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 A B S T R A C T

A comprehensive analysis aimed at understanding and assessing the high-temperature behavior of concretes 
containing blended cements (CEM III/A, CEM II/B-Q, and CEM IV), characterized by low carbon-dioxide 
emissions (during clinker’s production) is necessary to reliably model the damage in the concrete, thermal 
spalling included. To this purpose, a numerical chemo-thermo-hygro-mechanical model is formulated, to 
investigate – among other phenomena – heat transmission and pore pressure for different aggregate types.

Based on an available hydration model, a dehydration model is established to numerically investigate 
the evolution of dehydration and porosity at elevated temperatures. Based on the properties of concrete and 
cement constituents on multiple scales, an analytical homogenization process is proposed to predict the thermal 
conductivity of the concrete. This process is later validated and implemented into a macroscopic modeling 
framework.

Chemo-thermo-hygro-mechanical analyses show that the dehydration characteristics of blended low carbon-
dioxide release cements may increase pore pressure in the concrete by up to 13% compared to the concrete 
containing ordinary Portland cement. In addition, aggregates exhibiting high thermal conductivity may 
contribute to a further increase (even more than 35%) in pore pressure compared to aggregates with low 
thermal conductivity.

Last but not least, the proposed model provides the basis for the reduction of the number of the parameters 
commonly required in the chemo-thermo-hygro-mechanical modeling of cementitious materials.
. Introduction

To mitigate the significant CO2 emissions associated with cement 
roduction, which account for approximately 5%–7% of global emis-
ions [1], construction industry developed blended Portland cements, 
uch as limestone calcined clay cement [2]. However, concretes con-
aining CO2-reduced cements exhibit an increased vulnerability to ex-
losive spalling and a different degradation behavior at elevated tem-
eratures [3–6] in comparison to ordinary Portland cements, while a 
onclusive scientific answer to the underlying physical origin does not 
eem to be available yet.
This phenomenon of explosive spalling results from the complex 

nteraction of thermo-hygro-mechanical processes and remains not fully 
nderstood [7]. Key factors include stress from thermal expansion due 
o gradients [8] and boundary constraints [9], see Fig.  1(b) as well as 
ncreased pore pressure from water evaporation [10,11], see Fig.  1(a)
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The actual contribution of these two of the thermo-hydraulic and 
the thermo-mechanical mechanism is still under debate [13]. For in-
stance, systematic experimental analyses [14] demonstrated that in 
high-performance concrete, only 25% of the generated pore pressure 
translates into effective tensile stress. On the other hand, [15] shows 
that the thermo-mechanical self-induced stresses of uniformly heated 
concrete cylinders, are significantly relaxed by load-induced thermal 
strains, see [16] for further details. This highlights the growing need for 
robust methods to understand, analyze, and assess concretes containing 
CO2-reduced cements at elevated temperatures.

For predicting the degradation of concrete structures and the risk of 
explosive spalling at elevated temperatures, pore pressures and thermal 
stresses have been widely recognized as main factors [17]. To quantify 
these influencing factors individually, sophisticated coupled models 
have been developed over the last decades.
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Fig. 1. Schematic illustration of the two main mechanisms inducing spalling: (a) Pore pressure [10] and (b) thermal stress [12].
A phenomenological model based on Luikov’s theory [18] was 
proposed in [17,19], simplifying moisture flux as a single-phase sys-
tem (liquid water and moist air). It includes empirical relationships 
for desorption isotherms, permeability, and porosity changes due to 
dehydration but neglects vapor diffusion and adsorbed water. Phase 
changes influence thermal capacity, but convective flux is not consid-
ered. In [20,21] a multiphase porous material model using classical 
irreversible thermodynamics (CIT) is proposed, distinguishing liquid 
water and gas but treating the gas as a single phase, ignoring vapor 
diffusion effects. The dehydration process is not considered in this 
model. A heat and moisture transfer model incorporating temperature-
dependent gel and chemically bound water release is proposed in [22]. 
It includes pressure-driven flow (Darcy’s law) and diffusion-based flow 
(Fick’s law), but neglects convection, phase change energy effects, and 
dehydration heat sources. A multiphase model based on irreversible 
thermodynamics proposed in [23,24], distinguishing liquid water, va-
por, and dry air. It captures key processes such as advection, diffusion, 
phase changes, conduction, and convection. This model is extended 
in [25] by incorporating capillary pressure and adsorbed water trans-
port. In [26] this model is further extended with a more rigorous 
formulation to describe water retention curves (sorption isotherms) as a 
function of temperature based on the evolution of physical parameters. 
A macroscopic model for rapidly heated concrete, explicitly accounting 
for dehydration and chemo-mechanical and chemo-thermal couplings, 
is provided in [27,28]. It described thermal decohesion as chemo-
plastic softening but does not explicitly consider the porous nature of 
concrete or the individual fluid phases. A two-fluid-phase model based 
on Luikov’s approach is proposed in [29], solving three differential 
equations for heat and mass transfer of the gaseous and liquid phases. 
A comprehensive model incorporating most key physical processes 
and their interactions at high temperatures is presented and extended 
in [13,30–32], see e.g. [33] for a more detailed overview of the models 
above.

The majority of these models require a large number of phenomeno-
logical parameters which, at least partially, cannot be directly cal-
ibrated. Furthermore, phenomenological models do not necessarily 
provide insight into all relevant fundamental physical or chemical 
mechanisms of the underlying processes, thereby limiting their validity 
and interpretation. For instance, an experimentally determined evolu-
tion of the thermal conductivity of concrete at elevated temperatures 
hardly allows to quantify the various contributions. Also, the formula-
tion of the phenomenological parameters has only a limited validity, 
in so hampering the predictions of untested concrete compositions. For 
instance, if the aggregate type changes, recalibration of the thermal 
conductivity and stiffness degradation of the concrete may be required, 
leading to costly experimental procedures.
2 
Physically motivated micromechanical models pave the way to 
overcome the drawbacks of phenomenological modeling.[34] demon-
strates that an Eshelby-based homogenization [35,36] model accurately 
predicts the thermal conductivity of hardened cement paste at ambient 
temperatures, generated on the basis of a hydration model (Virtual 
Cement and Concrete Testing Laboratory VCCTL) to determine the 
initial volume fractions of the cement paste constituents. This frame-
work is extended to concrete in [37], implementing the concept of 
interfacial thermal resistance [38] to represent the interfacial transition 
zones (ITZ) in the homogenization procedure. Investigations by [39,
40] demonstrate that the shape of the inclusions (aggregates) can 
be neglected in the homogenization procedure to predict the thermal 
conductivity. In a sensitivity study, [41] investigates the influence of 
the saturation degree, water to cement ratio, type and the volume 
fraction of aggregates. Recent studies [42] proposed an Eshelby-based 
framework for the thermal conductivity of concrete at elevated tem-
peratures. Within this framework, however, the chemically induced 
porosity increase of the hardened cement paste at elevated tempera-
tures is treated as a phenomenological quantity. Recently, [6] proposed 
a micromechanical model based on the cement composition, capturing 
the porosity increase [43,44], water release [45] and stiffness evolution 
of blended hardened cement paste at elevated temperatures.

In this paper, Eshelby-based homogenization procedures are con-
nected with a macroscopic chemo-hygro-thermo-mechanical (CHTM) 
framework. This approach allows to associate the cement composition 
directly with the water release,  the pore space evolution, thermal con-
ductivity, and Young’s modulus of hardened cement paste at elevated 
temperatures. This significantly reduces the number of phenomenolog-
ical parameters of the CHTM model. A primary objective of this study 
is to quantify the development of pore pressure in concrete exposed 
to elevated temperatures, specifically for concretes incorporating CO2-
reduced blended Portland cements with low carbon emissions – namely 
CEM II/B-Q (with calcined clay), CEM III/A (with blast furnace slag), 
and CEM IV (with metakaolin and limestone) – and to compare these 
results with those of concrete produced using ordinary Portland cement 
(OPC). Additionally, the study aims to assess the influence of different 
aggregate types on the resulting temperature and pore pressure profiles.

The paper is organized as follows. Section 2 provides a brief
overview of the CHTM multiscale approach, including the hydration 
and dehydration models employed within an Eshelby-based framework. 
Section 3 presents the successive validation study of the proposed 
multiscale model for thermal conductivity across scales, encompassing 
cement paste, mortar, and concrete, under both ambient and elevated 
temperature conditions. In Section 4 the macroscopic multiphysics 
model is briefly described and validated with a generally excepted 
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Fig. 2. Schematic illustration of the coupled multiscale chemo-thermo-hygro-mechanical model for concrete subjected to elevated temperatures. The left hand side refers to the 
generation of initial material parameters for concrete at ambient temperatures, and the right hand side to the dehydration analysis at elevated temperatures.
benchmark problem. Section 5 showcases two application examples of 
the CHTM multiscale model, while Section 6 offers an outlook, propos-
ing four potential research directions for future work. The summary and 
conclusions are provided in Section 7. Finally, the Appendix contains 
all constitutive laws, parametric relationships, and material parameters 
utilized in the macroscopic multiphysics model.

2. Chemo-thermo-hygro-mechanical multiscale model

The CHTM Eshelby-based continuum micromechanics model, con-
sists of two components (see Fig.  2). In the first component (left side of 
Fig.  2), the concrete properties at ambient temperatures are computed. 
This data is used in the second component (denoted in Fig.  2 as CHTM 
Analysis) to compute the evolution and distribution of the temperature, 
pore pressure, capillary pressures and deformations during exposure 
of concrete to high temperatures, see [46] for a discussion about the 
choice of state variables.

The input properties at ambient temperatures are calculated as 
follows. Based on the specific cement composition, sealing conditions 
and water to cement ratio a hydration model is utilized to predict 
the volume fractions of the hardened cement paste constituents and 
porosity at arbitrary time after casting, typically after 28 or 90 days, 
(see Section 2.1). Taking the initial volume fractions and porosity of 
the hardened cement paste constituents as input data, Eshelby-based 
homogenization procedures are applied to calculate the macroscopic 
stiffness [6] and the thermal conductivity of the hardened cement paste 
composite. Based on the cement paste properties (thermal conductivity 
and stiffness) and the specific concrete composition (aggregate type 
and cement/sand/aggregate ratio) an Eshelby-based homogenization 
procedure is used to calculate the thermal conductivity and stiffness 
of concrete.

For the second model component, the CHTM model, the homoge-
nized thermal conductivity, stiffness and the initial volume fractions of 
the constituents are used as input. This macroscopic, transient chemo-
thermo-hygro-mechanical model for concrete at elevated temperatures 
described in Section 4 determines the temperature, pore pressure, 
capillary pressure and the deformations using the finite element method 
on the macroscopic scale. The individual dehydration characteristics of 
each hardened cement paste constituent are accounted for by evolu-
tion equations, driving the water release and porosity increase during 
the simulation, see Section 2.2. The temporal evolution of the mate-
rial’s properties requires their values to updated at each step, utilizing 
Eshelby-based homogenization methods, see Sections 2.2 and 2.3.

2.1. Hydration model

The volume fractions of the individual constituents in the hardened 
cement paste are rarely reported in investigations of concrete at ele-
vated temperatures. Commonly, only oxide analysis, i.e. weights of all 
individual initial molecules, are provided for the cement, which paves 
3 
Table 1
Initial volume fractions f𝑖 of the investigated hardened blended cement pastes.
 Phase CEM I CEM II/B-Q CEM III/A CEM IV 
 CSH 0.487 0.462 0.511 0.509  
 CH 0.204 0.142 0.161 0  
 AFm 0.057 0.182 0.142 0.2782  
 AFt 0 0.021 0.001 0.002  
 TCA 0.037 0.031 0.020 0.029  
 Pores 0.148 0.135 0.139 0.131  
 Rest 0.067 0.027 0.026 0.051  

the way for hydration models to calculate the initial volume fractions of 
the hardened cement paste composite. Hydration models are available 
online, e.g. CemGEMS web app [47] developed by the international 
Nanocem consortium, PHREEQQC [48] by the U.S. Geological Survey, 
CEMHYD3D [49] or the VCCTL Software by the National Institute of 
Standards and Technology (NIST). In the forthcoming analyses, OPC, 
CEM II/B-Q, CEM III/A, and CEM IV will be numerically investigated. 
To this end, the CemGEMS web application was utilized since the un-
derlying models have been calibrated experimentally for these specific 
blended cement compositions. All initial volume fractions of hydration 
products are summarized in Table  1.

2.2. Dehydration model

Hardened cement paste undergoes dehydration when exposed to 
elevated temperatures. Variations in the cement paste composition 
lead to individual molecular phases and volume fractions within the 
hardened cement paste. These composition-related differences can sig-
nificantly influence the overall dehydration behavior. In the proposed 
computational framework, the dehydration behavior for blended ce-
ments is represented by the model proposed by Peters and Meschke 
and briefly discussed in the following.

The cornerstones of the dehydration model are the individual de-
hydration processes for each cement paste constituent, namely CSH, 
CH, AFt, AFm, TCA,1 which are represented by an Arrhenius law and 
reaction equations. Building on each reaction equation, the overall 
water release is calculated by comparing the molar mass of the reactant 
with the molar mass of the released water molecules. To calculate the 
pore space created by the decomposition process, the reaction equa-
tions are firstly characterized as amorphous and crystalline reactions. 
Amorphous reactions (CSH and partly AFm) are inducing shrinkage and 
molecular re-arrangements during the dehydration process without cre-
ating additional pore space due to the reaction. Crystalline reactions on 
the other hand inducing additional pore space during the dehydration 

1 Cement notation are used: C = CaO; S = SiO; A = Al2O3; F = Fe2O3; S =
SO ; C̄ = CO .
3 2
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Table 2
Stoichiometric dehydration reactions and reaction types of hydrate constituents.
Source: From [6].
 Stoichiometry of reaction Reaction type 
 xCaO ⋅ ySiO2 ⋅ zH2O(𝑠) → xCaO ⋅ ySiO2 ⋅ (z-3)H2O(𝑠)+3H2O(𝑔) Amorph  
 Ca(OH)2(𝑠) → CaO(𝑠) + H2O(𝑔) - [45,50] Crystalline  
 Ca3Al2O6⋅6H2O(𝑠) ⇌ Ca3Al2O2⋅1.5H2O(𝑠) + 4.5H2O(𝑔) - [51–53] Amorph  
 Ca6[Al(OH)6]2(SO4)3⋅26H2O(𝑠)  
 → Ca4[Al(OH)6]2SO4⋅8H2O(𝑠) + 2CaSO4 ⋅0.5H2O(𝑠) + 17H2O(𝑔) - [54] Crystalline  
 Ca4Al2O6(SO4)⋅12H2O(𝑠) Amorph &  
 → Ca3Al2(OH)12(𝑠) + CaSO4 ⋅0.5H2O(𝑠) + 5.5H2O(𝑔) - [55–58] Crystalline  
Table 3
Dehydration parameters, molar masses and density for each hydrate phase.
Source: Adopted from [6].
 𝑇 𝑗

𝑜  [C] 𝜏𝑗 [h] 𝐸𝑗
𝑎 [kJ/mol] 𝑁𝑤𝑔𝑗 [−] 𝑀 𝑗 [g/mol] 𝜌𝑗 [g∕cm3]  

 CSH [45] 40 1 34 3 365 [59] 1.75 [43]  
 CH [45] 375 17.4 158.53 1 74.09 2.241 [43] 
 TCA [45] 200 3.3 85.4 4.5 378.28 2.529 [60] 
 AFm(layer) [45] 40 0.2 10 5.5 622.52 2.015 [60] 
 AFm(cryst.) [45] 150 0.5 20 5.5 622.52 2.015 [60] 
 AFt [54] 70 18.2 162 16 1255.11 1.775 [60] 
 Water [43] – – – – 18 1.00 [43]  

process which is determined by comparing the molar volumes of the 
reactant with sum of the released water molecules.

All considered chemical dehydration reactions and reaction type 
characterizations are summarized in Table  2.

The dehydration kinetics for each hydrate 𝜉̇𝑗 [45] is calculated as 

𝜉̇𝑗 = H(𝑇 − 𝑇 0
𝑗 ) ⋅ (𝜉

𝑒𝑞
𝑗 (𝑇 ) − 𝜉𝑗 )

1
𝜏𝑗
exp

(𝐸𝑎
𝑗

𝑅

( 1
𝑇

− 1
𝑇 0
𝑗

)

)

, (1)

where 𝐻 is the Heaviside function, 𝜉𝑒𝑞𝑗 (𝑇 ) is the final dehydration 
degree at a given temperature, 𝑇 0

𝑗  is the onset temperature at which the 
hydrate 𝑗 begins to dehydrate, 𝜏𝑗 is the characteristic time [𝑠] associated 
with the hydrate 𝑗, and 𝐸𝑎

𝑗  is the activation energy associated with 
hydrate 𝑗. Table  3 contains the kinetic parameters of the considered 
chemical reactions.

Based on the reaction equation and dehydration kinetics, the rela-
tive water mass loss of each hydrate phase is determined based on the 
calculated degree of dehydration for each hydrate 𝑗 by 

𝑓𝑤
𝑗 = 𝑓𝑗 ⋅𝑁

𝑤
𝑗 ⋅

𝑀𝑗

𝑀𝑤
with 𝑗 ∈ {CSH,CH,AFt,AFm,TCA}, (2)

where 𝑓𝑗 is the volume fraction of hydrate 𝑗, 𝑁𝑤
𝑗  is the amount of 

released molecules of water due to dehydration, and 𝑀𝑗 ,𝑀𝑤 is the 
molar mass of hydrate 𝑗 and water, respectively.

Adding the dehydration kinetics to the relative water mass loss, the 
total mass loss of hardened cement paste is computed by 
𝑚̇𝑑𝑒ℎ𝑦𝑑𝑟 = −

∑

𝑗
𝑓𝑤
𝑗 𝜌𝑗 ⋅ 𝜉̇𝑗 with 𝑗 ∈ {CSH,CH,AFt,AFm,TCA}, (3)

where 𝜉̇𝑗 is the dehydration degree of hydrate j and 𝑓𝑤
𝑗 𝜌𝑗 the water 

content [kg∕m3] of each hydrate in the hardened cement paste.
Analogous to mass loss calculations, porosity evolution is deter-

mined by comparing the molar volumes of reactants with those of 
the released water. A critical aspect of this analysis is the distinction 
between crystalline and amorphous molecular structures of individual 
phases. Crystalline compounds, composed of highly ordered molecules, 
exhibit a distinct dehydration temperature at which all chemically 
bound water is released. In contrast, amorphous structures, charac-
terized by a lower degree of molecular order, lack a well-defined 
decomposition temperature, leading to a gradual release of water over 
a broad temperature range. In cement paste, CSH and partially AFm 
phases exhibit an amorphous structure. During the dehydration of 
these phases, no additional pore space is generated, as the process 
primarily involves molecular restructuring through the rearrangement 
4 
of hydroxyl groups, see [6,44] for further details. The evolution of the 
capillary porosity of hardened cement paste is determined as 

𝜙̇𝑐𝑝 =
∑

𝑗
𝑓𝑗 ⋅ 𝜉̇𝑗 ⋅𝑁

𝑤
𝑗 ⋅

𝜌𝑗∕𝑀𝑗

𝜌𝑤∕𝑀𝑤
with 𝑗 ∈ {CH,AFt,TCA,AFmc}. (4)

From the porosity of hardened cement paste to concrete, the poros-
ity related to the concrete volume is calculated as 

𝜙𝑝,𝑐𝑜𝑛 =
𝜙𝑐𝑝

𝑓𝑎𝑔𝑔 + 𝑓𝑐𝑝
, (5)

where 𝑓𝑎𝑔𝑔 , 𝑓𝑐𝑝 denote the volume fraction of aggregates and cement 
paste, respectively. Aggregates do not contribute to the porosity devel-
opment, and the pore space of the aggregates is not accessible to the 
moisture flow in concrete. This assumption is based on experimental 
results by Drouet et al. [61], showing identical desorption curves for 
cement paste and concrete.

Fig.  3 compares the experimentally determined thermogravimetric 
analysis (see Appendix  B) for details w.r.t. the experimental procedure. 
The initial volume fractions used in the hydration model according to 
Section 2.1 are summarized in Table  1. The figure shows, that the hy-
dration and the dehydration model are able to predict the water release 
at elevated temperatures of the investigated cement compositions (CEM 
I, CEM III/A, CEM IV and CEM II/B-Q) with sufficient accuracy.

2.3. Continuum micromechanics model for thermal conductivity

Validated multiscale models [34,37,40–42] accurately predict the 
thermal conductivity of concrete at various temperatures. However, 
none of these models can directly integrated into the proposed multi-
physics framework, e.g. they are not considering the dehydration kinet-
ics. Therefore, a new micromechanical multiscale model is proposed, 
adopting the cited models to homogenize the thermal conductivity of 
hardened cement paste, mortar and concrete at elevated temperatures.

The Eshelby-based framework [35,36,62] allows the analytical ho-
mogenization of the thermal conductivity of concrete over multiple 
scales. At each temperature level a bottom up homogenization of the 
macroscopic thermal conductivity of concrete is utilized in five steps, 
assuming spherical shapes for all inclusions, see Fig.  4. The initial 
volume fractions are computed by the hydration model according to 
Section 2.1.

In the first step, the composite material of CSH is homogenized 
via the Self-Consistent scheme [63], consisting of low-density CSH (LD 
CSH) and high-density CSH (HD CSH) according to the actual saturation 
degree, see Fig.  4(a), according to 

𝜆ℎ𝑜𝑚 =
∑𝑛

𝑖 𝑓𝑖𝜆𝑖(3𝜆𝑚∕(2𝜆ℎ𝑜𝑚 + 𝜆𝑖))
∑𝑛

𝑖 𝜙𝑖(3𝜆𝑚∕(2𝜆ℎ𝑜𝑚 + 𝜆𝑖))
. (6)

𝜆hom is the homogenized thermal conductivity of the composite mate-
rial, 𝜆𝑖, 𝜆𝑚 denote the thermal conductivity of the inclusion and the 
matrix, respectively, and 𝑓𝑖 is the volume fraction of the inclusion. 
As the hydration model employed in this study is unable to predict 
the initial volume fractions of LD CSH and HD CSH, data provided 
by Tennis and Jennings [64] are adopted, with linear interpolation for 
different water to cement ratios, see Table  4.



S. Peters et al. Cement and Concrete Composites 163 (2025) 106163 
Fig. 3. Comparison of the simulated and measured mass loss up to 700 ◦C for a (a) CEM I (b) CEM III/A (c) CEM IV (d) CEM II/B-Q with a 10 ◦C/min heating rate.
Fig. 4. Continuum micromechanics representation of concrete through a five-step homogenization scheme. (a) CSH consisting of LD CSH and HD CSH; (b) hydrate foam, where 
spherical AFm, AFt and TCA phases are embedded in a CSH matrix; (c) cement paste, where spherical clinker, CH and capillary pores phases are embedded in a hydrate foam 
matrix; (d) mortar, where a spherical sand phase is embedded in a cement paste matrix; (e) concrete, where a spherical aggregate phase with ITZ is embedded in a mortar matrix; 
(f) RVE of matrix–inclusion composite CH, AFm, AFt, TCA where a spherical pore (void) phase is embedded in the matrix.
Table 4
Ratio of 𝐿𝐷 𝐶𝑆𝐻 to 𝐻𝐷 𝐶𝑆𝐻 for different w/c values.
 w/c 0.25 0.33 0.44 0.50 0.60 0.80 
 LD C-S-H/HD C-S-H 0.15 0.35 0.55 0.68 0.86 0.95 

In the second step, the resulting solution of 𝜆CSH is subsequently 
utilized for the homogenization of the hydrate foam, characterized by 
5 
CSH, AFt, AFm and TCA, see Fig.  4(b) via the Mori–Tanaka scheme: 

𝜆ℎ𝑜𝑚 =
𝜙𝑚𝜆𝑚 +

∑𝑛
𝑖 𝑓𝑖𝜆𝑖(3𝜆𝑚∕(2𝜆𝑚 + 𝜆𝑖))

𝜙𝑚 +
∑𝑛

𝑖 𝜙𝑖(3𝜆𝑚∕(2𝜆𝑚 + 𝜆𝑖))
. (7)

The thermal conductivity of each hydrate constituent j at elevated 
temperatures changes according to its dehydration degree 𝜉𝑗 , since 
chemical decomposition creates new pore spaces, see Eq. (4) and [6,43] 
for further details. To calculate the decreasing thermal conductivity of 
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Table 5
Thermal conductivities of the cement paste constituents.
 Cement paste constituent Thermal conductivity Reference 
 LD CSH - dry 0.45 [W/m K] [65]  
 LD CSH - saturated 0.81 [W/m K] [65]  
 HD CSH - dry 0.62 [W/m K] [65]  
 HD CSH - saturated 0.98 [W/m K] [65]  
 CH 1.32 [W/m K] [65]  
 AFm 2.56 [W/m K] [34]  
 AFt 2.19 [W/m K] [34]  
 TCA 2.00 [W/m K] –  
 Clinker 3.40 [W/m K] [65]  
 H2O 0.611 [W/m K] [34]  
 Air 0.026 [W/m K] [34]  

Table 6
Chemical composition of the cement paste investigated in the validation study.
 o. a. CaO SiO2 Al2O3 Fe2O3 SO3 MgO CaO (f) L.O.I 
 % 62.02 20.15 4.49 2.29 2.81 1.41 0.03 3.59  

each hydrate at elevated temperatures, the Mori–Tanaka scheme with 
Eq. (7) is applied, assuming spherical inclusions consisting of air to 
represent the created pore space (Fig.  4f).

In the third step, the thermal conductivity of cement paste, see Fig. 
4(c), composed of unhydrated clinker, CH, air and pores, is homoge-
nized via the Mori–Tanaka scheme (Eq. (7)). The volume fraction of 
the pore water 𝑓𝑤 is determined by 

𝑓𝑤 = 𝑆𝑙 ⋅ 𝜙. (8)

where 𝑆𝑙 denotes the liquid saturation.
On the fourth level, mortar is consisting of sand and hardened 

cement paste, see Fig.  4(d). Here again the Mori–Tanaka scheme is 
utilized using Eq. (7). Finally, at the fifth level, concrete is characterized 
as mortar and aggregates with interfacial transition zones (ITZ), see 
Fig.  4(e). The ITZ is idealized and considered in the Mori–Tanaka 
framework with Kapitza resistance [38] 

𝜆ℎ𝑜𝑚 =
𝜆𝑚[𝜆𝑖 + (1 − 𝑆𝐼𝐼 )𝑓𝑚((1 + 𝛼𝜆𝑖∕𝑅)𝜆𝑚 − 𝜆𝑖)]

𝜆𝑚(1 + 𝛼𝜆𝑖∕𝑅) − 𝑆𝐼𝐼𝑓𝑚((1 + 𝛼𝜆𝑖∕𝑅)𝜆𝑚 − 𝜆𝑖)
, (9)

with R as the radius of the inclusion, 𝛼 denoting the interfacial resis-
tance and 𝑆𝐼𝐼 = 1∕3 is the Eshelby tensor for spheres. Note, that setting 
𝛼 = 0 leads to the Mori–Tanaka solution and 𝛼 → ∞ to the porous limit. 
The Kapitza resistance is defined as 𝛼∕𝑅.

3. Validation of model predictions for thermal conductivity at 
ambient and elevated temperatures

The proposed model for thermal conductivity is validated in three 
stages. Firstly, the calculated thermal conductivities of hardened ce-
ment paste under dry, partially saturated, and saturated conditions, 
across a water-to-cement ratio (w/c) range of 0.3 to 0.6 at ambient 
temperatures, are compared with experimental data. Secondly, the 
calculated thermal conductivities of concrete under dry and saturated 
conditions, incorporating various aggregate types at ambient temper-
atures, are similarly validated against experimental results. Finally, 
the thermal conductivities of concrete at elevated temperatures are 
validated against an experimentally generated envelope.

Thermal conductivities listed in Table  5 comprise mixture-
independent parameters for all the hardened cement paste constituents 
from open literature. The cement composition is given in Table  6, 
representing a ordinary cement composition and remains constant for 
all w/c values.
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Table 7
Thermal conductivity of the different aggregate types and mortars in dried and 
saturated conditions provided by [70].
 Aggregate type Thermal conductivity [W/m K] References 
 Dry state Saturated state  
 Limestone 3.15 3.49 [70]  
 Basalt 4.03 4.30 [70]  
 Siltstone 3.52 5.22 [70]  
 Quartzite 8.58 8.63 [70]  
 Mortar sand type Ia 1.90 2.65 [70]  
 Mortar sand type IIb 1.37 1.95 [70]  
a Reddish land quarried quartz sand.
b Greyish river sand.

3.1. Thermal conductivity at ambient temperature: Influence of w/c ratio

Fig.  5 illustrates the range of computed thermal conductivities of 
hardened cement paste under dry, partially saturated and saturated 
conditions as a function of the w/c ratio. The contours cover the range 
from fully dried (blue color) to fully saturated (red color). Experimental 
data provided in [66–69] are included as discrete points. Two general 
trends can be observed from this Figure. Firstly, higher water to cement 
ratios result in lower macroscopic thermal conductivities due to the 
increased volume fraction of capillary pores. In hardened cement pastes 
with low w/c values, more unreacted clinker with a high thermal 
conductivity and less pores with low thermal conductivity, (see Table 
5), contribute to the homogenized macroscopic thermal conductivity. 
Secondly, in dry cement pastes the pore conductivity almost vanishes 
(see Table  5), leading to lower homogenized thermal conductivities as 
saturated ones. Therefore, the difference between thermal conductivi-
ties at saturated and dried states is higher at high w/c values due to the 
increased pore space volume. In general, the range of the experimental 
data from the different hardened cement pastes is replicated with 
sufficient agreement by the proposed model.

3.2. Thermal conductivity at ambient temperature: Influence of the aggre-
gate material

To validate the model for concrete composed of different types of 
aggregates at ambient temperatures, the experimental data provided 
by Khan [70] is compared with the predicted thermal conductivities. 
Table  7 lists the input parameters, i.e. the thermal conductivities of the 
different types of aggregates which are used for the homogenization 
of the thermal conductivity of the different concretes utilizing Eq. (9) 
with 𝑅 = 0.1 and 𝛼 = 0.012 for dried conditions and 𝛼 = 0 for saturated 
conditions.

The measurements of thermal conductivities of the investigated con-
cretes provided by [70] in dried and saturated condition are contained 
in Fig.  6 and compared wit the model predictions. This figure indicates 
that the proposed model is able to predict the thermal conductivity 
of concretes with different aggregate types at ambient conditions with 
sufficient accuracy. Interestingly, the thermal conductivity in saturated 
state is captured without considering the Kapitza resistance, see Eq. (9). 
In dried conditions, the Mori–Tanaka homogenization overestimates 
the thermal conductivity of concrete, if the Kapitza resistance is not 
considered. This discrepancy has already been pointed out by [37,41]. 
In dried conditions, the ITZ surrounding the coarse aggregates reduces 
the contribution of the (generally) highly conductive aggregates on 
the overall thermal conductivity, because the highly porous layers 
representing the ITZ reduce the contact area of the aggregates with 
the surrounding mortar. In saturated conditions, on the other hand, the 
aggregate is fully embedded in the matrix, due to the water attached 
at the aggregate, connecting the aggregates and the mortar. There-
fore, in saturated conditions the Kapitza resistance is close to zero, as 
demonstrated by the conducted multiscale analysis in Fig.  6.
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Fig. 5. Comparison between the predicted thermal conductivity of hardened cement paste and experimental results from [66–69] under dry, partially saturated and saturated 
conditions as a function of the w/c ratio.  (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 6. Comparison of measured and predicted thermal conductivities of concrete containing different types of aggregates in dried and fully saturated conditions.
3.3. Thermal conductivity of concrete at elevated temperatures

When concrete is subjected to elevated temperatures, three major 
sources all contributing to the reduction of thermal conductivity need 
to be considered in the model. Firstly, the chemically induced porosity 
caused by the dehydration process is captured by Eq. (4) and the 
multiscale framework in Fig.  4 at each temperature level. Secondly, 
the thermally induced degradation of the aggregates is accounted for 
phenomenologically as a function of temperature [40,71], 

𝑘𝑎 =
770

𝐵(350 + 𝑇 ) + 0.7
, (10)

where 𝐵 is a material parameter determined experimentally for lime-
stone, basalt, siltstone, Ottawa sand and quartzite as 0.84, 0.73, 0.62, 
0.96, 0.26, respectively. The third major source contributing to the 
reduction of thermal conductivity of concrete at elevated temperatures 
is the saturation degree, as discussed above. The decreasing contact 
area between the aggregates and mortar matrix with increasing liquid 
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saturation is accounted for by a linearly increasing Kapitza resistance 
as 
𝑅 = (1 − 𝑆) ⋅ 0.1. (11)

The proposed model for the prediction of the thermal conductivity 
is validated against experimental data provided by [72], utilizing the 
cement composition in Table  6 and the model parameters summarized 
in Table  8. Fig.  7 displays the results from this validation analysis. 
It shows a significant scatter in the data, resulting from the different 
compositions of the investigated concrete recipes. The model prediction 
of thermal conductivity in dried and saturated conditions reasonably 
follows the global trend of the experimental data. The upper bound 
of the predictions is calculated for saturated conditions and a w/c 
ratio of 0.4 and highly conductive aggregates (𝑘 = 8.63 [W∕m K]), see 
Table  7. The lower bound of the model predictions is calculated for 
dried conditions and a w/c ratio = 0.6 and low conductive aggregate 
(𝑘 = 2.86 [W∕m K]). Fig.  7 demonstrates that the majority of the 
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Fig. 7. Evolution of measured and predicted thermal conductivity of different concrete samples in an initially dry and fully saturated state with increasing temperature. The lower 
and upper bounds of the model are calculated assuming upper and lower limits of the w/c ratio and the conductivity of the aggregates.
Table 8
Material and model parameters used in the validation study.
 Heating rate R 𝛼𝑐 B𝑠𝑎𝑛𝑑 B𝐴𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒 w/c Proportions concrete 
 15 ◦C/min 0.1 0.012 0.96 0.62 0.5 1:1.54:2.31  

experimental data lies within the range of the predicted lower and 
upper bound.

In conclusion, the validation study has shown, that the computed 
thermal conductivities of various concretes align well with the exper-
imental data. This validation is the basis for further incorporating the 
proposed model for the upscaling of thermal conductivities in compu-
tational macroscopic simulations of concrete at elevated temperatures.

4. Multiphysics model for concrete at elevated temperatures

At the macroscopic level, a fully coupled chemo-thermo-hygro-
mechanical model is developed, which is based on the hybrid mixture 
theory originally proposed by Lewis and Schrefler [73], considering 
concrete as a multiphase porous medium, which consists of solid, liquid 
and gas phases. The liquid phase includes bound water and capillary 
water appearing above the solid saturation point. The gas phase (moist 
air), consisting of dry air and water vapor, behaves as an ideal gas [26].

Since this paper focuses on the implementation of Eshelby-based 
homogenization for the thermal conductivity, pore growth, water re-
lease and stiffness evolution, and since the macroscopic coupled model 
follows largely existing models [25,30,73], which have been exten-
sively validated in [26,30], only a brief description of the governing 
and transport equations of the model is provided below. For complete-
ness, the full set of equations and the thermally induced evolution of 
the material properties used in the proposed model are summarized 
in Appendix.

The model considers four primary state variables: temperature 𝑇 , 
gas pressure 𝑝𝑔 , capillary pressure 𝑝𝑐 , and the displacement field 𝐮, 
as discussed in detail by Gawin and Pesavento [46]. In addition, 
five internal variables 𝜉̇𝑗 characterize the dehydration process through 
associated kinetic laws, and one internal variable governs the evolution 
of mechanical damage, 𝑑.

The governing system consists of ten equations: two mass balance 
equations (for water and air), an energy balance equation (enthalpy 
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conservation), a momentum balance equation (mechanical equilib-
rium), and six evolution equations. For clarity, the final form of these 
model equations is provided below. A comprehensive derivation can be 
found in [31].

The enthalpy balance equation of the multi-phase medium (energy 
equation) accounts for the heat accumulation by a material (T.1), 
conductive heat flow (T.2), heat effect of phase changes (T.3) and 
dehydration processes (T.4). It can be expressed as: 

(𝜌𝐶𝑝)𝑒𝑓𝑓
𝜕𝑇
𝜕𝑡

⏟⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏟
T.1

−∇ ⋅ (𝜆𝑒𝑓𝑓∇𝑇 )
⏟⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏟

T.2

= − 𝑚̇𝑣𝑎𝑝𝛥𝐻𝑣𝑎𝑝
⏟⏞⏞⏞⏟⏞⏞⏞⏟

T.3

− 𝑚̇𝑑𝑒ℎ𝛥𝐻𝑑𝑒ℎ
⏟⏞⏞⏞⏞⏟⏞⏞⏞⏞⏟

T.4

, (12)

where (𝜌𝐶𝑝)𝑒𝑓𝑓  and 𝜆𝑒𝑓𝑓  is the effective heat capacity of concrete and 
the effective thermal conductivity, respectively. 𝐻𝑣𝑎𝑝 and 𝐻𝑑𝑒ℎ are the 
enthalpy of evaporation and dehydration, respectively and 𝑚̇𝑣𝑎𝑝 is the 
evaporated water mass and their calculation is provided in [46].

The effective heat capacity of partially saturated concrete can be 
represented as a mixture of the thermal capacities of its individual 
constituents and is formulated as [30] 

(𝜌𝐶𝑝)𝑒𝑓𝑓 = (1−𝜌𝑠)𝐶𝑝,𝑠+𝜙[𝑆𝜌𝑤𝐶𝑝,𝑤+(1−𝑆)(𝜌𝑔𝐶𝑝,𝑔𝑎+𝜌𝑔𝑤(𝐶𝑝,𝑔𝑤−𝐶𝑝,𝑔𝑎))]

(13)

where 𝐶𝑝,𝑠, 𝐶𝑝,𝑤, 𝐶𝑝,𝑔𝑎, 𝐶𝑝,𝑔𝑤 is the thermal capacity of the solid, water, 
air and water vapor, respectively, see Appendix  A.3 for a detailed for-
mulation of the evolution of these properties at elevated temperatures. 
The evolution of the solid density is governed by the evolution of the 
porosity as [30] 
𝜌𝑠(𝑇 ) = 𝜌𝑠,0 ⋅ (1 − 𝜙𝑝,𝑐𝑜𝑛) (14)

In this proposed model, the evolution of the porosity 𝜙, is not an ex-
perimentally determined function, since it is linked to the dehydration 
kinetics of each hardened cement paste constituent with Eq. (4), whose 
are captured by five evolution equations, characterizing the actual 
dehydration degree. Therefore, the cement paste porosity is expressed 
by 
𝜙 = 𝜙𝑖𝑛𝑖𝑡𝑖𝑎𝑙 +

∑

𝜙𝑗 with 𝑗 ∈ {CH,AFt,TCA,AFm𝑐} (15)

The dehydration degrees, 𝜉𝑗 are also linked to the mass loss, 𝑚𝑑𝑒ℎ, in 
the heat equation Eq.  (12) with Eq. (3).
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The mass balance equation of the dry air takes into account both 
the diffusive and advective flow (A.2) and variations of porosity due to 
temperature, variations of saturation degree with water and air density 
(A.1), giving the following form: 
𝜕(𝜙(1 − 𝑆)𝜌𝑔𝑎)

𝜕𝑡
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟

A.1

+∇ ⋅ 𝐉𝑔𝑎
⏟⏟⏟
A.2

= 0, (16)

where 𝜌𝑔𝑎 represents the air gas density and 𝐉𝑔𝑎 the mass flux of air.
The mass balance equation of water (liquid and gaseous) considers 

diffusive and advective flow of water vapor and water (W.2), dehydra-
tion (W.3), variation of porosity caused by temperature, variation of 
water saturation degree, and densities of vapor and liquid water (W.1). 
The mass balance has the following form: 

−
𝜕(𝜙((1 − 𝑆)𝜌𝑔𝑤 + 𝑆𝜌𝑤))

𝜕𝑡
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

W.1

+∇ ⋅ (𝐉𝑤 + 𝐉𝑏)
⏟⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏟

W.2

= −𝑚̇𝑑𝑒ℎ𝑦𝑑𝑟
⏟⏞⏞⏟⏞⏞⏟

W.3

(17)

where 𝜌𝑔𝑤 and 𝜌𝑤 is the fluid density and (𝐉𝑤+𝐉𝑏) the fluid flux of water 
in gaseous and liquid state. 𝑚̇𝑑𝑒ℎ𝑦𝑑𝑟 characterizes the source term from 
dehydration, see Eq. (3). Fluid transport through the porous structure is 
governed by
pressure-driven flow is described by Darcy’s law, and gas-phase dif-
fusion and adsorbed water flow is considered according to Fick’s 
law [30]. Consequently, the mass fluxes of dry air, water vapor, and 
liquid water are defined as follows: 

𝐉𝑔𝑎 = −
𝐾𝑖𝑛𝑡,𝑔𝑘𝑟𝑔

𝜇𝑔
∇𝑝𝑔 −

𝑀𝑎𝑀𝑤

𝑀2
𝑔

𝐷𝑒𝑓𝑓∇
( 𝑝𝑔𝑎
𝑝𝑔

)

𝐉𝑤 = −
𝐾𝑖𝑛𝑡𝑘𝑟𝑤
𝜇𝑤

(∇𝑝𝑔 − ∇𝑝𝑐 ) −
𝑀𝑎𝑀𝑤

𝑀2
𝑔

𝐷𝑒𝑓𝑓∇
( 𝑝𝑔𝑤

𝑝𝑔

)

𝐉𝑏 = −𝐃𝑏∇𝑆𝑏

(18)

where 𝐾𝑖𝑛𝑡 and 𝑘𝜋 is the intrinsic and relative permeability, respec-
tively, 𝜇𝜋 the dynamic viscosity of the fluid, and 𝐷𝑒𝑓𝑓  the diffu-
sion coefficient, see Appendix  A for the evolution formulation at high 
temperatures and the isotherm definition.

The balance of linear momentum equation of the multiphase
medium has the following form: 
∇ ⋅ (𝜎total + B𝑝𝑔𝐈) + 𝜌𝑠𝐛 = 0, (19)

with 𝜎𝑡𝑜𝑡𝑎𝑙 denoting the total stress, B the Biot coefficient, 𝑝𝑔 the pore 
pressure and 𝐛 the gravity forces. The total stress is defined as 
𝜎total = (1 − 𝑑thermal)(1 − 𝑑mechanical)C0 ∶ 𝜀total, (20)

where C0 is the initial elasticity tensor. The associated mechanically 
induced stiffness reduction of concrete, 𝑑mechanical, is modeled using 
an isotropic scalar damage approach, see [13]. 𝑑thermal is the ther-
mal damage parameter accounting for material degradation caused by 
chemically induced porosity and local microcracking, which is calcu-
lated via Eshelby-based homogenization, see [6,74] for the detailed 
calculation procedure. The total strains are evaluated by combining the 
elastic strains, the free thermal strains and the load-induced thermal 
strains (LITS): 
𝜀total = 𝜀elastic + 𝜀thermal + 𝜀LITS (21)

4.1. Novel contributions and comparison with the model of Gawin et al.

The proposed macroscopic model draws conceptual inspiration from 
the well-established framework of Gawin et al. [33], yet introduces 
several key advancements to enhance applicability and reduce exper-
imental calibration requirements, particularly for concretes based on 
CO2-reduced cements.

A fundamental simplification in the present model is the omission 
of convective heat transfer in the energy balance, based on the findings 
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in [33], which demonstrated the minor impact of convective terms 
under typical thermal loading scenarios. Furthermore, the deformations 
of the solid skeleton in the mass balance is neglected, with the intention 
of incorporating these effects in a future multiscale extension.

The core distinctions between the two models lie in the treatment 
of porosity evolution, dehydration processes, and thermal conductiv-
ity. While the model by Gawin et al. employs a single, empirically 
calibrated dehydration function, the proposed framework introduces 
a mechanistic formulation based on the dehydration kinetics of five 
primary cement paste constituents. These constituent-specific dehydra-
tion functions are widely reported in literature (e.g. [45]) and are 
relatively insensitive to the specific cement type, thereby enabling the 
dehydration behavior to be computed from the initial volume fractions, 
which can be obtained through hydration models or experimental data 
(see Section 5.3 for a discussion of associated uncertainties).

Similarly, instead of relying on an empirical porosity evolution func-
tion – as required in the Gawin model – the present model distinguishes 
between amorphous and crystalline dehydration mechanisms, enabling 
a direct link between chemical decomposition, porosity increase, and 
solid phase density changes. In addition, thermal conductivity is not 
treated as a fixed or empirical parameter but is homogenized based on 
the actual composition of the cement paste and aggregate phases, al-
lowing for a more physically grounded assessment of thermal transport 
properties.

While the proposed model does not claim improved accuracy in 
macroscopic predictions compared to Gawin et al. its key advantage lies 
in significantly reducing the need for experimental parameter fitting 
when analyzing concretes formulated with novel or blended cements. 
By deriving porosity evolution, dehydration behavior, and thermal con-
ductivity directly from known mix compositions, the model supports 
broader applicability of coupled CHTM simulations and paves the way 
for integration into predictive design tools under variable or unknown 
conditions.

4.2. Spatial and temporal discretization

The governing equations have been transformed into a computa-
tional model by means of the finite element method in the Software 
COMSOL Multiphysics 6.2. For Eqs.  (12), (16) and (19) second order La-
grange elements are used. For Eq. (17) 3rd order hermite elements are 
utilized. In the following numerical analysis 210 elements representing 
the benchmark problem.

4.3. Validation of the numerical multiphysics model

This subsection contains results from computational analyses of 
a benchmark problem (the PTM test, see [75]) to validate the per-
formance of the CHT model against experimental data provided by 
Kalifa et al. [10,75]. In the experiments, concrete slabs (120 mm ×
300 mm × 300 mm) have been subjected to unidirectional heating on a 
square surface by a radiant heater. Among the three temperature levels 
considered in this study (450 ◦C, 600 ◦C, and 800 ◦C) applied for a 
duration of 6 ℎ, the measurements from the concrete slabs heated up 
to 600 ◦C is employed for the validation. In this way, both the heating 
rate and the maximum temperature were below those characterizing 
the ISO 834 fire. The experimental setup is illustrated in Fig.  8(a). 
Since a uniform heating and insulating ceramic blocks surrounding the 
concrete slab have been used in the experiment, this benchmark can be 
numerically analyzed as a 1D problem (Fig.  8(b)).

No additional loading is considered in this experimental setup. The 
thermally induced macroscopic stresses never exceed concrete strength 
due to stress relaxation by load induced thermal strains, see e.g. [76] 
for experimental evidence. This stress relaxation by LITS allows sim-
plifying the chemo-thermo-hygro-mechanical analysis to a primarily 
chemo-thermo-hygro problem.
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Fig. 8. PTM test: Experimental (a) and model (b) set up.
Table 9
Initial volume fractions f𝑖 of the M30 and M100 hardened cement pastes used for the 
analysis.
 CSH CH AFt AFm TCA Pores Rest  
 M30 0.338 0.180 0.095 0.041 0.083 0.221 0.015 
 M100 0.497 0.139 0.058 0.070 0.010 0.121 0.091 

Table 10
Material and model parameters for the PTM test.
 Parameter Value Parameter Value  
 𝑇0 20 [◦C] R 0.1  
 𝑝𝑔,0 101 325 [Pa] 𝛼𝑐 0.012  
 𝑆0 0.75 [–] 𝐵𝑠𝑎𝑛𝑑 0.76  
 𝐾𝑀100/𝐾𝑀30 1 ⋅ 10−19/4.3 ⋅ 10−19 [m2] 𝐵𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒 0.59  
 𝐴𝑆 , 𝐵𝑆 46, 0.49 w/b 0.34, 0.5  
 𝜌𝑔,∞ 0.0289 pbw 1:2.1:1.35  
 𝑒𝜎𝑆𝐵,𝑒𝑥𝑝𝑜𝑠𝑒𝑑 0.7 ⋅ 5.67 ⋅ 10−8 [W/m2 K4] 𝛼𝑒𝑥𝑝𝑜𝑠𝑒𝑑 8 [W/m2 K]  
 𝑒𝜎𝑆𝐵,𝑢𝑛𝑒𝑥𝑝𝑜𝑠𝑒𝑑 0.7 ⋅ 5.67 ⋅ 10−8 [W/m2 K4] 𝛼𝑢𝑛𝑒𝑥𝑝𝑜𝑠𝑒𝑑 4 [W/m2 K]  
 𝛽𝑒𝑥𝑝𝑜𝑠𝑒𝑑 0.028 [m/s] 𝛽𝑢𝑛𝑒𝑥𝑝𝑜𝑠𝑒𝑑 0.0009 [m/s] 

Hence, this benchmark allows to validate the proposed dehydration, 
porosity and thermal conductivity formulation incorporated in the 
coupled chemo-thermal-hygro model. In the study by [10], the water-
to-binder ratio is 0.34 for M30 and 0.50 for M100. Additionally, in 
the M100 mix, 10% of the cement is replaced with silica fume. Using 
these input parameters within the hydration model, Table  9 presents 
the initial volume fractions considered for the subsequent analysis. Fur-
thermore, additional material properties and model parameters utilized 
in the simulations are summarized in Table  10. Fig.  9 reveals that the 
predicted temperature profile matches well with the experimental data 
at various points in time both for the M30 and the M100 concrete 
specimens. For the M30 specimen, the evolution of the pore pressure 
evolution measured at various sensor positions is captured by the model 
with good accuracy. For the M100 specimen, the temporal evolution 
of the pore pressure after reaching the peak as predicted by the model 
shows some deviations w.r.t. to the measured data at the sensors placed 
at 2 mm and 10 mm depth, where the model does not predict the 
pore pressure plateau. However, other proposed CHTM models do not 
predict this plateau accurately, as a model comparison in [77] shows. 
In conclusion, the validation study of the PTM test demonstrated that 
the computed pore pressure evolution closely aligns with the classical 
benchmark.

5. Influence of the type of the cement and the aggregates on the 
behavior of concrete at elevated temperatures

The proposed coupled multiphase numerical model for concrete 
at elevated temperatures, once validated, will now be employed to 
investigate the role of the cement type on the dehydration behavior and 
10 
the influence of the aggregate type on the temperature profile during 
heating.

5.1. Dehydration analysis: Pore pressure development of blended concretes 
at elevated temperatures

In this subsection, we investigate the dehydration behavior of CO2-
reduced cements in comparison with the dehydration behavior of an 
ordinary Portland cement (CEM I 42.5 N). More specifically, CEM 
III/A 42.5 N with blast furnace slag and a CEM II/B-Q 42.5 N with 
calcined clay are included in this analysis as they have been showing 
an increased explosive spalling behavior [3]. Additionally, a CEM IV 
with calcined clay and finely ground limestone is investigated due to 
its low carbon impact. The chemical analysis and cement composition 
is listed in Tables  B.11 and B.12, respectively. In the numerical analysis, 
the sand and aggregate types remain identical for all concretes and a 
w/c ratio of 0.47 is assumed, describing a replacement of an ordinary 
Portland cement with a CO2-reduced blended cement mix.

As the basis for the comparative analysis of dehydration behavior 
of the four concrete compositions, again the PTM problem used for 
validation in the previous section (Fig.  8) is adopted, utilizing the 
parameters provided in Table  10 with 𝐴𝑆 = 56, Table  1 for the initial 
volume fractions of the cement constituents and the water loss profiles 
shown in Fig.  3. In contrast to earlier publications, which focused on 
the influence of the permeability (among other parameters), no quan-
tification of the different dehydration behaviors on the pore pressures 
was conducted.

Fig.  10 shows the computed temporal evolution of the pore pressure 
at different sensor locations during heating up to 600 ◦C in the heater 
of the four investigated concrete specimens made of CEM I, CEM 
II/B-Q, CEM III/A and CEM IV, respectively. Different pressure peaks 
are observed. The maximum pore pressures for CEM I is recorded as 
3.75 MPa, for CEM III/A 3.96 MPa, for CEM II/B-Q 4.04 MPa and 
for CEM IV 4.24 MPa. For CEM IV, this is an increase of ≈13% as 
compared to CEM I. In addition, the blended cement compositions show 
a slightly delayed peak in the temporal evolution. The reason for the 
larger heat-induced pore pressure peak is that the blended compositions 
release more chemically bound water at lower temperatures, increasing 
the saturation before the drying front evolves in deeper regions of the 
specimen. Table  1 shows that the blended cement compositions are 
characterized by more earlier dehydrating constituents in comparison 
to CEM I. In CEM I, the Portlandite is not consumed during the 
hydration process, leading to a later water release in comparison to 
other hardened cement paste constituents. CEM IV has the highest AFm 
content among the investigated concretes and has less late dehydrating 
constituents, leading to the highest pore pressures.
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Fig. 9. PTM test: Comparison of model predictions and experimental data for the temperature and gas pressure profiles in time at different sensor positions for (a) & (b) high-strength 
concrete (M100) and (c) & (d) normal-strength concrete (M30).
Fig. 10. Comparison of the simulated temporal pore pressure development at various depths for (a) CEM I (b) CEM III/A (c) CEM IV (d) CEM II/B-Q.
5.2. Influence of the aggregate type

In this subsection, the practical case of varying the aggregate type 
for design or financial reasons while retaining the cement composition 
11 
is numerically investigated, demonstrating the applicability of the mul-
tiscale model. In this regard, the same benchmark is used to investigate 
the influence of the aggregates on the temperature profile and pore 
pressure developments in the PTM specimen, keeping the properties of 
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Fig. 11. Comparison of the temporal evolution of the temperature and pore pressure at various depths for (a,b) low conductive and (c,d) highly conductive aggregates.
the cement paste unchanged. Two types of aggregates/sands with dif-
ferent thermal properties are investigated: A low conductive limestone 
aggregate and sand with 𝐵𝑙𝑜𝑤 = 0.84 and high conductive quartzite 
aggregate and sand with 𝐵ℎ𝑖𝑔ℎ= 0.26. The volume fraction of aggregates 
is identical in both analyses. The remaining material properties and 
model parameters considered in the analysis are contained in Table  10. 
The aggregate properties represent the lower and upper bounds for the 
thermal conductivity documented in previous sections.

Fig.  11 shows the temporal evolution of the temperature in vari-
ous depths measured from the heated surface obtained from the two 
analyses. It reveals that highly conductive aggregates are leading to 
lower thermal gradients within the specimen. For the concrete with low 
conductive aggregates on the other hand, less thermal flux is induced 
by the solid material. As the boundary conditions remain constant, the 
region close to the heated surface is more rapidly heated as compared 
to the higher conductive material because locations inside the specimen 
at a larger distance from the heated surface are less heated by the 
internal heat flux. Additionally to the temperature profiles, Fig.  11 
also illustrates the developing pore pressures in various depths. Three 
general trends can be observed from this Figure. Firstly, the maximum 
induced pore pressures are 36% higher in concrete with highly conduc-
tive aggregates than in those with low conductivity. Secondly, for low 
conductive aggregates the pore pressures have a delayed peak in the 
temporal evolution. Thirdly, low conductive aggregates result in similar 
pressure magnitudes from 3.29–3.57 MPa at the depths beyond 10 mm 
from the heated surface. In contrast, for high conductive aggregates the 
pressure peaks in are increasing with distance to the heated surface 
from 3.93–4.85 MPa.

These three trends can be explained as follows: The permeability, 
diffusivity and dynamic viscosity of water in gaseous and liquid state 
characterize the ability how fast the fluid moves through a pore space. 
The temperature dependence of these properties, see Appendix  A, 
leading to a faster water movement at elevated temperatures. Concrete 
containing high conductive aggregates have higher temperatures at 
deeper depths in the specimen, leading to more higher permeable 
12 
areas. This allows more vapor to escape the specimen compared to 
those with low conductivity. Thus, a more rapid movement of the 
moisture front toward the back side is induced. The movement of this 
moisture can be observed in the temporal behavior of the pressure 
peaks, as the highest pore pressure develops in the drying zone. The 
concrete with high conductive aggregates exhibits a temporally earlier 
evolving pressure peak, see Fig.  11(b) and (d), meaning the moisture 
front reached its peak point earlier. The magnitude of the pressure 
peak is mainly dependent on the permeability and vapor saturation 
pressure. While the permeability remains similar between the cases 
studied, the temperature in the drying zone differs due to variations 
in thermal conductivity. Since the vapor saturation pressure increases 
exponentially with temperature, higher drying zone temperatures result 
in higher pore pressure peaks. In this study, the temperature at 50 mm 
depth in the drying zone for concrete with highly conductive aggregates 
reaches 271 ◦C, which is 16 ◦C higher than that for concrete with low 
conductive aggregates.

Interestingly, the induced mechanical stresses in concrete exhibit 
contrasting trends regarding the thermal conductivity. A high thermal 
conductivity of the aggregates reduce thermal gradients within the con-
crete, leading to lower thermo-mechanical stresses but result in higher 
pore pressures. Conversely, low thermal conductivity induce larger 
thermal gradients, but reducing pore pressures. A detailed analysis of 
these opposing effects is beyond the scope of this paper but will be 
explored comprehensively in future work.

5.3. Range of applicability and limitations of the model

A key novelty of the proposed framework lies in the integration of 
a hydration model and the explicit consideration of the dehydration 
states of the individual phased of hardened cement paste. Based on 
known dehydration kinetics and reaction equations, the model enables 
the calculation of the temperature-dependent volume fractions of indi-
vidual cementitious constituents. Consequently, both porosity evolution 
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and mass loss due to dehydration can be predicted for arbitrary cement 
compositions primarily composed of CSH, CH, AFm and AFt phases, 
TCA, pores, and unhydrated clinker or inert additives, provided that 
the initial volume fractions are known.

This information on the initial phase composition can be partially 
obtained from experimental data and/or from hydration models. Hy-
dration models are able to provide reliable outputs when properly 
calibrated against experimental data and can be used to simulate hydra-
tion for a range of water-to-cement ratios. For example, the CemGEMS 
web application [47] supports a variety of cement types,2 including 
CEM I-OPC, CEM I-WPC, CEM I-SR, CEM II/B-V, CEM III/B, CEM 
IV/A, CEM LC3, CSA-C, BYF-C, and CAC Fe. For cements containing 
silica fume or fly ash (e.g., CEM II/A-W), the model proposed in [78] 
or VCCTL provides a suitable approach for estimating initial cement 
constituents.

However, novel binder systems such as magnesia-based cements 
currently lie outside the scope of the proposed modeling framework, 
as the corresponding dehydration functions of their hydration products 
remain unknown. In summary, the presented dehydration model is 
applicable to a wide range of cement types commonly used in the 
construction industry.

Concrete properties, particularly at elevated temperatures, exhibit 
an inherent variability due to factors such as curing conditions or 
aggregate type. In this study, a deterministic modeling approach based 
on representative material data was adopted to establish and validate 
the core framework. While the current model does not account for 
stochastic variability, its modular structure allows for future integration 
of polymorphic uncertainty both at the material as well as the structural 
level to enhance its applicability in the context of probabilistic design 
concepts.

6. Outlook

The proposed model paves the way for further applications and 
finally, satisfy the need for robust methods to understand, analyze, and 
assess concretes containing CO2-reduced cements.

• The next steps are the implementation and validation of the 
homogenization of the Young’s modulus as in Peters and Meschke
[74]. This includes a multiscale assessment of the stresses and 
the local microcrack growth. Building on this implementation, the 
diffusivity [79,80] and permeability [81] can be homogenized.

• Implementation of locally defined load-induced thermal strains 
coupled with the moisture state and dehydration degree of the 
C-S-H, as proposed in [74,82].

• Definition of a criterion for local thermal spalling.

7. Summary and conclusions

To address the need to understand, analyze, and assess the degra-
dation behavior of CO2-reduced concretes at elevated temperatures, a 
micromechanical model predicting the dehydration behavior, porosity 
growth and thermal conductivity on the basis of the cement and con-
crete composition is implemented and validated in a coupled chemo-
hygro-thermo-mechanical finite element framework.

Firstly, it is shown that the micromechanical model accurately 
reflects the characteristics of the dehydration behavior of the CO2-
reduced cement pastes, CEM III/A, CEM II/B-Q and CEM IV. As the 
experiments states, the CO2-reduced cement pastes exhibit an earlier 
water release compared to an ordinary Portland cement. Secondly, a 
micromechanical model is formulated for the evaluation of thermal 
conductivity at various scales based on a homogenization process; the 

2 Available in April 2025.
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model is then validated on cement, mortar and concrete scale by means 
of experimental data taken from the open literature.

This multiscale model has been subsequently incorporated into 
a coupled chemo-hygro-thermo-mechanical numerical model to en-
able predictions of the temperature and pore pressure evolution dur-
ing heating at the macroscopic concrete level. This numerical model 
has been validated by means of the PTM benchmark test for a nor-
mal strength and a high strength concrete specimen. The proposed 
multiscale–multiphysics modeling approach allows, investigating the 
influence of different cement compositions regarding the dehydration 
behavior, porosity growth, thermal conductivity, temperature profiles, 
and pore pressure evolutions of concrete without the need for separate 
calibrations for different cement types and concrete compositions.

To this end, the proposed model has been used to compute the 
temporal evolution of pore pressure profiles of three CO2-reduced 
cement types, namely, CEM II/B-Q, CEM III/A and CEM IV as well 
as the pressure profile for concrete made of ordinary Portland cement 
(CEM I) at various depths of a concrete specimen in a PTM test. It has 
been found, that the different dehydration behavior of blended cements 
can lead up to 13% higher maximum pore pressures as compared to 
standard CEM I. These higher maximum pore pressures are attributed 
to the higher 𝐶𝑆𝐻 and 𝐴𝐹𝑚 volume fractions within the hardened 
cement paste, associated with their chemical dehydration below 200 
𝑜C.

In order to demonstrate the applicability of the multiscale model, 
the second numerical study investigates the influence of the aggregate 
type while maintaining the cement composition. Concretes made of 
aggregates with a high and a low thermal conductivity have been 
compared, representing an upper and lower bound for common con-
cretes. Results show that highly conductive aggregates reduce thermal 
gradients within the specimen, while low conductive aggregates result 
in faster heating near the surface due to reduced internal heat flux. 
Pore pressure analysis reveals three key trends: (1) maximum pore pres-
sures are 36% higher in concrete with highly conductive aggregates, 
(2) low conductive aggregates exhibit delayed pore pressure peaks, 
and (3) low conductive aggregates yield consistent pressure magni-
tudes (3.29–3.57 MPa) after ≈90 min heat exposure at depths beyond 
≈15 mm. Highly conductive aggregates, however, lead to strongly in-
creasing pressure peaks during ≈150 min exposure, reaching maximum 
levels (3.93–4.85 MPa) beyond depths of ≈40 mm. The underlying 
multiphysical mechanisms of these trends has been discussed in detail.

Finally, the proposed model provides the tools to control – or even 
to reduce – the greater risk of thermal spalling of blended cements 
characterized by low carbon-dioxide release in the clinker production, 
by means of the selection of the type of aggregates.
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Appendix A. Constitutive laws, parametric relationships and ma-
terial parameter

A.1. Thermodynamic relationships and isotherm formulation

As provided in [31], dry air, water vapor, and their mixture are 
assumed to behave as ideal gases, entailing Dalton’s law and the ideal 
gas law 3: 
𝑝𝑔 = 𝑝𝑔𝑎 + 𝑝𝑔𝑤 (A.1)

𝑝𝜋 = 𝜌𝜋𝑀𝜋∕𝑇𝑅, 𝜋 ∈ {𝑔𝑎, 𝑔𝑤, 𝑔} (A.2)

where 
1
𝑀𝑔

=
𝜌𝑔𝑤
𝜌𝑔

1
𝑀𝑤

+
𝜌𝑔𝑎
𝜌𝑔

1
𝑀𝑎

(A.3)

with 𝑇  as the temperature, 𝑅 as the ideal gas constant, 𝑀𝑔 as the molar 
mass of the gas phase, 𝑀𝑤 as the molar mass of the water phase, 𝑀𝑎
as the molar mass of the dry air phase, 𝜌𝑔 as the density of the gas 
phase, 𝜌𝑔𝑤 as the density of the gaseous water phase and 𝜌𝑔𝑎 as the 
density of the dry air phase. Predicting the water vapor density using 
Eq. (A.2) deviates from experimental results at temperatures exceeding 
160 ◦C. However, numerical investigations reported in [31] indicate 
that the resulting model error using Eq. (A.2) is negligible for practical 
applications.

According to the interface curvature between the capillary or bound 
water and the gas phase within the pores space, the equilibrium water 
vapor pressure can be determined using the Kelvin equation [83]. 

𝑝𝑔𝑤 = 𝑝𝑠𝑎𝑡 ⋅ 𝑅𝐻 = 𝑝𝑠𝑎𝑡 ⋅ exp
(

−𝑝𝑐𝑀𝑤
𝜌𝑙𝑅𝑇

)

(A.4)

with RH as the relative humidity, 𝑝𝑠𝑎𝑡 as the water saturation pressure, 
calculated as [25]: 
𝑝𝑠𝑎𝑡 = 𝑎𝑇 6 + 𝑏𝑇 5 + 𝑐𝑇 4 + 𝑑𝑇 3 + 𝑒𝑇 2 + 𝑓𝑇 + 𝑔 for 𝑇 ≤ 𝑇𝑐𝑟𝑖𝑡 (A.5)

where 𝑎 = −0.143742221944687 ⋅10−9, 𝑏 = 4.42439058302123 ⋅10−6, 
𝑐 = −3.92808082125791 ⋅10−3, 𝑑 = 1.59103252944303, 𝑒 = −3.25887
438504847 ⋅102, 𝑓 = 3.21477952751975 ⋅104, and 𝑔 = −1.15466360
325087 ⋅106.

𝜌𝑙(liquid water density) is calculated as [84] 
𝜌𝑤 = max(𝑏0 + 𝑏1𝑇 + 𝑏2𝑇

2 + 𝑏3𝑇
3 + 𝑏4𝑇

4 + 𝑏5𝑇
5, 350) [kg∕m]3 (A.6)

where 𝑏0 = 1.02⋅10−3, 𝑏1 = −7.74⋅10−1, 𝑏2 = 8.77⋅10−3, 𝑏3 = −9.21⋅10−5, 
𝑏4 = 3.35 ⋅10−7 and 𝑏5 = −4.40 ⋅10−10. In Eq. (A.6) the water is assumed 
to be incompressible, see [31] for further discussion.

3 Index notation: g =̂ gas phase, ga =̂ gas phase air, gw =̂ gas phase water.
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The formulation of desorption isotherms for concrete at elevated 
temperatures is based on the approach proposed by [85]. In this 
framework, the isotherm is defined 

𝑆(𝑝𝑐 , 𝑇 ) =

[

(

𝑝𝑐
𝐴𝑆

)

1
1− 1

𝐵𝑆 + 1

]− 1
𝐵𝑆 (𝑇 )

(A.7)

where 𝐴𝑆 and 𝐵𝑆 are phenomenological parameter, see e.g [26]. The 
𝐵𝑆 in the second exponent is decreasing with 
𝐵𝑆 = 𝐵𝑆 + 0.0025 ⋅ 𝑇 for 60 ◦C < 𝑇 < 𝑇𝑐𝑟𝑖𝑡. (A.8)

A.2. Multiphase flow properties

The relative permeabilities are computed as [30] 

𝑘𝑟𝑤 =

[

1 +
( 1 − 𝑅𝐻

0.25

)𝐵𝑤

]−1

𝑆𝐴𝑤 and 𝑘𝑟𝑔 = 1 − 𝑆𝐴𝑤 (A.9)

where 𝐴𝑤 = 3 and 𝐵𝑤 = 6.
The intrinsic permeability is calculated the effects of dehydration, 

vapor pressure, and thermo-mechanical stresses 
𝐾𝑖𝑛𝑡 = 𝐾0 ⋅ 10𝐴⋅(𝑇−𝑇0) ⋅ 10

𝐴𝑝⋅𝑑𝑡ℎ𝑒𝑟𝑚𝑎𝑙 , (A.10)

where 𝐾0 represents the intrinsic permeability, and 10𝐴⋅(𝑇−𝑇0) the per-
meability evolution due to dehydration, with the parameter adopted 
from [30] with 𝐴 = 0.005. Following the argumentation of [86] the 
last term captures the coupled effect of vapor pressure and mechanical 
damage within a phenomenological approach.

Taking into account the theory of gas slip flow and pure vis-
cous flow [31], known as the Klinkenberg effect, the intrinsic gas 
permeability is calculated as follows [87] 

𝐾𝑖𝑛𝑡,𝑔 = 𝐾𝑖𝑛𝑡

(

1 + 𝑏
𝑝𝑖𝑛

)

 [m2] with (A.11)

with [87] 

𝑝𝑖𝑛 =
𝑝𝑎𝑡𝑚 + 𝑝𝑔

2
and 𝑏 = 1.635 ⋅ 10−8𝑘−0.5227𝑙 . (A.12)

The dynamic viscosity of liquid water is calculated by [25] 
𝜇𝑤 = 0.6612(𝑇 − 229)−1.562 for 𝑇 ≤ 𝑇𝑐𝑟𝑖𝑡 (A.13)

and the dynamic viscosity of the gas phase is calculated by [25] 

𝜇𝑔 =
𝜌𝑔𝑎𝜇𝑔𝑎 + 𝜌𝑔𝑤𝜇𝑔𝑤

𝜌𝑔
(A.14)

with [30] 
𝜇𝑔𝑤 = 8.85 ⋅ 10−6 + 3.53 ⋅ 10−8(𝑇 − 𝑇0) (A.15)

and [30] 
𝜇𝑔𝑎 = 17.17 ⋅ 10−6 + 4.73 ⋅ 10−8(𝑇 − 𝑇0) − 2.22 ⋅ 10−11(𝑇 − 𝑇0)2. (A.16)

𝐷𝑏 = 1.57 ⋅ 10−11exp
(

−2.08 𝑆
𝑆𝑆𝑆𝑃

𝑇
𝑇0

)

[m2∕s] for 𝑆 ≤ 𝑆𝑆𝑆𝑃 (A.17)

where 𝑆𝑆𝑆𝑃 = 0.45 is the solid saturation point [26] where the effective 
diffusion coefficient 𝐷𝑒𝑓𝑓  is computed as [88] 

𝐷eff = 𝐾int(𝑇 , 𝑝𝑔)∕𝐾int(𝑇0, 𝑝0) ⋅ 10−6 ⋅ (1 − 𝑆) (A.18)

A.3. Heat flow properties

The specific heats are calculated as follows: Solid skeleton [23] 

𝐶𝑝𝑠 = 900 + 80 ⋅
𝑇𝐶
120

− 4 ⋅
𝑇𝐶
120

2
(A.19)

Water vapor: [23] 

𝐶𝑝𝑔𝑤 =

⎧

⎪

⎨

⎪

(7.1399𝑇 − 443) +
( 𝑎𝑇
513.15

)𝑏 if 𝑇 ≤ 𝑇𝑐𝑟𝑖𝑡

45821.04 if 𝑇 > 𝑇𝑐𝑟𝑖𝑡
(A.20)
⎩
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Fig. B.12. (a) TGA of hardened cement pastes untreated (b) TGA of hardened cement pastes dried at 105 ◦C.
where a = 1.13771502228162 and b = 29.4435287521143.
Free water: [23] 

𝐶𝑝𝑤 =

⎧

⎪

⎨

⎪

⎩

(2.4768𝑇 + 3368.2) +
( 𝑎𝑇
513.15

)𝑏 if 𝑇 ≤ 𝑇𝑐𝑟𝑖𝑡

24515 if 𝑇 > 𝑇𝑐𝑟𝑖𝑡
(A.21)

where a = 1.08542631988638 and b = 31.4447657616636.
Dry air: [23] 

𝐶𝑝𝑔𝑎 = 𝑎𝑇 3 + 𝑏𝑇 2 + 𝑐𝑇 + 𝑑 (A.22)

where a = −9.84936701814735 ⋅ 10−8, b = 3.56436257769861 ⋅ 10−4, c 
= −1.21617923987757 ⋅ 10−1 and d = 1.01250255216324 ⋅ 103.

The enthalpy of evaporation depends upon the temperature and be 
approximated by the Watson formula [30] 
𝛥𝐻𝑣𝑎𝑝 = 2.672 ⋅ 105(𝑇𝑐𝑟𝑖𝑡 − 𝑇 ) (A.23)

enthalpy of dehydration of chemically-bound water [30] 
𝛥𝐻𝑑𝑒ℎ = 24 ⋅ 105 (A.24)

A.4. Numerical solution

The proposed formulation is implemented into the finite element 
framework of Comsol Multiphysics 6.2 using the weak-form implemen-
tation function, based on the discretization of the governing equations 
in space of the primary state variables, i.e. temperature 𝑇 , gas pressure 
𝑝𝑔 , capillary pressure 𝑝𝑐 , displacement 𝑢 and the internal variables as 
ordinary differential equations.

Appendix B. Experimental methods

B.1. Chemical analysis

The chemical composition of three different cements CEM I 42.5 N, 
CEM III/A 42.5 N and CEM II/B-Q 42.5 N classified according to DIN 
EN 197 were analyzed by means of X-ray fluorescents analysis (XRF). 
The measurements were performed using Zetium from PANalytical with 
a Rh tube anode and a working range from 24 to 60 kV. For each 
cement two fused tablets prepared at 1065 ◦C were measured similar 
to DIN-EN 196. The results are shown in Table  B.11. From the analysis 
several differences in the chemical composition of the oxides can be 
concluded based on their general composition (see Table  B.12). The 
ordinary Portland cement (CEM I) has the highest content of CaO which 
appears due to the relative highest amount of Portland cement clinker 
since no supplementary cementitious material (SCM) was added. The 
replacement of Portland cement clinker with blast furnace slag (CEM 
III/A) or calcined clays (CEM II/B-Q) led to an increase of SiO2 and 
Al2O3. Furthermore, CEM III/A shows the lowest amount of Fe2O3 and 
the highest amount of MgO.
15 
Table B.11
XRF of cements investigated in this study.
 Oxide [wt. %] CEM I 42.5 N CEM III/A CEM II/B-Q 42.5 N 
 SiO2 19.84 26.44 34.31  
 Al2O3 5.11 7.29 8.46  
 Fe2 2.99 1.91 3.03  
 TiO2 0.30 0.50 0.54  
 CaO 61.88 52.47 46.01  
 MgO 2.89 4.94 2.52  
 Na2O 0.25 0.30 0.21  
 K2O 1.01 0.94 1.27  
 SO3 3.27 3.93 2.50  
 P2O5 0.21 0.16 0.22  
 Mn2O3 0.05 0.11 0.04  
 LOI 2.07 0.93 0.94  
 Rest 0.16 0.11 0.90  

Table B.12
Composition of the cements investigated in this study.
 Component [wt.%] CEM I 42.5 N CEM III/A 42.5 N CEM II/B-Q 42.5 N 
 Portland cement clinker 95.7 55.8 71.6  
 Limestone 4.3 3.8 3.4  
 Blast furnace slag – 40.4 –  
 Calcined clay – – 25  

B.2. Thermogravimetric analysis of hardened cement pastes

The dehydration behavior was investigated by thermogravimetric 
analysis (TGA) of hardened cement paste powders prepared with a 
water to cement ratio of 0.47. The samples were demolded 24 h after 
casting and subsequently placed in a water bath for 6 𝑑. Thereafter 
the samples were stored at (20 ±2 ◦C) (65 ±5% 𝑅𝐻) until 90 d of 
hydration. Subsequently the samples were crushed and ground into a 
fine powder. For the thermal analysis untreated samples and samples 
pre-dried at 105 ◦C for 72 h were considered. Roughly 8 𝑚𝑔 per sample 
were measured in a TGA/DSC 3 from Mettler Toledo and heated under 
N2 atmosphere with a temperature increase of 10 K∕min from 25 to 
1000 ◦C. The results presented in Fig.  B.12 show peaks caused by the 
dehydration and decomposition of the hardened cement pastes. The 
dehydration behavior of the undried samples is described as follows. 
The weight loss at around 100 ◦C is attributed to the evaporation of 
free water and the dehydration of ettringite (AFt). The peak around 
140 ◦C is mainly caused by mono sulfoaluminates (AFm) and the large 
weight loss around 440 ◦C is caused by the dehydration of Portlandite 
(CH). The main binder phase CSH or C(A)SH is losing most of its mass at 
temperatures below 400 ◦C. Further weight loss at temperatures above 
650 ◦C appears due to the decarbonation of limestone (𝐶̄𝐶) which is 
present as secondary component in every cement. Samples dried at 
105 ◦C experienced similar dehydration but it became evident that the 
CEM I specimen lost larger amounts of water below 105 ◦C, while CEM 
III/A and CEM II/B-Q specimens lost most of their water between 105 
and 400 ◦C indicating higher contents of CSH and AFm. The lower 
Portlandite content in the blended cement pastes can be explained by 
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the latent hydraulic and pozzolanic characteristics of CEM III/A and 
CEM II/B-Q, respectively.

Data availability

Data will be made available on request.
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