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Abstract

I wrote this memoir to obtain my ‘Habilitation a Diriger des Recherches’. It contains an
overview of my main research results. After a brief description of my research profile, I
describe in detail two themes on which I have worked significantly: adsorption-induced
variations of permeability of coal seams, and time-dependent deformations of cement-based
materials. I then turn to other topics more briefly to give an overview of the range of materials
and physical processes that I have encountered. After having mentioned throughout the
manuscript conclusions and perspectives related to each individual topic, I conclude this
thesis with some reflections of synthesis and some more general perspectives.
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Résumé

J’ai écrit ce mémoire en vue de ’'obtention de mon Habilitation a Diriger des Recherches. 11
contient un apercu de mes principaux résultats de recherche. Aprés une bréve description de
mon profil de recherche, je décris en détail deux thématiques sur lesquelles j’ai travaillé signi-
ficativement: les variations de perméabilité des veines de charbon associées aux phénomeénes
d’adsorption, et les comportements différés des bétons. J’aborde ensuite plus brievement
d’autres thématiques, afin de donner un apercu de I'éventail des matériaux et processus
physiques auxquels je me suis confronté. Apres avoir explicité tout au long du manuscrit
conclusions et perspectives relatives a chaque thématique individuelle, je termine ce mémoire
par quelques réflexions de synthese et de perspective plus générales.
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Chapter 1. Introduction
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Figure 1.1 — Multiscale structure of (left) concrete and (right) argillite. C-S-H stands for calcium
silicate hydrates. Subfigures are adapted from Kosmatka et al. (2002); Miller et al. (2008); Nonat
(2004); Pusch and Yong (2006); Laird (2006).

Research profile

A civil engineer, I focus on materials relevant for civil engineering applications in the broad
sense of the term (i.e., for construction, but also for energy applications). I am interested in,
namely, cement-based materials, soils, or rocks. All those materials have a lot in common
(see Fig. 1.1 for the example of concrete and argillite): they are disordered, heterogeneous,
multiscale, and their porosity spans several orders of magnitude down to the nanometer scale.

I am particularly interested in the fact that those materials are porous, and in the study of how
in-pore processes impact the mechanical behavior of porous materials. This field of study is
called poromechanics.

I am rather a modeler, but with an experience in experiments. Most of the projects I co-advised
contained some experimental work.

Although a mechanician, I have a keen interest in physics, and take great pleasure in interacting
with colleagues with complementary skills, such as physicists or physical chemists, with whom
thermodynamics often provides the lingua franca.

Research background

I started my research during my master internship in 2003, which was devoted to the study
of piezoelectric multilayer plates. I worked under the supervision of Alain Ehrlacher and
Jean-Francois Caron, at Ecole des Ponts ParisTech (Ecole Nationale des Ponts et Chaussées at
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the time). My master research was dedicated to modeling: I aimed at deriving state equations
for such plates, based on an energy approach.

My Ph.D. studies lasted from 2004 to 2008. I worked on the “nanogranular origin of concrete
creep: A nanoindentation investigation of microstructure and fundamental properties of
calcium-silicate-hydrates”. Those Ph.D. studies, performed under the supervision of Franz-
Josef Ulm, were mostly experimental. They gave me a taste for cement-based materials, and
for the study of what occurs at the small scales.

After my Ph.D. studies, I readily took a position in 2008 as research scientist at Ecole des Ponts
ParisTech. I arrived in the newly formed Laboratoire Navier, founded and first directed by
Oliver Coussy, who was a leading expert in poromechanics. He mentored me in this field, and
gave me the opportunity to collaborate with him on his research projects.

A significant part of my research is linked to the industry. My Ph.D. studies were funded by
Lafarge. Since then, I kept a permanent link with this company (now LafargeHolcim). When
I arrived at Laboratoire Navier, Olivier Coussy integrated me in a research project he was
undertaking with Schlumberger on CO,-enhanced coal bed methane recovery and adsorption-
induced deformations. Once Schlumberger decided to stop working on CO; storage in coal
beds, Brice Lecampion at Schlumberger redirected Total toward us, and I went on working on
this topic with Total. I also worked with EDE on the concrete containment of nuclear power
plants, in a project led by Jean-Michel Torrenti.

Organization of manuscript

This memoir aims at providing an overview of my research activities. Rather than aiming
at exhaustiveness, I made the choice to present 2 topics in more depth, as they are quite
representative of my main scientific skills and interests. Those 2 topics are adsorption-induced
variations of permeability of coal seams (see chapter 2) and time-dependent deformations of
cement-based materials (see chapter 3).

In contrast, chapter 4 provides a briefer description of other topics, namely freeze-thaw
resistance of cement-based materials (see section 4.1), crystallization-induced expansion of
cement-based materials (see section 4.2), drying shrinkage of cement-based materials (see
section 4.3), drying-induced collapse of partially saturated sand (see section 4.4), and impact
of moisture on mechanical properties of clay (see section 4.5). I thus aim at giving an idea of
the variety of materials (coal, cement-based materials, clay, sand) and of physical processes
(adsorption, drying, crystallization,...) on which I worked.

In addition to the conclusions and perspectives provided at the end of each section, chapter 5
provides some general synthesis and more global perspectives.

On each topic, I aimed at presenting the results that I deemed the most interesting. I also use
the opportunity of this memoir to try to underline the approach chosen to tackle each topic,
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and the reasons why we made some of the choices that we had to make along the way. I also
provide perspectives that I consider of interest.

The related Ph.D. students or post-doctoral students, articles, and colleagues involved are
indicated at the beginning of each relevant section.
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Chapter 2. Adsorption-induced variations of permeability of coal seams

2.1 Context of study

Ph.D. students: Laurent BROCHARD, Saeid NIKOOSOKHAN.
Postdoctoral student: D. Nicolas ESPINOZA.

Colleagues involved: Olivier COUSSY, Patrick DANGLA, Jean-Michel PEREIRA,
Brice LECAMPION (Schlumberger), Sandrine VIDAL-GILBERT (Total),
Roland J.-M. PELLENQ (UMI CNRS-MIT, Aix-Marseille Université).

When I arrived at Laboratoire Navier in 2008, Oliver Coussy invited me to work with him and
educated me in poromechanics. He involved me in the Ph.D. project of Laurent Brochard that he
directed, co-advised by Roland Pellenq and in collaboration with Brice Lecampion at Schlum-
berger, on CO, storage in coal seams. Olivier had seen the potential in making poromechanics
(i.e., him) interact with molecular simulations (i.e, Roland Pellenq). In the continuity of Laurent
Brochard’s Ph.D. studies, I obtained funding for a Ph.D. from Ecole des Ponts ParisTech to go on
working on CO, storage in coal seams (Ph.D. thesis of Saeid Nikoosokhan, directed initially by
Olivier Coussy and then by Patrick Dangla). When Schlumberger decided to stop working on
underground CO, storage, Brice Lecampion kindly redirected Sandrine Vidal from Total toward
us, as Total was still interested in the topic. Total funded the 2 years of post-doc of Nicolas
Espinoza on CO,-enhanced coal-bed methane recovery.

The application of this study is CO2-enhanced coal-bed methane recovery, or CO,-ECBM
(see Fig. 2.1). Deep underground coal seams naturally contain CHy4 (i.e., methane), which the
energy industry wants to produce. To recover more methane and recover it faster, one can drill
an injection well, through which a fluid is injected, to “push” methane toward the production
well. Such process is known as enhanced coal-bed methane recovery (or ECBM) in general,
and as CO,-enhanced coal-bed methane recovery (or CO2-ECBM) when the injected fluid is
CO3, (i.e., carbon dioxide). Coal beds could also contribute to store CO; in the underground,
up to 20 Gt (Gale, 2004).

Upon production of methane, significant variations of permeability are observed over time
(Moore et al., 2011), as can be seen in Fig. 2.2: these field data show that production of
methane initially increased the apparent permeability of the reservoir by more than 1 order of
magnitude. Injections of carbon dioxide during CO,-ECBM also induce significant variations
of permeability, but in an opposite manner: over the injection, the permeability of the reservoir
decreases significantly. The aim of the study was to model those variations of permeability
and provide state equations that could be implemented into a reservoir code. The motivation
for the industry was better management of the well and estimation of the economic viability
of the exploitation of the reservoir.

Coal is a material that is natural fractured (Laubach et al., 1998): those fractures are called
cleats, vary in size, are mostly vertical, and are spaced by about a centimeter (see Fig. 2.3).
Cleats govern the permeability of the bed (Mazumder et al., 2006; Pan and Connell, 2007).
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Figure 2.1 — Coal bed methane recovery enhanced with carbon dioxide injection. Figure from
Brochard (2011).
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Figure 2.2 — Coal bed reservoir response during depletion: bottom-hole pressure and apparent
permeability of the reservoir versus time. Note that sudden permeability reductions (indicated
as A, B, and C) take place as bottom-hole pressure is reduced. The permeability drops are
associated with coal failure events. The last permeability drop (C) is recovered after wellbore
clean-up operations only. Figure adapted from field experimental data by Moore et al. (2011).
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I

Cleats Coal matrix

Figure 2.3 — Multiscale structure of coal beds. (left) Subfigure from Brochard (2011), (right)
courtesy of L. Brochard.

In-between cleats, one finds the coal matrix, which is porous and contains pores down to
a sub-nanometric size. The variations of permeability observed during production and/or
injection are due to the opening or closure of the cleats, consecutive to respectively a shrinkage
or swelling of the coal matrix. Dimensional variations of the coal matrix observed upon
variations of pressure of the fluid it contains are known to be due to adsorption effects (Levine,
1996; Mazumder et al., 2006). In the smallest pores of the material, most of the fluid it contains
is indeed said to be adsorbed, i.e., to be in intermolecular interaction with the atoms of the
solid skeleton. Because of those intermolecular interactions, as observed in Fig. 2.4, upon an
increase of pressure of fluid, an unconstrained piece of coal matrix tends to swell (Reucroft
and Sethuraman, 1987; Ceglarska-Stefariska and Czapliniski, 1993), even though contraction
is observed at pressures larger than our pressures of interest (Hol and Spiers, 2012)*. The
magnitude of those pressure-induced dimensional variations depends on the fluid. Upon
the production of methane displayed in Fig. 2.2, production induces a decrease of pressure
of methane in the bed, which translates into a shrinkage of the coal matrix, hence in an
opening of the cleats, and finally into an increase of permeability’. We aimed at modeling
those variations of permeability.

To model those adsorption-induced induced variations of permeability, we first considered the
permeability law of coal. Permeability of coal can equivalently be interpreted as depending on
the aperture of the cleats, or as depending on the stresses to which the material is submitted
(indeed, a compressive stress tends to close the cleats and hence lowers the permeability,
see Fig. 2.5). Consequently, for coal, both strain-based permeability laws (i.e., in which
permeability depends on the geometry of the cracks, and hence on strains and/or porosity)
(Levine, 1996; Robertson, 2005; Palmer and Mansoori, 1998) and stress-based permeability
laws (i.e., in which permeability depends on stresses and/or pore pressure) (Seidle et al., 1992;

LContraction is also possible at low fluid pressure for materials less disordered than natural coal and with
specific pore sizes (Kowalczyk et al., 2008).

2The permeability is observed to increase only during the initial stage of production. During later stages, drops
of permeability are observed, which, as we will see in section 2.5, are associated to failure of the coal bed.
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Figure 2.4 — Swelling of coal sample in presence of various fluids. Figure from Pini (2009).

Shi and Durucan, 2005; Cui and Bustin, 2005; Connell et al., 2010; Wu et al., 2010) exist. We
chose to use a stress-based permeability law for the following pragmatical reason: when
considering a coal sample in a triaxial experiment, we know the stresses and pore pressures,
since we apply them. In contrast, even though we can determine the strains by measuring
them, we cannot measure the porosity easily, as we do not know what part of the total pore
volume must be attributed to the cleats and what part must be attributed to the pores of the
coal matrix. Moreover, as we will see later, the notion of porosity is quite ambiguous for the
microporous coal matrix. This difficulty incited us to use a stress-based permeability law,

which relates the permeability k to the permeability kj in the state of reference of effective

/

stresses (0”0,

O'/J_O) through (Enever and Hennig, 1997):

k= koexplay(a) — o)) +aL (o', —a' )] 2.1

where Uil and o', are the actual effective stresses parallel and normal to bedding, respectively,
and where a and a are fracture compressibility coefficients.

Once the permeability law chosen, our aim was to derive state equations (i.e., relations
between stresses, strains, porosity or amount of fluid, pore pressure or chemical potential of
the fluid) which are applicable to coal. A variety of models existed in the literature (for a review,
see, e.g., Pan and Connell (2012)), but most were not based on the Biot-Coussy framework
of poromechanics (for an exception, see Wu et al. (2010)). We aimed at deriving such a
model in that framework, as poromechanics is firmly grounded in thermodynamics, provides
a framework that is suitable for the introduction of further complexities (e.g., anisotropy,
non-linearity, viscoelasticity), and whose relevance to tackle geomechanical energy-related
problems is well demonstrated (Selvadurai and Suvorov, 2016).

Follow some results obtained within the framework of this study. In section 2.2, the principle

9
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Figure 2.5 — Dependence of permeability of coal on effective stress. Figure adapted from
Enever and Hennig (1997).

of the modeling is presented. Section 2.3 is devoted to an introduction of some complexity
(namely, dual porosity and transverse isotropy) aiming at making the model more relevant. The
model is calibrated in section 2.4. Finally, in section 2.5, we focus specifically on adsorption
stresses and on their impact, both on the permeability and on the mechanical behavior of the
coal.

2.2 Extension of poromechanics to microporous solids

Related journal article: Brochard et al. (2012)

Context

The specificity of the poromechanical modeling of coal is that, as explained earlier, coal is
microporous, meaning that it contains pores with a sub-nanometric size. Because of this
microporosity, adsorption effects are significant, which, as already mentioned, is the reason
why a piece of coal immersed in a fluid swells when the pressure of the fluid is increased
(see Fig. 2.4). For a macroporous material, in which adsorption effects are negligible, and
whose volumetric behavior is governed by o = Ke — bp (where o is the volume stress, € the
volume strain, p the pressure of the pore fluid, K the bulk modulus, and b the Biot coefficient),
once the material is immersed and saturated, any increase of pressure of fluid leads to a
shrinkage. Consequently, capturing adsorption effects and the swelling of coal in presence of
fluid required an extension of the basic equations of poroelasticity.

This extension, performed here in the case of coal, can in fact be of value for all microporous
materials, related to civil engineering applications (e.g., clay or clay-based rocks, cement-
based materials) or not (e.g., zeolites or metal-organic frameworks).
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2.2. Extension of poromechanics to microporous solids

Derivation

The principle of the modeling will be presented in the case of an isotropic material in small
transformations, whose mechanical behavior in absence of fluid is linear elastic, and whose
pore distribution is generic (and therefore can include micropores).

The derivation is performed by considering the thermodynamic equilibrium of a representa-
tive elementary volume (REV). Around this equilibrium, a combination of the first and second
principles of thermodynamics yields the following energy balance in the reversible case:

df =ode+7t;jde;j+pudn, or d(f—nu)=ocde+7;jde;j—ndu (2.2)

where f is the Helmholtz free energy (per unit volume of reference of the REV) of the sample
and the fluids it contains, 7;; the shear stress, e;; the shear strain, y the chemical potential of
the fluid, n the total amount of fluid in the system. In the adsorption community, 7 is referred
to as the total adsorbed amount, even though not all the fluid in the system may be adsorbed
(indeed, in a macropore, most fluid in the pore is in a bulk state). The existence of the total
differential (2.2) allows to write the following Maxwell symmetry relation:

0o
ou

on
oe

. (2.3)

H.€ij

E,e,-j

Integrating this Maxwell symmetry relation over p and invoking the symmetries of the system
for what concerns the shear behavior make it possible to obtain the poromechanical state
equations of the material:

P | on 1 a
o = Ks—f —_— — |dp=Ke—-s"(g, p) (2.4)
p:() 68 y,eij pb
Tij = 2Ge,~j (2.5)
n = n(Ep) (2.6)

where G is the shear modulus of the porous material, and pj, is the molar density of the bulk
fluid. s%(e,p) = 157:0 [(an/asm,eﬁ) /pb] dp is called ‘adsorption stress’, as proposed in the
theory formulated by Ravikovitch and Neimark (2006). In presence of fluid, this adsorption
stress is the opposite of the volumetric stress that must be applied to the system to prevent it
from deforming.
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Chapter 2. Adsorption-induced variations of permeability of coal seams

The model readily recognizes that the total adsorbed amount rn(e, p) is a function not only of
the thermodynamic pressure p of the fluid (as is usually considered in the adsorption commu-
nity), but also on the strain € of the solid (or, equivalently, on the stress applied to the solid,
as observed experimentally (Hol et al., 2011; Liu et al., 2016)). It is through this dependence
that the fluid can deform the porous material. Within the limits of the initial assumptions
under which they were derived, those state equations are generic: considering for instance
that the material is macroporous makes it possible to retrieve the classical equations of linear
poroelasticity (i.e., 0 = Ke — bp and ¢ = be — p/ N, where ¢ is the variation of Lagrangian
porosity, b the Biot modulus, and N the Biot modulus).

For the sake of simplicity, we consider that the total adsorbed amount rn(e, p) can be well-
approximated by its first-order expansion with respect to strains, i.e.:

n(e, p) = no(p)(1+ C(p)e), 2.7)

where 7 (p) is the adsorbed amount in the rigid porous material, and C(p) is a coupling
coefficient.

Discussion of some choices

The spirit of our model is to be based only on parameters that are well defined. In particular, we
wanted to avoid the use of porosity, which, for a microporous solid, is ill-defined. Indeed, if one
considers that the pore volume is equal to the volume of fluid that penetrates into the pores
upon saturation, one understands that the apparent pore volume will be larger if probed with
a fluid whose molecules are sufficiently small to penetrate into the micropores, than if probed
with a fluid whose molecules are too large to penetrate into the micropores. Consequently, for
microporous materials, pore volume is fluid-dependent, and thus ill-defined. Other authors
made a different choice: Pijaudier-Cabot et al. (2011); Vermorel and Pijaudier-Cabot (2014);
Perrier et al. (2015) chose to work with this apparent porosity. They also decided to work with
excess adsorbed amounts (rather than total adsorbed amounts like we did): an advantage of
their approach is that the excess adsorbed amount is the parameter that is directly obtained
from adsorption measurements. The two approaches can essentially yield identical results
(Gor etal., 2017).

We chose to express the adsorbed amount 7 as a function of strain € and fluid bulk pressure p
(or, equivalently, chemical potential y). By using a Legendre-Fenchel transform different from
the one we used in Eq. 2.2, we could have expressed the chemical potential y as a function of
stress 0 and adsorbed amount n. This approach, in the spirit of the one used by Kulasinski et al.
(2015), is equivalent to our. For the sake of simplicity, we also considered that the adsorbed
amount n(g, p) can be reasonably approximated by its first-order expansion with respect to
strain, and that the drained material behaved in a linear elastic manner. But, if justified by
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2.3. Enrichment of modeling: double porosity, fluid mixtures, and anisotropy

the data, going to higher-order expansions (as was done by Kulasinski et al. (2015)) can be
necessary. Also, such a thermodynamic approach can be adapted to capture phase transitions
induced by adsorption, as was done by Neimark et al. (2010).

2.3 Enrichment of modeling: double porosity, fluid mixtures, and
anisotropy

‘ Related journal articles: Espinoza et al. (2013, 2014); Nikoosokhan et al. (2014) ‘

Context and approach

Coal is a dual-porosity material (see Fig. 2.3), as it contains the pores of the coal matrix (down
to micropores) and cleats (which are macropores). An advantage of the thermodynamic/-
poromechanical approach presented in section 2.2 is that it can easily be extended to such
dual-porosity case. Still in the case of an isotropic linear poroelastic medium, in such a
dual-porosity case, we showed that the state equation that governs the volumetric behavior is:

o = Ke-bp.—1Q-b)s*(pm) 2.8)
@c = (pc—s(pm))/ N+ be, (2.9)

where ¢, is the variation of the Lagrangian porosity of the cleats, K is the bulk modulus of the
coal, b is the Biot coefficient associated to the cleat system, N is the Biot modulus associated
to the cleat system, p. is the thermodynamic pressure of the fluid in the cleats and p;, the
thermodynamic pressure of the fluid in the coal matrix. These equations clearly show that
the mechanical effect of the fluid in the cleats is its pressure p. (since cleats are macropores),
while fluid in the coal matrix impacts mechanically the material through the adsorption stress
s%(pm) it induces.

Another complexity that must be taken into account by a model for it to be applicable to the
practical case of CO,-ECBM is the presence of mixtures of fluids. Indeed, during CO,-ECBM,
a representative elementary volume will contain both carbon dioxide and methane. Moreover,
coal seams also contain water, and moisture content is known to impact CO, selectivity
(Clarkson, 2000), so that, in practice, CO»-ECBM requires considering at least ternary mixtures.
In Nikoosokhan et al. (2014), we considered the case of a coal seam saturated with a binary
mixture of methane and carbon dioxide. The poromechanical framework presented in section
2.2 still holds, but with an adsorption stress s* which now depends on the fugacities f“t* and
f€02 of methane and carbon dioxide, respectively, i.e.: s¢ = s4(fCHs, £CO2),
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Chapter 2. Adsorption-induced variations of permeability of coal seams

Figure 2.6 — Vertical slice of an X-ray microtomography volume of tested coal core. Vertical
cleats are visible and appear white because they are filled with calcite. Horizontal layering
induced by bedding is also visible. Figure adapted from Espinoza et al. (2016).

The microstructure of coal is anisotropic, as can be observed in Fig. 2.6. On this vertical slice
of an X-ray microtomography volume, one clearly observes the horizontal bedding planes
and the cleats: both bedding processes (Cody et al., 1988; Hol and Spiers, 2012) and the
presence of mostly vertical cleats (Hu et al., 2010) are expected to confer some anisotropy
to the hydro-mechanical behavior of the coal. From the presence of the vertical cleats (i.e.,
of cracks), one could also expect some nonlinearity in the mechanical behavior of the dry
material. Therefore, after the extension to dual porosity, we had to choose between extending
the model to first include anisotropy, or to first include mechanical non-linearities. We chose
to consider anisotropy first.

Results

Anisotropy can originate from various scales: 1) anisotropy of the adsorption-induced stresses,
or 2) anisotropy of the material itself. Given the multi-scale structure of coal, anisotropy of the
material could originate from the scale of the coal matrix itself, or rather be due to the cleats.
The coal matrix is quite isotropic, and we showed (Espinoza et al., 2013) that anisotropy of
swelling in coal is primarily due to anisotropy of the coal sample itself, while the adsorption-
induced stresses are, at the microscopic scale, rather isotropic (probably as a consequence of
the isotropy of the coal matrix).

Based on this and on conventional anisotropic poroelasticity (Cheng, 1997; Coussy, 2004;
Cowin, 2004), we extended the dual-porosity model to the case of a coal core that is transversely
isotropic, and derived the poromechanical state equations for this case (see Eq. 1 in Espinoza
et al. (2014)). After calibration on a sample of interest for our study (provided by Total, cored
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Figure 2.7 — Drained tangent elastic Young’s modulus E and Poisson’s ratio v measured in the
horizontal direction, as a function of axial stress and radial stress. Lines are fitted functions of
the form: Elastic coefficient = cst; + csty In(-Stress/1 MPa). Figure from Espinoza et al. (2014).

from a coal block extracted from a mine in Forzando, South Africa), we found that, for this
sample, anisotropy was quite limited, yielding Young’s moduli equal to 2.74 GPa and 2.55 GPa
parallel to bedding and normal to bedding, respectively, and Poisson’s ratio equal to 0.267 and
0.198 parallel to bedding and normal to bedding, respectively. While we had expected a more
pronounced anisotropy, the material exhibited strong mechanical non-linearities (see Fig.
2.7). A posteriori, when we had to choose between extending the model toward mechanical
anisotropy or mechanical non-linearity, I now consider that we should rather have aimed at
extending it toward non-linearity first.

2.4 Triaxial experiments as a tool to calibrate the model

Related journal article: Espinoza et al. (2014)

With the aim of providing a model usable by the engineer, we wanted to show that the most
complex state equations that we derived, which, after the enrichment presented in section 2.3,
took into account dual porosity and transverse isotropy, could be calibrated. To this effect, we
employed a triaxial cell specifically designed for CO, testing at levels of stresses realistic for
rock mechanics (see Fig. 2.8).

We showed experimentally that the model can be calibrated with the following 3 charac-
terizations: an adsorption isotherm (measured on coal powder with a classical adsorption
apparatus), mechanical testing of the dry specimen (see Fig. 2.7), and a swelling experiment
in which the swelling of the sample submitted to a constant stress was measured as a function
of the pressure of fluid (see Fig. 2.9). This swelling experiment consisted in injecting CO, from
one extremity of the sample while keeping the stresses applied to the sample constant. Very
quickly (i.e., in about 0.01 day), the pressure of fluid became homogeneous throughout the
height of the sample. However, one observes that we needed to wait much longer than 0.01
day to reach equilibrium: after having first flowed by convection through the cleat system (up
to about 0.01 day), CO, needed much more time to diffuse from the cleats to the coal matrix.
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Figure 2.8 - Schematics of triaxial apparatus used for measurement of adsorp-

tive-poromechanical properties of coal cores exposed to CO,. Main characteristics include:
maximum radial stress 40 MPa, maximum axial stress 60 MPa, measurement of local strains
through LVDTs, temperature control and ability to handle pressurized pore-fluids. Figure from
Espinoza et al. (2014).

2.5 Adsorption stresses: direct measurement and their impact

‘ Related journal articles: Espinoza et al. (2014, 2015) ‘

Motivation

An originality of the modeling that we developed is that, in contrast to many models which
focus on adsorption swelling strain, our model naturally introduces an adsorption stress
(which is the function s in Eq. 2.4). Experimentally as well, most studies of the mechanical
effect of adsorption focus on adsorption-induced deformations. Motivated by our modeling,
we decided to focus experimentally on a direct measurement of adsorption stress, which was
original.

We also aimed at checking whether these adsorption stresses are sufficient to explain the vari-
ations of permeability (i.e., initial increase of permeability by more than 1 order of magnitude
during methane production) and failure events displayed in Fig. 2.2. Those failure events
induce a decrease of permeability because they lead to a production of fine coal particles
which plug the well (Okotie and Moore, 2010).
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coal matrix. Figure from Espinoza et al. (2014).

17



Chapter 2. Adsorption-induced variations of permeability of coal seams

-60

[y

% 1 Exp.: C.V.V3

= 50 *

GJ

(o)} -

<

& -40 *

v

a c.vvialt

£ 30 - =

@ C.V.Vib O

2 20

£ -20

5 Coal Matrix Coal core

@ C=11 ¢, = 0.08

© -10 P = 1.6 MPa b, = 0.36

S no™a = 2.4 mol/L b; = 0.45

a 0 Ky = 5 GPa N = 15.9 GPa
T 7

— 7T
-10 20 -30 -40 -50 -60
Experimental total stress change [MPa]

o

Figure 2.10 — Change of total stress in coal cores induced by CO; injection at near constant-
volume conditions: comparison between experimentally measured values and model predic-
tions. Experiments C.V.V1 and C.V.V3 were performed at pressures of CO; equal to 2 MPa and
5 MPa, respectively. Figure from Espinoza et al. (2014).

Results

Starting from a dry state of reference, when the sample is put in contact with a fluid at a
certain bulk pressure, the adsorption stress is equal to the increment of total compressive
stress that must be applied to the sample to prevent it from swelling. As can be observed in
Fig. 2.10, at 2 MPa of CO, pressure (i.e., for experiment C.V.V1), the adsorption stress was
around 20 MPa: said otherwise, when injecting the sample with CO; at 2 MPa, we needed to
increase the compressive stresses by about 20 MPa to prevent the coal sample from swelling.
By analogy with the classical poroelastic equation o = Ke — bp, if we define an apparent Biot
coefficient as —Ao/Ap in isochoric conditions, the measurement of an adsorption of about
20 MPa at 2 MPa of CO, pressure is interpreted as an apparent secant Biot coefficient of
about 10, which is way out of the range [0;1] encountered classically for the Biot coefficient
of macroporous materials: this surprising high value is a direct consequence of adsorption
effects. Note however that several in the poromechanics community dislike defining a Biot
coefficient as —Ao/Ap in isochoric conditions. They consider that the Biot coefficient should
only be defined as 1 — K/Kg, where K is the bulk modulus of the solid skeleton. But, for a
microporous solid, the solid skeleton (and hence its stiffness) is quite ill-defined.

The variations of adsorption stresses are sufficient to explain the significant variations of
permeability observed in the field (see Fig. 2.2), and we could indeed recreate those variations
of permeability in the lab. For a sample in oedometric conditions, flushing it with CO, at 2
MPa led to a decrease of permeability of about 2 orders of magnitude (see Fig. 2.11). On this
figure, the hard permeability of the coal is apparent (i.e., the fact that the logarithm of the
permeability does not depend linearly on effective stress): this additional complexity could
be captured by using a permeability law more complex than Eq. 2.1, as did Liu and Rutqvist
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Figure 2.11 — CO, permeability evolution of coal core subjected to constrained adsorption
under near constant-volume conditions. The specimen is subjected to increasing compressive
stresses as a result of CO» injection and constrained swelling. Ensuing stresses lower measured
permeability up to 100 times. The dashed line indicates values of permeability extrapolated
out from the experimental fitting range. Time goes from top left to bottom right. Figure from
Espinoza et al. (2014).

(2010) for instance.

The variations of adsorption stresses are also sufficient to induce failure of the coal. We showed
it by desorbing fluid from a sample in oedometric conditions. Starting with a sample under a
certain level of compression and containing fluid at a certain pressure, we decreased the fluid
pressure. This decrease of pressure and the shrinkage of the coal matrix it induced led to an
axial contraction and to a reduction of the compressive radial stress (see Fig. 2.12). At some
point during the experiment (i.e., at time equal to 0.325 days in Fig. 2.12), the sample failed.
We could show that this failure is a direct consequence of the evolution of the state of stresses.
Indeed, as can be observed in Fig. 2.13, the sample failed right when Terzaghi effective stresses
reached the failure envelope of the coal (which had been characterized beforehand by triaxial
shear testing of dry samples). We believe that we recreated in the lab the mechanism through
which coal failure can happen in the field during methane production.

2.6 Conclusions and perspectives

Conclusions

The work here performed combined modeling and experiments, with the aim of deriving,
calibrating, and verifying a model that could be used by the reservoir engineer to predict
evolutions of permeability during CO,-ECBM. The poromechanical part of the model is valid
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Figure 2.13 — Numerical simulation of coal core depletion—-desorption of CO; in oedometric
conditions. First the pressure p. of the fluid in the cleats is decreased, and then the pressure
pm of the fluid in the coal matrix. Figure from Espinoza et al. (2015).
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2.6. Conclusions and perspectives

for a porous material that is linear elastic. It relies only on well-defined thermodynamic
parameters and is based on the notion of adsorption stress. The model includes transverse
isotropy, dual-porosity, and can be applied with a fluid mixture. However, it does not take
into account mechanical non-linearities, which, based on the experimental characterizations
performed, appear to be significant experimentally.

On top of permitting calibration, experiments yielded an original measurement of adsorption
stresses. The variations of permeability and coal failure observed in the field have been
successfully recreated in the lab.

Although not described here, the derived state equations have been successfully implemented
in the finite-element/finite-volume package Bil by P. Dangla (Dangla, 2017).

Perspectives

Starting from the model I presented, many aspects could be improved. I discuss some of them
next.

When we derived the poromechanical state equations for coal being considered as a dual-
porosity material (see section 2.3 and Egs. 2.8 and 2.9), pressures p,, of the fluid in the coal
matrix and p, of the fluid in the cleats were considered independent from each other. However,
when we implemented the equations in the Bil finite-element/finite-volume package, we
always made the assumption of local thermodynamic equilibrium, i.e., we assumed that at any
time and any location in the coal bed, p. = p;;. However, such condition may not be always
satisfied. It is for instance not verified in the swelling experiment displayed in Fig. 2.9, in
which we observe that transfer of fluid toward the coal matrix continues long after the pressure
of fluid in the cleats reached its equilibrium value. To capture such transient differences
between pressures in the cleats and in the coal matrix, one could introduce a kinetics of
transfer between pressure of fluids in cleats and in coal matrix, in the spirit of what we did in
Vandamme et al. (2014). Based on such kinetics, it would be interesting to determine what the
time scales and/or length scales are, for which taking explicitly into account this kinetic of
transfer is necessary, and which are the ones for which just considering local equilibrium is
sufficient.

However, considering such kinetics of transfer between cleats and coal matrix is not sufficient
to capture all transient phenomena occurring at the scale of a representative elementary
volume. Let us for instance consider a piece of coal subjected to a constant state of stress, and
into which some fluid is injected at some controlled pressure. Akin to what was observed in
Fig. 2.9, what will happen in practice is that the injected fluid will first flow into the cleats and
increase the fluid pressure in the cleats up to the control value, before diffusing toward the
coal matrix. So, within the coal matrix, pressure of fluid will increase first in the vicinity of the
cleats, and hence the coal matrix in the vicinity of the cleats will swell. This swelling localized
around the cleats will tend to close the cleats and decrease the permeability. After waiting
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longer, at equilibrium, the whole coal matrix will have swollen homothetically and cleats will
have opened back. This transient closure of cleats induces a transient decrease of permeability,
observed experimentally and referred to as ‘permeability rebound’ in the literature (Liu et al.,
2011; Peng et al., 2014). Our present model, in which, inside a representative elementary
volume, a unique pressure p. is associated to the fluid in the cleats and a unique pressure p,,
is associated to the fluid in the coal matrix, is unable to capture such permeability rebound,
even if a kinetic of transfer of fluid between cleats and coal matrix is considered. Indeed, one
can show that, with the model presented in section 2.3, under constant stresses, any increase
Ap. of pressure in the cleats and any increase Ap,, of pressure in the coal matrix leads to
an increase of the volume of the cleats (see Eq. 2.9). Therefore, upon an injection of fluid
in a sample under a constant stress state, independent of the kinetics that we assign to the
transfer of fluid between cleats and coal matrix, our model will predict a monotonic increase
of the volume of the cleats over time, and hence of the permeability. Therefore, capturing the
‘permeability rebound’ observed experimentally would require a conceptual modification of
the model.

A fundamental question is related to the notion of representative elementary volume for
coal. Indeed, cleats present a frequency of occurrence which depends on their aperture in
a fractal manner (Laubach et al., 1998): a large sample may include a large cleat that would
be unlikely to be present in a smaller sample. This observation brings up the question of
whether it is possible to define a representative elementary volume for coal, and of whether
properties measured on coal cores (like in section 2.4) are representative of properties of
coal beds. The answer may depend on the property of interest: one could well imagine that
adsorption properties of coal cores are representative of those of the coal bed (as they are
not expected to be impacted by the presence of cleats), while stiffnesses of coal cores may
be not representative of those of the coal bed (as they are likely to be significantly impacted
by the presence of cleats). The case being, although I would expect the general form of the
poromechanical equations introduced in section 2.3 to hold at the scale of the coal bed, some
parameters of the model should be characterized directly at the scale of the coal bed (e.g.,
through ultrasound for what concerns stiffness properties) rather than on coal samples. For
what concerns mechanical anisotropy in particular, lab experiments performed here or found
in the literature (Day et al., 2010; Morcote et al., 2010) show that, at the scale of the coal sample,
the Young’s modulus E; in the direction perpendicular to the bedding plane is lower than
the Young’s modulus E| in the direction parallel to the bedding plane. However, since most
cleats are perpendicular to the bedding plane, we could expect a reversal of the mechanical
anisotropy at the scale of the seam (i.e., E; > E)). The same issue of representativity holds for
permeability, knowing that permeability of the seam ranges from 0.1 to 100 mD (Scott et al.,
2012), while that of coal samples ranges from 0.0001 to 0.01 mD (Lake and Srinivasan, 2004).

As explained in section 2.3, our model neglects mechanical non-linearities, while experi-
ments show that those mechanical non-linearities are significant (see Fig. 2.7), probably as
a consequence of the presence of cleats. Extending the model to the case of mechanical
non-linearities seems necessary to correctly interpret our lab data. However, the relevance of
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such extension for practical applications can be discussed, as mechanical non-linearities are
especially pronounced at low effective stress, and as effective stresses in the field are not that
low.

Finally, another point that could be improved is that of coal swelling induced by an adsorption
of a fluid mixture. As mentioned in section 2.3, we already treated this case in Nikoosokhan
et al. (2014). However, in that article, we made an assumption (namely that the adsorbed
amount n;(p, x) of species i, where p and x are the pressure and mole fraction of species
i of the bulk fluid mixture, respectively, can be expressed by separating variables, i.e., that
ni(p,x) = n;(p,x =0) * f(x)). This assumption is not the one used in the Ideal Adsorbed Solu-
tion Theory (IAST) (Myers and Prausnitz, 1965), which is a theory that is widely employed (and
with success) to model adsorption of mixtures on rigid adsorbents. It would be interesting to
revisit our work in Nikoosokhan et al. (2014) to the light of the IAST theory. Such improvement
could be of interest not only for the community working on coal, but also for the adsorption
community working on adsorption in compliant networks in general. Extension to ternary
mixtures (to model the swelling due to co-adsorption of water, methane, and carbon dioxide)
would also be valuable for the modeling of CO,-ECBM applications.
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Chapter 3. Time-dependent deformations of cement-based materials

Loading condition
. . No load Under load
Hydric condition

Autogenous shrinkage
+ Basic creep
Autogenous shrinkage

No water exchange with outside Autogenous shrinkage

Aut hrink Drying shrink
Water exchange with outside . oge-nous S .r1n age " ry1ng shrinfage
+ Drying shrinkage +Basic creep
+ Drying creep

Table 3.1 - Time-dependent strains of cement-based materials in function of loading condition
and hydric condition.

The amount of concrete produced every year in the world (roughly 35 billion tons per year,
or about 2 cubic meters per year and per capita) has never been as high as today, and still
goes on increasing, at a rate that was only matched for a few years right after World War II
(Van Damme, 2018). Much more concrete is produced than all others building materials
combined (Van Damme, 2018). The cement industry is usually considered to contribute about
5% to anthropogenic CO, emissions (Worrell et al., 2001).

Concrete is a multiscale heterogeneous material constituted of cement paste and aggregates
(see Fig. 1.1-left). Cement paste is obtained by mixing clinker with water. The main hydration
product obtained with regular Portland cement is called calcium silicate hydrates (noted
C-S-H in short). C-S-H is a microporous gel which plays the role of the ‘glue’ of Portland
cement pastes. Since C-S-H constitutes the matrix of the cement paste and of the concrete,
C-S-H significantly impacts many of the properties of concrete.

3.1 Introduction to time-dependent deformations of concrete

Over time, concrete in the lab or in the field deforms, as a consequence of a variety of causes,
among which hydration, mechanical stress, variations of water content, or variations of tem-
perature (Chanvillard, 1999). Conventionally, under isothermal conditions, time-dependent
strains of cement-based materials are decomposed into the following four components (see
Tab. 3.1) (Neville et al., 1983): autogenous shrinkage, basic creep, drying shrinkage, and drying
creep. Autogenous shrinkage is the time-dependent strain of a non-loaded specimen exchang-
ing no moisture with its surroundings. Basic creep is the difference between the strain of a
loaded specimen exchanging no moisture with its surroundings and the autogenous shrinkage:
basic creep is regarded as the strain due to the applied load. Drying shrinkage is the difference
between the strain of a non-loaded specimen exchanging water with its surroundings and the
autogenous shrinkage: drying shrinkage is regarded as the strain due to drying of specimen.
Finally, drying creep is the additional time-dependent strain of a loaded specimen exchanging
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Figure 3.1 — Deflection of prestressed concrete bridges. Figure adapted from Bazant et al.
(2011).

water with its surroundings, with respect to the sum of autogenous shrinkage, basic creep
and drying shrinkage. Drying creep is also known as ‘Pickett effect’ as it was first reported by
Pickett (1942), and can also be interpreted as an acceleration of load-induced creep when the
load is concomitant with an increase or decrease of relative humidity.

For concrete, time-dependent deformations in general, and creep in particular, can extend
over very long periods of time. Data of deflection of prestressed concrete bridges, gathered
in Bazant et al. (2011), show that concrete still creeps after decades, with a clear logarithmic
kinetics (see Fig. 3.1), which is recognized by some recent codes, e.g., the B4 model (RILEM
Technical Committee TC-242-MDC, 2015) or the fib Model Code 2010 (Fib, 2012; Miller
et al.,, 2013), while the Eurocode 2 still considers basic creep to be asymptotic (Eurocode,
2004). Creep can cause excessive deformations (Bazant et al., 2011), which, in prestressed
structures, is being accompanied by a loss of prestress (Tadros et al., 2003). In the concrete
community, a famous example of a catastrophe associated to creep of concrete is that of the
Koror-Babelthuap Bridge in Palau in 1996 (Burgoyne and Scantlebury, 2006) !.

With time-dependent deformations in general, and creep in particular, I identify the following
points of interest for the cement and concrete industry:

* Contributing about 5% to global anthropogenic CO, emissions (Worrell et al., 2001), the
cement industry aims at reducing the CO, footprint of hydraulic binders, by developing
innovative “low-CO,” binders (Gartner, 2004), which contain less Portland cement,
or even no more Portland cement (e.g., BYF cements (Gartner, 2017)). Because of
the novelty of those materials, we have very little feedback on their long-term time-
dependent behavior. The industry is interested in innovative testing methods which
could provide them with indicators of long-term performance in a relatively fast manner.

L After 18 years, as a consequence of creep, shrinkage, and prestress loss, deflection at mid-span had reached
1.2 m, which required retrofit. About 6 weeks after this retrofit, the bridge collapsed, killing 2 people. After an
in-depth analysis of the case, Burgoyne and Scantlebury (2006) reached the conclusion that poor design did not
provide the bridge enough robustness with respect to accidental damage, and proposed the following mechanism
for the failure: resurfacing during the retrofit may have locally damaged the concrete in the top flange, such that
creep behind the anchorages of the prestressing tendons could have occurred very fast, eventually leading to
damage of the concrete between the prestressing tendons, and to the failure of the bridge.
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* As we will see in section 3.3, there exist some infrastructures —typically the French

nuclear power plants — which are now reaching the end of their design lifespan, and for
which their owners aim at extending this lifespan. Justifying the safety of such extension
requires a good modeling of the long-term time-dependent behavior of concrete.

The physical origin of time-dependent deformations of concrete is still debated, being
attributed among others to reorganization of intermolecular bonds (BaZant et al., 1997),
jumping over energy barriers (Wittmann, 1982), free volume dynamics (Vandamme
and Ulm, 2009), migration of water (Powers, 1968), or pressure-solution creep (Pachon-
Rodriguez et al., 2014). I believe that understanding this physical origin, which sounds
like a fundamental question, could have an interest for the industry. This belief comes
from the example of gypsum, for which a direct proof of the physical origin of its creep
has been brought only recently. Pachon-Rodriguez et al. (2011, 2014) showed that creep
in gypsum is due to pressure-solution: under mechanical stress, stress concentration at
contact points between gypsum needles leads to the dissolution of the ions involved
in gypsum crystals (i.e., Ca?* and SOi_), which then diffuse and precipitate again, but
further from the contacts. This process provides some apparent mobility at the contact
between gypsum crystals, which translates macroscopically into creep. Once this has
been identified, to control creep of gypsum (since you want your gypsum board to
remain as flat as possible over time), one can envision to develop innovative agents that
target the dissolution of the gypsum crystals, or the diffusion of its ions. In the same
spirit, identifying the origin of time-dependent deformations in cement could pave
the way for future innovative breakthroughs aiming at controlling the kinetics of those
deformations.

The work which I performed on the time-dependent deformations of concrete is in the spirit

of those points of interest. Section 3.2, devoted to the measurement of basic creep by micro-

indentation, aims at providing a fast way of assessing the long-term kinetics of basic creep

of concrete. Section 3.3 focuses on the modeling of the three-dimensional creep behavior of

concrete, since, as we will see in that section, the three-dimensionality is important for some

applications. Section 3.4 focuses on hypothesis testing on the physical origin of the long-term
kinetics of autogenous shrinkage. Finally, in section 3.5, we present two models based on the
idea of local microscopic relaxations which can explain basic creep of concrete.

3.2

Fast measurement of long-term kinetics of basic creep by micro-
indentation

Ph.D. student: Qing ZHANG
Related journal article: Zhang et al. (2014)

Colleagues involved: Robert LE ROY, Jean-Noél ROUX,
Bruno ZUBER (Lafarge)
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Context

This study was performed in the continuity of my Ph.D. on the investigation of the creep proper-
ties of calcium silicate hydrates by nano-indentation. My Ph.D. studies were funded by Lafarge.
When I came back to Laboratoire Navier, Lafarge proposed me to go on working on the topic
and funded the Ph.D. project of Qing Zhang on a study by micro-indentation of the impact
of microstructure and moisture content on mechanical properties (and creep properties in
particular) of hydraulic binders.

Indentation is an experimental contact technique to probe the mechanical properties of vol-
umes, by pressing an indenter probe of known geometry and mechanical properties into the
sample whose mechanical properties need to be determined. During my Ph.D., I derived a
formula to back-calculate a creep compliance from an indentation creep experiment (Van-
damme et al., 2012). I showed at that time (Vandamme and Ulm, 2009) that minutes-long
nano-indentation experiments yield a creep compliance which, after a few seconds, is loga-
rithmic with respect to time. This logarithmic kinetics is reminiscent of the long-term creep
kinetics observed after weeks on structures (see Fig. 3.1) or on concrete samples tested by
regular macroscopic means. Our results also suggested that the rate of this logarithmic creep
of calcium silicate hydrates was consistent, after upscaling, with the one observed macro-
scopically on concrete samples (Vandamme and Ulm, 2009). The aim of the study performed
in the framework of the Ph.D. studies of Q. Zhang was to confirm this suggestion, through a
methodical comparison between indentation creep experiments and macroscopic uniaxial
creep experiments.

Approach

The final interest of the study being the assessment of creep properties at the macroscopic
scale, we chose not to use nano-indentation (which probes volumes with a characteristic
size below the micron, and thus can yield the properties of the individual hydration products
in a cement paste), but to rather use micro-indentation (which probes volumes of a larger
scale, with a characteristic size on the order of a few dozen microns, and thus can yield the
properties of the cement paste). Micro-indentation creep experiments consisted in applying a
constant load on the indenter tip and measuring the evolution of the indentation depth over
time.

The study aimed at comparing creep results obtained by micro-indentation on cement paste
with creep results obtained by regular uniaxial macroscopic creep testing on concrete. Given
the complexity and duration of macroscopic creep experiments (which need to last for several
months to a few years to yield a reliable measurement of the long-term creep kinetics), we
chose not to perform our own macrosocopic creep experiments, but based our study on
results available in the literature, namely the results of Le Roy (1996) obtained during his
Ph.D. (see also (Torrenti and Le Roy, 2017) for a detailed analysis of these results), displayed in
Fig. 3.2-1eft. In 2011, i.e., about 20 years after R. Le Roy manufactured his concrete samples in
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Figure 3.2 — (left) Uniaxial basic creep functions obtained on concrete with uniaxial compres-
sive creep testing (Le Roy, 1996) and (right) contact creep functions L(t) — 1/ M, obtained on
cement paste samples with micro-indentation. When the creep function looks linear in a
semi-log scale in the long term, as is the case here, the slope of the line is 1/C, where C is the
creep modulus defined in Eq. 3.1. Figures from Zhang et al. (2014).

1992, we manufactured cement pastes identical to the ones used in the concrete samples in Le
Roy’s thesis, and performed micro-indentation creep experiments on them. We compared our
micro-indentation measurements with his macroscopic measurements. The results of this
comparative study are presented next.

Main results

Le Roy manufactured 7 types of concrete samples, all based on the same clinker, but which
differed in terms of water-to-cement mass ratio, amount of silica fumes added, and quantity
of aggregates. Those 7 types of concrete samples were made of cement pastes with 4 different
mix designs. We manufactured those 4 cement pastes.

Le Roy measured the basic creep of his concrete samples by classical uniaxial compression.
His samples were cylinders with an height of 1 m and a diameter of 20 cm. The results of his
experiments are displayed in Fig. 3.2-left: the longest experiment lasted for about 13 years. A
logarithmic kinetics is observed, which kicks off after a few days.

For the study by micro-indentation, the cement paste samples were slices with a thickness
of a few millimeters, cut from cement paste cylinders with a diameter of 2 cm. The results
obtained by micro-indentation on the cement pastes are dispayed in Fig. 3.2-right. A clear
logarithmic kinetics is observed for all samples, which kicks off after a few seconds.

The identical logarithmic kinetics supports the idea of comparing the two sets of measurement
with each other. To perform a quantitative comparison, all creep functions J(t) were fitted
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3.2. Fast measurement of long-term kinetics of basic creep by micro-indentation

with a function of the form:

J(@) = élog(l +t/1), (3.1

where we named the parameter C ‘creep modulus), as it is homogeneous to a modulus, and
where 7 is a characteristic time. At large times (i.e., for ¢ > 1), the creep rate j(¢) is equal
to 1/(Ct): the creep modulus C governs the long-term creep rate and, the larger the creep
modulus, the smaller the long-term creep rate. When the creep function is displayed on a
semi-log axis (like in Fig. 3.2), the creep function looks like a line in the long term: the slope of
this line is 1/C.

To compare the creep moduli obtained by micro-indentation with those obtained by uniaxial
macroscopic testing, a change of scale was necessary, as micro-indentations were performed
on cement paste, while macroscopic creep experiments were performed on concrete samples,
which are a mix of cement paste with aggregates. To perform this upscaling, from the scale of
the cement paste to the scale of the concrete, we used a classical Eshelby-based homogeniza-
tion scheme (namely, the Mori-Tanaka scheme (Mori and Tanaka, 1973)), which we extended
to linear viscoelasticity for asymptotically large times. We considered that aggregates do not
creep, and that paste and aggregates are perfectly bonded (i.e., that there is no interfacial
transition zone, which is consistent with the microstructural observations of Scrivener et al.
(2004)). Such upscaling makes it possible to infer, based on the measured creep modulus of
the cement paste, what the creep modulus of the concrete of which it is made, should be. The
results of the comparison are displayed in Fig. 3.3. The comparison is very good, which shows
that we can estimate the long-term kinetics of concrete creep (governed by its creep modulus)
based on minutes-long micro-indentation of its paste.

The characteristic times 7 fitted on the uniaxial macroscopic creep experiments were on the
order of a few days (see Fig. 3.2-left), which is very different from the characteristic times
fitted on the micro-indentation creep experiments, which were on the order of a few seconds
(see Fig. 3.2-right). The reason for this discrepancy cannot be attributed to the difference in
scale as, upon upscaling, the characteristic time does not vary by orders of magnitude (at
least in linear viscoelasticity) (Beurthey and Zaoui, 2000). We also checked experimentally
(Vandamme and Ulm, 2013) that, between the scale of nano-indentation (i.e., with indentation
depths on the order of 100 nm) and the scale of micro-indentation (i.e., with indentation
depths on the order of 10 um), the characteristic time did not evolve significantly. In section
3.5, I present a potential explanation of why characteristic times to reach a logarithmic kinetics
of creep are so different between micro-indentation experiments and uniaxial macroscopic
experiments.
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Conclusions and perspectives

We showed that the long-term creep kinetics of concrete, which is usually measured in months
at the macroscopic scale, can be assessed by a combination of minutes-long micro-indentation
creep experiments with analytical upscaling techniques. This result is of direct practical
interest for the cement and concrete industry, which, to determine the full creep function of a
material, can now combine a relatively short few-weeks-long macroscopic creep experiment
(to determine the short-term creep) with micro-indentations (to determine the creep modulus
and hence the long-term creep kinetics), instead of performing a months-long or years-long
macroscopic creep experiment.

However, many questions remain. The good agreement between upscaled creep modulus
measured in minutes by micro-indentation with the creep modulus measured in months at
the macroscopic scale is surprising and, up to now, unexplained. Is this agreement a mere
correlation, or is the creep after a few seconds in an indentation experiment really governed
by the same physical processes as the ones governing long-term logarithmic creep at the
macroscopic scale? If the latter, why would the characteristic time at which the long-term
logarithmic creep kinetics kicks off be orders of magnitude smaller by micro-indentation test-
ing than by uniaxial macroscopic testing? Indeed, as explained above, within the framework
of linear viscoelasticity, this characteristic time should not depend significantly on the scale,
which was confirmed by a comparison between nano-indentation and micro-indentation.

A potential candidate to explain the shift in characteristic time between micro-indentation
and macroscopic creep testing could be the magnitude of the stresses at stake (see section 3.5
for more details). Indeed, most macroscopic creep experiments on concrete are performed at
stresses below 30% of the compressive strength, so that the viscous behavior remains linear
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with respect to the applied stress. For instance, Le Roy’s experiments analyzed in this study
were all performed at stresses lower than 30 MPa (Le Roy et al., 2017). In contrast, the stress
below the indenter can be much larger. Typically, during micro-indentation on cement-based
materials, those stresses, which depend principally on the shape of the indenter and on the
mechanical properties of the indented material and not so much on the applied load, are on
the order of a few hundred MPa. It may well be that the significant decrease in characteristic
time is a consequence of the significantly higher stresses at stake during indentation testing
than during regular macroscopic testing. It would be interesting to test this hypothesis further:
one way of doing it could be to immerse a sealed concrete sample in a fluid and pressurize
the fluid up to several hundred MPa, to make the sample creep volumetrically. Working
with volumetric stresses could allow applying stresses significantly larger than 30% of the
compressive strength without failing the material.

In any case, if we recognize that the indentation technique makes it possible to reach the
long-term kinetics of creep much quicker than with conventional macroscopic testing, in
return a drawback of the indentation technique is that it does not allow the assessment of
short-term creep! Also, our application of the indentation technique to creep testing relies
on the fact that, after some time, creep evolves logarithmically with respect to time, may it
be at the macroscopic scale or at the scale of indentation. Indeed, our analysis relies on the
notion of creep modulus (see Eq. 3.1), which is meaningful only when the long-term creep
is logarithmic with respect to time. However, not all hydraulic binders creep logarithmically
with respect to time. For instance, gypsum does not, and there is no reason why non-Portland
cement pastes should. For such materials, how to use the indentation technique to assess
long-term creep behavior remains unclear.

3.3 3-dimensional creep behavior of concrete and of C-S-H gel

Ph.D. student: Abudushalamu AILI
Related journal articles: Aili et al. (2015, 2016)

Colleagues involved: Jean-Michel TORRENTI (IFSTTAR),
Benoit MASSON (EDF), Julien SANAHUJA (EDF)

Context

In France, in 2014, about 75% of electricity was produced from nuclear energy, by the 58
nuclear reactors owned by EDF (Cour des Comptes, 2016). The reactors were designed for a
service life of 40 years (Cour des Comptes, 2016). In 2015, the average age for the 34 nuclear
reactors of 900 MW, 20 nuclear reactors of 1 300 MW, and 4 nuclear reactors of 1 400 MW was
34, 28, and 18 years, respectively (Cour des Comptes, 2016). Consequently, in the following
years, many nuclear power plants will reach the end of the service life for which they were
initially designed. For their owner EDE and for France in general, being allowed to extend
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this service life bears tremendous economic implications. The main concern upon extending
service life is to guarantee safety of the installations.

The reactor building of the 1 300 MW nuclear power plants consists of two concentric contain-
ments (Granger and Torrenti, 1995). The outer one, designed to withstand external aggressions,
is made of reinforced concrete. The inner one is made of prestressed concrete: the prestress
was designed to ensure tightness of the containment even in case of an internal pressure of
0.5 MPa. Indeed, the prestress (applied by the prestressing steel tendons) ensures that the
concrete remains permanently compressed, hence keeping any crack or micro-crack closed.
The prestress is therefore a key ingredient to ensure tightness of the confinement. However,
because of creep of concrete (and of the prestressing tendons), the prestress decreases over
time, at a rate which depends on the creep properties of the concrete. Predicting the evolutions
of prestress over time requires an accurate knowledge of the creep behavior of the concrete.

A specificity of the concrete containment building is that the prestress of the concrete is
biaxial (i.e., vertical and orthoradial). Consequently, predicting how this biaxial prestress
of the concrete will relax over time requires the knowledge of the full three-dimensional
creep behavior of concrete. Concrete being an isotropic material, its 3-dimensional elastic
behavior is characterized by two elastic parameters, which can be for instance the Young’s
modulus E and the Poisson’s ratio v. By extension, for what concerns linear viscoelasticity, the
3-dimensional viscoelastic behavior of a mature (i.e., non-aging) concrete is characterized by
two time-dependent relaxation moduli, for instance a Young’s relaxation modulus E(¢) and
a viscoelastic equivalent v(t) of a Poisson’s ratio (Christensen, 1982). The Young’s relaxation
modulus, which is the inverse (in the sense of the convolution product) of the uniaxial creep
compliance, has been studied extensively, through uniaxial creep experiments. In contrast,
very little is known about the viscoelastic equivalent of the Poisson’s ratio of concrete.

Based on various studies available in the literature, Neville et al. (1983) gathered the following
values for the viscoelastic equivalent of the Poisson’s ratio of concrete: close to 0 (Ross, 1954;
Furr, 1967), equal to 0.05 (L'Hermite, 1959), equal to the elastic Poisson’s ratio (Duke and Davis,
1944; Polivka et al., 1963), increasing with time, or decreasing with time (York et al., 1972)!
Although part of the variability may come from the variety of hydric conditions used in the
various experimental campaigns, even for basic creep (i.e., in absence of any hydric transfer,
see Table 3.1), no consensus existed. We aimed at bringing a clear answer to the question of
the value of the viscoelastic equivalent of the Poisson’s ratio of concrete.

Approach

Part of the scatter observed in the literature originates from the fact that there exist many
different definitions for the viscoelastic equivalent of a Poisson’s ratio, as mentioned by Hilton
(2017) in his review paper. Consequently, a first step was to get a clear idea on how to define
a viscoelastic equivalent of a Poisson’s ratio. Then, we aimed at making a consistent use of
this definition to perform an exhaustive analysis of all basic creep data from the literature for
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which sufficient information was available (i.e., in which strain was measured in at least two
directions) to back-calculate this Poisson’s ratio.

Main results

Naturally, by analogy with elasticity, in viscoelasticity a Poisson’s ratio can be defined, for a
sample solicited uniaxially, as the ratio

&)

€a(1) 62

between a lateral strain €;(¢) and an axial strain £,(#).

A first choice to be made is whether the strains considered in Eq. 3.2 must be creep strains
or total strains (these latter being the sum of elastic strains and creep strains). In the spirit of
the recommendation of Bazant et al. (1993), we chose to consider a definition based on total
strains. Indeed, if only a parameter based on creep strains is reported, and if elastic stiffness is
not reported in parallel (which often happens in the literature), the reported data is useless for
the reader. For instance, when fitting his B4 model to an exhaustive set of creep data from the
literature (RILEM Technical Committee TC-242-MDC, 2015), Bazant had to discard all data for
which creep strains were provided but elastic stiffness was not.

Even when the choice of working with total strains is made, one can choose to apply definition
3.2 to a uniaxial creep test (in which the axial stress is kept constant over time) or to a uniaxial
relaxation test (in which the axial strain is kept constant over time). The application of this
definition to those two tests will provide two different time-dependent Poisson’s ratios, which
we named creep Poisson’s ratio and relaxation Poisson’s ratio, respectively.

Strictly speaking, creep and relaxation Poisson’s ratio are not equal to each other, although
their initial values (which is the elastic Poisson’s ratio) and their long-term asymptotic values
are identical. The creep Poisson’s ratio is the one usually reported in the literature, as it can be
directly calculated from strains measured in a creep experiment. However, when employing
the elastic-viscoelastic correspondence principle (Christensen, 1982), the relaxation Poisson’s
ratio is the operator with which the elastic Poisson’s ratio should be replaced. Although
creep and relaxation Poisson’s ratios are not equal, we showed, based on an analysis of creep
experiments on cement pastes, mortars, and concretes, that those two Poisson’s ratios differ
in a negligible manner for cement-based materials. Consequently, we do not distinguish them
and refer to them as to the viscoelastic Poisson’s ratio.

We now present an example of the interest of using a definition based on total strains rather
than on creep strains. By using a definition of Poisson’s ratio based on creep strains rather
than total strains, Gopalakrishnan et al. (1969) proposed that, for a concrete sample under
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Figure 3.4 — Time-dependent Poisson’s ratio in different directions, calculated from data of
experiment TC10 of Gopalakrishnan et al. (1969), when using (left) creep strains or (right) total
strains. Total strains are the sum of elastic strains and creep strains. Figures from Aili et al.
(2016).

triaxial compression, creep properties are anisotropic, i.e., time-dependent Poisson’s ratios
are different in different directions (see Fig. 3.4-1eft). With the definition that we chose, based
on total strains, a new analysis of the same set of data provides a creep behavior that is
fully isotropic, i.e., time-dependent Poisson’s ratios which are the same in all directions (see
Fig. 3.4-right). This isotropy of the creep behavior is consistent with the fact that concrete
is an isotropic material. Therefore, the anisotropy proposed by Gopalakrishnan et al. (1969)
appears to have been an artifact induced by the way how the time-dependent Poisson’s ratio
was defined.

With a clear definition of viscoelastic Poisson’s ratio in mind, we then analyzed all data available
in the literature (found in a database gathered in Northwestern University by BaZant’s group
(Bazant and Li, 2008)) out of which we could calculate a viscoelastic Poisson’s ratio. The results
of the analysis are displayed in Fig. 3.5 in a condensed manner, where we only display the long-
term asymptotic value of the viscoelastic Poisson’s ratio versus its initial one (i.e., the elastic
Poisson’s ratio). Based on the few data available, we can conclude that the long-term value of
the viscoelastic Poisson’s ratio of concrete is equal to or smaller than its elastic Poisson’s ratio,
and comprised between 0.15 and 0.20. Importantly for the engineer, when the elastic Poisson’s
ratio of mature concrete is comprised between 0.15 and 0.20, for practical applications, one
can consider that its viscoelastic Poisson’s ratio is constant over time. BaZant had made this
assumption all along his career (see., e.g., Bazant and Wittman (1982)), but had never justified
it. Here we showed that his assumption was very reasonable!

By using Eshelby-based homogenization schemes (i.e., the Mori-Tanaka scheme (Mori and
Tanaka, 1973)), we downscaled the viscoelastic Poisson’s ratio of concrete down to the scale of
C-S-H. Results of this downscaling are presented in Fig. 3.6. This figure shows that the long-
term viscoelastic Poisson’s ratio of the C-S-H gel has little effect on the long-term viscoelastic
Poisson’s ratio of concrete. We also find that the long-term viscoelastic Poisson’s ratio of the
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C-S-H gel is comprised between 0 and 0.2: any potential mechanism proposed to explain
creep of C-S-H should be consistent with this observation.

Conclusions

We showed that, once properly defined, the viscoelastic Poisson’s ratio is the same in all
directions, which is consistent with the fact that the creep properties of an isotropic material
should be isotropic. For regular concretes, for which the elastic Poisson’s ratio is comprised
between 0.15 and 0.2, considering for practical applications that their viscoelastic Poisson’s
ratio is constant over time is a very reasonable assumption. This result (already assumed by
Bazant and many others) is of value for the engineer.
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We downscaled the viscoelastic Poisson’s ratio down to the scale of the C-S-H gel and found
that, in the long term, the viscoelastic Poisson’s ratio of concrete must be comprised between
0 and 0.2. Any mechanism proposed to explain the physical origin of creep in C-S-H should be
confronted to this observation.

3.4 Kinetics of long-term autogenous shrinkage

Ph.D. student: Abudushalamu AILI
Related journal article: Aili et al. (2018)
Colleagues involved: Jean-Michel TORRENTI (IFSTTAR), Benoit MASSON (EDF)

Context and approach

As apparent in Table 3.1, time-dependent strains are decomposed into autogenous shrinkage,
basic creep, drying shrinkage, and drying creep. Those 4 components are considered to add to
each other to yield the total time-dependent strain of the concrete material under any type
of mechanical and hydric conditions. This classical decomposition is fully legitimate phe-
nomenologically, as it is directly associated to the various experiments that can be performed
to assess time-dependent deformations of concrete. In practice, many design codes obtain
the total delayed strain by summing the 4 components described above (e.g., Fib (2012) or
ACI Committee 209 (2008)). However, from a physical point of view, this phenomenological
decomposition is not fully satisfactory, in the sense that it does not recognize that those strains
all result from the response of a porous material made of a solid skeleton which creeps to a
complex combination of loads (induced by hydration, by the presence or absence of water,
by the application of a mechanical load, or by the action of eigenstresses). Recognizing this
unified physical origin, we envisioned to go beyond the classical phenomenological decompo-
sition presented in Table 3.1 and propose a poromechanical model out of which the different
time-dependent contributions could result, without being assumed a priori, in the spirit of
the poromechanical model developed by Sellier et al. (2015).

In a first step toward this effort, we focused on autogenous shrinkage, and more precisely
on the kinetics of long-term autogenous shrinkage. As already explained in section 3.1,
autogenous shrinkage is the strain over time of a concrete sample that is sealed (i.e., exchanges
no moisture with its surroundings) and is not loaded mechanically. Autogenous shrinkage
is considered to be asymptotic with time in some models and in some engineering design
codes (see e.g. RILEM Technical Committee TC-242-MDC (2015); Eurocode (2004); Fib (2012)).
However, an exhaustive analysis of the data from the literature gathered by Bazant and Li
(2008) shows that autogenous shrinkage never stops, as can be observed in Fig. 3.8: in the long
term, autogenous shrinkage evolves linearly with the logarithm of time.

A physical explanation, proposed first by Hua et al. (1995), could be the following. The
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1:eau 3 gypse 5 ¢ grain de sable
2 ¢ clinker 4 bulle d'air 6 hydrates C-S-H

Figure 3.7 — Evolution of microstructure of cement paste over hydration. 1: water; 2: clinker;
3: gypsum; 4: air bubbles; 5: sand grains; 6: C-S-H. ‘Vide’ and ‘pore vide’ are vapor bubbles.
Figures from Chanvillard (1999).

hydration reactions are such that the volume of the products is smaller than the volume of the
reactants. When the cement paste (or the concrete) is still fluid, such difference of volume
induces directly a contraction of the sample, called Le Chatelier’s contraction. Even if the
sample is sealed (i.e., exchanges no moisture with its surroundings), after setting has occurred
(i.e., after the cement paste or concrete has become solid), hydration still goes on, and the
system must geometrically accommodate this difference of volume: bubbles of vapor nucleate
in the pore space, and grow as hydration progresses (see Fig. 3.7). The consumption of pore
solution hence leads to the partial desaturation of the pore space, to the creation of curved
interfaces (i.e., menisci) between the pore liquid and its vapor, and hence to a decrease of
internal relative humidity: such phenomenon is called self-desiccation. Consequently, the
pressure of the pore liquid becomes more and more negative (with respect to the atmospheric
pressure), which translates into a compressive stress applied to the solid skeleton. Since the
solid skeleton of cement-based materials is viscous, under the action of this stress induced by
capillary effects, one expects the sample to shrink over time.

Such idea was proposed first by Hua et al. (1995) and used by others (see e.g. Gawin et al. (2006);
Grasley and Leung (2011); Wyrzykowski et al. (2011); Luan and Ishida (2013); Hajibabaee et al.
(2016); Liet al. (2017)). In particular, Ulm et al. (1999) verified for five concretes that differed
in their water-to-cement ratio and for which basic creep and autogenous shrinkage were
measured by Le Roy (1996) that this idea was compatible with experimental observations. Here,
we aimed at exhaustiveness, by verifying on all possible tests on CEM I concrete or cement
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Figure 3.8 — Examples of autogenous shrinkage data. When autogenous shrinkage looks linear
in a semi-log scale in the long term, as is the case here, the slope of the line is the parameter
oy, defined in Eq. 3.3. Figure from Aili et al. (2018).

paste samples in the literature (i.e., again, in the database gathered at Northwestern University
(Bazant and Li, 2008)) whether indeed, the kinetics of long-term autogenous shrinkage could
be explained by creep under the action of capillary forces induced by self-desiccation.

Main results

Sufficiently long autogenous shrinkage experiments exhibit a long-term kinetics that is log-
arithmic with respect to time. Consequently, in the long term, autogenous shrinkage strain
&sp (1) can be well approximated by:

esp(8) = agplog(t/To) + Bsh, (3.3)

so that the long-term kinetics is governed by the parameter a;,, which we fitted for each
sufficiently long experiment on concrete or cement paste available in the literature. The
parameter «ay, is the slope of the line observed when plotting the autogenous shrinkage data
on a semi-log scale (see Fig. 3.8). If the volumetric creep modulus C, of the tested concrete
or cement paste was known (see Eq. 3.1 for the definition of the creep modulus), we could
calculate the equivalent mechanical stress o, to which the material should be subjected to
explain this long-term kinetics of autogenous shrinkage, since linear viscoelastic calculations
show that o, = 3a;, C.. We could then check whether the back-calculated mechanical stress
o, was consistent with the magnitude expected from stresses due to capillary forces. This
is in short the procedure we followed, close to the fact that the creep properties of most of
the concretes and cement pastes tested for autogenous shrinkage were not known, as they
were not measured. Therefore, as a prerequisite to the procedure here proposed, we needed
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Figure 3.9 — Volumetric creep modulus Cc.s.iy of C-S-H as a function of water-to-cement ratio,
computed from basic creep data available in the literature. The creep modulus controls the
long-term kinetics of logarithmic creep (see Eq. 3.1). Figure adapted from Aili et al. (2018).

to estimate the creep properties (i.e., the creep modulus) of the concretes and cement pastes
tested for autogenous shrinkage, based on their mix design.

We aimed at estimating the creep moduli of the concretes and cement pastes with upscaling,
based on the creep modulus C¢.s.g of C-S-H and the volume fraction of the various phases
(known from the mix design), by using Mori-Tanaka schemes, under the assumption that no
phase other than C-S-H could creep and that the various phases were perfectly bonded to
each other. Such estimation by upscaling required the knowledge of the creep modulus of
C-S-H. Consistently with our approach, the creep modulus Cc_s.p of C-S-H was obtained by
downscaling all basic creep measurements available in the literature that were sufficiently
long to reach a logarithmic kinetics of creep. The results of this downscaling are displayed in
Fig. 3.9. In spite of an evident scatter, the back-calculated volumetric creep modulus Cc.s.j3 of
C-S-H seems rather independent of the water-to-cement ratio: Cc.s.py = 13 GPa.

From the knowledge of the volumetric creep modulus of C-S-H and of the mix design, we
could then estimate, for each concrete or cement paste on which autogenous shrinkage was
measured, what its bulk creep modulus C, was. For each of those concretes, the long-term
kinetics of autogenous shrinkage is characterized by the parameter ag, (see Fig. 3.8). We
could hence calculate, for each concrete, to which equivalent mechanical stress o, = 3a,C,
the sample had to be submitted to explain the measured long-term kinetics of autogenous
shrinkage. The results of this back-calculation are displayed in Fig. 3.10.

We then calculated, for each sample, the mechanical stress to which the sample was submitted
under the action of capillary forces induced by self-desiccation. To do so, a simple version
of partially saturated poromechanics yields that the volumetric stress induced by a capillary
pressure P, is equal to bS; P, where b is the Biot coefficient of the material and S; is the liquid
saturation. Using Power’s model (Powers and Brownyard, 1948) at an asymptotic degree of
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Figure 3.10 — Mechanical stress o, that should act on C-S-H gel to explain the long-term
kinetics of autogenous shrinkage measured on concrete samples, displayed together with
estimated bounds of the capillary stress bS;P,.. Figure adapted from Aili et al. (2018).

hydration, the liquid saturation S; can be estimated. Based on this same model, the volume
fractions of the various phases can be estimated, which, in concatenation with Mori-Tanaka
upscaling schemes, makes it possible to estimate the Biot coefficient b of the material. For
the case of a Poisson’s ratio of the C-S-H gel equal to 0.2, the viscoelastic Biot coefficient b
of the material (i.e., cement paste or concrete) remains constant over time, and hence equal
to its elastic value. The capillary pressure P, is inferred from the long-term internal relative
humidity kg and the mole fraction x of ions in the pore solution (estimated to x =0.03, in
accordance with results by Chen et al. (2013)) through Kelvin’s law:

P, = —ﬂlogﬂ, (3.4)
Vw 1-x

where V,, is the bulk molar volume of liquid water, R is the ideal gas constant, and T is the

temperature.

Upper bounds and lower bounds for long-term relative humidity were estimated based on data
available in the literature, and translated into respectively lower bounds and upper bounds of
the capillary pressure P., and hence of the stress bS; P due to capillary forces. The estimates
of the bounds are displayed in Fig. 3.10, together with the back-calculated stress o}, that
should act on the concrete to explain their long-term kinetics of autogenous shrinkage. The
fact that those back-calculated stresses lie in-between the estimated bounds indicates that the
hypothesis that, in the long term, autogenous shrinkage is due to creep of the solid skeleton
under the action of capillary forces is plausible.
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3.4. Kinetics of long-term autogenous shrinkage

Extension of the work

As mentioned in the presentation of the context of this study, we envisioned the derivation of
a poromechanics-based model of a mature concrete, from which would naturally come out
the various components of time-dependent deformations. In the framework of the Ph.D. of
Aili (2017), we derived such poromechanics-based model (not presented in this manuscript),
in which concrete was considered as a porous material with a solid skeleton which creeps, and
is submitted to stresses induced by water and/or mechanical loading. The model is restricted
to mature concrete, i.e., no aging induced by hydration is considered.

In its basic form, the model we derived is able to capture autogenous shrinkage, basic creep,
and drying shrinkage, but fails at capturing drying creep: it predicts no drying creep. We
remind that drying creep is the additional time-dependent strain of a loaded specimen ex-
changing water with its surroundings, with respect to the sum of autogenous shrinkage, basic
creep and drying shrinkage (see Table 3.1). To capture drying creep, like Bazant and Xi (1994)
and others, we had to enforce it phenomenologically in the model, in the spirit of what
Sellier et al. (2015) did with their own poromechanical model: we needed to assume that
the mechanical stress induced by capillary effects is augmented when the sample is loaded
mechanically.

Conclusions and perspectives

The work here performed was based on an idea that had already been proposed in the literature,
namely that autogenous shrinkage could be the viscous deformation of the solid skeleton
under the action of capillary stresses induced by self-desiccation. The originality of our work
rather lied in the exhaustiveness of the approach: we aimed at considering all sufficiently
long autogenous shrinkage data available in the literature on CEM I (or equivalent) cement
pastes or concretes. Since the study required an estimate of the creep properties of the tested
concrete, to obtain this estimate, we analyzed all sufficiently long basic creep data in the
literature on CEM I (or equivalent) cement pastes or concretes.

Our study is limited to the long-term kinetics of autogenous shrinkage. At early age, the picture
is different: after mixing, the material is saturated and, once setting has occurred, relative hu-
midity starts decreasing from unity, so that capillary stresses are initially very small. Therefore,
the capillary stresses here identified as the driving force of long-term autogenous shrinkage
may not drive early-age autogenous shrinkage. At early age, other phenomena enter the
picture: on top of the well-known Le Chatelier’s contraction, Abuhaikal et al. (2018) proposed
a mechanism for autogenous shrinkage based on the evolution of colloidal eigenstresses. Such
phenomena are likely to be more active at early age than in a mature concrete, as they are
driven by hydration. Having a physical model of autogenous shrinkage that would be valid
over the whole life of the material (i.e., from its early age up to its mature age) would present
an interest, as it would make it possible to identify what physical process is dominating the
evolutions of deformation at the various ages of the material.
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As mentioned earlier, we envisioned a unified poromechanical physically-based model that
could yield all components of time-dependent deformations naturally. Such model, that
we derived for a mature concrete, would need to be extended to early age to include the
effect of hydration. Even for mature concrete only, one weakness of the model is that drying
creep could only be included in a phenomenological manner. Such phenomenological en-
forcement remains unsatisfactory, given our objective of deriving a unified poromechanical
physically-based model that could capture all components of time-dependent deformations.
The physical origin of drying creep remains quite debated. An interesting feature of drying
creep is that it is not only observed for cement-based materials, but also for many other
materials, including wood (for which it is called mechano-sorption) and Kevlar (Vlahinic et al.,
2012). Therefore, drying creep appears to find its origin in what cement-based materials bear
in common with those materials rather than in what distinguishes cement-based materials
from them. A good candidate for this common origin seems to be the presence of micropores
(see, e.g., Vlahinic et al. (2012) or Sinko et al. (2016)). Determining the physical origin of drying
creep and how to implement it in a physical manner in a poromechanical model would be
interesting.

3.5 Physical origin of long-term basic creep: two models based on
local microscopic relaxations

‘ Related journal article: Vandamme (2019) ‘

Context and approach

This work was performed during my stay at the University of Cambridge in 2017-2018, as
a French government by-fellow at Churchill College and as a visitor at the Department of
Engineering.

As explained in section 3.1, a logarithmic kinetics of creep is observed for concrete in the long
term. But such a logarithmic kinetics of creep is also observed for soils (Lambe and Whitman,
1969) and for some metallic alloys (Nabarro and DeVilliers, 1995). For those latter, two models
have been proposed, which make it possible to retrieve such a logarithmic kinetics (Nabarro,
2001): those two models are called the exhaustion model and the work-hardening model. The
goal of this work was to find out whether those two models yield evolutions of strains over
time which are consistent with phenomenological observations of creep of concrete.

The two models

In the two models, the macroscopic deformation is initiated at sites whose activation requires
some energy (i.e., an energy barrier needs to be overcome). The two models differ in how the
activation energies are distributed and evolve during the creep process. We interpret the local
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initiations of deformation as local microscopic relaxations.

We consider a material loaded with a macroscopic stress X (see Fig. 3.11). In the two proposed
models, we consider that the material is subjected to a succession of local microscopic relax-
ations. If, in absence of any macroscopic stress, a local microscopic relaxation leads to an
increment of macroscopic strain (which will happen if the microscopic volume to be relaxed is
prestressed/eigenstressed), with respect to the terminology commonly used to describe time-
dependent deformations of concrete, this increment is interpreted as autogenous shrinkage.
Here, since we are interested in basic creep, the strain of interest for our problem is the one in
excess of this autogenous shrinkage, i.e., the additional incremental strain occurring during
the local microscopic relaxation, as a consequence of the presence of the macroscopic stress
2 (see Fig. 3.11).

We consider that each local microscopic relaxation requires an activation energy U. Classically,
in the spirit of the transition state theory, the characteristic time 7, for this local microscopic
relaxation to occur should scale with the Boltzmann distribution exp(U/kgT), where kg is

Ulkg T, where 7¢ is a

the Boltzmann constant and T is the absolute temperature: 7,, = 7ge
microscopic characteristic time. We also assume that, under the action of a macroscopic stress
2, the local relaxation will always lead to the release of the same elastic energy, on the order
of (22/2E)Q,,, where E is the Young’s modulus of the material and Q, is the characteristic
microscopic volume relaxed at each local microscopic relaxation, and hence to the same small

increment €;,4 of macroscopic strain: €;,4 ~ (2/E)(Q,/Q).

As we will see, the two models here proposed will yield a creep function e(¢)/X that evolves
logarithmically with time after a transient period, i.e., that can be approximated in the long
term by:

e/Z=aln(t/1). (3.5)

The parameter 7 will be referred as to the characteristic time of logarithmic creep, and the
parameter « as to the prefactor to logarithmic creep. This prefactor, whose dimension is that
of the inverse of a stiffness, governs the long-term logarithmic kinetics of creep since, in the
long term: £(8)/Z = a/t.

In the exhaustion model (see Fig. 3.12-a), activation energies Uy are distributed uniformly. The
number of local microscopic relaxation sites with an activation energy comprised between
Up and Uy + dUj is noted 719od Uy, where 71y, whose dimension is the inverse of an energy, is
constant. Under the action of a macroscopic stress X, the activation energies may be impacted.
Hence, in first order, the activation energies are U = Uy — Vex;, Z, Where the dimension of v, is
that of an energy divided by a stress, i.e., of a volume. The characteristic time for a given local
relaxation to occur scales as 7,,; = 7o exp((Uy — VexnZ)/ kpT). Assuming a Poisson’s process
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Figure 3.11 - Strain observed during a local microscopic relaxation in presence of a macro-
scopic stress Z. With respect to the classical terminology used in concrete science, this strain
is the sum of autogenous shrinkage and basic creep. Autogenous shrinkage is the macroscopic
strain induced by the local microscopic relaxation of a prestressed/eigenstressed microscopic
element (i.e., the red spring). Basic creep is the macroscopic strain induced by the local
microscopic relaxation of a microscopic element in absence of any prestress/eigenstress (i.e.,
the black spring) but in presence of the macroscopic stress X. The meaning of the colors
is the following: a red spring is a microscopic element subjected to a prestress/eigenstress
(i.e., a microscopic element that is stressed even when no macroscopic stress is applied); a
black spring is a microscopic element submitted to no prestress/eigenstress; a brown spring
is a microscopic element which may or may not be prestressed/eigenstressed. Figure from
Vandamme (2019).
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Figure 3.12 — Probability density functions of activation energies barriers a) in the exhaustion
model and b) in the work-hardening model. The activation energy Uj is that in absence of any
macroscopic stress X and of any prestress/eigenstress o. In the work-hardening model, the
probability density function is a Dirac delta function. Figure from Vandamme (2019).

for the local microscopic relaxations of sites with an activation energy (in absence of any
macroscopic stress) comprised between Uy and Uy + d U, after some manipulation, one finds
out that, with the exhaustion model, in the long term, the creep function £(¢)/X evolves as:

z EQ

t iigkp TQ) t z
e(t) ~ [otB mln( ), with T, :TOexp(— (y+ Dexh )), (3.6)

Texh kgT

where y is the Euler-Mascheroni constant.

In the work-hardening model (see Fig. 3.12-b), the activation energy U is the same at all local
microscopic relaxation sites, but evolves over time. In the version of the work-hardening
model proposed by Nabarro (2001), the activation energies increase with strain. Here, in a dual
version, we consider that there exists some microscopic prestress/eigenstress o which impacts
the energy barriers and is impacted by the local microscopic relaxations. In concrete science,
this microscopic prestress/eigenstress can be the micro-prestress of Bazant et al. (1997) or
the eigenstress of Abuhaikal et al. (2018) (hence the reference to a ‘prestress/eigenstress’ in
the caption of Fig. 3.11). As was the case with the exhaustion model, we also consider here
that the applied macroscopic stress X, as well as the prestress/eigenstress o, can impact the
activation energy U, hence expressed as U = Uy — v3,,, X — v5,,.0, where Uy is the activation
energy of all local microscopic relaxation sites in absence of macroscopic stress £ and of
prestress/eigenstress g, and where v%,,, and v9,,, are two parameters whose dimension is
that of an energy divided by a stress, i.e., a volume. The rate at which the prestress/eigenstress
o relaxes must be proportional to the rate at which local microscopic relaxation events occur.
After some manipulation, one finds out that, with this adapted work-hardening model, the

creep function £(t)/X evolves as:

z
kT exp Uo = VigorZ — Vg/or
0o Ug}or kgT

t kpTQ
e(n) _ #ln(l N
2 ViorEO ina2

) With Twor = 90 . (3-7)

Twor
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Consequently, both the exhaustion model and the adapted work-hardening model make it
possible to retrieve a kinetics of creep that evolves logarithmically with respect to time in the
long term.

Agreement of models with phenomenology of concrete creep

The two models will be confronted to the actual phenomenology on concrete creep. More
specifically, confrontation will be performed with respect to the linearity of concrete creep
with respect to stress, to the phenomenology known about the viscoelastic Poisson’s ratio (see
section 3.3), and to indentation creep measurements (see section 3.2). Both models agree
equally well with the phenomenology, so that it is not possible to assess whether one model is
better than the other.

But at the very early age (i.e., before 3 days), creep of concrete is known to be linear with
respect to the applied stress, up to at least 30% of the compressive strength (Neville et al.,
1983), which, for a typical concrete with a compressive strength of 60 MPa, translates into
a linearity of the creep behavior up to about 20 MPa of applied stress. An observation of
Egs. 3.6 and 3.7 shows that, for the linearity of the creep function £(¢)/Z to be ensured, for each
model, its characteristic time must be independent of the applied macroscopic stress, which
is satisfied if the applied stress is sufficiently small to not impact significantly the activation
energies. This constraint implies that, at least up to 20 MPa, the applied stress has no effect on
the activation energies, and hence no effect on the probability for local microscopic sites to
relax: said otherwise, local relaxations must occur in absence of macroscopic stress as often as
when a macroscopic stress is applied (at least up to 20 MPa). If a macroscopic stress is applied,
when those local relaxations occur, the relaxation translates into an additional increment of
strain, which we interpret macroscopically as basic creep. But the applied macroscopic stress
is not the reason for the local relaxation event (at least up to 20 MPa of applied macroscopic
stress).

The phenomenology on the viscoelastic Poisson’s ratio of concrete was discussed in section
3.3 (see Fig. 3.5). The two models here considered yield identical theoretical evolutions of
viscoelastic Poisson’s ratio with time. After some calculation, the asymptotic value v, of
the viscoelastic Poisson’s ratio in the long term is found to be related to the elastic Poisson’s
ratio vg through v, = (5vg +1)/(5vg +9). This theoretical prediction, together with the ex-
perimental asymptotic values already displayed in Fig. 3.5, are displayed in Fig. 3.13: the two
models capture reasonably well the asymptotic values of viscoelastic Poisson’s ratio observed
experimentally.

A final phenomenological observation relates to indentation creep experiments: as explained
in section 3.2, indentation makes it possible to assess quantitatively the long-term kinetics
of logarithmic creep of cement-based materials (i.e., the creep modulus C, see Eq. 3.1), but
orders of magnitude faster than by macroscopic conventional testing. Using the terminology
introduced for Eq. 3.5, indentation testing impacts the characteristic time 7 of logarithmic
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Figure 3.13 — Long-term asymptotic value of viscoelastic Poisson’s ratio, as back-calculated
from experiments and as predicted with the exhaustion model and with the adapted work-
hardening model. The predictions with the two models overlap with each other. The values
back-calculated from experiments come from Aili et al. (2016). Figure from Vandamme (2019).

creep, without impacting the prefactor «a to logarithmic creep (or the creep modulus C, if we
use the terminology of Eq. 3.1). The two models here proposed could explain why: indeed,
Egs. 3.6 and 3.7 show that the applied macroscopic stress X can impact the characteristic
times 7.y, and 7, but do not impact the prefactors a to logarithmic creep. In indentation
creep experiments, the stresses below the Berkovich indenter, which are on the order of a few
hundred MPa, would be sufficiently large to significantly decrease the activation energy of
the local microscopic relaxations. At the same time, the linearity of the creep behavior with
respect to stress observed in standard macroscopic uniaxial creep experiments, which, as
discussed before, implies that stresses up to a few dozen MPa do not impact the activation
energies, makes it possible to estimate the magnitude of the characteristic stress above which
stresses start impacting activation energies: this characteristic stress must be somewhere
between a few dozen MPa and a few hundred MPa. Such order of magnitude is comparable
with the magnitude of disjoining pressures which prevail in microporous materials such as
cement-based materials (Bazant, 1972), which hints toward local microscopic relaxations in
cement-based materials that are controlled by disjoining pressure effects (for stresses up to a
few dozen MPa).

Concluding remarks

In this work, I discussed the applicability of two models imported from the literature on
metallic alloys to explain basic creep of concrete. One model (i.e., the exhaustion model) was
used as is, while another one (i.e., the work-hardening model) was adapted to incorporate the
concept of microscopic prestress/eigenstress. The two models capture equally well the main
phenomenological features of basic creep of concrete (i.e., linearity with respect to stresses,
logarithmic kinetics in the long term, and asymptotic value of the viscoelastic Poisson’s ratio)
and can explain why indentation creep experiments make it possible to assess quantitatively
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the long-term kinetics of logarithmic creep (i.e., the creep modulus C, see Eq. 3.1) orders of
magnitude faster than regular macroscopic creep experiments.

The models here proposed are quite different, in terms of spirit, from the rate theory proposed
to explain creep of concrete (Wittmann, 1982) or of geomaterials (Kwok and Bolton, 2010),
although the rate theory also relies on activation of local sites. In that theory, particles consti-
tuting the solid skeleton are fixed to their position by interactions with surrounding particles:
schematically, they are located in a potential trough. Under the application of a macroscopic
stress, the energy landscape is modified, which favors the probability of jump of the particle
in some specific directions, which translates into creep. In contrast, with our models based
on local microscopic relaxations, the application of a macroscopic stress (at least up to a few
dozen MPa) does not modify the activation energies: local microscopic relaxations occur at a
rate that is independent of this macroscopic stress, and the macroscopic stress only enables
the manifestation of the local microscopic relaxation into an infinitesimal increment of basic
creep strain.

In contrast, the idea that the material evolves/relaxes even in absence of any applied load is
consistent with the microprestress-solidification theory proposed by Bazant et al. (1997). The
adapted work-hardening model relies on the existence and relaxation of a prestress/eigenstress
o, which is the microprestress in the microprestress-solidification theory of Bazant et al. (1997),
and is the eigenstress observed by Abuhaikal et al. (2018). To some extent, the adapted work-
hardening model can be interpreted as a discrete version of the microprestress-solidification
theory, and may provide additional physical basis to this theory.

3.6 General conclusions and other perspectives

With our work on the time-dependent deformations of concrete, we aimed at tackling different
challenges which I identified as important in section 3.1: 1) innovative testing methods which
could provide indicators of long-term performance in a relatively fast manner, 2) accurate
modeling of the long-term time-dependent behavior of concrete, 3) understanding of the
physical origin of time-dependent deformations.

We contributed to those 3 challenges. 1) We showed that micro-indentation (in conjunction
with analytical upscaling schemes) can provide in minutes an assessment of the long-term
logarithmic kinetics of creep of concrete (see section 3.2). 2) We showed that, for engineering
application, the viscoelastic Poisson’s ratio can be considered constant over time (see section
3.3). 3) We showed that considering that the long-term kinetics of autogenous shrinkage is
due to creep of the solid skeleton under the action of capillary forces is a plausible hypothesis
(see section 3.4). We also discussed the relevance of two models based on local microscopic
relaxations to explain basic creep of concrete (see section 3.5). When addressing each of
those topics, I detailed some perspectives directly related to each of them. But I would like to
underline next some other perspectives or interesting topics, which are also in relation with
time-dependent deformations.
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Some of the questions we addressed on time-dependent deformations of cement-based ma-
terials could prove relevant to a wider range of materials than just cement-based materials.
Typically, the logarithmic feature of the kinetics of long-term creep is encountered in soils
(e.g., clays, or sand) (Lambe and Whitman, 1969) as well as concrete. In all those materials, the
origin of this logarithmic creep remains unknown, although a variety of processes have been
proposed to explain it (see for instance Le et al. (2012) for a review of proposed mechanisms
for clays, or Ye (2015) for a review of proposed mechanisms for C-S-H). We already mentioned
some for cement-based materials in section 3.1. For clays, one can mention, among others:
breakage of particles (Kwok and Bolton, 2013), reorganization of intermolecular bonds (Chris-
tensen and Wu, 1964), interparticle or interlayer sliding (Kuhn and Mitchell, 1993). In any
case, the fact that such logarithmic trend is observed on a variety of geomaterials as well as on
cement-based materials is quite puzzling. Therefore, considering a common origin for the
logarithmic creep of all those materials is quite an appealing idea (although not a granted one).
Consequently, as a reason for the logarithmic kinetics of long-term creep of concrete, [ would
rather look for a physical origin grounded in something that cement-based materials and
geomaterials have in common (e.g., disorder, multiscale structure, porosity spanning several
orders of magnitude down to the nanoscale, presence of water, heterogeneity,...), rather than in
something that distinguishes cement from geomaterials (typically, its chemical composition,
or the fact that cement is a material that is reactive).

In section 3.4, we explained how we modeled concrete as a visco-elastic solid skeleton sub-
mitted to capillary pressures. This approach could explain the long-term kinetics of auto-
genous shrinkage, as a consequence of creep under the action of capillary forces due to
self-desiccation. However, one can wonder whether such a model (i.e. visco-elastic solid skele-
ton submitted to capillary effects) remains relevant for an unsealed sample exposed to drying.
Indeed, not all water present in the sample deforms the material through capillary effects,
as water is also adsorbed on surfaces or in the micropores of the C-S-H gel. At the relative
humidities encountered in autogenous conditions (which are larger than 80% ), considering
only capillary effects may be relevant, but it is certainly not the case at relative humidities of
50%, at which very little capillary water is present. In Vandamme et al. (2010), for application
to coal, we considered how surface adsorption deforms the material. And, as presented in
section 2.2 and in Brochard et al. (2012), for application to coal again, we also considered the
case of deformations induced by adsorption in generic pores, including micropores. However,
we still lack a poromechanical model of the strains induced by variations of relative humidities
on the full range of relative humidities, which distinguishes between capillary water, water
adsorbed on surface, and water adsorbed in micropores. This perspective, which I mention
here in this chapter on time-dependent deformations, is in fact not limited to time-dependent
deformations only, but is relevant to drying-induced deformations in general, may they be
delayed or instantaneous.

Finally, I wanted to mention the topic of transitional thermal creep (Parrott, 1979), which
is an acceleration of load-induced creep when the load is concomitant with an increase or
decrease of temperature. Cement-based materials exhibit thermal transient creep, as they
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exhibit drying creep, which, we remind, is an acceleration of load-induced creep when the
load is concomitant with an increase or decrease of relative humidity. I think the parallel
between those 2 phenomena is quite puzzling, and I therefore wonder whether their physical
origin does not overlap, at least partly.
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In this chapter, I want to describe in a briefer manner several other topics on which I worked.
The description does not cover all topics addressed during the Ph.D. studies I co-advised: on
top of the topics described in the sections below, I also worked on the optimization of the
thermo-hydromechanical properties of concrete with wood aggregates (Ph.D. of Abdessamad
Akkaoui, directed by S. Caré), and on the effect of fluids and temperature on creep of geo-
materials (Ph.D. of Hugo Troupel, directed by J.-M. Pereira). Presently, I am also co-advising
the Ph.D. project of Ginger El Tabbal (directed by P. Dangla, co-advised with S. Granet and M.
Bottoni) on the modeling of the behavior of a concrete for a nuclear waste package.

4.1 Freeze-thaw resistance of cement-based materials

Ph.D. student: Nathan MAYERCSIK
(Ph.D. student at GeorgiaTech under the supervision of Kim KURTIS)

Related journal article: Mayercsik et al. (2016)

Colleagues involved: Sébastien BRISARD, Kim KURTIS (GeorgiaTech)

Context and approach

This study was performed in the framework of a collaboration between GeorgiaTech and Ecole
des Ponts ParisTech. Such collaboration was made possible by a NSF IRES funding on Coupled
Geomechanical Processes and Energy Technologies, obtained by Chloé Arson (GeorgiaTech).
Thanks to this funding, for several years in a row, I had the opportunity to welcome students of
Kim Kurtis (GeorgiaTech). Among those students, 2 years in a row I welcomed Nathan Mayercsik,
to work on freeze-thaw resistance of cement-based materials.

Concrete can be damaged by freezing, but its ability to resist freeze-thaw cycles can be greatly
improved by the inclusion of entrained air voids, as shown by Powers (1945, 1949) in his
pioneering works. Upon freezing, the effect of air voids is twofold (Coussy, 2005): 1) they
serve as reservoir of expansion to accommodate water that is pressurized by the formation
of ice (whose density is lower than that of liquid water) in the surrounding paste, and 2) they
serve as cryo-pumps. The pressurization of the remaining liquid water by the forming ice is
called hydraulic pressure effect (Powers, 1945). What ‘cryo-pumps’ means is explained next. At
negative temperatures, once liquid water is pushed into the air void, it is no more confined and
hence freezes. Consequently, liquid water in the capillary pores in the vicinity of the air voids
is in contact with ice at atmospheric pressure. Under the hypothesis of local thermodynamic
equilibrium, since temperature is negative, this liquid water must be at a pressure lower than
the atmospheric pressure, which pulls liquid water from the cement paste toward the air void,
hence the term of ‘cryo-suction’ used to describe this effect and of 'cryo-pump’ to describe
the role of air voids. Those two effects (i.e., reservoir of expansion and cryo-pump) made
possible by the presence of air voids help alleviate the buildup of pore pressure in the paste
(or can even lead to the contraction of the air void, as was observed experimentally (Piltner
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Figure 4.1 — Schematic describing the distribution of entrained air voids and the shell of
cement paste surrounding them. (left) Before the first freeze-thaw cycle, the thickness of the
shell of cement paste from which water flows toward the air void upon freezing is assumed to
be the same for all air voids. (right) After a given number of freeze-thaw cycles, air voids have
absorbed some water, to such extent that the smallest air voids are now filled and all water in
the cement paste around those air voids must flow to other air voids, resulting in an increasing
shell thickness around those latter air voids. Figures from Mayercsik et al. (2016).

and Monteiro, 2000)) and hence make the material more resistant to freezing.

The resistance of a specific concrete to freezing can be assessed with the ASTM C666 standard
(ASTM International, 2003). One of the procedures proposed in this standard consists in
immersing the sample, performing 300 freeze-thaw cycles, and measuring its dynamic Young’s
modulus regularly throughout the procedure. The procedure is stopped if the dynamic Young’s
modulus decreases below 60% of its initial value.

When the sample is immersed at the beginning of the procedure, water quickly invades the
capillary porosity by capillary suction, but traps air in the air voids (Fagerlund, 1993), which
explains why they can still play their role even if the sample is under water'. However, over
time, concomitantly with a diffusion of the air outside of the sample, water will invade the air
voids (a process that we will call ‘absorption’). Consequently, cycle after cycle, an increasing
number of air voids will become saturated and lose their ability to protect the material against
frost damage (see Fig. 4.1). The rate of absorption, and how absorption occurs (e.g., in an
equal manner in all air voids, or not), has been studied extensively by Fagerlund (1993).

One of the first attempts to characterize the distribution of air voids in the paste was done by
Powers (1949), which led to the so-called L parameter, which is calculated as the distance from
the center of a cubic cell to the periphery of an air void, under the assumption that the air void
system consists of monosized and regularly spaced porosity. ASTM C457 (ASTM International,
2013) proposed that concrete should withstand freeze-thaw cycles if L < 250 um. In his Ph.D.
work, Nathan Mayercsik proposed an alternative microstructural parameter, the M parameter,
defined such that 95% of the paste is at a distance smaller than M from the periphery of an air
void (Mayercsik et al., 2014). This parameter was envisioned as potentially able to outperform

1My thoughts go to Gilles Chanvillard, who replied so kindly, quickly, and friendly (as always) to a naive question
of mine, and pointed that out.
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Figure 4.2 - Maximum spacing factor M versus Powers’ spacing factor L for arbitrary air void
systems. Color corresponds to maximum pore pressure. Figures from Mayercsik et al. (2016).

the Powers’ spacing factor L, as it takes into account the size distribution of the air voids.

The aim of this collaboration was to use poromechanical modeling to provide some theoretical
insight into the relevance of the original M parameter in comparison with the more classical
Powers’ spacing factor L. To do so, based on virtual arrangements of air voids, we calculated
the evolution of pore pressure in the paste around each air void during a freeze-thaw cycle, by
using the poroelastic approach proposed by Coussy and Monteiro (2008), which takes into
account the effects of hydraulic pressure and cryo-suction. Modeling results were compared
with experimental data of concrete samples, whose distribution of air voids was assessed by
image analysis and which were submitted to the ASTM C666 standard. For those samples,
Fig. 4.2 shows that, although L and M parameters are correlated, there exist samples with
identical L but quite different M, and conversely.

Main results

A large number of virtual microstructures were generated, with various size distributions of
air voids, which were then discretized into four size classes, and for which both parameters
L and M were calculated. The evolutions of pore pressure in the shell of paste around each
class of air voids during one freeze-thaw cycle were calculated. Results of these calculations
are displayed in Fig. 4.2, on which the experimental results are also visible. There appears to
exist a threshold mean pore pressure (around -1 to 0 MPa approximately) or maximal pore
pressure (around 0 to 2 MPa approximately), above which the samples failed, and below which
the samples did not’. Mean or maximal pore pressures depend more clearly on M than on
L, which supports the idea that the parameter M is more relevant physically than Powers’
spacing factor L.

We also aimed at characterizing the evolution or pore pressure over the full ASTM C666

2The case of one sample which failed in spite of exhibiting L and M values close to the ones of samples which
did not fail is discussed in Mayercsik et al. (2016).
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Figure 4.3 — Evolution of mean pore pressure over freeze-thaw cycles, for the various concrete
samples tested, as predicted by the model in the case of a low rate of water absorption. The
mean pore pressure is calculated at the end of the freezing, i.e., at the lowest temperature of
the freeze-thaw cycle. Figure from Mayercsik et al. (2016).

procedure, i.e., over the 300 freeze-thaw cycles. To do so, upon gradual filling of the air voids,
when the volume of air remaining in the air void was too small to accommodate all water
that needed to be expelled from the paste shell during freezing, we numerically redistributed
the shell surrounding this air void around other air voids, with the physical idea that, if water
could not flow toward a specific air void because this specific air void was filled with water, it
had to flow toward another one (see Fig. 4.1). The air void distribution of the nine concrete
samples tested and displayed in Fig. 4.2 was discretized in four size classes. Filling of the air
voids was considered to happen first in the smallest air voids, which is one of the mechanism
of void filling proposed by Fagerlund (1993). At the lowest absorption rate considered, when
significant variations of mean pore pressures were observed over time, the mean pore pressure
increased®. However, quantitatively, results were quite sensitive to the absorption rate, while
Fagerlund (1993) proposes that its magnitude can vary on at least two orders of magnitude.

Perspectives

As just explained, results of the modeling were quite dependent on the absorption rate as-
sumed, while this rate is quite unknown. Better understanding how the air voids become
saturated over time would be beneficial. Also, since saturation occurs by diffusion of air toward
the surroundings, it is likely that the saturation process is heterogeneous (i.e., that air voids
close to the surface of the sample saturate faster than those in the core of the sample), while,
in the model, saturation of the air voids was assumed to occur homogeneously throughout
the sample.

3For some samples, a slight decrease was observed: for some sizes of air voids and cooling rates, slightly
increasing the thickness of the shell around the air void led to a decrease of mean pore pressure during cooling.
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The model we employed is poroelastic, like most modeling attempts of freeze-thaw resistance
based on poromechanics (see, e.g., Coussy and Monteiro (2008) or Zeng et al. (2011)). However,
as soon as significant positive pore pressures will develop, one can expect some local damage or
micro-cracking in the microstructure, which in turn could provide some additional accessible
volume to the fluid, and hence help relieve those positive pore pressures. Such negative
feedback loop is not captured by the model.

A more fundamental question related to freeze-thaw damage is that of its physical origin,
which is still debated. In our study, we considered both the effects of hydraulic pressure and
of cryo-suction, but neglected any osmotic effects, which are known to play a role (Powers,
1955). Such debate on the physical origin of frost damage is not limited to internal freezing
(i.e., damage due to freezing of the bulk of the material, as was considered in our study), but
is also relevant for salt scaling (i.e., superficial damage of concrete that occurs in presence
of water containing salts). Indeed, for salt scaling, on top of the effect of hydraulic pressure
and of the osmotic effect already mentioned, another theory called the glue-spall mechanism
(Valenza and Scherer, 2006) gained significant traction* recently, but remains still debated
(see, e.g., Yuan et al. (2017), who argue on the necessity of still considering the pressure of
the solution during its freezing). Much still needs to be done to capture the full complexity of
frost-induced damage and quantify the role of each of the proposed physical mechanisms at
its origin.

4.2 Crystallization-induced expansion of cement-based materials

Ph.D. student: Nam Nghia BUI
Colleagues involved: Jean-Michel PEREIRA, Rémi BARBARULO (LafargeHolcim)

Context

Sulfate attacks (observed for instance when a civil engineering structure is exposed to seawater
or groundwater) can severely limit the durability of cement-based materials (Skalny et al.,
2002). Upon the diffusion of sulfate ions through the porosity of the concrete, chemical
reactions occur which lead to the formation of gypsum and/or ettringite (Taylor, 1997). These
crystallizations make the concrete expand and damage it. To assess the resistance of a mix
to sulfate attacks, the American standard C1012/C1012M-13 consists in immersing mortar
bars and cubes in a sulfate solution and measuring their change in length over time (ASTM
International, 2015). Such immersion experiments are long (significant expansion is usually
only observed after several months) and complex to analyze (since sulfate ions diffuse into the

“4In the glue-spall mechanism, a layer of saline water needs to freeze above the surface of the concrete. Because
of mismatches in coefficients of thermal dilation, further decrease of temperature will lead to tensile stresses in the
ice layer, which will make the layer crack. Under certain conditions of temperature and of mechanical properties
of ice and concrete, those cracks can propagate into the concrete and bifurcate below the surface of the concrete,
thus leading to the removal of thin pieces of concrete, i.e., spalling.
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sample from its surface, chemical composition and expansion are heterogeneous throughout
the sample), so that the process through which sulfate attacks damage a concrete remains not
fully understood. For instance, whether gypsum formation contributes to the expansion or
not remains controversial (Tian and Cohen, 2000).

More generally, the physical origin of how in-pore crystallization translates into an expansion
or a damage remains well debated. This question is of interest not only for concrete science
and durability of concrete structures, but also for geotechnical engineering (see, e.g., Oldecop
and Alonso (2012)), geophysics (see, e.g., Wellman and Wilson (1965)) or conservation science
(see e.g., Espinosa-marzal and Scherer (2010) or Flatt et al. (2014)). The most widespread
theory to explain how a crystal can ‘push’ on the pore walls is the theory of crystallization
pressure (Correns, 1949), which relates the pressure that a crystal can exert in excess of the
pressure of the pore solution to the supersaturation. This relation, first proposed by Correns
(1949) in an erroneous form and then corrected (Ping and Beaudoin, 1992; Steiger, 2005), is
derived based on a condition of local thermodynamic equilibrium. However, the theory of
crystallization pressure remains debated (Désarnaud et al., 2013). Moreover, when comparing
different salts, the one with a larger crystallization pressure is not always the one with the
larger potential to induce damage (Shahidzadeh-Bonn et al., 2010). The pressure exerted by a
crystal on a wall seems to not depend on the supersaturation only, but also on the nature of
the salt and of the solid wall, making this pressure system-specific (Desarnaud et al., 2016).
One complexity in studying the relation between crystallization and expansion/damage is
that crystal growth is, by definition, an out-of-equilibrium process, and the pressure exerted
by a crystal appears to involve various kinetics (Shahidzadeh-Bonn et al., 2010; Naillon et al.,
2018).

Approach

The aim of this study was to better understand the process through which sulfate-induced
crystallization leads to a pressure or an expansion in cement-based materials. To answer this
question, we aimed at designing and using original experiments which were faster and induced
a less heterogeneous response of the sample than with standard immersion experiments. To
this purpose, we chose to work with cylindrical samples prepared from hydrated cement-
based materials which were ground and recompacted. Such samples were about two orders of
magnitude more permeable than regular cement paste samples, which made it possible to
flush them with a sodium sulfate solution in about half an hour®.

Samples were tested in oedometric cells and isochoric cells designed by Tang et al. (2011). In
oedometric cells, which prevent lateral deformations, the axial stress was applied and the axial
deformation was measured. In isochoric cells (see Fig. 4.4), both lateral and axial deformations
are prevented and the pressure exerted by the sample on the walls of the cell were measured®.

SWhen injections were repeated, flushing the sample with the same volume of solution and at the same pressure
required more and more time, as a consequence of the crystallization.
6As a consequence of the way how pressures were measured in the isochoric cell, while the absolute magnitude
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Figure 4.4 — Isochoric cell used for the measurement of crystallization-induced pressures in
ground and recompacted cement paste samples.

Therefore, the isochoric cell provided a direct measurement of the macroscopic stress resulting
from crystallization pressure. The isochoric cell was also designed such that the fluid flushed
through the sample could be recovered.

Various samples were tested, among which ordinary Portland cement pastes. The samples
were flushed with sodium sulfate solutions at 3 mM, 66 mM, and 1190 mM to induce crystal-
lization of ettringite and/or gypsum. The rationale for using solutions at 3 mM was that this
concentration was sufficiently low to ensure that the injection would only lead to precipitation
of ettringite, not gypsum (Damidot and Glasser, 1993). The saturation index with respect
to ettringite was equal to 5.67 when flushing the sample with a solution at 3 mM, while it
was equal to 7.19 when flushing the sample with solutions at 66 mM or 1190 mM’. Each
experiment consisted in repeating injections of sulfate once an equilibrium had been reached.

In parallel to the experimental campaign, thermodynamic modeling was performed (with
the model CHESS of speciation (van der Lee, 1998) combined with the database Cemdatal4
(Lothenbach et al., 2012)), to calculate how the phase assembly evolved over the injections.
We verified that, based on the knowledge of the initial phase assembly, the thermodynamic
modeling was able to predict satisfactorily the phase assembly after the injections.

of the axial stress was measured, only the variation of the radial stress with respect to a state of reference could be
measured.
7At the larger 2 concentrations of sulfate, the saturation index was in fact limited by the solubility of gypsum.
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Figure 4.5 — Typical results obtained upon flushing of ground and recompacted cement paste
samples with sodium sulfate solution: (left) axial strain measured during an experiment
performed in an oedometric cell, and (right) volume stress measured during an experiment
performed in an isochoric cell. Each vertical red or green line represents a flushing of the
sample with the sodium sulfate solution or with water, respectively. Figure adapted from Bui
(2016).

Main results

Figure 4.5 displays typical results of the experiments performed on regular Portland cement
samples, with the oedometric and isochoric cells. After each injection of sulfate, strains
(for what concerns the oedometric cell) and stresses (for what concerns the isochoric cell)
started evolving immediately after the injection and stabilized after about a week (for the first
injections) or more (for the latter injections). In any case, in accordance with our expectations,
we succeeded in designing an experiment that induced an expansion (or a stress) much faster
than with standard testing. Our results thus show that, if standard experiments by immersion
in sulfate solutions only make it possible to observe an expansion after several months, this is
not because of the kinetics of the chemical reaction per se, whose characteristic time must be
much shorter than several months.

As already stated, the isochoric cells were designed to make it possible to recover the fluid
flushed through the sample. The concentration in sulfate in the output fluid was measured
after each injection and compared with the predictions of the thermodynamic model. A good
match was found between measured output concentrations (which remained close to 0 mM
while monosulfoaluminates were available for reaction, and then increased to either the input
concentration or the solubility of gypsum) and predicted ones®. Together with the ability of
the thermodynamic model to predict the final phase assembly, this good match proves that the
thermodynamic model could predict the evolution of the phase assembly over the injections.

The pressures exerted on the walls of the isochoric cell were measured, so that we can dis-
play the volume stress versus the volume of crystals formed in Fig. 4.6. We observed a linear

8To obtain a good match of evolutions of output concentrations for the sample flushed with solution at 3 mM,
we needed to consider that about half of the monosulfoaluminates present in the sample did not react.
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Figure 4.6 — Evolution of volume stress versus normalized volume of formed ettringite and
gypsum, for cement paste samples in isochoric conditions and flushed with sodium sulfate
solutions of various concentrations. The evolutions of the phase assemblage were calculated
through thermodynamic modeling, based on the measured amounts of sulfates that remained
in the sample. The volumes AVjr; and AVcgy, of respectively ettringite and gypsum formed
are normalized with the volume V(g of pores. The slope of the dashed line is 3.42 MPa. Figure
adapted from Bui (2016).

relationship between those two parameters, which was the same for the three experiments
performed (i.e., for the experiments performed with the sulfate solutions at the three concen-
trations). Therefore, the macroscopic crystallization-induced pressure did not depend on the
saturation index (or, equivalently, on the supersaturation) or on the type of crystal formed,
but on the volume of crystal (i.e., ettringite or gypsum) formed.

Our interpretation of the observation of a linear relation between macroscopic crystallization-
induced pressure and volume of crystal is based on an analogy with the expansion of a
perfectly plastic hollow sphere injected with an incompressible fluid: the fluid must be pushed
sufficiently hard to deform the hollow sphere irreversibly, but if it was pushed sufficiently hard,
once the injection is stopped, the expansion of the sphere must be equal to the volume of
liquid that was injected. This interpretation does not contradict the notion of crystallization
pressure induced by supersaturation, which must be sufficiently large to deform the sample
irreversibly. But this interpretation also recognizes that supersaturation is by nature transient
and must vanish once equilibrium is reached.

Perspectives

Many questions related to our experimental results still need to be answered. Why do crys-
tallizations of gypsum and of ettringite appear to have identical effects (see Fig. 4.6)? Why is
the development of stress non-monotonic and quite fast during the first injections, but then
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monotonic and slower during the latter injections (see Fig. 4.6-right)? Why is a significant frac-
tion of the monosulfoaluminates initially present in the sample non reactive when injections
are performed at the lowest concentration? The interpretation of our data is made complex
by the fact that, in contrast to our expectations, the response of the sample was in fact quite
heterogeneous: indeed, during the first injections, the output concentration was close to 0
mM, so that gradients of sulfate concentration throughout the sample were significant.

An important question is whether our results, obtained on samples prepared from a material
that was ground and recompacted, can be extrapolated to ordinary cement paste samples
obtained by hydration. Indeed, one can argue that the cohesion of our samples, and hence
their strength, were quite low (in comparison with regular cement paste samples, which are
not ground or recompacted), so that not much stress was needed to deform our samples
irreversibly. In particular, even if gypsum crystallization contributed to the expansion of our
samples (see Fig. 4.6), one can still wonder whether gypsum contributes to the expansion of
regular (i.e., not ground and recompacted) cement-based materials.

In any case, the experimental setup which we designed made it possible to observe expansion
or development of stresses much faster than with conventional testing by immersion. This
innovation is of value for the cement and concrete industry, which can envision to use our
setup to quickly estimate whether a given mix design is resistant to sulfate attacks, faster than
by immersing samples in a sulfate solution. For this purpose, LafargeHolcim has implemented
oedometric cells at its research center, with encouraging results.

4.3 Use of shrinkage-reducing admixtures to reduce drying shrink-
age of cement-based materials

Ph.D. student: Hafsa RAHOUI
Related journal article: Maruyama et al. (2019)

Colleagues involved: Ippei MARUYAMA (Nagoya University), Martin MOSQUET
(LafargeHolcim), Jean-Michel PEREIRA

Context and approach

Upon drying, cement-based materials shrink, which can cause their cracking. One way to
mitigate drying shrinkage is to add shrinkage-reducing admixtures (SRAs) to the mix. Although
SRAs have proven beneficial to reduce drying shrinkage (as well as autogenous shrinkage and
plastic shrinkage), their mechanisms of action are still debated. In particular, the ability of a
SRA to reduce drying shrinkage is often attributed to its ability to decrease the surface tension
of the pore solution, but such explanation alone is not satisfactory, as the efficiency of a SRA
has been shown experimentally to not be correlated to its ability to decrease surface tension
(Maruyama et al., 2018).
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SRAs typically consist of glycol ethers. In this study, we studied one specific SRA, namely
hexylene glycol, which is among the main components of some commercialized SRAs, can
be found in a pure state, and has already been extensively characterized in terms of physico-
chemical properties. The approach combined an extensive experimental campaign (mostly
performed at Nagoya University, but also at LafargeHolcim Centre de Recherche), together
with poromechanical modeling.

In terms of experiments, drying shrinkage isotherms were obtained by measuring the defor-
mation of thin cement paste slabs (3 mm x 13 mm x 100 mm), each equilibrated at various
relative humidities for several months. The experiments were performed on a full desorption-
adsorption cycle, so as to assess the irreversibility of the first drying shrinkage. With the aim
of optimizing the amount of SRA to be added to a mix for various compositions of this mix,
experiments were performed with cement pastes containing 3 different alkali contents. Other
experiments performed were: measurement of drying shrinkage isotherms after short-term
drying (measured with a thermo-mechanical analyzer, after equilibration of 0.5mm-thick
samples for several hours), characterization of the microstructure at various ages (i.e., the
solid phase assembly was assessed with X-ray diffraction and thermo-gravimetry analysis, and
the pore size distribution was measured with nitrogen sorption, water sorption, and mercury
intrusion porosimetry), pore solutions extraction and characterization, leaching experiments
(to characterize the ability of the SRA to adsorb on the cement paste or not).

In terms of modeling, first a purely phenomenological model was developed, which makes it
possible to predict drying shrinkage for a cement paste that contains a given content of alkali
and SRA and at a given relative humidity: the goal of such model was to provide a tool readily
usable by the engineer to tailor the amount of SRA that he needs to add to the mix, depending
on the alkali content. A second modeling approach proposed was more physical: it consisted
in modeling drying shrinkage by explicitly considering the various types of water contained in
a cement paste (i.e., capillary water, water adsorbed on solid surfaces, and water adsorbed
in micropores) and how each of those types of water deforms the sample. To the light of this
model, the effect of the SRA was then discussed.

Main results

Typical drying shrinkage isotherms are displayed in Fig. 4.7, which shows that the SRA consid-
ered is most efficient in the range of relative humidities ranging from 33% to 75%. In this range
of relative humidities, in presence of SRA, roughly, we observed a plateau: drying induced no
additional shrinkage. The SRA was found to make the pore structure of the paste before drying
coarser, and to alter how the pore structure evolves upon drying. The SRA was also found to
slow down hydration. Leaching experiments showed that, in saturated conditions, the SRA is
not adsorbed on the cement paste. Significant differences in microstructure (specific surface
area in particular) were observed, depending on whether the material was dried for a short
time (i.e., several hours) or for a long time (i.e., several months): there appears to exist some
slow kinetics of evolution of the microstructure within the representative elementary volume
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Figure 4.7 — Drying shrinkage isotherms of cement paste samples with low alkali content,
with no SRA (PP-L) and with SRA at a content of 4% (SR4-L) and 8% (SR8-L). Blue and green
symbols indicate drying and rehumidification, respectively. Figures from Rahoui (2018).

(REV), which is consistent with the fact that, within the REV, you need at least several days to
reach local thermodynamic equilibrium (Gajewicz et al., 2016).

We proposed 2 models to estimate the water content in a cement paste versus relative humidity
and resolve how the water is separated into various types: a model called ‘2W’ relies on water
sorption isotherms and resolves water into water present in the capillary porosity and water
adsorbed on solid surfaces, and a model called ‘3W’ relies on nitrogen sorption isotherms and
resolves water into water present in the capillary porosity, water adsorbed on solid surfaces,
and water adsorbed in the micropores of the C-S-H gel. We find that the adsorption isotherm of
the water in micropores (i.e., the amount of water in the micropores versus relative humidity)
is independent of the amount of alkali or SRA in the paste.

In the framework of linear poroelasticity, we modeled how each type of water contributes to
the deformation of the material: capillary water was assumed to deform the material following
the model of Coussy et al. (2004), water adsorbed on solid surfaces was assumed to deform
the material following Bangham’s law (Bangham and Razouk, 1938), and the deformation
due to water in micropores was assumed to be related linearly to the water content in the
micropores (as is roughly observed in a variety of microporous materials, see e.g. Carrier
et al. (2013) for clay or Hol and Spiers (2012) for coal). The models 2W and 3W were fitted on
the rehumidification branch (for model 2W, the only fitting parameter is the proportionality
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Figure 4.8 — Water adsorption isotherms obtained on (left) cement pastes and (right) zeolites,
which contain SRA or not. The sharp decrease of adsorbed amounts on the desorption branch
occurs at a relative humidity which is independent of the adsorbent and is attributed to
cavitation. Cavitation is seen to occur at a relative humidity of about 35% in absence of SRA,
and of about 65% in presence of SRA. The cement pastes contain no SRA (PP-L) or SRA at a
content of 4% (SR4-L) or 8% (SR8-L). Figures adapted from Rahoui (2018).

factor between variations of surface energy and strain, while, for model 3W, a second fitting
parameter is the proportionality factor between variations of water content in micropores
and strain) and a blind prediction of the first drying shrinkage was performed, which was
in reasonable agreement with the data, and captured in particular most of the irreversibility
observed during first drying shrinkage in absence of SRA. From this observation, we inferred
that most of this irreversibility stems from a hysteresis of the sorption isotherm, rather than
from a mechanical irreversibility. Models 2W and 3W were as good as each other to predict
drying shrinkage.

As expected, the SRA decreased the surface tension of the pore solution, which impacted cap-
illary effects. Through fit of the models, the SRA was also found to impact the proportionality
factor between variations of surface tension and strain (for both models 2W and 3W), and
the proportionality factor between variations of water content in micropores and strain (for
model 3W). Finally, another interesting way through which the SRA impacts drying shrinkage
is by modifying the relative humidity at which cavitation of the pore solution occurs. Indeed,
in absence of SRA, cavitation of water (i.e., the fact that all bulk water present in the sample is
transformed into vapor, as a consequence of the high tensile stresses due to capillary effects)
occurs at a relative humidity around 35% (Maruyama et al., 2019). As can be observed in Fig.
4.8, the presence of SRA increases the relative humidity at which such cavitation occurs up
to about 65%: Consequently, upon drying, capillary effects can deform the material over a
smaller range of relative humidities in presence of SRA than in absence of it.
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Perspectives

In this work, we showed that, on top of acting on surface tension, the SRA considered (i.e., hexy-
lene glycol) reduces drying shrinkage by increasing the relative humidity at which cavitation of
the pore solution occurs. The modeling also suggests that the SRA modifies how adsorption of
the pore solution translates into a strain. However, this last effect is only suggested: a definite
experimental proof of this effect is still needed. For instance, even though we showed that, in
saturated conditions, the SRA is not being adsorbed on the solid surfaces of the cement paste,
as proposed by late Ellis Gartner, a double-isotherm experiment could be designed to check
whether, upon drying, the SRA can be adsorbed on those solid surfaces: such experiment
would consist, after equilibration of the sample at various relative humidities, in measuring
the partial pressure of the SRA in the vapor in equilibrium with the sample.

In terms of modeling, we aimed at predicting drying shrinkage by considering the various
types of water present in a paste (i.e., capillary, adsorbed on solid surfaces, and/or adsorbed in
micropores). The model was obtained by simple concatenation of the model by Coussy et al.
(2004) with phenomenological laws (i.e., Bangham’s model (Bangham and Razouk, 1938) and
a linear relation between adsorption in micropores and the strain it induces), but a proper
thermodynamic derivation of such a model is still missing.

4.4 Wetting-induced collapse of partially saturated sand

Ph.D. student: Jean-Fran¢ois BRUCHON
Related journal articles: Bruchon et al. (2013a,b)

Colleagues involved: Michel BORNERT, Pierre DELAGE, Nicolas LENOIR,
Jean-Michel PEREIRA

Context and approach

The idea of this study germinated concomitantly with the project of acquisition of a federative
X-ray microtomography equipment platform at Laboratoire Navier. One of the originality of
this platform was that it was designed specifically to simplify the use of solicitation devices (may
the solicitation be mechanical, hydric, or thermal), while performing the image acquisition.
This study was the first Ph.D. project to use this X-ray microtomography platform.

Wetting-induced collapse (or capillary collapse) designates the irreversible and sudden de-
formation of a soil upon provision of water (Dudley, 1970). Collapse occurs in a variety of
loose soils (e.g., clay, loess, or sand) and is a cause of concern in geotechnical engineering, as
it caused for instance excessive settlements along the high-speed railway in Northern France
(Delage et al., 2005).

Wetting-induced collapse has been extensively studied macroscopically, in clays (Barden et al.,
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Figure 4.9 — Sets of X-ray microtomography scans performed on sand sample: (left) horizontal
slice and vertical slice of a global tomography, and (right) vertical slices of local tomographies
acquired at three imbibition steps and from two regions of the specimen: (top) close to the
free surface and (bottom) in the center of the specimen. Figures from Bruchon et al. (2013a).

1973), loess (Munioz-Castelblanco et al., 2011), and sands (Lins and Schanz, 2005). The aim of
the study was to perform a full 3-dimensional characterization of wetting-induced collapse
with X-ray microtomography, to better understand the mechanisms leading to the collapse.

We focused on a clean loose sand placed in an oedometric cell (but with no top cap, so that
the top surface of the sample was free), which was progressively saturated from its bottom
surface by controlling the water pressure with the negative water column technique. At each
saturation level, both a global tomography with a voxel size of 50 um and a local tomography
with a voxel size of 25 um were acquired (see Fig. 4.9). With those voxel sizes, we chose
to focus the study at a mesoscopic scale, at which, in combination with volumetric digital
image correlation (Bornert et al., 2004), the use of continuum mechanics still remains relevant.
However, the scale of study was too large to observe and study quantitatively the various
interfaces at stake, and in particular the air-water menisci.

Main results

A first result, obtained at the global scale of the sample, was that the collapse process is pro-
gressive when the imbibition is progressive, while at the time several had wondered whether
the collapse process could indeed be controlled (see, e.g. Buscarnera and Nova (2011)).

An in-depth analysis of the notion of representative elementary volume (REV) was performed
on the set of local tomographies. Based on the asymptotic behavior method (Lantuéjoul,
1991), we showed that the size of the REV depends on the quantity of interest (for instance, the
volume fraction occupied by the air, or the characteristic size of the volumes occupied by the
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Figure 4.10 — Maps of (left) vertical strains, (center) volumetric strains and (right) water content
at increasing levels of imbibition. The level of imbibition increases when moving from top
to bottom. Each map is the juxtaposition of a half vertical slice in the xz plan (left half of the
map) and the 0-average of all half vertical slices (right half of the map). Scale of color bars is
percentage values. The central vertical axis of the maps coincides with the central axis of the
specimen. Figure from Bruchon et al. (2013a).

air) and evolves during the saturation.

Volumetric digital image correlation (Bornert et al., 2004) applied to the set of global tomogra-
phies made it possible to characterize the local strains within the sample during the imbibition
process (see Fig. 4.10). Given the symmetries of the problem, one would have expected the
strains to exhibit a heterogeneity only in the vertical direction. However, Fig. 4.10 shows
that heterogeneities are in fact both vertical and radial. In particular, strains are larger in the
bottom corners, from which shear bands originate: those heterogeneities of strains could be
the result of an initial heterogeneous density of the sample (i.e., in spite of the care dedicated
to the preparation of the specimen), sand in the bottom corners could have been looser) or of
the provision of water along preferential paths (as the oedometric cell was made of polymethyl
methacrylate (PMMA) to facilitate the penetration of X-rays).

Because of gravity effects, the difference in capillary pressures was of 0.3 kPa between the
bottom and the top of the specimen, which can lead to non-negligible differences in water
content for a sand. Considering, on top of this difference, the observed heterogeneities of
strain, one could wonder whether properties measured at the macroscopic scale of the sample
are representative of the local properties of the material at the scale of the representative
elementary volume. To answer this question, we calculated the retention curve and the
relation between volume strain and water content, at both the global scale of the sample and
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Figure 4.11 — Comparison of relations measured at the macroscopic scale of the sample
and at the more local scale of a 1-voxel-thick layer of material: (left) retention curve and
(right) relation between volumetric strain and water content. Local relations are obtained
by averaging parameters over all voxels of a horizontal slice. Sub-figures from Bruchon et al.
(2013a).

at the more local scale of a 1-voxel-thick layer of material. To calculate those relations at the
local scale, we used the imposed local pressure of water, the local volume strain obtained with
volume digital image correlation, and the local water content, which was estimated with an
original method based on the local volume strain and the local variation of gray levels. For
the two relations considered (i.e., retention curve and relation between volume strain and
water content), we found out that measuring them at the global scale of the sample or at the
local scale of the representative elementary volume yielded quite similar results (see Fig. 4.11),
which we attributed to the fact that the non-linearity of those relations was small.

Perspectives

The methodology here proposed can be applied to study the hydro-mechanical collapse
of other materials (e.g., loess) or more generally the irreversible or reversible deformations
of soils under hydro-mechanical loading (e.g., swelling/shrinkage upon cycles of drying
and imbibition (Alonso et al., 2005), or collapse when the imbibition is performed under
mechanical load (Mufioz-Castelblanco et al., 2011)). However, for what concerns wetting-
induced collapse of sand, an interesting scientific perspective would be to work at the lower
scale of the grain, to understand how the movement of the individual grains (Bornert et al.,
2010; Kaddhour et al., 2013) and the evolution of the capillary bridges (Scheel et al., 2008) over
the imbibition process translate into the observed macroscopic collapse.
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4.5 Impact of moisture on mechanical properties of clay

Ph.D. student: Benoit CARRIER
Related journal articles: Carrier et al. (2013, 2014, 2016)

Colleagues involved: Henri VAN DAMME (IFSTTAR), Michel BORNERT,
Roland J.-M. PELLENQ (UMI MIT-CNRS, Aix-Marseille Université)

Context of study

A better understanding of the hydro-mechanical behavior of clays is of interest for a variety of
applications, such as underground nuclear waste storage9 (Andra, 2005), stability of soils!?
(USGS, 2004), or petroleum engineering11 (Anderson et al., 2010), which can all involve soils or
rocks with a significant fraction of clay. Clay-based composite soils or rocks are heterogeneous
multiscale porous materials (see Fig. 1.1 and Bobko and Ulm (2008)), whose macroscopic
mechanical behavior is significantly impacted by the microscopic scale. In particular, the
sensitivity of their mechanical behavior to water is a consequence of the clay fraction and its
sub-nanometer scale porosity.

For clays like for virtually all families of materials, bottom-up approaches are attractive:
scientists aim at predicting the macroscopic behavior based on the knowledge of the mi-
crostructure and of the properties at the smallest scales. Several aimed at doing so by starting
explicitly from the sub-nanometric scale of the clay layer, either by employing continuum
micro-mechanics techniques (e.g., Ortega et al. (2007) and Cariou et al. (2012)), or molec-
ular simulations (e.g., Ebrahimi et al. (2014)). However, given the multiscale and complex
microstructure of clay-based natural materials, validate each step of such bottom-up ap-
proaches remains challenging, in spite of the existence of small-scale experimental techniques
such as nano-indentation (e.g., Ebrahimi et al. (2014) used nano-indentation to validate their
coarse-grained simulations).

9For the repository of its Long-Lived and High-Level or Intermediate-Level waste (which can present a significant
radiological risk for up to 100,000 years), France envisions deep geological disposal (République Francaise, 2006).
The site presently being designed by the French national agency for the management of radioactive waste ANDRA
is located in a rock. In the long term, confinement of the radionuclides will be ensured by the rock and by the
bentonite plug used to seal the underground disposable cells. Both rock and plug contain significant proportions
of clay.

10stability of building foundations can be impaired by the shrinkage and swelling of expansive clays, consecutive
to respectively drought and rain. Indeed, in France, the economic consequences of the impact of shrinkage-
swelling phenomenon of expansive clays on buildings represent the second item of insurance compensation
for natural disaster in France, after floods. For France, the Commissariat Général au Développement Durable
estimated the total cost of shrinking and swelling to 3.5 billion euros between 1995 and 2006 (Commissariat
Général au Développement Durable, 2010).

1 ghales are rocks which contain a significant fraction of clay and are commonly encountered during exploration
and production of oil and gas. During drilling operations, when the well goes through a layer of shale, in contact
with the aqueous drilling fluid the clay swells, which can lead to well-bore instabilities. The cost of well-bore
instabilities in general is estimated to up to 1 billion US dollars per year worldwide (Aadnoy and Ong, 2003).
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Figure 4.12 — ESEM observation at a relative humidity of 35% of the edges of SWy-2 clay films
containing (left) calcium as an interlayer cation, or (right) sodium as an interlayer cation.
Figures from Carrier et al. (2013).

In this study we aimed at having a critical look at this challenge, by finding out whether the
properties of the clay layer could be upscaled to a mesoscale system that should be as simple
and small as possible (so that the upscaling would remain simple) while remaining sufficiently
large so that it could be tested with classical experimental means. Consequently, the approach
here proposed consisted in: 1) molecular simulations to characterize the properties of the
clay layer, and 2) experiments on ‘simple’ pure clay systems. The ‘simple’ clay systems that
we chose to work with are self-standing clay films (Zabat et al., 1997). Those films were
manufactured by evaporation of a SWy-2 montmorillonite clay suspension (see Fig. 4.12),
yielding films with thicknesses around 50 ym to 100 ym and anisotropic microstructures in
which the clay layers were roughly parallel to the plane of the film, as observed visually (see
Fig. 4.12) and from their order parameters that ranged from 0.66 to 0.79. We therefore saw the
clay films as systems that were sufficiently simple and small to serve as ‘mesoscale’ elements
of study, as intermediates between the scale of the clay layer and the macroscopic scale of
natural clay-based rocks.

The clay could be homoionized before the films were manufactured, so that the role of the
interlayer cation could be investigated. The clay films could be cut and handled like a sheet
of paper, and could be solicited mechanically with a regular tensile apparatus (see Fig. 4.14-
left). The following properties of the film were characterized experimentally upon moisture
variations and compared with results obtained by molecular simulations at the scale of the
clay layer: adsorption, swelling, stiffness, creep.
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Main results on adsorption and swelling

Water adsorption isotherms were measured on the films. Molecular simulations helped
interpret evolutions of basal spacing with relative humidity found in the literature (Cases
etal., 1997; Ferrage et al., 2005), to calculate the amount of interlayer water as a function of
relative humidity. Fig. 4.13-left shows that water in the films was mostly adsorbed in the clay
nanometric interlayer.

We characterized the swelling/shrinkage of the films with moisture by using environmental
scanning electron microscopy, in conjunction with digital image correlation (Doumalin and
Bornert, 2000): the dimensions of the films varied mostly in the direction perpendicular to the
plane of the film. Hysteresis was larger when plotting the thickness of the films versus relative
humidity than versus water content. Strains at the scale of the film (perpendicular to the plane
of the film) compared well with strains at the scale of the clay layer (perpendicular to the
plane of the clay layer), as calculated from data on basal spacing available in the literature (see
Fig. 4.13-right) (Cases et al., 1997; Ferrage et al., 2005). This good agreement is a consequence
of the significant anisotropy of the films. The fact that adsorption and swelling behavior of
the film can be directly inferred from those of the clay layer suggests that clay films are good
model systems to aim at performing a first step of upscaling from the scale of the clay layer.

Main results on stiffness

The stiffness (i.e., Young’s modulus in the direction of the film) of the films was measured with
aregular tensile testing machine (see Fig. 4.14-left), but which was enclosed in a transparent
box in which relative humidity could be controlled, and through which we could observe the
film to measure the strains by digital image correlation. Results are displayed in Fig. 4.15-right.
The elastic properties depended significantly on relative humidity. Like for swelling, hysteresis
of the stiffness was larger when the stiffness of the films was displayed versus relative humidity
than when displayed versus water content.

The full stiffness tensor of the stack of clay layers was obtained with molecular simulations.
Simulations were performed in the NXT ensemble (i.e., imposed number of molecules of
water, stress, and temperature) in LAMMPS (Plimpton, 1995), and stiffness coefficients were
obtained from fluctuations of the dimensions of the box, with a Parinello-Rahman fluctuation
formula (Parrinello and Rahman, 1982). Given the strong contrast of stiffness properties
parallel to the clay layers and perpendicular to the clay layer, an anisotropic version of the
elastic bath method (Van Workum and de Pablo, 2003) needed to be implemented. This
method consists in virtually immersing the simulated system into a material of known stiffness,
to increase or decrease strain fluctuations and improve convergence of the calculation of the
thermodynamic variables. Results of the calculation are displayed in Fig. 4.15-left and show
the importance of performing calculations at realistic temperatures (typically, 300K), rather
than at 0K, in particular for stiffness coefficients significantly impacted by the interlayer water.
The decrease of in-plane stiffness coefficients (i.e., C1; or C»») is due to evolutions of geometry,
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Figure 4.13 — Comparison of results at the scale of the dozens-of-microns-thick clay films and
of the nanometric clay layers: (left) adsorption and (right) swelling. Results at the scale of
the clay films and at the scale of the clay layers are displayed with open symbols and closed
symbols, respectively. ‘Cloisite-Na’ and ‘Na-MMT’ indicate a montmorillonite with Na* as
interlayer cation. ‘Cloisite-Na’ and ‘Na-MMT’ indicate a montmorillonite with sodium as
interlayer cation. ‘SWy-2-Ca’ and ‘Ca-MMT’ indicate a montmorillonite with Ca?* as interlayer
cation. Figures from Carrier et al. (2013).
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Figure 4.14 — Pictures of the experimental setups for the tensile tests: (left 2 figures) overall
view and sample in the grips of the tensile test machine for the measurement of stiffness,
(right) experimental setup for the measurement of creep. Figures from Carrier et al. (2016).
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Figure 4.15 — Elastic properties of (left) a stack of clay layers as predicted by molecular sim-
ulations and of (right) clay films as measured experimentally. (top left) In-plane stiffness
coefficients and (bottom left) out-of-plane stiffness coefficients. Figures from (left) Carrier
etal. (2014) and (right) Carrier et al. (2016).

and is a consequence of the fact that layers are further apart from each other when the amount
of water in the interlayer increases.

The comparison between experiments and molecular simulations remained qualitative. One
observation is that, at all water contents, the stiffness of the films depended on the interlayer
cation, while the stiffness of the clay layers did not. Another observation is related to how the
stiffness properties decreased with relative humidity / water content. Given the microstructure
of the films, upon tension, we could imagine that, at the scale of the clay particles, response
would be governed by in-plane stiffness (i.e., coefficients Cy; or Cy»), or by shear of layers
over each other (i.e., coefficients C;3 or C»3). Once corrected for geometrical effects, in-
plane stiffness showed no dependence on water content, while shear stiffness decreased
dramatically at low water content. How a combination of those coefficients could result in
a smooth decrease of stiffness at the scale of the film over the water contents of interest is
a priori not obvious. However, we did not go further in our attempt to retrieve the stiffness
properties at the scale of the clay film from those at the scale of the clay layer.
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Figure 4.16 — Evolution of creep strain of a film made of clay SWy-2 with Ca?" as an interlayer
cation. Figure from Carrier et al. (2016).

Main results on creep

At the scale of the stack of clay layers, creep was characterized by molecular simulations in
a ‘brute force’ manner, i.e., by applying a shear stress to force sliding of adjacent clay layers
over each other. For all stresses considered, strain increased linearly over time. But, to obtain
exploitable simulation results, we needed to apply irrealistically high stresses (i.e., on the
order of a few dozen MPa) and obtained irrealistically high strains (i.e., on the order of a few
hundreds of percents). Consequently, one can reasonably wonder whether the observed linear
kinetics is representative of the creep kinetics of the clay layer at more realistic levels of stresses
and strains. To tackle creep (and the long time scales it involves) with molecular simulations,
more sophisticated methods exist (typically, activation-relaxation techniques (Mousseau et al.,
2012)), but we did not attempt to use them.

To measure creep properties of the films, we developed a setup with which a constant load
could be applied to the film, by using a dead weight (see Fig. 4.14-right). The system was
enclosed in a transparent box, so that relative humidity could be controlled and strains could
be measured in a contact-less manner by digital image correlation. Moisture had a tremendous
impact on creep kinetics: at the largest relative humidity, the film containing Ca?* interlayer
cations crept about three orders of magnitude faster than at the lowest relative humidity. The
variation was of about two orders of magnitude for the film containing Na* interlayer cations.

I want to emphasize one interesting qualitative observation: after a few seconds, all films, at
all relative humidities, crept logarithmically with respect to time (see Fig. 4.16), as natural
soils macroscopically do (Lambe and Whitman, 1969). Such kinetics is not observed in the
molecular simulations. Maybe the logarithmic kinetics of creep observed experimentally does
not originate in the sliding of clay layers over each other (which is what we simulated), or
originates from a scale larger than that of the simulation box, or the process at the physical
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origin of creep is not reachable in the duration of the molecular simulation.

Discussions and perspectives

We performed a comprehensive experimental characterization of self-standing clay films. Ad-
sorption and swelling properties of the dozens-of-microns-thick films can readily be inferred
from those of the nanometric clay layers. However, understanding elastic and creep properties
from those of the nanometric clay layers appears to be much less straightforward. On top
of the physical properties mentioned, we also measured order parameters, thus providing
to the community an interesting set of data which can be used by researchers interested in
bottom-up approaches to test their upscaling schemes by starting from the scale of the clay
layer.

For what concerns elastic properties, one reason for the discrepancy between scales could lie
in the nature of the characterized stiffnesses at the two scales. Indeed, since the molecular
simulations were performed in the NXT ensemble, the stiffness coefficients displayed in Fig.
4.15-left are undrained coefficients. In contrast, the tensile experiments were performed at
controlled relative humidity, i.e., yielded a measurement of drained stiffness coefficients. At
the scale of clay layers, inferring drained coefficients from the undrained ones obtained by
molecular simulations is theoretically possible, but the error bars obtained on those calculated
drained coefficients were very large. Another reason why the stiffness of the films depended
on the interlayer cation while the stiffness of the clay layers did not could be the mesostructure
of the films (i.e., how clay particles are arranged in space), which is very likely to depend on
the interlayer cation, since the cohesion between layers containing Ca®* interlayer cations is
known to be greater than that between layers containing Na* interlayer cations (Pelleng et al.,
1997), resulting in tactoids containing a larger number of clay layers in the former case than in
the latter (Schramm and Kwalk, 1982). In any case, explaining the elastic properties of the films
from those of the clay layers remains a challenge.

The fact that a logarithmic creep was observed while the films were in tension (i.e., in an
experiment in which the volume of the sample must have increased over time) is interesting
to me. Any physical explanation for the observation of logarithmic creep in clay must be
consistent with this observation. In particular, it now seems to me unlikely that free-volume
dynamics, which I proposed as a potential explanation for the logarithmic kinetics of long-term
creep of concrete (Vandamme and Ulm, 2013), could be a valid explanation for creep of clay.
Indeed, I do not see how a theory based on the idea that creep rate would decrease because of
the compaction (i.e., decrease of free volume) of the material could explain logarithmic creep
in a material under tension.

The clay films could be a valuable system to find out the physical origin of creep in clay. While
creeping, the films could be observed with a variety of techniques of complementary scales,
such as environmental scanning electron microscopy, X-ray radiography and transmission
X-ray microscopy, small angle X-ray scattering, and/or nuclear magnetic resonance. The
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combination of these observations could yield information on the micro/meso-structure
(see e.g. Brisard et al. (2012) or Michot et al. (2013)) and/or the porosity of the films, and on
their evolution concomitant to their creep. A post-doctoral project will start in 2019 in this
direction.

In terms of bottom-up modeling, numerical upscaling through coarse-grained simulations
(typically like the ones presently developed by my colleague Laurent Brochard in the frame-
work of his ANR project TEAM2ClayDesicc) could be very valuable. Such simulations could
for instance be used to assess the role of the flexibility (in bending) of the clay particles on
the macroscopic behavior of the clay systems. Indeed, the bending stiffness of individual
clay layers can be significant, as was observed with large-scale molecular simulations (Suter
et al., 2007) or experimentally (e.g., see Fig. 2 in Atanasova et al. (2016)). Flexibility of the clay
layer is therefore likely to play a role on the macroscopic mechanical behavior, but taking it
into account through analytical Eshelby-based homogenization techniques could be difficult,
hence the interest of coarse-grained simulations.
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5.1 Personal synthesis

I have worked on a variety of materials (namely concrete, coal, clay, and sand) and a vari-
ety of processes (among which adsorption-induced deformations, drying and autogenous
shrinkage, creep, crystallization-induced expansion, freezing-induced damage, or wetting-
induced collapse): all topics that I addressed are related to porous materials that deform.
Most of my projects combined experiments and modeling, although my main expertise lies in
poromechanical modeling.

Several of my projects focused on the understanding of physical processes (adsorption, creep,
crystallization) and on how those physical processes impact the macroscopic behavior. To
model those processes and their macroscopic manifestation, when appropriate, I aimed at
using thermodynamics, as it is the perfect lingua franca to tackle complex coupled phenomena
occurring in porous materials.

My various projects, through their multidisciplinary character, gave me the great opportunity
to interact with colleagues from a variety of disciplines (typically physicists and physical
chemists, while [ am a mechanician) or working on a variety of materials. I appreciate very
much the fruitful exchanges to which those interactions can lead. I am always amazed (in a
good sense) by how related problems can be tackled in very different manners by different
communities.

Several of my projects have been undertaken in collaboration with the industry (in particular
the cement and concrete industry, and the oil and gas industry). I appreciate very much
working on such projects, as the industrial context requires to remain dedicated to provide
well-balanced modeling solutions, for instance models that capture the complexity of the
physical processes at stake while remaining sufficiently simple to be calibrated and used. I
also noted that the industry is appealed by innovative ways of characterizing their materials
with respect to a specific issue, especially if this innovative characterization is significantly
faster than more classical characterizations.

5.2 Perspectives

Since I have, along the manuscript, provided individual perspectives to the various topics I
addressed, here I will only provide some more general thoughts.

With years, I have become more sensitive to the social purpose of my work, and hence appre-
ciate working for the building industry, or toward nuclear waste storage or CO, storage. In
this spirit, even though I never had a chance to do so, I think I would appreciate very much
working on conservation science, a part of which focuses on porous materials, and for which
several of the physical processes that I already tackled are relevant.

Scientifically speaking, I see myself going on working on the topics described below, all
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related to microscopic processes and their impact on the macroscopic behavior of the porous
material:

¢ In-pore crystallization. In-pore crystallization includes salt crystallization and freezing.
I appreciate the fact that those topics present an applicative interest while raising some
very fundamental questions on the physical origin of the processes at stake, as I detailed
in sections 4.1 and 4.2 for freezing and salt crystallization, respectively.

* Deformations induced by capillarity and adsorption. For this topic as well, I appreci-
ate the combination of applicative and fundamental scientific interests. I also appreciate
the extensive requirement to thermodynamics that their study requires.

* Time-dependent deformations, for which I remain puzzled by the fact that some phe-
nomological features (i.e., logarithmic kinetics of long-term creep, Pickett effect) are
robustly observed on a variety of materials, while their physical origin remains debated.
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