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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-

Analysis of thermohydraulic spalling in blended cement concrete

1 Review of the current state of the art
« Identification of knowledge gaps and research opportunities |
2 Investigation of fire- 3 igation of moi t port p 4 Investigation of thermal phase
induced spalling and pore structure decomposition
Concrete Concrete Hardened cement paste
wlo PP fibers | +PP fibers Moisture | Permeability Porosity Phase analysis Dehydration
before & after heating before heating before & after heating during heating
)
TR
- Bl | (Y |-
W | B
23] L
TH-NMR GP MIP XRD TGA
Fire test « Specimen: « Specimen: « Specimen: o Spepin_len: powder *Specimen: pow_/vder
. ) h=10cm; h=5cm; mm-sized + Radiation: CuK a 1 «AT/At: 10 K/min
’ f‘p_e e IS @=50m @=5cm |- Temp:RT - 20range:5°-80° | T, 1000 °C
. St_ ’ Al t_ ° Zm « AT/At: 10 K/min | « Temp. steps: « Temp. steps: RT,
teel-ring restraine «T -300°C RT, 105, 150, 105, 300 & 500 °C
« Fire curve: HC (1h) max 17(’) &300 ,C’
« Furnace: Oil-burner

Fig. 1 Research program

@ Springer



Fire Technology (2026) 62:158 Page30f20 158

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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Fig.3 Temperature development in 50 mm depth in the different concretes with and without PP fibers dur-
ing fire exposure (left) and difference of the surface height distribution of the PP fiber-reinforced concrete
specimens after fire exposure (right)

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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Fig. 4 1D moisture profiles with average pore size specific moisture distribution before and after one-
sided heating a without PP fibers; b with PP fibers
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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
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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.

a)100 000 b) o 90
: 264
95 20 216
90+ _E 177 &
- ok o,
2 2 1
E. 851 Ettringite i; _g). \/ 130 g
n = o
S g | O3 60 ]
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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)
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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-
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Fig. 9 Coherent representation of the investigations carried out with regard to dehydration behavior, gas
permeability, moisture distribution, and temperature distribution after 70 min normalized over the sample
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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