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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
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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
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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
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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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Fig. 9 Time-dependent moisture distribution during heating and cooling obtained by the numerical analysis a 30 min; b 50 min; ¢
70 min; d 120 min. Dashed lines indicate the initial water content of the corresponding concrete composition

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-
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Fig. 10 Estimation of surface relaxivity p, by matching MIP and "H-NMR relaxometry results a PC; b LC; ¢ SC; d CC

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.
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