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Abstract

A procedure to estimate the mechanical and diffusive properties of cement pastes, mortars and
concretes made with a novel CEM II/C-M (S-LL) binder that has been developed within the
European EnDurCrete project, is presented in this paper. The objective is to set up a strategy
able to determine the materials composition at different scales and in various configurations, and
to provide reliable estimates of the properties. The phase assemblages of the cement pastes upon
hydration, and further exposed to carbonation, leaching with water or chloride containing solutions,
are first simulated using thermodynamic modeling. Different homogenization schemes are then
applied, to estimate the mechanical and diffusive properties of the hydrated and degraded materials
at different scales. The interfacial transition zone (ITZ) in mortar and concrete is accounted for by
means of specific hypotheses regarding its thickness and the respective volume fraction of hydrates

and capillary pores. The application of the differential scheme (DIF) at the cement paste scale, and
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at higher scales of the generalized self-consistent scheme (GSCS) or a procedure accounting for ITZ
modeled as an interface combined with the DIF scheme, show a good consistency with the measured
Young’s modulus. In parallel, simulations are performed on 3D specimens composed of spherical
particles surrounded by an ITZ layer to provide additional data for comparison. Numerical results
and analytical estimations are found to be in excellent agreement. Finally, a specific study focusing
on the effects of the ITZ on both mechanical and diffusive properties shows a significant impact of
its thickness and its composition.

Keywords: Novel cementitious material, Thermodynamic modeling, Multi-scale modeling,

Mechanical and diffusive properties, 3D computational analysis, Interfacial transition zone (ITZ).

1. Introduction

A novel CEM II/C-M (S-LL) binder, which consists of 50 wt.% Portland cement clinker, 40 wt.%
granulated blast-furnace slag and 10 wt.% limestone, has been designed within the European Hori-
zon 2020 project EnDurCrete. Cementitious materials prepared with this binder have shown a good
resistance to carbonation [1] and a high potential for long-term sustainability. As is well-known,
elastic and diffusive parameters are of uttermost importance to quantify the mechanical behaviour
and transport properties of concretes, which are in turn essential to characterize the durability and

predict the service-life of reinforced concrete structures.

The estimation of the property of composite materials has been extensively investigated in the
literature, e.g. [2, 3] among others. To estimate the mechanical and diffusive properties of ce-
mentitious materials, analytical upscaling methods have proven to be very efficient. Such methods
have been applied in many situations to estimate various properties as elastic (see e.g. [4, 5, 6]),
viscoelastic (e.g. [7, 8]), strength (e.g. [9, 10]), diffusivity (e.g. [11, 12, 13]) to cite a few. They rely
on an appropriate representation of the microstructure of the material in terms of volume fraction
and morphology of the elementary phases, associated with an accurate characterization of their
properties. To obtain these data may be challenging when the microstructure evolves, e.g. due
to hydration or chemical degradation. In many studies, simplified and/or empirical models have
been applied to describe such microstructure evolution, leading generally to relatively satisfying

results in particular in the case of hydration, see e.g. [12, 14]. However, when dealing with new



20

25

30

35

40

45

materials for which little data is available, and also to increase the understanding and accuracy
of phase assemblage changes when investigating various exposure situations, much more advanced
tools must be deployed. The most versatile strategies have to account for complex chemical re-
actions occurring between all considered phases and the species present in the pore solution, to
determine the progressive evolution of phases with time. In this respect, the Gibbs free energy min-
imization software GEM-Selektor (GEMS) has been widely applied in the literature [15, 16, 17, 18]
to simulate the thermodynamic changes in the phase assemblage of cementitious materials upon
different conditions, e.g., hydration, carbonation, and exposure to solutions containing aggressive
substances. The advantages of employing GEMS to simulate the phase equilibrium in a fluid-solid
system are reflected in the relevance of chemical description, robustness of results, mass balance
accuracy, numerical stability, high speed, and portability to high-performance computing systems
[18]. With the phase assemblages simulated by GEMS, both microstructure and composition of the

materials can be precisely modeled.

Cementitious materials are generally considered as heterogeneous materials at several levels: at
micro-scale for cement paste, at meso-scale for mortar and at macro-scale for concrete. To apply
upscaling procedures to estimate physical properties, a proper representation of their microstruc-
ture has to be chosen. Various descriptions have been proposed in the literature, from very simple
ones based on spherical inclusions embedded in a homogeneous matrix, to more sophisticated ones
including non-spherical shapes for the inclusive phases, the latter being not necessarily homoge-
neous. Besides, the interfacial transition zone (ITZ) has an important effect on both mechanical
and diffusive properties of mortar and concrete [19, 20], due to its higher porosity compared to that
of bulk cement paste [21]. Few studies have managed accurately measuring the properties of the
ITZ, due to its small size compared to aggregates, and the fact that the ITZ is not a homogeneous
interface but rather a graded phase [22]. The characteristics of the ITZ have been estimated by
inverse analyses from macroscopic experimental values on mortars, considering a simplified homo-
geneous ITZ, in several studies, see e.g. [23, 24]. However, non-consistent results have been found
upon these studies [25]. Alternatively, upscaling techniques have been used in e.g. [26], based on
convenient hypotheses regarding the I'TZ composition with respect to the plain hardened cement
paste (HCP) one. This approach is associated with a representation of HCP microstructures by a

doubly coated spheres assemblage model (see also [27]), where the remaining anhydrous phase is
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the core surrounded by the inner and outer coatings representing respectively high-density and low

density C-S-H layers, both embedding inclusions of all other mineral phases and pores.

It is important to recognize that without the precise knowledge of the volume fraction of the
phases and their morphology (i.e. spatial arrangement, shapes of inclusions etc.) at different
scales, upscaling techniques cannot in general be applied successfully and confidently. Moreover,
these characteristics allow the selection of the most appropriate homogenization procedure. Various
approximation schemes have been proposed and used in the literature to estimate the mechanical
and diffusive properties of cementitious materials. For example, the self-consistent scheme (SC)
[28, 29], adapted for disordered materials, is capable to predict a percolation threshold that is
useful for mimicking the setting at early ages. On the other hand, the Mori-Tanaka scheme (MT)
[30] and the differential scheme (DIF) [31] well illustrate a composite material made of inclusions
distributed in a known matrix phase. The DIF scheme is a less commonly adopted approximation
scheme in cementitious materials and is based on the idea of incremental homogenization, i.e. the
inclusions are added by small quantities so that the dilute scheme can be applied at each step. The
generalized self-consistent scheme (GSCS) [32], and the replacement procedure [33] combined with
one of the SC, MT and DIF schemes, are able to estimate the properties of mortar and concrete,
taking into account the existence of the I'TZ around the sand or aggregate particles. However, these
various schemes and methodologies give in general different estimations, and comparison /validation
data are required to determine the best suited homogenisation scheme for the considered case. In
this respect, experimental measurements provide the most direct data to be compared with the
analytical estimations; 3D computational analysis represents another way. One advantage of the
numerical procedure is that it can afford very complex microstructures, the main limitation being
the size of the problem to solve. It has been used e.g. to study the effect of aggregate shapes
on mechanical behaviour and diffusivity of mortars [34], the creep behaviour of concrete [35], the
initiation and propagation of cracks [36, 37], and constitutes an alternative way to predict the
properties of materials and to further support the choice of the most appropriate homogenization

scheme.

In this paper, we present a procedure to estimate the mechanical and diffusive properties of satu-
rated cement pastes, mortars and concretes prepared with a novel CEM II/C-M (S-LL) binder. It

is worthy to mention that our main objective is to propose a strategy based on the combination of
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different complementary tools that may be extended to other materials, rather than new upscaling
schemes or microstructure descriptions. After having defined the studied materials, the procedure
starts from the phase assemblage simulation of cement paste by the software GEMS, for deter-
mining the cement paste composition upon various conditions. Then the mechanical and diffusive
properties of the hydrating materials at different scales are estimated from cement paste to mortar,
and subsequently extended to concrete, based on simple microstructure representations and the
application of different homogenization schemes. As an important phase in mortar and concrete,
the ITZ is assumed to be composed of hydrates and capillary pores from the cement paste, with
additional pores for the remaining space. The best suited homogenization schemes are determined
by comparing the obtained estimations to the experimental measurements of Young’s modulus.
Moreover, a 3D computational analysis is performed to further confirm the validity of the adopted
homogenization schemes. In particular, simulation data are provided with specimens exhibiting
spherical particles surrounded explicitly by a ITZ layer. The effects of the ITZ thickness and its
composition on the properties of mortar are further investigated, and the estimated properties of
the ITZ in mortar and concrete fabricated with the novel binder are provided thereby. In the last
part of the paper, the procedure is applied to estimate the mechanical and diffusive properties of

materials exposed to carbonation, leaching with water and chloride containing solutions.

2. Materials with novel binders

In this section, the materials made with the CEM II/C-M (S-LL) binder considered in this study
with water to cement (w/c) ratios of 0.40, 0.45, 0.50 and 0.60, are described. The cement constitu-
tive properties and data on hydration products and microstructure description are provided in [38].
All materials are exposed to hydration, then the materials with w/c=0.60 are further exposed to
carbonation after 76 days of hydration, and the materials with w/c=0.45 are exposed to leaching
with water and chloride containing solutions (NaCl/NaCl+KOH) after 146 days of hydration. Table
1 shows the mix designs of mortar and concrete samples in terms of volume fractions of different
components, which are important input to estimate the mechanical and diffusive properties of ce-
mentitious materials. The w/c ratio given in Table 1 represents the effective water content, which

means that the water content of the aggregates and the adsorption of water on the aggregates in the
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Table 1: Mix design of materials exposed to hydration, carbonation, leaching with water and

chloride containing solutions.

Dosages (L/m?) C. 045 | M. 0.45 | C.0.50 | M. 0.50 | C. 0.60 | M. 0.60

CEM II/C-M (S-LL) 105 188 117 184 105 163

Washed sand 0/4 350 546 343 542 357 551
Washed gravel 5/10 140 - 111 - 79.7 -
Washed gravel 10/15 210 - 247 - 264.6 -

VC-2014 (SP) 1.79 1.79 1.22 1.22 0.4 0.6

VF-10150666 (polif) 2.8 2.6 1.92 1.83 0.7 0.9

Water 189 241 175 264 189 292
Hydration Hydration Hydration

Exposed conditions Leaching - Carbonation

Chloride ingress - -

* C. stands for concrete samples, and M. stands for mortar samples.

* The average diameters for aggregates washed sand 0/4, washed gravel 5/10, and
washed gravel 10/15 are 1.50 mm, 7.98 mm, and 10.57 mm.

* The water absorption of aggregates washed sand 0/4, washed gravel 5/10, and washed

gravel 10/15 has been measured as: 1.3%, 0.9%, and 0.7%.

fresh state have been taken into account. The fine aggregate used in mortar is a washed sand 0/4
with an average diameter of 1.50 mm, and the two coarse aggregate types adopted in concrete sam-
ples are washed gravel 5/10 and washed gravel 10/15, which have an average diameter of 7.98 mm
and 10.57 mm, respectively. The dimensions of aggregates are important, to determine the volume
of the ITZ, as will be explained in detail in section 3.2.2. Mortar prisms (40 x 40 x 160 mm) cast
with CEM II/C-M (S-LL), sand and a w/c of 0.40, 0.50 or 0.60, are fabricated within the project
to measure their Young’s modulus; the obtained values will be compared with the simulations. The

mix design of the mortars is shown in Table 2.
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Table 2: Mix design of the mortars used to measure the Young’s modulus that are to be compared with the

estimations.

w/c | Cement (kg/m?®) | Sand (kg/m®) | Water (kg/m®)

0.40 511.2 1350.0 204.5
0.50 450.0 1350.0 225.0
0.60 401.9 1350.0 241.1

3. Phase assemblages and estimation procedures

3.1. Phase assemblages from GEMS

As mentioned in the introduction, the Gibbs free energy minimization software GEM-Selektor v.3
(GEMS3) [15, 16, 17, 18] is applied to simulate the thermodynamic changes in the phase assem-
blage of the cement paste when it is exposed to hydration and degradation conditions, with the
thermodynamic data taken from the PSI-GEMS database and a cement-specific database (CEM-
DATA 18) [39]. Chemical reactions are assumed to be in thermodynamic equilibrium in a closed
system, i.e. with no transport considered. As this is not the main focus of this paper, we give in
this subsection only a brief description of the results obtained; a much more detailed interpretation
of the phase assemblages will be provided in a dedicated contribution. The hydration of the novel
binder calculated by thermodynamic modeling is based on the experimental data concerning the
reaction degree of phases. The reaction degree of cement components was quantified by PONKCS
analysis of X-ray powder diffraction (XRD) scans on hydration stopped cement paste at discrete
hydration time intervals, and the reaction degree of the various supplementary cementitious materi-
als (SCMs) was determined by scanning electron microscopy (SEM) coupled with energy dispersive
spectrometry (EDS), see [38]. The data was used as input for the thermodynamic modeling, and
the results of thermodynamic calculations were observed to be qualitatively in accordance with the

experimental data.

Fig. 1 shows the modeled phase assemblages expressed in volume [cm?] for 100 g of the hydrating
CEM II/C-M (S-LL) binder as a function of the time, for the w/c ratios of (a) 0.45, (b) 0.50,
and (c) 0.60 at 20 °C. The precipitated hydration phases are C-S-H, portlandite (CH), ettringite,

monocarbonate, hydrotalcite, and siliceous hydrogarnet. By plotting the results in [em?/100 g],
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the (theoretical) chemical shrinkage due to the volume change of free and bound water is visible as

well.
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Figure 1: Modeled phase assemblage plotted as a function of time for the hydrating CEM II/C-M (S-LL) binder
with w/c ratios of (a) 0.45, (b) 0.50, and (c) 0.60 at 20 °C.
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Figure 2: Modeled phase assemblage plotted in [cm3/100 g] as a function of added COz [mol] for the 76 days
hydrated CEM II/C-M (S-LL) binder with a w/c ratio of 0.60 at 20 °C.

Fig. 2 shows the calculated phase assemblage of the CEM II/C-M (S-LL) binder prepared with
a w/c ratio of 0.60 and hydrated at 20 °C for 76 days in [cm®/100 g], and subsequently exposed
to an increasing amount of CO5 at 20 °C. With this progressive addition of COs, the hydration
phases decompose and react to form calcite and various other residual phases, such as gypsum,
Al(OH)3, MgCOs3, amorphous silica, zeolites and ferrihydrite. Strétlingite and M-S-H are appearing

as transition phases between the initial phases and the residual phases at the highest amount of
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CO; added. Note that thermodynamic modeling has been a popular method to investigate the
phase assemblage of cementitious materials exposed to carbonation, e.g. [40, 41, 42] among others,
and the calculations have been proved to agree well with the experimental data. For instance,
such calculations have shown a good consistency with the data from TGA and XRD [42], and the
calculated total porosity has been found to be close to the value measured by MIP [43].
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Figure 3: Modeled phase assemblage plotted in [cm3/100 g] as a function of added H2O [10% L] (a) or NaCl (b)-(c)
[10* g] for the 146 days hydrated CEM II/C-M (S-LL)-0.45 binder at 20 °C, exposed to either (a) H20, (b) a 3%
NaCl, and (c) a 3% NaCl4+KOH solution.

Fig. 3 shows the simulated phase assemblage of the CEM 1I/C-M (S-LL)-0.45 binder hydrated for
146 days at 20 °C, and subsequently exposed at 20 °C either to leaching with water, a 3% NaCl
solution or a 3% NaCl+KOH solution, as a function of the volume of added solution (a) or the mass
of NaCl (b)-(c). It should be pointed out that the estimations of thermodynamic modeling in such
cases have been proven to be consistent with the experimental data. For instance, authors in [42]
have compared the phase assemblage of cement-based materials exposed to leaching calculated by
thermodynamic modeling with the results experimentally measured using TGA and XRD, and the
results have shown good consistency regarding the complete decomposition of portlandite, the pres-
ence of hydrotalcite, etc. Moreover, the experimental observations concerning the transformation
of monocarbonate to Friedel’s salt and calcite, and the leaching out of Friedel’s salt, portlandite,
and C-S-H at the exposed surface have also been confirmed by thermodynamic modeling [44]. The
phases present at the start of the modeling are equal to the phases calculated by the hydration model

at 146 days. As expected, the results upon HoO exposure mimicking leaching show a progressive
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dissolution of the initial phases. By plotting the results obtained with the addition of NaCl (Fig.
3(b)), we observe that monocarbonate transforms into Friedel’s salt. During this transformation,
chloride ions replace carbonate ions in the interlayer of the AFm phase; therefore, slightly more
limestone (calcite) is predicted to form. Note that in this modeling, the exposure to NaCl is coupled
with the exposure to leaching with water. Such high amounts of NaCl solution lead to a combined
leaching attack on the hydrated cement. Therefore, the hydration phases start to decompose at a
certain amount of chloride solution added and transform into less soluble residual phases such as
M-S-H, zeolites and ferrihydrite. In the last studied case of degradation (Fig. 3 (c)), a small amount
of KOH is added in the exposure solution, with the aim to decrease its leaching effect by increasing
the pH. To maintain a similar concentration of potassium in the NaCl+KOH exposure solution
compared to the pore solution of hydrated cement paste after 146 days (approx. 150 mmol/L),
8.16 g KOH was added to 970 g HyO before preparing the NaCl+KOH solution. We can indeed
observe from the results that for the same quantities of solution added as for the 3% NaCl case,
larger volumes of C-S-H, hydrotalcite and siliceous hydrogarnet remain stable, indicating a reduced

dissolution process attributed to KOH.

3.2. Representation of materials and upscaling methods

The representative microstructures at the different scales considered and the adopted approximation
schemes are presented in this section. As indicated in the introduction, here the objective is to
develop a procedure to estimate the material properties based on a simplified representation of
the microstructure at each scale, by using classical homogenization schemes. In cement paste, the
phases of hydrated products, anhydrous phases, capillary water, and empty pores are considered,
and three common approximation schemes, namely MT, SC, and DIF, are tested and compared.
The second level, mortar, is represented by a 2-layer composite sphere assemblage model: the fine
aggregate (sand) is the core of the sphere, and is surrounded by the ITZ, with the cement paste
being the outer layer. The main assumptions concerning the ITZ will be explained in detail in
section 3.2.2. At the level of concrete, a composite sphere assemblage model similar to the mortar
microstructure but with the coarse aggregate as the core instead of the sand, is retained, with the
external layer composed of the mortar homogenized at level II. Two approximation procedures are

used to estimate the mechanical properties of materials exhibiting composite spheres: the GSCS

10
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[32], and the so-called replacement procedure [33, 35|, in which the ITZ is modeled as an interface,
combined with one of the classical schemes among MT, SC, and DIF. Only the GSCS is applied for
the estimations of diffusive properties. Note that as the respective formulations of these classical

schemes are well-known, they will not be recalled here for the sake of brevity.

3.2.1. Cement paste

One important hypothesis at this scale is that C-S-H is considered as a composite phase comprising
the solid C-S-H and gel pores filled by water, which means that the volume of C-S-H is the sum
of these two phases that are determined separately in the GEMS simulations (see Fig. 1). The
volume ratio of the solid C-S-H to the gel water is calculated to be approximately 2:1 in the GEMS
simulations, with the assumption that C-S-H contains 2 mol HoO per mol C-S-H as gel water. This
assumption is based on the studies reporting that C-S-H contains approximately 4 mol HyO per
mol C-S-H in total including structural and gel water [45], and 1.5 — 2.2 mol HyO per mol of Si
as structural water when its Ca/Si ratio is between 0.8 and 1.45 [46], hence the average value of
2 mol HyO. A ratio of Ca/Si in a range of 0.6 to 1.5 is used in the model of C-S-H in GEMS
[47]. As mentioned, a one-level representative microstructure [4] is considered at this level as shown
in Fig. 4: hydrates, anhydrous phases, and capillary water are introduced as spherical inclusions
embedded in the matrix composed of the homogeneous C-S-H phase. The real shape of particles
in cement paste is obviously more complicated (see e.g. [12, 26, 48]), and it has an effect on the
volume fraction of the ITZ in mortar or concrete [49], and inevitably on the effective elastic modulus
and diffusivity of composites [50, 51, 52]. However, the spherical particle approximation was found
to provide satisfactory results especially when both the volume fraction of the inclusions and the
contrast of properties between the matrix and the inclusions are low to moderate [53, 3, 54]. At the
scale of cement paste, the effect of representing ettringite (needle-like) and portlandite (disk-like)
by prolate and oblate spheroids was shown to be low [53], while the other phases have been kept
spherical since few evidences indicate their geometry. In mortar and concrete, a slight influence of
the aggregate shapes has been reported [35, 55, 56] mainly due to the limited contrast of mechanical

properties between the matrix and inclusion phases.

The one-level microstructure combined with one of the three upscaling schemes: MT, SC, and DIF,

11
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Figure 4: Simplified representative microstructure of cement paste in one level.

is used to estimate the mechanical and diffusive properties of cement paste. The scheme giving
the most acceptable results will be subsequently retained for the final estimations. In the MT
scheme, C-S-H is considered as the matrix, in which the spherical inclusions are distributed. In
the SC scheme, all phases have the same status and are assumed to be included in an effective
matrix whose properties are yet unknown; the effective properties are then the solution of implicit
equations. In the DIF scheme, C-S-H is considered as the initial matrix, and the other phases are
added progressively to the effective matrix through an iterative procedure. Here, we have chosen
to add simultaneously all the inclusive phases. However, other choices can be made, for instance
the phases may be added entirely one after the other. Such addition procedure has been found to
have negligible effects on the estimations through several trials in our study, not shown here for
conciseness. Concerning the diffusive properties of cement paste, C-S-H and capillary pores are

considered diffusive, and the other phases are assumed to be perfectly insulating [27].

3.2.2. Mortar and concrete

As explained above, the classical choice for representing the microstructure of both mortar and
concrete is based on an assemblage of composite spheres, as presented in Fig. 5. At the scale of
mortar, the fine aggregate is the core of the composite sphere, and is surrounded by a first layer
representing the I'TZ and a second one the bulk paste. Note that the bulk paste in mortar is supposed
to be composed of the same phases as the cement paste [26], but with very slightly different volume
fractions due to the presence of the ITZ. This 2-layer composite sphere is subsequently embedded in
the yet-unknown effective material of mortar. At the scale of concrete, mortar is in turn considered

as the external layer of the double coated spheres, the coarse aggregate and the I'TZ representing

12
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their core and first layer, respectively. One advantage of this representation is that the GSCS [32]
provides directly exact or very accurate estimations of diffusive and mechanical properties, see e.g.
[14, 24]. The equations giving the expressions for Young’s modulus, shear modulus, and diffusive

coefficient of materials are well known and are recalled in Appendix A.

ﬂﬁ\
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Q) / "
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Figure 5: Representative microstructures of cementitious materials at different scales.

At the scales of mortar and concrete, the ITZ is assumed to have identical properties. Moreover,
its thickness is supposed not to depend on particle size [57, 58], and values between 15 and 40
pm [23] are commonly adopted in the literature, with an average of about 20 pm [26, 59]. In
this paper, an ITZ thickness of 16 um has been shown to give satisfactory estimations and has
been retained. To be more specific, the estimated Young’s modulus and diffusive coefficients of
mortar and concrete are consistent with the data reported in the literature and measured in our
project, which will be explained in details in sections 4.1.2 and 4.4. We also make the hypothesis
that the I'TZ has an identical composition as the cement paste but with a higher porosity for the
sake of simplicity, though the I'TZ may have a higher volume fraction of calcium hydroxide and
AFt, and a lower volume fraction of C-S-H compared to the bulk paste in mortar. Note that for
the mechanical properties, a higher volume fraction of calcium hydroxide and AFt will increase
the Young’s modulus of the ITZ, while a lower volume fraction of C-S-H will decrease it. Since
it is complicated to simulate the real composition of the ITZ without extra information, we have
preferred to simplify the description. Besides, it should also be pointed out that ITZ percolation is
not taken into account directly, although it may have some effects on the macroscopic properties.
More sophisticated approaches may be used as e.g. [60, 61, 62] to address this aspect, which is out
of the scope of this paper. Moreover, it is also worth mentioning that the percolation threshold
concerning the porous network of materials, which depends on the distribution and the shape of

inclusions [63], the ITZ thickness [64], etc., has not been considered directly in this work. This
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aspect is addressed indirectly through the C-S-H phase that is assumed to be diffusive and always
percolates. Some hydrates and capillary pores of cement paste, which have a volume fraction of «
relatively to the total volume of cement paste, are then assumed to be transferred to the ITZ, and
the remaining space of the ITZ is occupied by pores. With this assumption, a higher porosity in
the ITZ than in bulk cement paste is obtained, as reported in e.g. [48]. This part of hydrates and
capillary pores transferred to the I'TZ is subtracted from the bulk paste in mortar. The effect of «

on the properties of ITZ and mortar will be analyzed in section 4.4.

Cement paste ITZ

ITZ

Coarse

Equivalent Equivalent

Il

inclusions
1

aggregate

inclusions
P

Il: Mortar Ill: Concrete

Figure 6: Replacement procedure for mortar and concrete.

An important specificity of the microstructure representation leading to the GSCS is that the whole
space is filled with doubly coated spheres, with sizes going to the infinitesimal. Therefore, as the
composite spheres are homothetic, the thickness of the ITZ varies for each sphere, contrary to the
hypothesis mentioned above and supported experimentally. To circumvent this drawback and to
test another approach to estimate the elastic parameters, an alternative homogenization method,
termed as replacement procedure, is also applied. It consists in replacing aggregates and the ITZ
by an energetically equivalent homogeneous spherical inclusion [33], see Fig 6. To be more specific,
the fine aggregate and the surrounding I'TZ are substituted by an equivalent phase, which is further
embedded in the bulk paste to form mortar. Similarly, at the scale of concrete, a homogeneous
particulate phase with properties equivalent to the ones of the coarse aggregate surrounded by the
ITZ is distributed in the mortar phase. In this method, the ITZ is modeled as a thin interface whose
thickness is much smaller than the aggregate size, and whose elastic properties are lower than the
inclusion ones. In this case, the linear spring model [65] is well adapted to rule its behavior. Upon

these conditions, the rigidity tensor of the interface can be expressed as:

k=knon+ksos+ktot (1)
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with k, = W, k; = HTZ: n is the unit vector normal to the interface; s and t are the
1TZ) h

two orthogonal unit vectors in the tangent plane of the interface (see Fig. 7). Once the composite

inclusions are replaced by the equivalent ones (whose mechanical properties are given in Appendix

B), a classical homogenization method (MT, SC or DIF) can be applied to obtain the overall

properties of the material. A summary of the approximation schemes that are adopted at the

different scales is presented in Table 3.
n
ITZ (thickness of h) +«—— ]—» t

Figure 7: Schematic representation of a thin interface between an inclusion and a matrix.

Table 3: Summary of the approximation schemes applied at the different scales.

Cement paste Mortar Concrete
MT
Mechanical properties SC GSCS GSCS
DIF Replacement procedure  Replacement procedure
MT
Diffusive properties SC GSCS GSCS
DIF

As already mentioned, the volume fractions of the considered phases are essential input for the
property estimations of materials. While the GEMS simulations provide the volume fractions of
hydrates, anhydrous phases, capillary pores and empty pores, the mix designs of mortar and concrete
(Table 1) allow the determination of the volume fractions of the bulk paste and aggregates. Once
the volume ratio of the ITZ : aggregates is determined based on the diameter of aggregates and the
ITZ thickness, the volume fraction of the ITZ in mortar and concrete can be deduced. As noted
in Table 1, the average diameters for aggregates washed sand 0/4, washed gravel 5/10, and washed
sand 10/15 are 1.50 mm, 7.98 mm, and 10.57 mm, respectively, according to their particle size
distributions. Consequently, the average diameter of the fine aggregate in mortar is 1.5 mm, and

for the coarse aggregates in concrete it is deduced from:
Decoarse aggregate — 7.98 mm X Peoarse aggregate 1 T+ 10.57 mm X @coarse aggregate 2 (2)
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where @coarse aggregate ¢ 15 the volume fraction of the i-th coarse aggregate.

3.3. Properties of the elementary phases

The mechanical properties of each considered phase are taken from the literature, and for some
phases, for which no mechanical properties are available, we used the properties of phases with a
similar chemical composition. We assume that all pores predicted by thermodynamic modeling are
accessible and well connected, which means that the inaccessible isolated pores are not considered.
The pores saturated with water are assumed to have a bulk modulus of 2.2 GPa and a null shear
modulus [66]. This information is summarized in Table 4. Regarding the diffusive properties, three
phases are considered diffusive in the simulations: C-S-H, capillary pores, and the ITZ. The diffusion
coefficient of C-S-H: Dc_s_g = 0.0025 Dy water [67] is adopted, and Dy water = 2.24 x 107°
m? /s is taken from [34]. The assumptions concerning the ITZ have been explained in section 3.2.2

and their effects will be analyzed in detail in section 4.4.

Table 4: Summary of the phases considered in the material and their corresponding mechanical properties: Young’s

modulus (E) and shear modulus (u).

Mineral name E (GPa) n (GPa) Ref. ‘ Mineral name E (GPa) n (GPa) Ref.
C-S-H 22.4 9.0 [68] Portlandite (CH) 42.3 16.3 [68]
Gypsum 45.7 17.2 [68] Ettringite (AFt) 26.0 9.3 [69]
Monosulfate (AFm) 30.2 11.6 [69] Monocarbonate Same as AFm  Same as AFm  [68]
Hemicarbonate 30.2 11.6 [69] | Siliceous hydrogarnet 167.0 64.2 [70]
Hydrotalcite 30.2 11.6 [71] Alite 135.0 51.9 [72]
Belite 130.0 50.0 [72] | Tricalcium aluminate 145.0 55.8 [72]
Ferrite 125.0 48.1 [72] Slag 46.9 18.0 [73]
Calcite 76.0 29.2 [74] Stratlingite 31.4 12.1 [69]
CaCly Same as CH Same as CH [68] Friedel’s salt Same as AFm  Same as AFm -
Al(OH)3 Same as CH Same as CH - Silica amorph 72.8 31.2 [68]
Magnesite Same as Same as - Magnesium Silicate Same as Same as -
Limestones Limestones Hydrate C-S-H C-S-H
Ferrihydrate Same as Same as [68] Zeolites Same as Same as -
Silica amorph Silica amorph C-S-H C-S-H
Empty porosity 0.0025 0.001 [71] Aggregates 70.0 26.9 [35]
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4. Estimations of hydrating materials

In this section, the different schemes and procedures described in the previous sections are applied,
to estimate the properties of cement paste, mortar, and concrete prepared with the novel CEM
II/C-M (S-LL) binder, upon hydration. For conciseness, detailed results will be provided only for
the case with w/c of 0.50. The denomination adopted for the different estimations are as follows:
scheme (cement paste) + scheme (mortar) + scheme (concrete). For example, MT+MT+MT
means that the MT scheme is used for the estimations of cement paste, then the replacement
procedure associated with MT scheme is applied to estimate the (mechanical) properties of mortar
and concrete. With the same definition, MT (cement paste) + GSCS (mortar) + GSCS (concrete)
will be simplified as MT+GSCS+GSCS. In sections 4.1 and 4.2, we retained the ITZ thickness of
16 pum, and a 7.3 vol% («) of hydrates and capillary pores in cement paste transferred to the ITZ,

as explained in section 3.2.2.

4.1. Mechanical properties

4.1.1. Estimation results

Fig. 8(a) presents the estimated Young’s modulus of cement paste with the CEM II/C-M (S-LL)-
0.50 binder at 20 °C upon hydration via the MT, SC, and DIF schemes, as a function of time. A
significant difference is observed among the results obtained by the different schemes at the early
age of hydration. The MT scheme gives a Young’s modulus above 10 GPa at the beginning of
hydration, which makes no sense from a physical point of view. This is probably caused by the fact
that at early ages the matrix, which is composed by the C-S-H phase in the case of MT scheme,
has a very low volume fraction, meaning that the particulate phases fill (almost) all space. This
configuration therefore largely exceeds the theoretical validity domain of the MT scheme, leading
to unreasonable results. Unsatisfactory estimations of the mechanical properties at early-age by
the MT scheme have also been reported in, among others, [75]. For this reason, the MT scheme
associated with the proposed simple microstructure representation will not be considered at the
cement paste scale. Compared to the results using the MT scheme, the estimations obtained by the

DIF scheme are more acceptable. This can be explained by the fact that for each calculated point,
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the matrix phase starts from C-S-H and is updated gradually with the addition of inclusions, leading
to a significant decrease of the effective estimated properties compared to the estimation via the MT
scheme. The Young’s modulus of approximately 0 observed in the DIF estimation corresponds to
a hydration degree of 0.01, calculated according to the phase assemblages from GEMS simulations.
A percolation threshold of the SC scheme is observed when the hydration degree is around 0.19,
which is close to the measurements between 0.17 and 0.25 for concrete with a w/c of 0.50 that have

been reported in [76, 77].
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Figure 8: Estimated Young’s moduli upon hydration of (a) cement paste, (b) mortar, and (c) concrete with the

CEM II/C-M (S-LL)-0.50 binder at 20 °C.
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The Young’s modulus evolution of mortar and concrete prepared with the CEM 11/C-M (S-LL)-0.50
binder during hydration at 20 °C estimated with different schemes are presented in Fig. 8(b) and
(¢). The percolation threshold observed on the SC estimation of cement paste has disappeared
when extending to mortar by the SC+SC scheme, due to a volume fraction of 53.1% for sand,
which is higher than the 50% known to induce a percolation of the corresponding phase in the
case of a 2-phase material with spherical particles [3]. SC+MT provides a reasonable estimation
at early ages, but the estimated Young’s modulus of 25.8 GPa for a mature mortar is much lower
than the value experimentally measured that will be shown in the next section. Thus, SC4+MT is
not recommended. The DIF+DIF and DIF+GSCS schemes give almost the same estimations, and
the SC+GSCS and DIF+MT schemes provide also quite close estimations. Similar conclusions can
be drawn from the estimations of concrete: the schemes presented in Fig. 8(c) provide reasonable
estimations including an approximation approaching 0 at early ages and values near the experiments
at later ages. Therefore, they will be applied in the following simulations, keeping in mind that a

confrontation with experimental data is ultimately required to select the best candidate.

4.1.2. Comparisons to experimental measurements

Firstly, we propose to compare the estimations of mechanical properties obtained with our model to
experimental data on cement pastes from literature. Indeed, no such measurements have been made
within our project on the investigated materials. Although the phase assemblages may have some
differences, we consider it relevant and very instructive to confront the Young’s modulus of cement
pastes with a w/c of 0.40, 0.45, 0.50, and 0.60 estimated by using the DIF and the SC scheme,
to the measured values of CEM I materials in [68] at 56 days, i.e. near to full hydration. The
results of the comparison is presented in Fig. 9. It is clearly shown that the DIF scheme provides
estimations close to the experimental data, while the values are significantly underestimated by the
SC scheme. The underestimation of the Young’s modulus via the SC scheme has been reported
in the literature (see e.g. [76, 78, 79]), and is attributed to i) the fact that it is not well adapted
to microstructures with matrix/inclusion morphology, ii) the existence of high property contrasts
between the matrix and the inclusive phases and the significant volume fractions of the latter [79],
especially at the level of cement paste. Therefore, in the following the DIF scheme is selected to

simulate the mechanical properties of cement paste.
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Figure 9: Comparison of the estimated Young’s modulus of the cement paste with a w/c of 0.40, 0.45, 0.50, and
0.60 after 56 days of hydration to the measured values in [68].

Next, within the project the dynamic elasticity moduli of mortars prepared with the CEM II/C-M
(S-LL) binder and various w/c ratios (0.40, 0.50, and 0.60) at 20 °C have been determined with a
non-destructive method according to EN 843-2 [80]. The dynamic elasticity modulus of the mortar,
E4, can be calculated with the equation [81]:

1
Ed:t—2><12><p><CL (3)

where Ey; is in N/mm?, ¢ is the running time of the emitted sound impulse in yus, [ is the length of
tested prisms (I = 160 mm), p is the density of materials in kg/m?, and C}, is a coefficient around
0.9 [81]. Then, the calculated dynamic moduli are converted to static ones, Es, using the following
formula:

E, = Ey (1 — ae™"Fa) (4)

where a and b are two parameters depending on the w/c and the curing temperatures [82]; a = 0.4920
and b = 0.0177 mm?/N are taken from this reference, in which measurements were performed on

concrete samples prepared with CEM I and a w/c of 0.50, hydrated at a temperature of 23 °C.

The static elasticity moduli converted from dynamic ones are presented in Fig. 10, together with
the simulations estimated by the DIF+DIF scheme. The DIF+GSCS scheme provides quite similar
estimations to the ones via the DIF+DIF scheme, with a maximum absolute deviation of 0.8%.

The results estimated by the SC+SC, SC+GSCS, and DIF4+MT schemes are lower than the ex-
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Figure 10: Comparison of the estimated and measured Young’s modulus of the mortar with w/c=0.40, 0.50, and

0.60.

perimental data, and thus are not illustrated in this figure but added in Appendix C. The only
difference for these three mortars comes from the GEMS simulations that provide different amounts
of hydration phases in cement paste. Among the multiple analytical schemes that have been tested,
the DIF+DIF and DIF4+GSCS schemes turn out to provide the estimations which are the closest
to the measurements, based on simple 1-level representative microstructures adopted in this study.
The Young’s moduli of the mortars estimated by the DIF4+DIF and DIF+GSCS schemes show a
good consistency with experimental measurements, especially at later ages, while at early ages they
are slightly overestimated. Note that the GEMS simulations predict quite stable phase assemblages
after 20-25 days of hydration (see Fig. 1), while the experimental data of Young modulus indicate
an increase of about 10-15% after this period. The average absolute deviations for the mortars with
w/c of 0.40, 0.50, and 0.60 are 4.92%, 10.10%, and 10.59%, respectively. These values are reduced
to 3.66%, 2.91%, and 1.08% considering the estimations after 28 days, which are of more interest

from the viewpoint of the long-term performance of materials.

4.2. Diffusive properties

The diffusive properties upon hydration of cement paste estimated via the MT, SC, and DIF
schemes, as well as the subsequent diffusive properties for mortars and concretes estimated by the

GSCS are summarized in this section. The diffusion coefficient of cement paste prepared with the
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Figure 11: Estimated diffusion coefficients of materials with the CEM II/C-M (S-LL)-0.50 binder at 20 °C via (a)
the MT+GSCS+GSCS scheme and (b) the DIF+GSCS+GSCS scheme.

CEM II/C-M (S-LL)-0.50 binder hydrated at 20 °C estimated by the SC scheme is close to 0,
which proves that the SC scheme is not suitable to estimate the diffusive properties with the 1-level
representative microstructure adopted in this work. The diffusion coefficients for the materials at
different scales estimated by the MT+GSCS+GSCS and DIF+GSCS+GSCS schemes are presented
in Fig. 11. The main differences between these two estimations are within the first day of hydration.
At later ages the diffusion coefficients of cement paste estimated using the MT and DIF schemes
are similar, with values around 6.65 x 1072 m?/s via the MT scheme and 5.60 x 1072 m?/s via
the DIF scheme. These estimations are close to the experimental results reported in [83], where
the diffusion coefficient has been measured as 6.81 x 1072 m?/s for cement paste with type 10
Portland cement and a w/c of 0.50. At the scale of mortar, DIF+GSCS tends to give higher
estimations at the early-age and lower values at later ages, compared to the ones estimated by the
MT+GSCS scheme. After 1215 days of hydration, the estimated diffusion coefficients of mortar
are 2.47 x 10712 m?/s by the MT scheme and 2.08 x 10712 m?/s by the DIF scheme, and those
for concretes are estimated as 1.34 x 10712 m?/s by the MT scheme and 1.13 x 107!2 m?/s by the
DIF scheme. The estimations at different scales show as expected a decreasing trend from cement

paste to mortar, and subsequently to concrete, which is caused by the addition of non-diffusive

22



425

430

435

440

445

450

aggregates. This decreasing trend of diffusion coefficients from cement paste to mortar has been

reported in numerous studies, e.g. [84] among others.

4.8. 3D simulations

In this subsection, we propose to compare the analytical estimations presented above to 3D numer-
ical simulations to help selecting (or confirm) the best estimation procedure. The main motivation
is that such simulations performed on representative microstructures provide accurate results that
may be used with confidence to validate the analytical methods. To date, limited numerical data
are available in particular in the case of composite spheres exhibiting a layer as considered in this
study, and complementary 3D results are expected to be of significant interest in this regard. Here
the numerical simulations are performed with the finite element (FE) method on 3D specimens
consisting of a homogeneous matrix, in which spherical particles surrounded by a layer of given
thickness are embedded. These specimens are designed to mimic mortar, i.e. composite spheres
of sand grains surrounded by an ITZ and distributed in the homogeneous cement paste. Three
realizations of periodic microstructures are used with the same number and sizes of particles and
layer thickness, the only difference being their random placement in the box. The procedure lead-
ing to the generation of the microstructure geometries by the CAD platform Salome [85], and the
subsequent mesh created by automatic meshing softwares developed by Distene [86] is described
in details in e.g. [35, 87] and references therein. For more information, the interested reader is
invited to refer to these publications. With the assumptions that the ITZ thickness is 16 ym and
the volume fraction of hydrates and capillary pores in cement paste transferred to the ITZ is 7.3%,
the mortar fabricated with the CEM II/C-M (S-LL)-0.5 binder has a composition of 53.7 vol.% of
sand, 3.5 vol.% of ITZ, and 42.8 vol.% of cement paste at early ages. To limit the mesh size, the mi-
crostructures are generated with a lower volume fraction of composite inclusions than in the mortar
sample mentioned above: 37.82% and 3.31% for the particles and ITZ, respectively. In addition, we
have assigned the value of 0.04 mm to the ITZ rather than 0.016 mm that we have employed in the
above simulations. This is deemed to be inconsequential with regard to our comparison objective,
since the input in the estimation procedure can be very easily changed. The number of spherical
particles is set to 545, with diameter size ranging from 0.1 to 2 mm, to be related to the box size

whose edge dimension is 10 mm, and the ITZ thickness is fixed to 0.04 mm for all particles. Fig.
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12 shows the mesh of such a generated microstructure, exhibiting 5.41 x 10° tetrahedral elements.
The 2 other meshes have comparable sizes with 5.42 x 106 and 5.46 x 10% elements. The simulations
are performed with the FE code Cast3M developed at CEA [88]. Periodic boundary conditions
(BC) are applied on the sample surfaces, as they are generally known to lead to results closer to
the real properties than uniform BC. In this regard, simulations were also conducted with both
uniform stresses and strains BC, and the results (not shown) in terms of overall elastic properties
exhibited a maximum difference of 2%, meaning that the representativeness of the generated mi-
crostructures is satisfactory. The computation times are of the order of 45 min and 20 min for
solving the mechanical and diffusion problems with Periodic BC (about 20 min and less than 10

min for homogeneous BC), respectively.

Figure 12: Example of a realization of a microstructure generated with 37.82% and 3.31% of volume fraction of

particles and ITZ layer, respectively, whose mesh exhibits a total of 5.41 millions of tetrahedral elements.

The values of the mechanical and diffusive properties that have been used in the simulations are
summarized in Table 5. To increase the confidence of the comparison, 4 configurations have been
tested with different properties for both cement paste and ITZ, corresponding to various times of
hydration ranging from 1 to 1215 days, the latter date being very close to the final hydration state.
The compositions are based on the phase assemblage of the CEM II/C-M (S-LL)-0.5 binder that
has been illustrated in Fig. 1(b). The values of the properties are estimated by the analytical pro-
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Table 5: Values of elastic and diffusive properties used in the simulations.

Hydration time Materials Young’s modulus (GPa) | Shear modulus (GPa) Diffusive property (x10712 m?/s)
Cement paste 13.6 5.3 8.35
1 day ITZ 2.7 1.3 14.40
Sand 70 26.9 0
Cement paste 15.6 6.2 7.75
2 days
ITZ 3.9 1.8 13.10
Cement paste 16.9 6.7 7.38
4 days
ITZ 4.9 2.2 12.30
Cement paste 19.1 7.6 6.65
1215 days
1TZ 7.9 3.4 10.60

cedure described in section 3; note that as the properties of sand are constant with time, they are
only reported once in Table 5. To be more specific, the mechanical properties of cement paste and
the ITZ are estimated by the DIF and the SC scheme, and their diffusive properties are estimated
by the MT scheme. The simulation results are compared to the analytical estimations obtained
with DIF4+GSCS and DIF+ DIF methods, except for diffusive properties where only MT+GSCS is
applied. Fig. 13 shows the comparison in terms of Young’s modulus (a) and diffusion coefficient (b).
The numerical points are obtained by averaging the simulated data for the 3 generated specimens.
However, it is worth mentioning that the maximum differences between the 3 numerical values are
less than 0.1 and 0.25% for mechanical and diffusive properties, respectively, confirming that the
representativeness of the 3D numerical procedure is good. We observe that the analytical estima-
tions are in close agreement with the numerical results, especially for the Young’s modulus where
the discrepancies are generally less than 1% (except for one point with DIF4+GSCS), while they
range between 1.1 and 1.7% for the diffusion coefficient. The DIF+DIF estimations of mechanical
properties are slightly closer to the simulation results than DIF+GSCS ones, with a maximum
difference of 0.5%. To conclude, the 3D simulations performed in this subsection have allowed the
collection of valuable data that could serve as a benchmark for estimation procedures. Clearly,
the analytical methods proposed in the previous sections to deal with microstructures exhibiting
aggregates surrounded by an I'TZ appear very convincing as the corresponding analytical estimates
of both elastic and diffusive properties are very close to the simulations results. The adequacy of
the estimation procedures reported in section 4.1.2 through the comparison with experimental data

is also confirmed by the confrontation with the 3D simulation results.
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Figure 13: Comparison between simulation results (red crosses) and analytical estimations (squares and circles) for

(a) Young modulus and (b) diffusion coefficient.

4.4. Analyses of the ITZ effects

In this subsection we propose to analyze the effects of the assumptions made for describing the
ITZ on the estimated results. As explained in section 3.2.2, we retained the following parameters
for the ITZ: its thickness is set to 16 pm; a volume fraction («) of hydrates and capillary pores
in cement paste is transferred to the ITZ and the remaining space of the ITZ is occupied by
pores. Without supplementary information regarding the materials, we tested several values and
a = 7.3% turns out to give satisfactory estimations. With these assumptions, the mortar fabricated
with the CEM II/C-M (S-LL)-0.50 binder has a composition of 53.7% of sand, 42.8% of cement
paste, and 3.5% of ITZ in volume after 1215 days of hydration. We will use the SC and the MT
scheme to estimate the mechanical and diffusive properties of the ITZ, respectively, since it has
been proved previously that these two schemes provide reliable estimations for the cement paste,
which is the main component of the ITZ. The porosity of the ITZ is around 50.9% at later ages,
and its estimated Young’s modulus and shear modulus are 10.03 and 4.18 GPa via the SC scheme,
i.e. approximately half of the ones of the matrix phase as in e.g. [23, 89]. Under the same state, the
estimated diffusion coefficient of the ITZ via the MT scheme is around 9.87 x 10712 m? /s, which
is 3.99 times higher than the one of the mortar. Ratios of the diffusion coefficient of the ITZ to
the one of the mortar have been reported as 2.83 in [90], 3.62 and 5.84 in [91], which are close to
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the value in this study. Moreover, the comparison of the estimated Young’s modulus of mortar
with the experimental measurements proved to be consistent, see section 4.1.2. These reasonable
estimations then validate the assumption to transfer 7.3 vol% of hydrates and capillary pores in

cement paste to the ITZ that has a thickness of 16 pm.
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Figure 14: Estimated Young’s moduli of (a) the ITZ via the SC scheme and (b) the mortar via the DIF+DIF
scheme with various volume fractions (a) of hydrates and capillary pores transferred from the cement paste to the

ITZ in mortar: a = 7.3%, 8.0%, and 8.7%.
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Figure 15: Estimated diffusion coefficients of (a) the ITZ via the MT scheme and (b) the mortar via the
MT+GSCS scheme with various volume fractions («) of hydrates and capillary pores transferred from the cement

paste to the ITZ in mortar: o = 7.3%, 8.0%, and 8.7%.

To better understand the effect of the ITZ composition on its properties, two additional volume
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fractions («) of the hydrates and capillary pores transferred from the cement paste to the ITZ
are considered: 8.0% and 8.7%. These variations have little effect on the porosity of the mortar,
e.g. it decreases from 0.292 to 0.286 with the increasing o at later ages, and therefore we will
consider that the mortar has a constant porosity. Figs. 14 and 15 show the estimated Young’s
moduli and diffusion coefficients of the ITZ and the mortar with various «. It is observed that a
higher volume fraction of the hydrates and capillary pores transferred from the cement paste to
the ITZ contributes to a higher estimated Young’s modulus and a lower diffusion coefficient of the
ITZ, especially at later ages. However, its effect on the mechanical and diffusive properties of the
mortar is relatively weak. This can be explained by the fact that with a fixed ITZ thickness of 16
pm, a higher volume fraction of the hydrates and capillary pores transferred to the I'TZ leads to
a less porous microstructure of the I'TZ. As expected, the mechanical and diffusive properties of
the ITZ and the mortar highly depend on the assumptions made for their respective composition
and arrangement, and also on the schemes used. However, without sufficient experimental data for
the ITZ in this study, the assumption of 7.3 vol% of the hydrates and capillary pores in cement
paste transferred to the ITZ gives quite reasonable and relevant estimations concerning the Young’s

moduli and the diffusive coefficients of the ITZ and the mortar, hence it is adopted here.

The effect of the ITZ thickness (k) on the Young’s modulus and diffusion coefficient of the ITZ and
the mortar is now investigated, and three values of thickness (h) are considered: 16, 20, and 24
pm. Correspondingly, the porosity of mortar increases slightly from 0.292 to 0.305. Figs. 16 and 17
present the comparison of the estimated Young’s moduli and diffusion coefficients of the ITZ and
the mortar with various h. It can be concluded that h has non-negligible effects on the mortar’s
property at early ages and a significant effect at later ages. Due to the simple hypothesis of a fixed
radius of the fine aggregate (0.75 mm), increasing h from 16 to 24 pm leads to increasing the volume
fraction of the ITZ in mortar from 3.5% to 5.2%. Consequently, reduced volume fractions of the
bulk paste in mortar are obtained, which have higher Young’s moduli and lower diffusion coefficients
than those of the ITZ. Furthermore, a greater h leads to a more porous structure of the ITZ, giving
in turn a lower Young’s modulus (see Fig. 16(a)) and a higher diffusion coefficient (see Fig. 17(a)).
The fact that varying h has more impact on the Young’s modulus of the ITZ and the mortar than
on their diffusion coefficients is mainly attributed to the use of different upscaling schemes: SC

scheme and MT scheme for mechanical and diffusive properties, respectively. To summarize, an
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increased volume fraction associated with a more porous structure of the ITZ in mortar are the
reasons for the fact that h = 24 pm leads to the lowest Young’s modulus and the highest diffusion

sis  coefficient of the mortar compared to the other values of h.
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Figure 16: Estimated Young’s moduli of (a) the ITZ via the SC scheme and (b) the mortar via the DIF4+DIF
scheme with various ITZ thicknesses: h =16, 20, and 24 pm.
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mortar.

Figure 17: Estimated diffusion coefficients of (a) the ITZ via the MT scheme and (b) the mortar via the
MT+GSCS scheme with various I'TZ thicknesses: h =16, 20, and 24 um.

To conclude, among the different parameters characterizing the ITZ in this study, h appears to
be the most influential one, especially on the mechanical properties of materials. The assump-
tions retained for these parameters are deemed to provide reasonable estimations of the material

properties.
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5. Estimations of the degraded materials properties

In this section, the estimations of the mechanical and diffusive properties of materials exposed
to carbonation, leaching with water and solutions containing chloride ions are presented. The
DIF+DIF/GSCS schemes, which are recommended as the schemes providing the estimations of
mechanical properties the closest to the experimental measurements and 3D analyses, are applied.
Since DIF+DIF (+DIF) and DIF+GSCS(+GSCS) schemes provide quite close estimations, only the
data from the DIF+DIF(+DIF) scheme will be shown in the figures. The diffusion coefficients of
materials are estimated by the MT+GSCS(4+GSCS) scheme.

5.1. Materials exposed to carbonation

We estimate in this section the properties of materials exposed to a progressive carbonation as
described in section 3.1 after 76 days of hydration. The total volume fraction of capillary water
and the space due to chemical shrinkage in the hydrated binders at 76-day is assumed to be the
initial capillary porosity. With the addition of COs, hydration phases decompose, and the porosity
is assumed to be always saturated with water. Fig. 18 shows the evolution of the total porosity
and the capillary porosity in CEM II/C-M (S-LL)-0.60 as a function of the formed calcite during
carbonation. The total porosity remains almost constant with a slight decrease and subsequent
increase between about 15 and 30 cm? of formed calcite per 100 g of binder. Different variations of
the total porosity after carbonation have been reported in the literature: a reduction of the total
porosity has been found for Portland cement paste [92, 93, 94] and an increase of total porosity has
been observed for Portland cement with supplementary cementitious material blends [92, 95, 96].
Moreover, the microstructure of cement paste has been found rearranged after carbonation [97] with
a shift towards larger pores and an increased ratio of capillary porosity with respect to total porosity
[94], which is consistent with the results presented in Fig. 18. The occurrence of microcracks may
be another reason to the increased size of pores [98]. Note that the GEMS results cannot predict
microcracks appearance nor provide direct data on the pore size evolution during chemical reactions,
since the prediction of the spatial distribution of phases and their volumes are not available in

thermodynamic modeling.
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Figure 18: Evolution of the total porosity and capillary porosity of the cement paste with CEM II/C-M (S-LL)-0.60

at 20 °C as a function of the volume of formed calcite in cm3/100 g of binder.

Comparisons between the total porosity of materials after carbonation predicted by thermodynamic
modeling and obtained experimentally have been made in several studies in the literature. A
higher total porosity in carbonated materials predicted by thermodynamic calculations compared
to the value measured by MIP has been reported in [40, 41]. It can be explained by the fact
that mercury is not accessible to closed pores in materials on the one hand, and on the other
hand that thermodynamic calculations are based on the material after completed carbonation. [43]
have compared the total porosity measured by MIP with the one calculated by thermodynamic
model taking into account the actual carbonation degree that was experimentally measured by
TGA, and found out that the results are quite close. The discrepancy has been found to be
further reduced when considering the additional hydration of clinker. The authors have explained
that the minor discrepancy comes from the facts that: (i) in general, thermodynamic modeling is
performed at equilibrium and then assumes that carbonation starts from the least stable phase, and
processes to next reaction when the previous one is completely finished, which is different from the
reality where all reactions occur simultaneously; (ii) thermodynamic model assumes that reactant
hydrates carbonate completely, while in reality a part of certain hydrates may keep uncarbonated;
(iii) different densities and chemical compositions in some phases may have been considered. To

sum up, we can consider that the porosity calculated by the thermodynamic model is trustworthy.

Fig. 19 presents the estimated mechanical and diffusive properties of the materials with CEM II/C-
M (S-LL)-0.60 binder at 20 °C as a function of (1) the added quantity of CO2 (down axis), and (2)
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Figure 19: Estimated mechanical properties via the DIF4+DIF+DIF scheme and diffusive properties via the
MT+GSCS+GSCS scheme of the materials with the CEM II/C-M (S-LL)-0.60 binder exposed to CO2.

the corresponding volume of formed calcite (top axis), up to approximately 0.62 mol, after which
C-S-H is totally depleted and the homogenisation procedure is no more applicable. These materials
show almost constant moduli up to about 0.25 mol CO5 added (i.e. 13.3 cm®/100 g binder of calcite
is formed), due to the replacement of portlandite firstly and subsequently of C-S-H by calcite, with
a concomitant release of water. Then, the moduli increase slightly because of the formation of
zeolites and ferrihydrite when CO; is added up to about 0.38 mol (calcite is formed up to 18
cm?3/100 g binder), with the decalcification of C-S-H going on. The continuous transformation
of C-S-H into calcite, which releases water, contributes to the decrease of the modulus until all

C-S-H is consumed. Moreover, due to the concomitant decrease of C-S-H and increase of pores
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(two diffusive phases), the materials exposed to carbonation exhibit an almost constant diffusion
coefficient of 7.96 x 10712 m? /s for cement paste, 2.89 x 107!? m? /s for mortar, and 1.61 x 10712
m? /s for concrete. Interestingly, a competing effect between porosity clogging, which leads to a
decrease in transport property, and microcracking due to carbonation shrinkage, has been reported
in e.g. [99, 100, 101]. Moreover, the porosity of cement paste in this study is stable around 0.45
before and after exposure to COs, and the chloride diffusion coefficient of cement pastes having a
similar porosity has been simulated to 7.13 x 107!2 m?/s for a porosity of 0.44 and 7.57 x 10712

m? /s for a porosity of 0.46 in [11], which are close to the estimation in Fig. 19(c).

5.2. Materials exposed to leaching with water and chloride containing solutions

We investigate in this subsection the effects of leaching with pure HyO and exposure to a solution
containing chlorides on the evolution of both mechanical and diffusive properties, based on the
phase assemblage calculated by thermodynamic modeling. As in the previous section, we assume
that the initial state of materials is determined from the hydration simulation with GEMS, at 146
days. With the addition of solution, hydrated phases decompose (and possibly transform to other

phases), which increases the porosity.
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Figure 20: Comparison of the capillary porosity of the CEM II/C-M (S-LL)-0.45 binder exposed to leaching with
water, NaCl, and NaCl4+KOH solutions.

Fig. 20 presents the evolution of the capillary porosity of the CEM II/C-M (S-LL)-0.45 binder
exposed to leaching with water and NaCl (+KOH) solutions. Of all three exposures, the porosity
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increases the fastest in the case of NaCl. This means a priori that this solution causes the fastest
degradation rate of mechanical properties, and the fastest increase of diffusion coefficient. When
the cement paste is exposed to leaching with water, less degradation due to leaching predicted
by the thermodynamic model at a given added volume compared to the exposure to NaCl, where
C-S-H is predicted to decompose faster to form zeolites. Besides, materials exposed to NaCl+KOH
shows the lowest degree of leaching. As expected, the presence of KOH considerably reduces the
leaching effects and the associated porosity changes for volumes below 1000 L, which contributes to
a lower degradation rate of the material. However, the exposure to NaCl+KOH leads to a higher
porosity of around 0.84 for volumes higher than 1000 L, compared to the exposure to NaCl solution
where porosity reaches around 0.76 due to the formation of M-S-H and zeolite in the late stage of

exposure.

Fig. 21 presents the estimated Young’s modulus, shear modulus, and diffusion coefficient of the
materials with CEM II/C-M (S-LL)-0.45 plotted as a function of the added volume of HyO (lower
axis), and of the corresponding volume of CH+C-S-H solid (top axis). CH and C-S-H are indeed
often considered as an indicator of the degradation level when exposed to leaching. The Young’s
moduli of the materials with the CEM II/C-M (S-LL)-0.45 binder start from the values of 42.9
GPa for concrete, 33.7 GPa for mortar and 17.9 GPa for cement paste, and decrease to nearly 0
when 500 L of H5O is added, at which point all portlandite and C-S-H have dissolved. Besides, the
dissolution of hydrates contributes to an increase of diffusion coefficient from 5.95 x 1072 m?/s
to 1.67 x 10711 m?/s for cement paste, 2.15 x 10712 m?/s to 5.90 x 107!? m?/s for mortar, and
1.18 x 10712 m?2 /s to 3.22 x 107'2 m? /s for concrete. Thus, the diffusion coefficient of cement paste
after leaching is increased by a factor of approximately 2.8. Interestingly, an increase by a factor of
2.90 of the diffusion coefficient of cement paste (with w/c=0.60) due to leaching has been reported
in [102]. Note that comparing our estimations with measurements in literature is challenging since
little information about the degradation degree is generally available; in particular, the data may

be obtained on materials that are non homogeneously degraded.
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Figure 21: Estimated mechanical properties via the DIF4+DIF+DIF scheme and diffusive properties via the
MT+GSCS+GSCS scheme of the materials with the CEM II/C-M (S-LL)-0.45 binder exposed to leaching, as a
function of the volume of HoO added (down axis) and the corresponding volume of CH+C-S-H solid (top axis).

Fig. 22 presents the estimations of the mechanical and diffusive properties of the materials with
the CEM II/C-M (S-LL)-0.45 binder exposed to a 3% NaCl solution up to 200 L in the left column
and to a 3% NaCl+KOH solution up to 1122 L in the right column at 20 °C, as a function of the
added volume of solution (down axis) and of the volume of CH and C-S-H solids on the top axis.
The addition of a large amount of NaCl solution affects the hydrated phases, and the associated
leaching phenomenon weakens the mechanical properties of the materials. Before exposure, the
initial Young’s moduli and diffusion coeflicients of concrete, mortar, and cement paste are the same

as in Fig. 21. The Young’s moduli decrease slightly for added volumes of NaCl solution up to 18
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L (16 cm?®/100 g CH+C-S-H is left), and continue to decrease considerably afterwards. Moreover,
the materials have a higher diffusion coefficient with the addition of NaCl solution: the estimated
maximum diffusion coefficients for cement paste, mortar, and concrete are 1.56 x 107! m?/s,
5.24 x 1072 m?/s, and 2.82 x 107!2 m? /s, respectively. For comparison, the diffusion coefficient
of a CEM I cement paste with w/c=0.53 and an initial porosity of 0.48 exposed to a 3% NaCl
solution has been measured by steady-state accelerated chloride diffusion test method in [11], and
the value of 1.06 x 107'* m? /s has been reported. After 25 L of added NaCl solution, the porosity
of the cement paste in our study is around 0.50, and the estimated diffusion coefficient is around

9.55 x 10712 m? /s, which is quite close to the cited measured value.

With the presence of KOH, the leaching attack on the hydrated cement is significantly slowed
down compared to the case of NaCl solution; for instance, materials have degraded largely when
18 L of NaCl solution (or more) are added, while to obtain an equivalent level of degradation
with the addition of KOH+NaCl, more than 100 L of solution is required. During the exposure
to 3% NaCl+KOH, the diffusion coefficients increase up to 1.73 x 1071* m?/s for cement paste,

6.13 x 10712 m? /s for mortar, and 3.35 x 1072 m?/s for concrete.
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Figure 22: Estimated mechanical properties via the DIF+DIF+DIF scheme and diffusive properties via the

MT+GSCS+GSCS scheme of the materials with the CEM II/C-M (S-LL)-0.45 binder exposed to 3% NaCl (left) and

to 3% NaCl4+KOH (right) solutions at 20 °C.
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6. Conclusions

In this work, a procedure for estimating the mechanical and diffusive properties of materials made
with a novel CEM II/C-M (S-LL) binder has been presented. The phase assemblage of the binder
upon hydration and when further exposed to carbonation, leaching with water and chloride contain-
ing solutions (3% NaCl and 3% NaCl+KOH), has been calculated using thermodynamic modeling.
Then, both mechanical and diffusive properties of the materials have been studied at different scales:
cement paste, mortar, and concrete. Three classical analytical approximation schemes, namely the
Mori-Tanaka, the self-consistent, and the differential schemes, have been applied to estimate the
properties of cement paste, based on a simplified one-level representative microstructure where hy-
drates, anhydrous phases, capillary water, and empty pores are considered as spherical inclusions
randomly distributed. A replacement procedure combined with one of the above classical schemes,
and the generalized self-consistent scheme have been adopted to estimate the properties of mortar

and concrete.

The ITZ in mortar and concrete is assumed to be composed of a volume fraction of hydrates and
capillary pores transferred from the cement paste. Three different values (7.3%, 8.0%, and 8.7%)
have been considered, the higher one contributing to a higher estimated Young’s modulus and a
lower diffusion coefficient of the ITZ, especially at later ages. The effects of the ITZ thickness
on the mechanical and diffusive properties of the ITZ and mortar have also been studied. An
increasing thickness leads to a decrease of Young’s moduli of the ITZ and the mortar, and an
increase in their diffusion coefficients with a lesser impact. For mortar and concrete, an ITZ
thickness of 16 pum and 7.3 vol% of hydrates and capillary pores transferred from the cement
paste is assumed. Based on these assumptions, the DIF+DIF and DIF4+GSCS schemes, which
give very similar estimations, turn out to provide the estimation that best match the experimental
Young’s modulus of mortar. Moreover, a 3D computational analysis performed on microstructures
composed of spheres surrounded by a thin layer representing the I'TZ has allowed for the calculation
of the mechanical and diffusive properties of mortar-like materials. The numerical results obtained
have shown good consistency with the analytical estimations using the DIF+DIF and DIF+GSCS

schemes.

The procedure has been applied to the estimation of mechanical and diffusive properties of the
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saturated materials made with the CEM II/C-M (S-LL) binder with w/c=0.60 exposed to CO at
20 °C. With the addition of COs, the materials show first an almost constant Young’s modulus
followed by a decrease, due to the concomitant decalcification of C-S-H and the increased volume of
capillary pores, while diffusion coefficients are moderately affected throughout the process. Next,
the mechanical and diffusive properties of materials made with the CEM II/C-M (S-LL)-0.45 binder
exposed to leaching with water and solutions containing either 3% NaCl and 3% NaCl+KOH have
been investigated. With the exposure to increasing volumes of solutions, the hydrated phases
decompose, leading to a decreasing volume of solid phases and an increasing volume of pores, and
consequently contributing to a decrease in elastic modulus and an increase in diffusion coefficient.
However, as expected the presence of KOH postpones the leaching process, and an equivalent
mechanical degradation is obtained for a higher volume of exposure solution compared to the case
with only NaCl. The NaCl solution leads to the fastest degradation of mechanical properties and
the fastest increase of diffusion coefficient, while the porosity reached after being exposed to leaching

with water and NaCl4+KOH solution is slightly higher.

In the future, a deeper comparison of the estimated properties in the considered degradation cases
would help increase the confidence and validate the proposed methodology. However, such task ap-
pears extremely difficult since it would require homogeneous states of degradation at various levels
within specimens, which is very challenging in particular for concrete. Moreover, an extension of
the proposed approach to the estimation of physical parameters of cementitious materials in unsat-
urated conditions would be helpful in particular in the case of carbonation, since COs preferentially
migrates through the gaseous phase. Finally, an analytical estimation procedure similar to the one
presented may be applied to obtain creep mechanical properties and their various evolution as a
function of hydration (ageing) and chemical degradation. Another aspect that would deserve to be
investigated is to estimate the effects of microcracking on the different parameters. In particular,
it would be meaningful to account for microcracking due to carbonation-induced shrinkage, since
it is known to affect the material properties and in particular the transport ones. However, to
be accurate it would also require to consider spatial gradients of shrinkage, since they lead to the

development of tensile stresses. Such non-local effects are beyond the scope of our approaches.
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Appendix A. Generalized Self Consistent Scheme

The effective bulk modulus of mortar estimated by the GSCS scheme can be expressed as:

(bsand + d)ITZ . ¢sand
Kmortar = ka + 1 3pep with k¢ = krrz + Psand + 112 P1717 (Al)
kc—kep 3kept+4itep ksana —kirz 3kirz+4prrz

where ¢; is the volume fraction of the i-th phase, k; and p; are their bulk modulus and shear
modulus; cp represents the cement paste. These equations are also applicable to estimate the bulk
modulus of concrete, providing that the subscripts mortar, cp and sand are replaced by concrete,
mortar and aggregates. Lengthy expressions of the shear modulus obtained with GSCS are not

recalled here, see e.g. [32] for further details.

The diffusive properties of both mortar and concrete by the GSCS scheme are expressed as [26]:

3 . D.p — Drrz
Dortar = 2D C -1 ; with BCP =—r = A2
ort cp(2 + Ptine agare — 201720, ) T2 = D+ 2Drry (A.2)
3 : Dmortar - DITZ
Decon. = 2D ortar —1); with ﬁmortar _ A3
t (2 + (z)Coarse aggre 2QSITZBlr’nI‘OZMM ) e Dmortar + 2DITZ ( )

where Dcp, Dmortars Deon., DiTz are the diffusive coefficients of cement paste, mortar, concrete and
ITZ, respectively; @fine aggres Pcoarse agere, and ¢rrz are the volume fractions of the fine aggregate,

coarse aggregate and the ITZ.
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Appendix B. Replacement procedure

The bulk and shear modulus of the equivalent inclusion can be estimated as [33]:

rki m
keq = 3km+ K (Bl)
i My
11:(24Mmg + m, (16M + mgN))

~ 8093 M + 4g3me(10(7 — v;) + M) + my(293(140 — 80v; + 3M)) + meN

Heq

: 2 1— i nl?
with k, = 24H20S02) M2 M = gy(7 4 5vy), N = 5(28 — 400; + M), gg = 22, m, = Kufis,
k{R1

and my = . In these equations, uirz and viry are the shear modulus and the Poisson’s ratio
of the ITZ interphase, h is the ITZ thickness; k; and pu; are the bulk and shear modulus of the i-th
inclusion, v; and R; are their Poisson’s ratio and radius, 7 € (fine aggregate, coarse aggregate); i,

is the shear modulus of the matrix, and m € (cement paste, mortar).
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Appendix C. Additional information to section 4.1.2: Estimated Young’s modulus of

the mortar with w/c=0.40, 0.50, and 0.60 via various schemes
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(a) Estimated Young’s modulus of the mortar with  (b) Estimated Young’s modulus of the mortar with

w/c=0.40 via various schemes; w/c=0.50 via various schemes;
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(c) Estimated Young’s modulus of the mortar with

w/c=0.60 via various schemes.

Figure C.23: Estimated Young’s modulus of the mortar with w/c=0.40, 0.50, and 0.60 via various schemes:

SC+SC, SC+GSCS, DIF+MT, DIF+DIF, and DIF+GSCS.
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