calcium carbonate and eventually C-S-H. Cao
et al. [11] investigated the thermal stability of LC? between 100 and 400 °C. An OPC reference mix was compared to a LC® mix
consisting of 53 wt.-% OPC, 30 wt.-% CC 15 wt.-% LS and 2 wt.-% gypsum prepared with a w/b of 0.325. The samples were measured
after 150 d of hydration. Due to the use of calcined clay and limestone, significant quartz and calcite peaks were present. After exposure
to 50 °C, both ettringite and monocarboaluminate were still present in the two pastes. However, it was stated that due to the synergetic
reaction between CC, LS and portlandite increased contents of monocarboaluminate phases were detected in LC® samples. Further
temperature increases up to 100 °C led to the decomposition of ettringite and a partial conversion of monocarboaluminate into
hemicarboaluminate. Both AFm type phases dehydrated and disappeared completely at 200 °C. The pattern’s crystallinity between 20
angles of 25 — 35 ° decreased which was attributed to the dehydroxylation of the C-(A)-S-H. Lower amounts of portlandite were
recorded in the LC® specimens due to its pozzolanic character, the total amount in both mixes decreased noticeably at 400 °C.
Additionally, the phases katoite and stratlingite formed after an exposure to 100 °C. Studies by Donatello et al. [12] analyzed the phase
evolution of a high-volume FA blended cement paste in comparison to a Portland-composite cement CEM II/A-M paste with a w/b of
0.32 and 0.36, respectively, after 70 d of curing. In the initial state due to the large amount of pozzolans, the high-volume FA paste
showed no portlandite. In addition, C-S-H was recorded as well as the typical FA phases quartz, anorthite, maghemite and hematite.
After 800 °C, the appearance of laihunite was noted. The CEM II/A-M sample showed the typical hydration phases of a cementitious
binder in the form of C-S-H, portlandite and ettringite. Based on the raw material's composition, calcite and slag could also be
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Fig. 2. Spalling susceptibility of normal strength concrete with different types of cement after HC fire exposure.
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identified.

Although numerous studies have investigated the thermal decomposition and dehydration behavior of cementitious materials
[13-15], their impact on concrete’s spalling behavior has often been overlooked. However, with the growing adoption of low-carbon
blended cements in sustainable construction, interest in understanding the spalling behavior of blended cement concrete has increased
significantly in recent years [4]. In-depth spalling studies on concretes with standardized blended cements, such as, CEM II/A-L(L),
CEM II/B-V, and CEM III/A, conducted by various research groups have produced both consistent findings but also contradictions
[16-19]. However, phase assemblage and phase transformations at high temperatures, which strongly influence concrete properties,
have never been included in these investigations. In our previous research we showed that blended cements increase the spalling
susceptibility of normal strength concrete used for tunnel construction when exposed to hydrocarbon (HC) fire (Fig. 2) [20]. We also
demonstrated that the cement type significantly influences the thermally induced moisture transport during one-sided heating [21]. As
mentioned above, there is only very limited information available on the quantitative phase transformation of blended cement pastes
due to high-temperature exposure with regards to explosive spalling, in particular for cement mixes containing calcined clays.
Especially the type and number of hydrated phases with their corresponding dehydration behavior are of interest to evaluate their
impact on thermohydraulic effects. Thus, in-depth studies were carried out regarding the phase development in four different cement
pastes (CEM I, CEM II/A-LL, CEM II/A and CEM II/B-Q) after exposure to high temperatures (105 — 500 °C). XRD with subsequent
Rietveld analysis was used to quantify the phase composition before and after heating. In addition, the dehydration behavior was
analyzed by TGA.

2. Raw materials and sample preparation

Four different cements from the same manufacturer with the same cement clinker classified after DIN EN-197-1 [22], CEM142.5 N
(96 % clinker, 4 % LS), CEM II/A-LL 42.5 N (86 % clinker, 14 % LS), CEM III/A 42.5 N (56 % clinker, 4 % LS, 40 % BFS) and CEM
I1/B-Q 42.5 N (72 % clinker, 3 % LS, 25 % CC) were investigated throughout this work. The chemical composition determined by X-ray
fluorescence (XRF) analysis and loss of ignition (LOI) provided by the manufacturer compared to the XRF data from measurements
carried out independently both according to DIN EN 196-1-2 [23] are shown in Table 1. The XRF measurements at our institution were
carried out using a Zetium PANalytical device with a Rh tube anode working in the range of 24-60 kV. For each cement two fused
tablets prepared at 1065 °C were used. The Na2Ocqyiv. corresponds to NazOequiv. = Naz0 + 0.658 x K20. Table 2 provides an overview of
the specific surface area according to Blaine. The cement pastes were prepared with a w/c of 0.47 and cast into prismatic molds (4 x4 x
16 cm) (Fig. 3a)). After 1 day of curing, the samples were demolded and kept in a water bath for 6 more days and then stored in a
climate chamber at (20 + 2) °C and (65 + 5) % RH until they reached an age of > 180 days. The conditioning time meets the duration
recommended by RILEM TC 256-SPF for fire testing [24], consistent with the procedure applied in our previously conducted spalling
experiments [20]. In this study, particular attention was given to ensure that the hydration conditions of the cement paste closely
matched those of the concrete fire-test specimens. This approach aimed to achieve a comparable degree of hydration, albeit at the
expense of potentially increased carbonation, since previous research has shown that saturated or sealed curing conditions signifi-
cantly affect both the degree of hydration and the associated moisture distribution [25-27], factors considered critical for explosive
concrete spalling.

For the XRD analysis with Rietveld refinement, samples of the four cements and the cement pastes were prepared both before and
after high temperature treatment. Before the high-temperature treatment, four sub-samples of almost equal size were obtained by
splitting the prisms with a hydraulic stone press (Fig. 3b)). Thereafter, the cubic samples were gradually heated at 2 K/min in a drying
cabinet from Memmert under atmospheric conditions to target temperatures of 105 °C and 300 °C. The exposure to 500 °C at 2 K/min
was carried out in a Carbolite muffle furnace, Type CWF 11/23/E301, also under atmospheric conditions. Once the respective target

Table 1
Chemical composition determined by XRF of the cements provided by the manufacturer (man.) and the chemical composition determined by XRF
independently (lab.).

CEM I CEM II/A-LL CEM III/A CEM II/B-Q
Oxide [wt.-%] _— _—

man. lab. man. lab. man. lab. man. lab.
SiO, 18.73 19.84 16.98 18.38 24.85 26.44 32.35 33.99
Al,03 5.01 5.11 4.44 4.81 7.02 7.29 8.31 8.38
Fe,03 3.22 2.99 2.74 2.67 2.38 1.91 3.14 3.00
CaOo 61.65 61.88 59.68 60.67 52.39 52.47 46.29 45.58
MgO 3.10 2.89 3.08 3.19 5.01 4.94 2.42 2.50
SO3 3.06 3.27 3.11 3.34 3.08 3.93 2.31 2.48
K,O 1.04 1.01 0.91 0.96 0.84 0.94 1.33 1.26
Na,O 0.21 0.25 0.17 0.22 0.25 0.30 0.21 0.21
Cl 0.05 - 0.06 - 0.06 - 0.04 -
P,0s 0.27 0.21 0.28 0.21 0.21 0.16 0.21 0.22
CO, 1.90 - 6.30 - 1.69 - 1.44
H,0 0.71 - 0.70 - 0.62 - 0.82 -
LOI 2.61 2.07 7.0 4.60 2.31 0.93 2.26 0.94
Na,O equiv. 0.89 0.91 0.77 0.85 0.80 0.92 1.08 1.03
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Table 2
Specific surface area according to Blaine.

Cement CEM I CEM II/A-LL CEM III/A CEM 1I/B-Q

Blaine value [cm?/g] 2900 4650 4890 6050

Conditioning Phase and dehydration analysis

a) Prism b) Sub-samples c) Breakage d) Powder

Preparation: Preparation Preparation: Preparation:

» casted » splitted * broken *  wet milled

Size: Size: Size: Size:

* 4x4x16cm * ca.4x4x4cm * mm-sized * 05-10pum

Conditioning: Heating: XRD

* (20x2)°C and « AT/At =1 K/min * Cu K a radiation
(65 5)% RH » 20,105, 300,500 » 26:5°-80°

Age: G TGA

+ >180d *+ 48h + AT/At =1 K/min

¢ Tpa = 1000°C
Fig. 3. Sample preparation steps of the hardened cement paste samples.

temperature was reached, it was maintained for 48 h. Even tough tunnel fires can last for such long periods of time (e.g. Mont Blanc
Tunnel fire 1999) [28], spalling is usually only expected in the first 20 min. However, the extended heating period was selected to
ensure a uniform temperature distribution and complete phase transformation throughout the relatively thick specimen, as hardened
cement paste exhibits very low thermal diffusivity which decreases further as temperature rises [29,30]. This approach guarantees that
the subsequent XRD analyses are performed on samples that are as homogeneous as possible and free from inhomogeneities caused by
incomplete phase transformations due to insufficient temperature equilibration. The temperature gradient that occurs during a real fire
and the associated phase composition gradient can thus be analyzed in single steps to understand the cement type specific trans-
formations and their impact on spalling. Further carbonation is not expected, since the rate of carbonation decreases rapidly above 100
°C as with continuous temperature exposure necessary water becomes unavailable [31]. Thereupon, the samples were sealed in plastic
wrap and stored in a desiccator to minimize the effects of rehydration. In the next step, the samples were first coarsely crushed
(Fig. 3¢)) and then finely ground using a McCrone Micronizing Mill (Fig. 3d)). Anhydrous isopropanol was used as the milling medium
and was subsequently removed by drying. The milling process lasted 6 min, resulting in a powder with a particle size range between
0.5 - 10 pum [32]. An overview of the sample matrix is given in Table 3. The TGA analysis of the four hardened cement pastes was
conducted using residual material from the samples prepared for XRD, prior to any high-temperature exposure.

Table 3
Overview of the sample matrix including the non-hydrated cements and hardened cement pastes exposed to different temperatures.
Material Sample
Cement CEM I CEM II/A-LL CEM III/A CEM II/B-Q
CEM I1.20C CEM II/A-LL_20C CEM III/A_20C CEM II/B-Q_20C
Hardened cement paste CEM 1.105C CEM II/A-LL_105C CEM III/A_105C CEM II/B-Q_105C
P CEM 1.300C CEM II/A-LL_300C CEM III/A_300C CEM II/B-Q_300C
CEM 1.500C CEM II/A-LL_500C CEM III/A_500C CEM II/B-Q_500C
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3. Methodology
3.1. XRD

The XRD measurements for quantitative analysis of the mineral phases were performed on a Bruker D8 DaVinci diffractometer
equipped with an energy dispersive LynxEye detector. The X-ray generator was operated at 40 kV and 25 mA using Cu Ka radiation.
Data were collected over a 26 range of 5° to 80°, with a step size of 0.011° and a counting time of 0.5 s per step. One measurement per
sample was performed and deemed sufficient, as repeat measurements of random samples from the same batch showed very good
agreement. Rietveld refinement was carried out using TOPAS V7.0. The crystal structures used are listed in Table 4 along with their
corresponding Inorganic Crystal Structure Database (ICSD) codes. Where no ICSD code is available, the corresponding original
literature reference is provided. In anhydrous cement, the typical accuracy is 0.6 — 2 wt% for clinker minerals, 2 wt% for amorphous
phases and 0.3 wt% for the residual constituents [33,34]. In the hydrated state, the error for C-S-H content is assumed to be + 4 wt%
[35]

3.2. TGA

Thermogravimetric analysis to investigate the dehydration behavior of the cement paste was also performed twice on ground
samples from the same batch used for the XRD samples of each cement type. Roughly 10 mg per sample was measured in a TGA/DSC 3
from Mettler Toledo and heated under a nitrogen (N3) atmosphere at a heating rate of 10 K/min from 25 °C to 1000 °C.

4. Results
4.1. XRD

The measured XRD patterns of the raw cement are shown in Fig. 4 with the corresponding quantitative phase content displayed in
Table 5. The amount of clinker phases decreases with increasing substitution rates of SCMs in the different cement types. Anhydrite and
Basanite were identified as sulfate carriers in every cement with slightly different amounts. Moreover, calcite was also found in every
sample. For CEM I, CEM III/A and CEM II/B-Q calcite only functioned as a secondary component and therefore appeared in low
amounts between 2.5 and 5 wt%. In CEM II/A-LL calcite functioned as the main replacement material for the cement clinker and
therefore higher contents of 14 wt% were measured. Additional differences can be seen in the contents of amorphous phases. CEM III/
A shows the largest amount of amorphous phase which comes from the replacement of clinker with blast furnace slag. In CEM II/B-Q
comparably high fractions of amorphous phases can be seen, caused by the addition of calcined ilitic-kaolinitic clay, which also ac-
counts for the large amounts of quartz present and traces of mica.

The results of the XRD analysis of the hardened cement pastes are presented in Fig. 5. Table 6 provides an overview of the phase
composition of all hardened cement pastes analyzed in the initial state (20 °C) and after exposure to 105, 300 and 500 °C. As expected,
large residual amounts of the clinker minerals C3S, C»S, C3A and C4AF were found in the CEM I_20C due to the highest proportion of
cement clinker and the coarse grain size distribution associated with the smallest specific surface area according to Blaine. CEM II/A-
LL _20C paste showed the second most amount of those phases as it has the second highest amount of clinker and the second smallest
Blaine value. In CEM III/A_20C and CEM II/B-Q_20C barely any clinker minerals were left, indicating a near complete hydration. In
addition, calcite was detected in all samples as it was a secondary component of the cements. However, increasing amounts of calcium
carbonate with the appearance of vaterite was caused by carbonation of the samples. The tendency of increasing calcite contents in
comparison to the non-hydrated cement are caused by the transition of metastable vaterite into calcite [36]. Especially hardened

Table 4

Crystal structures and their corresponding ICSD codes.
Phase ICSD Code
C3S 94742
CoS 963
C3A cubic 1841
C3A orthorhombic 100220
C4AF 9197
Anhydrite 16382
Bassanite 79529
Ettringite 155395
Hemicarbonate 263
Monocarbonate 59237
Monosulfate 100138
C-S-H Bergold et al. [35]
Portlandite 34241
Calcite 80869
Vaterite 15879
Quartz 174
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Fig. 4. XRD patterns of the different cements.

Table 5

Phase composition of the cements used [wt%].
Mineral phase CEM I CEM II/A-LL CEM III/A CEM II/B-Q
CsS 50.0 47.0 32.0 40.0
C,S 13.0 10.0 7.0 4.0
C3A 9.8 7.5 5.4 6.7
C4AF 6.2 5.8 3.9 1.2
Anhydrite 2.0 1.8 1.2 1.1
Bassanite 1.2 1.4 1.1 1.5
Calcite 5.0 14.0 3.8 2.5
Quartz 0.3 0.7 0.8 16.0
Amorphous 7.8 6.2 42.0 14.5
Others 4.5 4.8 2.7 8.2

cement pastes of CEM III/A and CEM II/B-Q showed high contents of carbonate phases suggesting a stronger degree of carbonation,
which is often observed in slag or calcined clay cement blends [37,38]. After exposure to 500 °C, parts of the vaterite tend to
decompose, while calcite remains stable which is consistent with previous findings of Li et al. [39]. This phenomenon occurs due to the
lower lattice packing density of vaterite in comparison to calcite [40]. Another noticeable point is the significant amounts of quartz (at
least 12 wt%) found in the CEM II/B-Q cement paste samples which is a byproduct from the calcined clay.

Lower amounts of AFt and AFm phases (hemicarboaluminate, monocarboaluminate and monosulfoaluminate) were identified in
the blended cement pastes (CEM II/A-LL_20C, CEM III/A_20C and CEM II/B-Q_20C) ranging between 8.5 and 9.0 wt%, compared to
11.6 wt% in CEM I_20C. After an exposure to 105 °C, ettringite dehydrated and is no longer visible in the XRD patterns. A further
temperature increase to 300 °C led to the dehydration and decomposition of all AFm phases in every sample.

Lower amounts of C-(A)-S-H were identified in CEM III/A and CEM II/B-Q hardened pastes, with values of 22 and 23 wt%,
respectively, compared to approximately 30 wt% in CEM I and CEM II/A-LL hardened pastes. However, the thermal stability of the C-
(A)-S-H phases varied among the different cement types. While the C-(A)-S-H in CEM 1_.300C and CEM II/A-LL _300C underwent
significant dehydration between 105 °C and 300 °C and was almost completely decomposed after exposure to 500 °C, the C-(A)-S-H in
CEM II/B-Q_300C and particularly in CEM III/A_300C remained stable up to 300 °C. Near-complete dehydration and decomposition
were only observed after exposure to 500 °C in CEM III/A_500C and CEM II/B-Q_500C. The increased thermal stability of slag cement
paste was also reported by Jia et al. [41] and might be associated with the formation of more tightly packed C-(A)-S-H gels. Beside the
C-S-H content the amount of portlandite also varied between the single cement pastes. Lower portlandite contents of around 5 wt%
were observed throughout the CEM III/A and CEM II/B-Q hardened cement paste samples, while higher amounts of approximately 10
and 8 wt% were recorded in CEM I and CEM II/A-LL samples respectively. These differences are caused by the lower amounts of
available clinker minerals and the pozzolanic reaction of the slag and calcined clay containing binders. Even after exposure to 500 °C,
portlandite always appeared in the XRD patterns. However, the detected peaks decreased in height, but increased in width with rising
temperature exposure, which indicates a decline in crystallinity but no complete degradation of the structure. Hence, despite the
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Fig. 5. XRD patterns of the different hardened cement pastes after exposure to 20 °C, 105 °C, 300 °C and 500 °C.

occurring dehydration the crystal structure remains detectable, similar findings were reported by Song et al. [6]. Interestingly, CEM
I1I/A_500 C exhibited a more pronounced decomposition of portlandite. The underlying cause remains uncertain; however, previous
studies have shown that the phase assemblage of the non-hydrated cement and chemical environment during hydration can influence
its size and morphology [42,43], which may also affect the thermal stability of portlandite. Overall, crystallinity decreased after
temperature exposure to 500 °C, caused mainly by the dehydroxylation of C-(A)-S-H leading to an increase of the amorphous phase
content. The high content of amorphous phases in hardened CEM III/A paste is based on the residual content of blast furnace slag,
which generally reacts to only about 40 % after a hydration period of 6 months [44].

4.2. TGA

Fig. 6 shows the results of the TGA for the different hardened cement pastes. Because of the solvent exchange during the sample
preparation with isopropanol no free evaporable water remained. The water loss up to 200 °C can be mainly attributed to the
dehydration of AFt and AFm phases. Here, the largest mass loss was recorded in the CEM I_20C sample, which corresponds to the XRD
measurements where the most amounts of AFt and AFm phases were found. For CEM II/B-Q_20C a noticeable increase in water loss
was displayed between 140 and 200 °C, which can be attributed to AFm phases (most likely monocarboaluminate). Furthermore, CEM
III/A_20C cement paste shows the lowest mass loss over the temperature increase up to 500 °C, which would support the idea of a
thermally more stable C-(A)-S-H phase in the slag cement also seen in the XRD results. Between 400 °C and 500 °C the dehydration of
portlandite was observed, resulting in a comparatively lower mass loss in the latent hydraulic and pozzolanic cementitious systems.
The relatively low temperature onset of dehydration suggests low crystallinity of the portlandite phase. Lastly, the decomposition of
calcium carbonate was detected already between 500 and 760 °C. A closer look into the differential thermal gravimetry (DTG) showed
a two stage mass loss associated with the decomposition of calcium carbonate, whereas the first is coming from low crystalline vaterite



Table 6
Phase composition in wt% of the hardened cement pastes before and after exposure to temperatures of 105, 300 and 500 °C determined by XRD.
Sample CsS CaS C3A C4AF Ettringite Hemicarb. Monocarb. Monsulf. C-(A)-S-H Portlandite Calcite Vaterite Quartz Amorphous Others
20C 5.8 7.0 2.0 3.6 4.0 1.6 5.7 0.3 30.0 9.0 4.7 4.4 0.3 20.8 0.8
CEMI 105 C 6.0 8.0 2.0 3.6 0.0 1.5 3.2 0.4 35.0 10.0 8.8 5.8 0.3 14.4 1.0
300 C 6.8 8.0 2.0 4.0 0.0 0.0 0.3 0.0 21.0 11.0 8.8 4.9 0.5 31.7 1.0
500 C 7.0 9.0 2.0 3.3 0.0 0.0 0.0 0.0 10.0 9.0 7.0 0.5 0.4 50.8 1.0
20C 2.0 3.8 1.0 2.3 2.7 1.0 4.8 0.0 30.0 8.5 12.6 4.6 0.4 25.1 1.2
CEM II/A-LL 105 C 2.0 4.0 1.0 2.9 0.0 0.9 3.0 0.4 34.0 9.4 14.0 3.5 0.5 23.2 1.2
300 C 2.0 4.0 1.1 1.7 0.0 0.0 0.0 0.0 21.0 7.6 25.0 6.0 0.4 29.7 1.5
500 C 2.0 5.0 1.0 1.5 0.0 0.0 0.0 0.0 5.0 7.0 18.0 1.0 0.4 57.7 1.4
20C 0.7 1.2 0.2 1.0 3.5 1.0 4.0 0.0 22.0 4.0 7.1 11.0 0.7 43.0 0.6
CEM III/A 105 C 0.8 2.0 0.2 1.2 0.0 1.6 3.2 0.0 21.0 5.0 2.5 3.0 0.5 58.5 0.5
300 C 0.5 2.0 0.2 1.3 0.0 0.0 0.0 0.0 22.0 6.0 5.0 8.0 0.7 53.6 0.7
500 C 0.8 2.4 0.2 1.4 0.0 0.0 0.0 0.0 7.0 0.1 14.0 9.0 0.5 63.9 0.7
20C 0.4 2.0 0.5 1.2 1.3 1.5 5.2 1.0 23.0 4.5 8.0 10.0 12.0 24.8 4.0
CEM 1I/B-Q 105C 0.8 2.0 0.0 1.7 0.0 1.2 5.2 0.0 28.0 5.7 8.0 7.5 13.0 21.8 5.1
300 C 0.9 2.0 0.0 1.5 0.0 0.0 0.0 0.0 21.0 4.7 12.0 10.0 14.0 29.0 4.9
500 C 1.0 2.0 0.2 0.4 0.0 0.0 0.0 0.0 7.0 4.8 6.0 2.5 14.0 56.4 5.7
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Fig. 6. Thermal analysis of the hardened cement pastes a) TGA 20-1000 °C; b) DTG 20-1000 °C; ¢) TGA 50-300 °C; d) DTG 50-300 °C.

and amorphous calcium carbonate present due to carbonation [39]. This also explains why the decomposition started at comparably
low temperatures, where it would be not expected for pure and well crystalline calcite [39]. The overall mass loss associated with
calcium carbonate was obviously the most pronounced for CEM II/A-LL_20C. However, both CEM III/A_20C and CEM II/B-Q_20C
exhibit a higher mass loss than the CEM I paste, despite having similar initial calcium carbonate contents. This was attributed to
more pronounced carbonation in the blended cement paste samples. This observation is consistent with the XRD results, which showed
the highest amounts of vaterite in the CEM III/A_20C and CEM II/B-Q_20C samples. Up to 500 °C, the CEM I paste showed the relative
highest mass loss (which was solely attributed to dehydration) of 16.2 wt% followed by CEM II/A-LL_20C, CEM II/B-Q_20C and CEM
I1I/A_20C with 15.64, 14.76, and 13.60 wt% respectively. The final relative mass loss after thermal exposure to 1000 °C was highest in
the CEM II/A-LL_20C at 31.08 wt% followed by CEM II/B-Q_20C (26.60 wt%), CEM III/A_20C (27.28 wt%) and CEM I 20C (25.91 wt
%). This trend is attributed to the decomposition of carbonate phases.

5. Discussion

The analysis of the phase composition and dehydration behavior of the cement pastes was carried out to gain deeper insight into the
increased spalling susceptibility observed for blended cement concretes. This study revealed clear differences in both phase content
and decomposition behavior. The behavior of the hydrate phases up to around 300 °C plays a particular role, as this temperature range
is typically associated with explosive spalling. It was observed that CEM I cement pastes tend to have higher amounts of combined AFt
and AFm phases, which already dehydrate between 70 and 200 °C. This might have a positive impact, lowering the spalling sus-
ceptibility in OPC concrete since more water can be released at comparable moderate temperatures before spalling occurs. All cement
pastes exhibit carbonation, with more pronounced carbonation observed in CEM III/A and CEM II/B-Q samples. This is occurs more
rapidly in C-(A)-S-H due to reduced portlandite contents [41]. Furthermore, CEM I and CEM II/A-LL showed higher contents of
C-(A)-S-H in comparison to CEM III/A and CEM II/B-Q. The XRD results recorded after high temperature exposure showed that
C-(A)-S-H in CEM II/B-Q and particularly in CEM III/A paste is thermally more stable, which was also confirmed by the TGA
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measurements retaining more water and structural stability at higher temperatures. This is also in alignment with observations re-
ported by Xu et al. [45] who concluded that the ‘dreierketten’-like structure of C-(A)-S-H in slag blended cement systems remains
stable up to 450 °C. Responsible for this increased thermal stability might be the more tightly packed structure of C-(A)-S-H gels [41]
which incorporate higher amounts of non-evaporable water [46]. In addition, the increased carbonation of the C-(A)-S-H phases due to
less portlandite contents [47] can lead to the formation of calcium-carbonate modified silica gel, which shows increased
high-temperature resistance [39]. However, this effect would only affect the first few centimeters in large concrete structures and
therefore is less relevant for explosive spalling. The improved thermal stability of C-(A)-S-H in slag- or pozzolan-containing systems
may contribute to enhanced mechanical performance at elevated temperatures, as reported in literature [48,49]. However, our ob-
servations indicate a more pronounced increase in permeability after exposure to 150 °C in concrete samples produced with the same
cements (Table 7) [21]. This suggests that the increase is not due to more severe degradation of the cementitious matrix. Instead, other
factors, such as pore pressure and the associated development of microcracks, may be responsible for this phenomenon. Currently, no
experimental data on pore pressure in concretes with these cements are available; however, numerical simulations by Peters et al. [50]
based on the same cements indicate a slight increase in pore pressure for CEM III/A and CEM II/B-Q concrete in comparison to CEM I
concrete. Additionally, simulations by Jia et al. [51] concluded that the incorporation of fly ash influences pore pressure and crack
development in cementitious materials. Furthermore, Reiners et al. [19] reported that concrete made with blended cements exhibits a
less distinct interfacial transition zone (ITZ). As a result, there is no effective “cushion” to accommodate the expansion of aggregates,
leading to more severe cracking in slag and pozzolan containing concretes. Both aspects may explain the observed competing effects:
increased thermal stability of the cementitious matrix coupled with a steeper rise in permeability at elevated temperatures.

In our previous study, we showed that the development of the drying front and permeability in concrete changes with the cement
type used [21]. The detected moisture profiles after heating correlate very well with the dehydration behavior of the hardened cement
pastes, meaning that the sequence of drying from the least progressed in CEM III/A to the most progressed in CEM I matches with the
sequence of mass loss determined by TGA up to 216 °C (Fig. 7). At higher temperatures, it appears as if the drying behavior shown in
the 'H NMR relaxometry measurements is the same in all types of concrete. This is because the NMR tomograph cannot fully detect
chemically bound water, thus, further differences only appear in the mass loss obtained by TGA. The comparison indicates that the
thermally induced moisture transport is consistent with dehydration behavior of the cementitious matrix. Furthermore, this explains
why CEM III/A and CEM II/B-Q concrete exhibit very different drying behaviors despite having the same initial moisture content and
permeability development as described in [21] (see Table 7). In this regard, it should also be added that the increase in permeability at
higher temperatures has probably only minor impact on the drying behavior, as most of the water is already released up to 200 °C. It
must be noted that the correlation between cement mass loss and the progression of the drying front can only be considered indirect. In
concrete, additional factors, such as the quantity and type of aggregates, the ITZ, and the resulting crack formation also play a sig-
nificant role. Furthermore, in a real concrete component, constraints and applied loads must be taken into account, as they can in-
fluence the structural behavior and thermomechanical response.

In summary, the results lead to the hypothesis that stronger water retention during heating in blended cement concrete, caused by
thermally more stable hydrate phases, increases the risk of spalling, as more moisture remains available before the onset of the
moisture clog. Although the observed moisture differences appear minor, previous research has demonstrated that even slight in-
creases in moisture content can significantly raise spalling susceptibility, even when permeability is constant [52].

6. Conclusion

The analysis of the thermally induced phase decomposition in blended cement pastes showed clear differences between the in-
dividual cement pastes. Regarding explosive spalling of concrete, the following conclusions were drawn:

e All blended cement pastes tend to show lower amounts of early dehydrating AFt and AFm phases in comparison to CEM I paste
observed in the XRD results. The TGA showed similar tendencies, with a slightly higher water loss for CEM I paste. In blended
cement concrete lower permeabilities further inhibit water release leading to more available moisture in a temperature range
critical for explosive spalling.

The C-(A)-S-H in blended cements with latent hydraulic or pozzolanic properties showed better thermal stability especially in CEM
III/A paste, since less decomposition was recorded over increasing temperatures. The increased thermal stability might be caused
by the denser structure of C-(A)-S-H gels as well as their enhanced carbonation which may lead to the formation of calcium-
modified silica gels with improved thermal properties.

The drying behavior and associated moisture transport in blended cement concrete is strongly determined by the dehydration
behavior of the cementitious matrix up to 200 °C. The development, particularly the different increase of permeability with
increasing temperatures seems to play a less significant role as most of the water is already released below 200 °C. Therefore, the
initial permeability is more decisive for evaluating the spalling risk of concrete.

The increased thermal stability of hardened cement pastes containing slag and calcined clays is often considered beneficial for
concrete strength at high temperatures, however, the opposite is true for fire-induced spalling. Therefore, its use in practice must be
carefully considered if fire resistance is required.

7. Outlook
Besides the impact on the thermohydraulic mechanism, the cement type might also influence the thermomechanical behavior of
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Table 7
Intrinsic gas permeability of the different concretes after exposure to 20 °C, 105 °C, 150 °C, 170 °C and 300 °C [21].
Intrinsic permeability CEM I CEM II/A-LL CEM III/A CEM I1/B-Q
Permeability Kgasc20 c) 213 x 107 5.86 x 10718 2.19 x 10718 5.47 x 10718
Permeability Kgasci0s °c) 1.55 x 1071® 3.49 x 1077 3.10 x 1077 3.31 x 1077
Permeability Kgasciso °c) [m?] 2.36 x 107'¢ 7.69 x 1077 1.04 x 107'® 1.43 x 10716
Permeability Kgas170 °c) 3.20 x 1071¢ 1.20 x 1071 1.65 x 10716 2.05 x 1071
Permeability Kgaszoo °c) 1.16 x 1071° 4.88 x 1071° 1.17 x 107%° 9.99 x 1071¢
a) Dehydration of hardened cement paste b) 1D Moisture profile of unilateral heated
determined by TGA concrete determined by "H-NMR
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Fig. 7. Comparison between a) the dehydration behavior of the hardened cement pastes (TGA) and b) the moisture profiles in concrete made with
the corresponding cement after one sided heating (*H NMR) described in [21] shows the same sequence of water loss.

concrete.

The increased thermal stability of C-(A)-S-H in CEM II/B-Q and CEM III/A might lead to different thermomechanical behaviors
particularly with regard to load-induced thermal strains (LITS). In concrete structures where thermal deformations are usually
partially or completely restrained, LITS have a positive influence. LITS act in the direction of the applied load and therefore reduce
compressive stresses caused by the restrained thermal expansion [53] potentially lowering the risk of explosive spalling. Key mech-
anisms behind the formation of LITS are thermal transient creep and drying creep, which are both strongly dependent on the
decomposition of the hydrate phases and the associated water transport [54,55]. Peters et al. [56] observed that the evolution of the
degree of C-S-H dehydration is in close agreement with experimentally determined evolution of LITS caused by creep-like C-S-H sliding
under compressive load. Thermally stable C-(A)-S-H found in CEM II/B-Q and CEM III/A paste might inhibit this effect, leading to
lower LITS and lower relaxation rates of thermally induced stresses. Hence, increasing the spalling susceptibility in blended cement
concrete made with those types of cement.

Furthermore, the thermal mismatch between the shrinking cement matrix and the expanding aggregates at elevated temperatures
(around 150 °C) is considered to be a key factor for explosive concrete spalling. The mismatch generates internal stresses that tend to
promote spalling. The shrinkage behavior of pure cement paste progresses through four distinct stages according to Koyama et al. [57]:
Initially, between 20 °C and 140 °C, shrinkage begins due to the evaporation of free water and the dehydration of AFt phases. This is
followed by a steady shrinkage phase from 140 °C to 300 °C, driven by the loss of interlayer water from the C-S-H gel. Between 300 °C
and 490 °C, shrinkage accelerates significantly due to further water loss. Finally, in the stabilization stage beyond 490 °C, C-S-H begins
to recrystallize, which reduces further contraction. In blended cement pastes, however, the composition of residual non-hydrated
phases varies considerably and should not be neglected. For example, the CEM II/B-Q cement examined in this study contains a
high proportion of quartz, which can be considered micro-aggregates. This introduces thermal incompatibility even at the binder level.
Quartz aggregates exhibit a particularly pronounced thermal mismatch, but similar effects are also observed with limestone and slag
aggregates [58]. The impact of these factors should not be overlooked when assessing the influence of cement type on explosive
spalling, especially when aiming for a comprehensive and holistic understanding.
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In the future, investigations based on the present results should take a closer look at the thermo-mechanical behavior of blended
cement concrete in order to verify or reject the hypotheses regarding the differences in LITS and the thermal mismatch between the
cement constituents mentioned above.
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Abstract

Recently, the construction industry has increasingly focused on the development of more
sustainable transport infrastructure, such as tunnels, driven by the growing use of clinker-
reduced cements. One major challenge in this context is fire exposure, which can lead to
severe structural damage through concrete spalling, thereby compromising the integrity
of the structure. To date, the fire-induced spalling behavior of blended cement concrete
remains insufficiently understood. This is particularly concerning, given the increasing
adoption of blended cements with reduced clinker content, which are expected to see
widespread use in the future. Consequently, a deeper understanding of how different
cement types influence spalling susceptibility is of great importance. A comprehensive
study was conducted to investigate spalling behavior and analyze the associated thermo-
hydraulic effects in concretes made with CEM I, CEM II/A-LL, CEM III/A, and CEM
II/B-Q. The findings revealed that the use of blended cements generally led to increased
spalling susceptibility, even in normal-strength concrete. Additional analysis indicated
that blended cement concretes exhibited lower permeability and higher moisture content,
both of which are likely contributors to the elevated spalling risk. Furthermore, the study
showed that moisture transport during heating closely follows the dehydration behavior
of the cementitious matrix. Blended cement pastes were found to contain lower quantities
of early-dehydrating AFt and AFm phases, as well as more thermally stable C-(A)-S-H
phases. Moreover, the incorporation of polypropylene fibers into the concrete mix effec-
tively mitigated spalling across all cement types. Therefore, demonstrating the continued
effectiveness of polypropylene fibers as a spalling prevention strategy.

Keywords Fire induced spalling - Blended cement - SCM - Moisture transport -
Dehydration - PP fibers

1 Introduction
The maintenance and expansion of transport infrastructure form the backbone of any econ-

omy. This applies not only to various types of transport routes and bridge structures but also
to tunnel systems. However, the rise in traffic volume, vehicle speeds, and the expanding
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size of tunnels also heightens the risk of tunnel fires [1]. These fires can have devastating
consequences due to the rapid heat development in such confined environments. Beyond the
threat to human life, tunnel fires can cause severe structural damage, primarily due to the
loss of reinforced concrete strength at elevated temperatures and the occurrence of spalling.
The latter results in the loss of the concrete cover, thereby exposing the steel reinforcement
directly to high temperatures. This exposure causes further significant strength degradation
and ultimately compromises the structural integrity of the tunnel. This not only leads to high
repair costs but also results in significant economic losses due to prolonged tunnel closures.

At the same time, the concrete industry is already responsible for approximately 6—7%
of global CO: emissions, with around 5% attributed to Portland cement production alone
[2]. As the demand for infrastructure continues to grow, more sustainable alternatives are
urgently needed to reduce the environmental impact of the construction sector. Roughly
two-thirds of the CO. emissions from Portland cement production stem from the decompo-
sition of limestone, a process that remains unavoidable, even in technologically optimized
cement plants. Consequently, reducing the clinker factor is considered one of the most effec-
tive strategies for producing greener cement [2]. This can be achieved by partially replacing
cement clinker with supplementary cementitious materials (SCMs) such as fly ash, blast
furnace slag, or limestone to create blended cements. However, the long-term availability
of fly ash and slag is uncertain, highlighting the need for viable alternatives. Calcined clays
show great promise in this regard due to their global abundance, excellent pozzolanic prop-
erties, and significantly lower CO: emissions during production [3].

With the increasing variety of SCMs and the growing use of blended cements in prac-
tice, understanding their behavior under fire exposure is of great importance to ensure the
continued safety and resilience of infrastructure. Against this background a comprehensive
study regarding the spalling behavior with subsequent analysis of the thermohydraulic influ-
ences was carried out (see Fig. 1). The work of this project included a detailed literature
review, in-depth fire spalling tests, investigations of the thermally induced moisture trans-
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port processes by hydrogen proton nuclear magnetic resonance ('H-NMR) relaxometry,
determination of gas permeability (GP) as well as the analysis of the pore structure by
mercury intrusion porosimeter (MIP). Moreover, decomposition and dehydration behavior
of hardened blended cement pastes were studied by X-ray diffraction (XRD) and thermal
gravimetric analysis (TGA).

2 State of the Art

The concept of a thermohydraulic spalling mechanism in concrete was first introduced by
Shorter and Harmathy in 1961 [4]. The authors stated that during fire exposure, the water
within the concrete begins to evaporate, initiating pressure-driven moisture migration both
towards the surface and deeper into the concrete element. Due to the temperature gradient
established across the cross-section, water vapor condenses in the cooler interior, form-
ing a saturated zone. As saturation increases, a so-called moisture clog develops, which
impedes further moisture transport and leads to a buildup of pore pressure. If this pressure
exceeds the tensile strength of the concrete, spalling occurs. However, the direct relation-
ship between pore pressure and spalling has not been conclusively verified, as accurate pore
pressure measurements during fire tests remain technically challenging. More recent stud-
ies suggest that the acceleration of concrete fragments may primarily influenced by initial
microcracking and the associated adiabatic expansion of superheated water [5].

In addition to the thermohydraulic mechanism, which according to Bazant may act pri-
marily as a trigger [6], thermomechanical mechanisms have also been identified as con-
tributing factors to explosive spalling. Two primary sources of thermomechanical stress
have been recognized. The first one deals with thermal mismatch between cement paste
and aggregates. At approximately 150 °C, cement paste tends to shrink, while aggregates
continue to expand [7]. This mismatch in thermal deformation induces internal stresses
that can lead to microcracking, thereby promoting explosive spalling. The second one is
based on restraint thermal dilations as the temperature gradient during fire exposure causes
differential thermal expansion within the concrete cross-section. When this expansion is
restrained by surrounding structural elements, compressive stresses develop parallel to the
heated surface. These, in turn, generate transverse tensile stresses. If these stresses exceed
the tensile strength of the concrete, spalling may occur [8, 9].

A commonly used mitigation strategy against spalling is the addition of Polypropylene
fibers (PP fibers) to the concrete mixture. During a fire scenario the PP fibers melt around
160 °C which allows water vapor to escape through empty fiber channels and the developed
microcrack network caused by the thermal expansion forces [10].

To understand the impact of blended cements on the fire-induced spalling behavior of
concrete, the current state of the art was thoroughly reviewed in our previous paper [11].
It can be briefly concluded that the type of cement can significantly influence spalling
behavior under fire exposure. Notably, the use of silica fume (SF) and metakaolin (MK)
increases spalling susceptibility, primarily due to the formation of a very dense microstruc-
ture. Conversely, high amounts of FA (> 25%) tend to reduce the risk of spalling, while
lower amounts show no consistent trend. For other supplementary cementitious materials
and cement types, no definitive conclusions could be drawn, as existing results are marked
by considerable uncertainty and contradiction. This is largely due to the limited number of
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Table 1 Concrete composition
Component [kg/m*] CEM1 CEM II/A-LL CEM III/A CEM II/B-Q

w/o PP with PP

w/o PP with PP

w/o PP with PP

w/o PP with PP

cement 420 420 420 420
water (w/c) 197 (0.47) 197 (0.47) 197 (0.47) 197 (0.47)
superplasticiser 0 1.5 0 34 0 2.1 2.5 5.0
PP fibers 0 2 0 2 0 2 0 2
quarzitic agg
0/2 mm 646 640 646 634 640 637 634 628
2/4 mm 153 152 153 150 152 151 150 149
4/8 mm 221 219 221 217 219 218 217 215
8/16 mm 679 675 679 668 679 669 666 661
Table 2 Slump flow of the fresh concrete
CEM 1 CEM II/A-LL CEM III/A CEM 1I/B-Q
w/o PP withPP  w/oPP withPP  w/oPP with PP w/oPP  with PP
slump flow [mm] 445 395 395 500 418 455 390 465

studies that employed well-defined spalling experiments with suitable testing and evalu-
ation protocols. Comparisons between different research groups were challenging due to
variations in experimental setups and evaluation criteria. Moreover, no particular results
regarding the influence of cement containing calcined clay existed up to this date even
though they are forecast to be the leading SCM of the future.

3 Experimental Investigations
3.1 Fire-Induced Spalling

In the next phase of the study, in-depth spalling tests were conducted to gain further insight
into the influence of blended cements on the spalling behavior of concrete. These tests and
evaluation methods followed the RILEM Recommendations of RILEM TC 256-SPF [12,
13]. The key findings are summarized below the complete description of the testing set up
and results can be found in [14].

Tunnel-grade normal strength concrete (NSC) was prepared using four different cement
types in accordance with DIN EN197-1 [15]: Ordinary Portland cement CEM I 42.5 N as
the reference, limestone cement CEM II/A-LL 42.5 N and slag cement CEM III/A 42.5 N
representing current practice, and calcined clay cement CEM II/B-Q 42.5 N reflecting future
trends. The exact chemical and mineralogical phase composition is reported in Pittrich et
al. [16]. The concrete mix had a water-to-cement ratio (w/c) of 0.47 and included quarzitic
aggregates. Although Eurocode 2 [17] does not prescribe specific measures against spalling
for NSC, an additional mix was prepared for each concrete composition containing 2 kg/
m? of PP fibers (1 = 6 mm; @ = 15.4 um) to evaluate their effectiveness in blended cement
systems. All concrete compositions are given in Table 1. Because the inclusion of PP fibers
significantly reduces concrete workability, higher amounts of superplasticizer were required
to maintain consistency comparable to the fiber-free mixes (see Table 2). The specimens
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were demolded one day after casting and subsequently placed under water for 6 more days,
afterwards the specimens were conditioned at (20 + 2) °C and (65 = 5) % RH until the day of
testing (> 90 d). A steel-ring restrained test setup, similar to that used by Klimek et al. [18]
based on the work of Ozawa et al. [19], was employed to simulate the behavior of a large-
scale concrete element under fire exposure. During the fire tests, the 8 mm thick steel ring
and the outer edge region of the specimen were kept thermally insulated. Thereby, the steel
ring restrains the thermal expansion of the heated concrete core. As a result, compressive
stresses developed perpendicular to the direction of fire exposure. The final test specimens
had a diameter of 51 cm and a height of 30 cm.

Fire testing was carried out using a 1 m3-furnace with two oil burners, applying the
Hydrocarbon (HC) fire curve for a duration of one hour. For each concrete composition
two tests were performed. During the experiment, video and audio recordings were made
to count the spalling events. Temperature measurements were taken using embedded Type
K thermocouples positioned at depths of 10, 20, 30, 50, and 100 mm in the center of the
specimen. The specimen’s topography was analyzed before and after the fire test with a
3D Laser scanner after all loose debris were removed. The scanners accuracy is specified
as 20 pum+35 pm/m, comprising a fixed base accuracy of 20 um and an additional error of
35 um per meter of measured length. Furthermore, the moisture content on the day of testing
was determined by drying two cylindrical specimens (h=30 cm; d=10 cm) from the same
production batch at 105 °C to constant mass. Constant mass was defined as a change in mass
of +0.1 wt.-% within 24 h.

The results presented in Fig. 2 indicate a significant increase in spalling susceptibility
across all types of blended cement concrete. In contrast, CEM I concrete exhibited mini-
mal damage, with only five recorded spalling events and an average spalled volume of 1.5
vol.-%. CEM II/A-LL and CEM III/A showed notably higher levels of deterioration, each
with an average of 83 and 111 spalling events and average spalled volumes of around 7
vol.-%. The most severe damage was observed in CEM II/B-Q concrete, which on average
experienced 176 spalling events with a spalled volume exceeding 9 vol.-%. Of particular
interest was the temperature development at a depth of 50 mm, where reinforcement layers
are typically located (see Fig. 3). While CEM I concrete maintained temperatures around
400 °C, significantly higher temperatures were recorded for the blended cements: ca. 600
°C for CEM III/A, 700 °C for CEM II/A-LL, and above 1000 °C for CEM II/B-Q. These
elevated temperatures are attributed to the absence of adequate concrete cover. Since tem-
peratures above 500 °C can lead to a substantial reduction in the strength of reinforcing
steel, this finding underscores the increased vulnerability of blended cement concretes under
fire exposure. The most likely cause of this occurrence is the increased moisture content in
blended cement concrete (see Fig. 2). Although these differences may seem minor, it was
demonstrated by Maier et al. [20] that even slight increases in moisture can significantly
raise spalling susceptibility. This critical finding must be carefully considered in the devel-
opment of more sustainable concrete formulations in future construction.

However, with the addition of PP fibers no spalling was recorded in any specimen, con-
cluding that the PP fibers are equally effective regardless of the cement type used. However,
Fig. 3 shows local surface uplifts of up to 5 mm occurred, which can be attributed to crack
formation within the specimens. Furthermore, it should be highlighted that the temperatures
in 50 mm depth were similar for every concrete type with a maximum temperature after
60 min of fire exposure of around 200 °C (see Fig. 3), protecting a potential reinforcement
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layer from direct flame exposure and consequent strength loss. Therefore, PP fibers remain
a successful mitigation strategy.

3.2 Moisture Transport Processes and Pore Structure

The thermally induced moisture transport was analyzed to understand the reasons behind
the different spalling behaviors found in the different types of blended cement concrete. 'H-
NMR relaxometry measurements were carried out before and after heating to obtain infor-
mation about the pore size specific moisture distribution and the corresponding development
of the moisture clog. The NMR-tomograph worked with a vertical resolution of 2 mm and
was equipped with a 52 mm diameter radio-frequency coil. To enhance the decay of the
transverse relaxation time (T2), a Carr—Purcell-Meiboom—Gill (CPMG) pulse sequence was
employed. The sequence used an echo time of 70 ps, generated 1429 echoes, and included
200 scans for each slice (for further details about the device see [21]). The inversion of
the recorded signal was conducted with NUCLEUS a Matlab tool developed by Hiller and
Costabel [22]. Additionally, supportive analysis in the form of GP and MIP measurements
were conducted to receive further knowledge on the pore structure and transport properties.
The main findings are presented below; further information and results can be found in [23].

The '"H-NMR relaxometry measurements were conducted on small scale concrete cyl-
inders cast in a Macor ceramic following the methodology of Stelzner et al. [24] for two
samples of each concrete. First, pore size specific moisture distribution was determined
before heating. Thereafter, the samples were exposed to one sided heating (10 K/min) until
a surface temperature of 300 °C was reached and held constant for 40 more mins. Then, the
samples were allowed to cool freely for 120 min and the pore size specific moisture distribu-
tion was determined again. It should be noted that measuring the moisture distribution in the
cooled state may not fully reflect its distribution during heating. This discrepancy can result
in deeper penetration of the drying front and less pronounced moisture clogging. Based on
the numerical analysis reported in [23] it can be estimated that the shift in depth and mois-
ture content between the end of heating and the measurement in the cooled state is within
10 mm and 1 vol.-%, respectively, for every concrete type. Nevertheless, the relative differ-
ences in drying behavior are still sufficiently accurately reflected in the measurements after
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cooling for the interpretation of the results. The temperature was recorded in accompanying
specimens of the same kind in depths of 5 mm, 10 mm, 20 mm, 30 mm, 50 mm and 70 mm.
In addition, the initial porosity was measured by means of MIP on small concrete fragments
after [25]. The gas permeability measurements were carried out with Ar gas following pres-
sure steps of 3,4 and 5 bar on accompanying cylindric samples (h =5 cm; @ = 5 cm) after
exposure to 20, 105, 150, 170 and 300 °C according to [26]. Thereafter, the intrinsic gas
permeability was determined after Klinkenberg [27].

The results in Fig. 4 clearly show a less pronounced initial drying gradient on the top and
bottom in CEM III/A and CEM II/B-Q accompanied with a higher average moisture content
of 13.4 and 13.2 vol.-% equal to 6.5 and 6.4 wt.-%. In comparison to 11.7 and 11.0 vol.-%
equal to 5.7 and 5.3 wt.-% in CEM I and CEM II/A-LL concrete. In general, all samples
have most of their water stored as gel pore water (dp,,, < 10 nm) and only minor fractions
in capillary pore water (dp,,, > 10 nm). While CEM I and CEM II/A-LL show a quite equal
moisture distribution, CEM III/A is exhibiting the most amount of capillary water and CEM
II/B-Q the most amount of gel pore water. After high-temperature exposure the drying front
and the subsequent appearance of the moisture clog were confirmed in every specimen. The
onset of the moisture clog was defined here as the intersection between the initial water
content prior to heating and the water content measured after heating. In particular, CEM
II/B-Q showed the overall deepest sitting moisture clog. In addition, reconfiguration of the
pore water from gel to capillary pores was recognized in all the samples leading to an over-
all increase in capillary pore water. In the area of the moisture clog the capillary pore water
was now even the dominate fraction, except for CEM II-B-Q sample where the capillary
pore water content never exceeds the gel pore water content. The effect of the PP fibers was
noticeably detectable during the NMR measurements shown in Fig. 4. The results showed a
slightly decreased moisture content in the PP fibers mixes in the initial state. After one-sided
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heating, all concretes showed a more advanced drying front with comparable drying gradi-
ents. Despite the fibers, the moisture clog was still detected within every sample at similar
depths. This indicates that the transport properties in every type of concrete became equal
with fiber addition at elevated temperatures and the cement type specific differences almost
disappeared completely. A direct comparison between the 1D moisture profiles after heating
for concrete with and without PP fibers is provided in Fig. 5.

The gas permeability measurements (see Fig. 6a) showed a higher initial permeability for
CEM I concrete in comparison to blended cement concrete, with increasing temperature the
permeability in all samples increased. However, at temperatures above 105 °C CEM III/A
and CEM II/B-Q experienced a steeper permeability increase in comparison to CEM I and
CEM II/A-LL. Therefore, the initial differences between CEM I and CEM III/A or CEM

@ Springer



158 Page 10 of 20 Fire Technology (2026) 62:158

II/B-Q concrete became less pronounced and ultimately vanished at 300 °C. This indicates
that the permeability differences at elevated temperatures between these types of concrete
are much smaller than in the initial state and therefore suggesting that the permeability
alone might not be the only driving force responsible for the thermally induced moisture
transport. The effectiveness of PP fibers is also visible in the development of permeability,
where after exceeding temperatures of 105 °C the permeability suddenly increases to the
same level in every type of concrete. Interestingly, the main permeability increase occurs at
temperatures below the fiber melt starting at 150 °C, which has also been observed in other
studies [28, 29].

The MIP results (Fig. 6b) showed a similar picture for CEM I and CEM II/A-LL concrete
with equal pore size distributions. The CEM II/B-Q sample showed a similar course but
more gel pores and less capillary pores. CEM III/A sample exhibited the lowest number of
capillary pores over 30 nm but the highest number of small capillary and gel pores below
this size. No major differences in the pore size distribution above 200 nm were recognized.
The MIP measurements in PP fiber mixtures showed a slight increase in porosity and an
overall pore coarsening effect in the initial state, however, the pore coarsening seemingly
did not increase the initial permeability of PP fiber concrete.

3.3 Thermal Phase Decomposition

The 'H-NMR measurements revealed that differences in moisture distribution cannot be
attributed solely to variations in permeability. This is particularly evident in CEM III/A
and CEM II/B-Q concretes, which, despite having similar initial moisture contents and per-
meabilities, exhibit markedly different moisture profiles after heating. These findings sug-
gest that moisture distribution is strongly influenced by the decomposition and dehydration
behavior of the respective cementitious pastes.

To investigate this further, the mineral phase composition and dehydration behavior were
analyzed using XRD and TGA on hardened cement paste samples published in [16]. For the
XRD analysis, nearly cubic specimens (ca. 4 x 4 x 4 cm?) were heated with 2 K/min to 105
°C, 300 °C, and 500 °C and held for 48 h. After heating, the samples were sealed in plastic
foil and stored in a desiccator to prevent rehydration. Subsequently, the samples were bro-
ken, immersed in isopropanol, and ground into a fine powder using a McCrone mill. The
measurements were performed using a Bruker D8 DaVinci device using Cu Ka radiation
and a step width of 0.05° per second, covering a range from 5° to 80°. The obtained data was
quantitatively evaluated by Rietveld refinement using TOPAS V7.0 software.

Figure 7 presents the phase composition before and after thermal exposure. Significant
initial differences were observed. CEM I exhibited the highest content of AFt (Ettringite)
and AFm phases (hemicarboaluminate, monocarboaluminate and monosulfoaluminate),
approximately 11.6 wt.-%, whereas CEM II/A-LL, CEM III/A, and CEM II/B-Q showed
contents between 8.5 and 9.0 wt.-%, respectively. Additionally, CEM I and CEM II/A-LL
contained higher amounts of C-(A)-S-H and portlandite compared to CEM III/A and CEM
II/B-Q. These differences are attributed to the lower Portland cement clinker content in
the latter cements, resulting in reduced hydrate formation. Moreover, the pozzolanic reac-
tion leads to the formation of C-(A)-S-H at the expense of portlandite. Calcium carbonate
was detected in all samples, with particularly high quantities in CEM II/A-LL as expected.
However, comparable amounts were also found in the other specimens. The presence of
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Fig. 7 Phase composition of the different hardened cement pastes after exposure to 20, 105, 300 and
500 °C determined by XRD Rietveld Analysis

significant quantities of vaterite suggests carbonation, especially in CEM III/A and CEM
II/B-Q pastes, likely due to their lower portlandite contents [30, 31]. Furthermore, larger
fractions of quartz were identified in the CEM II/B-Q sample which are a byproduct of
calcined clay. Upon heating to 105 °C, decomposition of AFt phases was observed in all
samples. Increasing the temperature to 300 °C led to further decomposition of AFm phases.
In CEM I and CEM II/A-LL, C-(A)-S-H underwent significant decomposition at 300 °C and
was nearly completely decomposed at 500 °C. In contrast, the C-(A)-S-H phases in CEM
ITII/A and CEM II/B-Q remained largely stable up to 300 °C, with substantial decomposi-
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tion only occurring at 500 °C. This indicates a higher thermal stability of the main hydrate
phases in these cements. The dihydroxylation of C-(A)-S-H is primarily responsible for
the increased amorphous content observed after exposure to 500 °C. Portlandite was still
detectable even after heating to 500 °C, although its characteristic peaks in the XRD pat-
terns showed reduced intensity and increased width, indicating a loss of crystallinity due to
dehydration rather than complete structural degradation. This observation aligns with find-
ings reported in the literature [32].

The TGA results presented in Fig. 8 were obtained using a Mettler Toledo instrument
under nitrogen atmosphere, with a heating rate of 10 K/min up to 1000 °C. Due to the solvent
exchange during sample preparation, no free evaporable water remained in the specimens.

The results indicate that CEM I exhibited the most pronounced mass loss associated with
the decomposition of AFt and AFm phases within the temperature range of 70 to 200 °C,
which is consistent with the XRD findings. In the case of CEM II/B-Q, a significant mass
loss was attributed to the decomposition of AFm phases, most likely monocarboalumi-
nate. CEM III/A showed the least mass loss overall, supporting the hypothesis that its main
hydrate phase, C-(A)-S-H, is thermally more stable. Up to 300 °C, the highest mass loss
was observed in CEM 1, followed by CEM II/A-LL, CEM II/B-Q, and finally CEM III/A.
Beyond 300 °C, the decomposition of portlandite was detected, with the highest contents
found in CEM I and CEM II/A-LL, again in agreement with the XRD results. Starting at
approximately 500 °C, the decomposition of calcium carbonate was observed, continuing
up to around 760 °C. Notably, a two-stage decomposition process was identified: the first
peak corresponds to the breakdown of amorphous and poorly crystalline vaterite, while the
second peak represents the decomposition of calcite. The highest relative mass loss in this
temperature range was recorded for CEM II/A-LL, due to its initially high calcite content.
Pozzolanic and latent hydraulic binders also exhibited significant mass loss, attributed to
carbonation and subsequent decomposition of calcium carbonate phases.
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Fig. 8 a Dehydration behavior of the different cement pastes b comparison between mass loss in cement
paste (TGA) and the drying behavior after one sided heating ("H-NMR) showing the same sequence of
mass loss up to 300 °C (10 K/min)

@ Springer



Fire Technology (2026) 62:158 Page 130f20 158

A comparison between the TGA and '"H-NMR moisture profiles recorded after heating
show the same sequence of mass loss and drying, respectively (see Fig. 8). This shows
that the thermally induced moisture distribution and the development of the drying front
plus moisture clog is highly dependent from the dehydration behavior of the cementitious
matrix. Concluding that the permeability alone is not sufficient to describe the moisture
transport in concrete.

4 Discussion

The results of this study clearly demonstrate that the type of cement significantly influences
the spalling behavior of concrete. The lowest spalling susceptibility was observed in CEM
I concrete, which can be attributed to its high permeability, low moisture content, and effi-
cient water release during high-temperature exposure. This combination results in a reduced
amount of energy stored in the form of hot water, allowing much of it to escape early during
a fire event. Although CEM III/A and CEM II/B-Q concretes exhibit similar permeability to
CEM I at elevated temperatures, this factor appears to play a minor role. TGA indicates that
the majority of water is released between 50 °C and 170 °C, suggesting that permeability
at lower temperatures is more critical for effective water release. In CEM III/A and CEM
II/B-Q concretes, higher initial moisture content and restricted evaporation lead to greater
energy availability, thereby increasing the risk of spalling. CEM II/A-LL concrete, which
shows the lowest permeability across the entire temperature range, also presents a potential
spalling risk. However, its moisture distribution and dehydration behavior closely resemble
those of CEM I, indicating that transport properties may be more influential than moisture
content alone.

Nevertheless, the results are consistent with current findings regarding spalling mecha-
nisms proposed by Yarmohammadian and Felicetti [33], which emphasize the importance
of sufficient thermal energy and water during crack initiation for the severity of spalling. A
coherent representation of the conducted investigations normalized over the sample depth
of the one-sided heated cylinders is given in Fig. 9. Here it can be distinguished between
a dry, moist and saturated zone (‘’moisture clog”). The dry zone refers to the region up
to the point where moisture content begins to rise sharply, marking the start of the moist
zone. This moist zone extends until the onset of the moisture clog, which is defined as the
intersection between the water content after heating with the initial state before heating.
The measured temperature distribution within the specimens is consistent across all cement
types. Therefore, it can be stated that there are no significant differences in thermal conduc-
tivity or heat capacity among the different concrete types, which may influence spalling.
Nevertheless, due to reduced dehydration and lower permeability, blended cement concrete
retains higher water content in the moist zone prior to the beginning of the moisture clog
developed at temperatures between 150 and 230 °C. This fits well with the fire tests in which
spalling began to occur at concrete temperatures between 170 and 240 °C [14]. Therefore,
it can be concluded that the greater amount of available thermal energy in the form of hot
water in concrete made with blended cements, significantly increases the risk of explosive
spalling. In concretes containing PP fibers, the drying zone extends deeper due to increased
permeability. As a result, the moist zone becomes thinner and shifts further inward, where
lower temperatures prevail. Due to the uniformly increased permeability across all con-

@ Springer



158 Page 14 of 20 Fire Technology (2026) 62:158

a) without PP-Fibers | | b) with PP Fibers

saturated saturated

| moisture clog”) | dry Im0|st (,moisture clog*)

dry moist

cement paste

Norm. weight loss [wt.-%)]
3 & &

gas permeability [m?]
&

concrete

Detc. water content [wt.-%] Norm

Temperature [°C]

0 20 40 60 80 100 0 20 40 60 80 100
Sample depth [mm] Sample depth [mm]

Legend

CEM| == CEM IV/A-LL (1) TGA (weight loss): AT/At = 10 K/min

CEM II/A CEM II/B-Q

Cement type specific moisture clog on-set
— = CEM| = = CEM I/A-LL (3 Moisture Profile: AT/At = 10 K/min

@ Gas permeability: AT/At = 1 K/min

== == CEMIII/A = = CEM II/B-Q @ Temperature profile: AT/At = 10 K/min
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length in different types of concrete a without PP fibers; b with PP fibers
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crete types, moisture differences become much smaller and almost disappear. Although
the drying sequence is influenced by permeability, it still matches the sequence of weight
loss in the cement paste, as phase decomposition occurs independently of permeability.
Because moisture availability is now significantly reduced in areas with lower temperatures
(approximately 125-175 °C), spalling no longer occurs, as insufficient thermal energy can
accumulate to cause damage. It should be noted that the temperature profiles presented in
Fig. 9 were only measured in concrete without PP fibers but previous investigations with
the same test set-up showed that the influence of PP fibers on the temperature development
is neglectable [34].

The presented results show clearly why blended cement concrete is more prone to spall-
ing than conventional concrete. However, the differences in spalling susceptibility between
the single blended cement concrete types are still not fully understood.

Interestingly, CEM II/B-Q concrete exhibited the most severe spalling, despite behav-
ing similarly to CEM III/A in many respects. The temperature measurements showed no
significant differences, indicating that the thermal conductivity and heat capacity of the
investigated materials are comparable. With similar temperature evolution and distribution
during heating, no significant differences in dehydration kinetics are expected as shown by
the TGA and XRD data. This suggests that additional thermohydraulic or thermomechanical
factors must be contributing. Notably, CEM II/B-Q concrete contained significantly more
gel pore water compared to the other mixes. This raises the question of whether pore size
distribution influences pore pressure. First indications in this direction are given by Jiang et
al. [35] who found that pore pressure increases with decreasing porosity and pore radius in
unsaturated pores, potentially explaining the heightened spalling in CEM II/B-Q concrete.

In addition to thermohydraulic effects, potential thermomechanical contributions may
also be responsible for the observed differences in spalling behavior. Since the majority
of the concrete volume consists of aggregates, it can be assumed that no significant differ-
ences arise in terms of the stresses caused by restrained thermal expansion for the tested
concretes with different cements. Furthermore, as the stiffness of concrete is largely gov-
erned by the aggregates too, the effects of the cement paste dehydration can be considered
minor as described by Peters et al. [36]. Nevertheless, mineralogical differences may also
contribute to the observed behavior through other underlying mechanisms. The enhanced
thermal stability of C-(A)-S-H phases in CEM II/B-Q and CEM III/A could alter thermome-
chanical responses, particularly regarding load-induced thermal strains (LITS). In restrained
concrete structures, LITS can be beneficial, as they develop in the direction of the applied
load and help reduce compressive stresses caused by restrained thermal expansion [37],
potentially lowering the risk of spalling. LITS primarily result from thermal transient creep
and drying creep, both of which are closely linked to the decomposition of hydrate phases
and associated water transport [38, 39]. Peters et al. [36] observed that the progression
of C-S-H dehydration closely aligns with the development of LITS, attributed to creep-
like sliding of C-S-H under compressive stress. However, the thermally stable C-(A)-S-H
phases in CEM II/B-Q and CEM III/A may inhibit this sliding, leading to reduced LITS and
lower stress relaxation, ultimately increasing spalling susceptibility. In addition to LITS,
the differing dehydration behavior of the cement types may influence the thermal mismatch
between the shrinking hardened cement paste and the expanding aggregates during heating.
Koyama et al. [40] describe the shrinkage behavior of pure cement paste as a sequence of
four characteristic stages. In the initial stage (20 °C to 140 °C), shrinkage is triggered by
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the evaporation of free water and the decomposition of AFt phases. This is followed by
a more moderate shrinkage regime between 140 °C and 300 °C, mainly governed by the
release of interlayer water from the C—S—H structure. Beyond this range, from 300 °C to 490
°C, shrinkage intensifies markedly due to continued dehydration of C-S-H and especially
portlandite. Based on the presented TGA and XRD results, it can be assumed that hardened
cement paste of CEM I exhibits more pronounced shrinkage than the blended cements, as it
contains higher amounts of AFt and AFm phases as well as portlandite, all of which signifi-
cantly contribute to shrinkage. However, spalling was least pronounced for CEM 1, indicat-
ing that, in this case, the effect of shrinkage and thermal mismatch does not appear to be a
dominant factor. Nonetheless, in addition to the hydration phases, the residual mineralogical
composition of the cementitious matrix should not be disregarded, as it may lead to ther-
mal mismatch between hydrate and non-hydrate phases at the binder scale. XRD analysis
revealed high quartz content in CEM II/B-Q concrete, which acts in a further sense as very
fine aggregate. The thermal mismatch between the cement paste and quartz can generate
internal stresses that promote spalling. This mismatch is particularly pronounced for quartz
but also applies to limestone and unreacted slag, which are present in significant quantities
in CEM II/A-LL and CEM III/A, potentially further increasing the risk of explosive spalling
in comparison to CEM I concrete.

The addition of 2 kg/m? of PP fibers effectively prevented spalling in all concrete types,
primarily due to the uniform increase in permeability at elevated temperatures. This dem-
onstrates that a viable solution to the heightened spalling risk in blended cement concretes
already exists, albeit at the expense of reduced workability in the fresh concrete state. For
concrete with CEM I, omitting PP fibers may be considered to preserve workability. This is
supported by the apparently sufficient permeability, which results in only minimal spalling
and moderate temperature increases within the structural member due to adequate concrete
cover. Due to the low permeability of blended cement concretes, severe spalling occurs,
resulting in significant temperature increases endangering the structural integrity of the
component. Consequently, the incorporation of PP fibers is necessary to provide sufficient
permeability and enable reliable moisture release to avoid spalling during fire exposure.
However, further investigations are required to assess whether the same fiber dosage with
larger diameters (e.g., d = 32 pum), resulting in a lower number of fibers at the same volu-
metric content, or reduced fiber dosages, can provide sufficient protection while minimiz-
ing the negative impact on workability. If this is not the case with conventional fibers, the
next step could be the introduction of altered PP fibers, which are known to be much more
effective [41]. As these aspects were not investigated in this study, no definitive recommen-
dations regarding fiber size, dosage and type can be provided at this stage. However, these
considerations are particularly relevant for the use of calcined clay cement, which further
compromise workability. Therefore, combining PP fibers with calcined clays may present
significant practical challenges for concrete technology.

The findings of this study highlight that the use of blended cements in applications where
fire protection is of paramount importance should be carefully evaluated, even in NSC. At
present, Eurocode 2 does not provide provisions addressing the use of blended cements in
relation to fire-induced spalling. However, further comprehensive and in-depth research
is required to fully understand the influence of cement type and to establish well-founded
regulations.
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5 Conclusion

This research project investigated the impact of blended cements on the spalling behavior
of normal strength concrete. The study included a comprehensive literature review, spalling
experiments, and the characterization of moisture distribution, transport mechanisms, and
dehydration behavior of various cement pastes. The following conclusions were drawn:

e State of the art: The literature review of the current state of the art revealed that ce-
ment type significantly influences the spalling susceptibility of concrete. However, the
number of studies featuring well-defined testing procedures and comprehensive mate-
rial characterization still remains limited. Moreover, comparisons between different re-
search groups proved to be challenging due to the lack of standardized testing protocols.
As a result, clear trends could only be identified for SF, MK, and high volumes of FA
(>25%). While SF and MK tend to increase spalling susceptibility, high-volume FA
appears to reduce it.

e Spalling Susceptibility: The use of CEM II/A-LL, CEM III/A, and particularly CEM
II/B-Q increased the spalling susceptibility. This is attributed to higher water retention
at elevated temperatures, resulting from high initial moisture contents, reduced perme-
ability and a more thermally stable cementitious matrix in blended cement concretes.
Thus, the amount of available energy in the form of hot water increases in the area
ahead of the moisture clog at temperatures where spalling occurred (170-240 °C). The
differences in spalling behavior among the individual blended cements are not yet fully
understood. Potential influencing factors include pore-size-specific moisture distribu-
tion and the specific mineral phase composition, which may affect thermomechanical
properties. The increased tendency for spalling in concretes with lower clinker content,
despite their environmental benefits, must be carefully considered in future construction
practices, especially in tunnel construction.

o Effectiveness of PP Fibers: The incorporation of 2 kg/m?® of PP fibers effectively pre-
vented explosive spalling across all cement types. Therefore, sufficient concrete cover
remained to protect a potential reinforcement layer from direct flame exposure and con-
sequent strength loss. PP fibers thus remain a reliable mitigation strategy. However,
further research is needed to determine whether lower fiber dosages could be sufficient,
especially in systems containing calcined clay, where higher fiber content adversely af-
fects workability.
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