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Abstract: Despite more than a century of research, drying shrinkage still causes unwanted stresses and
cracks in our concrete infrastructures. This is partly due to the lack of understanding of the underlying
mechanisms governing the drying shrinkage in cementitious materials. Inspired by the tremendous impact
of atomistic simulations on material science, we expect such innovative simulation techniques to hold a
key to unlocking the enigmatic nature of drying shrinkage at the nanoscale. In this treatise, we first
introduce basic physics concepts and atomistic simulation methods in detail. Afterward, we discuss the
progress brought by atomistic simulations in understanding the drying shrinkage in cementitious materials
and other nanoporous and nanolayered systems. This review also highlights important remaining
fundamental questions and practical issues regarding drying shrinkage and delineates how atomistic
simulations can help resolve them.

List of abbreviations

ASTM American Society for Testing and Materials
AFm Calcium aluminate mono-sulphate hydrates
ASR Alkali-silica reaction

'These authors contributed equally to the manuscript.
2Corresponding author: matthieu.vandamme@enpc.fr



BET Brunauer—Emmett-Teller

BJH Barrett, Joyner and Halenda

C.S Dicalcium silicate

C;A Tricalcium aluminate

CsS Tricalcium silicate

C,AF Ferrite

CBMC Configurational bias Monte Carlo
C-(N)-A-S-H Sodium-based calcium-alumino-silicate
CpPU Central processing unit

C-S-H Calcium silicate hydrate

CTE Coefficient of thermal expansion

DFT Density Functional Theory

DLVO Derjaguin, Landau, Verwey, Overbeek
ENS Elastic neutron scattering

FEP Free Energy Perturbation

GCMC Grand Canonical Monte Carlo

HD High-density

HG High grafting




'H-NMR Proton nuclear magnetic resonance

IUPAC International Union of Pure and Applied
Chemistry

LD Low-density

LG Low grafting

MC Monte Carlo

MD Molecular dynamics

MRI Magnetic resonance imaging

M-S-H Magnesium silicate hydrates

NPT Isothermal-isobaric ensemble

NggqPT Grand isobaric or osmotic ensemble

NVE Microcanonical ensemble

NVT Canonical ensemble

PBC Periodic boundary conditions

PDF Pair distribution functions

PFCR Proton field-cycling relaxometry

PMF Potential of mean force

PN-TrAZ Pellenq and Nicholson Force Field, transferable
for adsorption in zeolites

QENS Quasi-elastic neutron scattering




RDF

Radial distribution functions

RH Relative humidity

SANS Small-angle neutron scattering
SAXS Small-angle X-ray scattering

SEM Scanning electron microscopy

SPC Simple point charge

SPC/E Extended simple point charge

SRA Shrinkage-reducing admixture

SSA Specific surface area

TEM Transmission electronic microscopy
TGA Thermo-gravimetry analysis

TIP (TIP3P, TIP4P, TIP4P05, TIPSP)

Transferable intermolecular potential (with 3, 4, 5
points...)

XANES X-ray absorption near edge structure
XCSH Crosslinked C-S-H

XRD X-ray diffraction

pvVT Grand canonical ensemble

1. Introduction

The fact that Portland cement-based materials deform over their lifetime under the combined
effect of chemical, mechanical, thermal, and hydric solicitations (and in particular shrink upon drying,




which is known as ‘drying shrinkage’) has been known and studied for many decades. However, despite
this decades-long scrutiny, there is still significant interest in studying cement-based materials’ drying
shrinkage. This continued interest results from the combination of an unprecedented push for
decarbonizing the cement industry and the emergence of innovative modeling methodologies, namely
molecular (a.k.a atomistic) simulations, that make it possible to shed new light on an old problem. Indeed,
decarbonizing the cement industry implies supplementary cementitious materials and the development of
innovative binders [1]. For those latter, drying shrinkage is less well understood than for ordinary
Portland-based cement while playing a pivotal role in their durability (see, e.g., the case of alkali-
activated binders [2]). Concurrently, as mentioned, molecular simulations have been developed in the last
few decades, which led to tremendous progress in the general materials science community. For instance,
this progress accelerated materials innovation by enabling ‘in-silico’ rapid prototyping of new materials
[3] and drug discovery [4]. This review aims to build on this opportunity and show what we have learned
and will possibly learn with molecular simulations regarding the drying shrinkage of cement-based
materials.

Drying shrinkage is one of the few types of shrinkage that cement-based materials exhibit. Non-
exhaustively, other types of shrinkage include [5] thermal shrinkage, autogenous shrinkage, and
carbonation shrinkage. The thermal shrinkage occurs due to the cooling down of the sample after its
initial heating by the hydration reactions. The autogenous shrinkage is the macroscopic shrinkage of a
load-free sample in sealed and isothermal conditions. It partly results from chemical shrinkage (i.e., Le
Chatelier contraction) due to hydration reactions. The carbonation shrinkage represents the sample’s long-
term response to environmental carbon dioxide [6]. If we restrain shrinkage (e.g., for a hyperstatic
structure or because of internal restrain by the reinforcement), shrinkage will induce stresses that may
cause cracking. The cracks, in general, are known to facilitate the ingress of chemical agents into the
concrete (e.g., [7]) and impair the containment capacity of concrete barriers (e.g., in infrastructures for
energy production such as dams and nuclear facilities [8]). By drying shrinkage, we refer to the shrinkage
part due to the moisture loss. Even for an unrestrained sample, drying can induce stresses: indeed, drying
occurs through the sample’s surface, which will be drier than its core and will hence shrink more.
Consequently, in such a case, upon drying, one expects tensile stresses at the surface of a sample and
compressive stresses in its core, which can lead to surface cracks.

In 1900, when Le Chatelier identified the now called "Le Chatelier contraction’ (or chemical
shrinkage), which states that the volume of solids decreases during the hydration, the fact that the
apparent volume of cement-based materials evolves over time was already well known [9]. Cement and
concrete scientists have studied volume variations of cement-based materials for more than a century. The
specific fact that cement-based materials shrink upon drying dates back at least to the 1930s with the
works of Freyssinet [10] and Carlson [11].

The measurement of macroscopic drying shrinkage usually consists of placing a load-free sample
in an atmosphere at various relative humidities and measuring the variation of its length. The specimen
may be cement paste (e.g., [12]), mortar (like in the ASTM C-596 standard), or concrete (e.g., [11]). The
sample’s mass is often measured to obtain the specimen’s water content, making it possible to display
shrinkage strains versus relative humidity and versus water content. The relation between water content
and relative humidity is called a water sorption isotherm. Figure 1 displays a typical drying shrinkage



experiment, in which the authors also measured water content. This experiment consists of a cycle of first
drying and re-imbibition. One observes that drying induces shrinkage and that imbibition induces
swelling. The shrinkage observed during the first drying is not fully recoverable as the first drying is
partly irreversible, while subsequent drying cycles are known to be mostly reversible.
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Figure 1: Typical drying shrinkage experiment of cement pastes at different water-to-cement ratios w/c

along with measured water content. (a-c) Drying shrinkage and (b) water content over a cycle of drying
and imbibition. Drying shrinkage is displayed versus (a) relative humidity and (c) water content. The
figures are adapted from [13]. Arrows indicate in which direction the experiment evolved with time.

In the first section of this review, we introduce various topics: the multiscale porosity and
microstructure of cement-based materials and the various types of water they contain, sorption theory, the
physics of drying shrinkage, and the complexity of drying shrinkage and sorption experiments. Section 2
is devoted to introducing molecular simulation methods and discussing their relevance in length and time
scales. In section 3, we review what we have learned from molecular simulations regarding cement-based
materials’ drying shrinkage. In section 4, by reviewing molecular simulation studies performed on other
layered materials, we discuss what else could be learned from molecular simulations regarding drying
shrinkage of cement-based materials. Section 5 is devoted to identifying molecular simulations’
limitations and perspectives to study drying shrinkage.

a. Multiscale porosity and microstructure in cement-based materials

The pore structure of cement-based materials is known to significantly impact several of their
properties (e.g., permeability, mechanical properties, durability), among which their propensity to drying
shrinkage. The total porosity depends on both the water-to-cement ratio w/c¢ and the hydration degree,
ranging for a mature ordinary Portland cement paste from about 27% at w/c = 0.3 to about 45% at
w/c = 0.6 [14]. The porosity of cement-based materials is multiscale: the pores’ size spans more than six
orders of magnitude, from the millimeter scale down to the nanometer scale [15]. Because of the very
small size of the smallest pores, the specific surface area of ordinary Portland cement pastes is high,



namely on the order of 80-280 m®.g"' [16]. Because of this high value, surface effects impact the cement-
based materials’ shrinkage (see section 1d).

The pore structure of cement-based materials is complex and challenging to analyze, as it is, for
instance, impacted by drying [17,16,12] and as the techniques used to characterize this pore structure
(e.g., small-angle neutron scattering (SANS), sorption measurements, proton nuclear magnetic
resonance ('H-NMR)...) require significant interpretation. One feature supported by various experiments
is that the nanoscale porosity of calcium silicate hydrates (C-S-H) is multimodal: from SANS
experiments, Allen et al. [17] identify nearly spherical pores with diameters of 5 and 12 nm; based on the
interpretation of water sorption isotherms Jennings [18] proposes three characteristic pore sizes for C-S-H
of about 1 nm, 1-3 nm, and 3-12 nm; from "H-NMR data, Muller et al. [19] identify a bimodal
distribution of the porosity of C-S-H.

As a consequence of the pore space’s complexity, various conventions are used in the literature to
classify the different types of porosity. In this review, we will use a convention based on pore size:

e Air voids entrapped in the material can range from a few dozen micrometers up to as
much as 3 mm [15]. Entrained air voids, i.e., air voids trapped in the cement paste on
purpose (e.g., to increase the resistance to freeze-thaw), typically range from 50 um to
200 pm [15].

e Capillary pores (or capillary voids) are much smaller than air voids and range from about
8 nm up to 1 um or even 3 to 5 pm in an early-age cement paste with a high water-to-
cement ratio [15]. Their denomination comes from the fact that, in those pores, capillary
effects (see section 1d) become significant. C-S-H does not contain all capillary porosity
in the cement paste [19]. A mature paste’s capillary porosity increases with the water-to-
cement ratio. For instance, according to the Powers-Brownyard model [20], it is equal to
0 at w/c = 0.3, and about 30% at w/c = 0.6.

e We call gel pores the pores that range from about 0.5 nm to about 8 nm. C-S-H contains
most of them.

e We call interlayer spaces the pores that are smaller than about 0.5 nm. Like gel pores, C-
S-H contains most of the interlayer spaces. However, interlayer spaces are also present in
AFm phases (e.g., monosulfoaluminate) and microporous zeolitic cavities in ettringite.
These interlayer spaces can exchange water with their surroundings, such that the
hydration state of monosulfoaluminate and ettringite varies with relative humidity and
temperature [21]. Note that, for C-S-H, the limit size between gel pores and interlayer
spaces is somewhat subjective. Different authors with different backgrounds or other
investigation techniques may consider a different limit size. For instance, Jennings et al.
[22], based on an analysis of water sorption isotherms, propose that the limit between
interlayer spaces and gel pores is around 2 nm. Here we consider a limit size of about 0.5
nm because such interlayer space can only contain up to about two layers of adsorbed
water. The dynamics of water under such confinement are known to differ significantly
from the water dynamics in larger pores (e.g., gel pores) [23,24]. Some of the interlayer
spaces can be envisioned as well delimited by somewhat parallel C-S-H layers. We can
also refer to the pore size (i.e., the distance between the C-S-H layers) and the interlayer
spacing [22]. We can readily extend the notion of interlayer spacing to gel pores for gel



pores that are delimited by parallel C-S-H layers. Note also that, in such sub-nanometric
pores, defining a pore size is ambiguous for various reasons. These include atomistic
roughness of the surface [25], fluctuation of the position of the atoms of the wall,
existence of various definitions of the pore size (e.g., should one place the pore wall at
the center of the outermost atoms of the skeleton, or take into account the Van der Waals
radius of those atoms?).

The Powers-Brownyard model considers the hydration products’ porosity constant and equal to
0.28 [20] for what concerns the solid constituents in ordinary Portland cement-based materials.
Independent experimental techniques point to the formation of two types of C-S-H during hydration,
generally called inner and outer product (e.g., in Daimon et al. [26] or Richardson [27]) or high-density
(HD) and low-density (LD) C-S-H (e.g., Constantinides and Ulm [28]), respectively. Indeed, time[l
resolved SANS [29] and nitrogen sorption isotherms [30] separately capture the formation of two
morphologies with different surface areas. Statistical nanoindentation experiments identify two distinct C-
S-H phases from a mechanistic perspective, namely low-density and high-density, with identical
composition but mechanically different signatures [28,31].

Several models have been proposed for the C-S-H’s microstructure that mainly align with two
seminal works: a sheet structure for Feldman and Sereda [32] and a globular/colloidal model for Jennings
[18,33]. Transmission electron microscopy (TEM) images indicate a fine[Jtextured inner product and a
fibrillar/foilJlike outer product [27,34]. A sheet-like structure is also more consistent with C-S-H growth
mechanisms proposed at low supersaturation [35]. In contrast, a detailed analysis of SANS [36] is
consistent with a microstructure of C-S-H obtained by a diffusion-controlled aggregation of C-S-H
particles. Nanoindentation [31] and sorption [18] experiments independently support a unique
nanogranular origin for low-density and high-density C-S-H. The two models for C-S-H may not be
antinomic, as one can envision a microstructure made of particles-like regions constituted of sheet-like
structure [22]. We can also explain the observed duality between low-density and high-density C-S-H by
considering the formation of the C-S-H gel as a diffusion-controlled aggregation process [36] or the
growth of two-dimensional C-S-H sheets or ribbons with inherent stacking defects [37]. When measuring
such particles’ size, a characteristic dimension of about 5 nm is obtained from an analysis of SANS data
[36]. Several authors recently obtained a characteristic length of about 4-5 nm for the size of C-S-H
apparent crystalline domains perpendicular to the C-S-H layers from the analysis of the peak broadening
of X[ray diffraction (XRD) data [38,39].

b. Various types of water in the cement paste and their physical
attributes

The classification of water types in hardened cement paste is intimately related to the
classification of its porosity. To be consistent with the porosity conventions introduced in section la, we
categorize water into four types, as follows:

- Interlayer water (also known as nanoconfined water, structural water, and hindered adsorbed

water) designates those water molecules adsorbed in the C-S-H porosity with an effective slit



pore width of 0.5 nm and smaller. The water molecules in such nanoconfined geometries are
strongly affected by the surface, and their chemo-physical properties deviate from those of bulk.
Interlayer water molecules play a critical role in adjusting the basal spacing distance in C-S-H.

- Interfacial water (also known as surface water) represents the layers of water molecules adsorbed
on the surface of C-S-H layers/particles (corresponding to nanopores, capillary porosity, and air
voids) and other hydrophilic phases. The thickness of the adsorbed water nanofilms depends on
both the temperature and relative humidity [40,41]; see section 4c for more details. The interfacial
water nanofilm thickness reaches ~0.75-1.0 nm at room temperature and 90% relative humidity

[42], equivalent to the size of three to four water molecules. Understanding the physics of
interfacial water layers is critical in portraying a chemo-mechanical picture of saturated and
unsaturated hardened cement paste.

- Gel water (also known as constrained water) corresponds to a portion of the water in the C-S-H
gel’s nanoporosity, excluding the interfacial water layers. The physical properties of gel water are
still affected by the nanoconfinement and surface effect and differ from those in bulk.

- Capillary water (also known as free water) is the water in capillary porosity, excluding the
interfacial water. The properties of free water are akin to those in bulk.

The above classification lends itself naturally when juxtaposing the results from quasi-elastic
neutron scattering (QENS) and proton field-cycling relaxometry (PFCR) experiments with molecular
dynamics (MD) simulation. In what follows, we provide a historical account of modern progress in
understanding and characterizing water types in the cement paste and their physical properties in the
twenty-first century.

While characterizing water in hydrating cement paste using QENS, Thomas et al. [43]
distinguished three water types. Their classification includes chemically bound (structural), constrained,
and free water types, which correspond to our interlayer, interfacial/gel, and capillary water, respectively.
In this classification, the chemically bound water includes structural water and hydroxyl groups as they
are indistinguishable in the scattering data. By applying a dynamical model to the QENS spectrum
collected from hydrating tricalcium silicate (C;S) pastes, Fratini et al. [23,24] distinguished between
glassy water dynamics in the gel pores and immobile water in the interlayer spacing of C-S-H. In the
meantime, Fratini et al. [44] studied the relaxation time 7, of water in hydrating C;S paste. They found
that the relaxation time of water in the early-age cement paste is twice that of bulk water (~5 ps). They
also showed that the water relaxation time increases gradually with increasing hydration degrees reaching
40 ps. Later on, they performed the same measurements on pastes of different clinker phases and showed
that the relaxation time is longer in C4AF>C;A>C;S>C,S (where C4AF is ferrite, C5A 1is tricalcium
aluminate, C;S is tricalcium silicate, C,S is dicalcium silicate) beyond the first hydration day. They
attributed this difference to the difference in hydration kinetics between the phases and the intrinsic
porosity attributes of the resultant hydration product [45]. By analyzing the elastic neutron scattering
spectra with a simplified analytical model, Fratini et al. [46] found that the diffusive dynamics of water in
the hydrating cement paste decays from bulk-like to surface-like behavior with a self-diffusion constant
an order of magnitude smaller than the bulk water, decreasing from 4x10” m%s to 4x10"'° m%s. These
findings are based on the measured characteristic time of ~40-50 ps at the later stages of hydration (2
days) and an average jump distance of 3 A, i.e., roughly the size of a water molecule. Meanwhile, water’s
self-diffusion coefficient in the synthetic C-S-H gel was measured to be ~ 1x10™'° m?/s [47]. Interestingly,



Li et al. [47] showed that the diffusion-coefficient-to-temperature ratio in C-S-H gel exhibits a
temperature-dependent behavior at T< 240 K, which violates the Stokes-Einstein relation (D/T =
(kg/6)TNR). Such observation is the signature of dynamical cross-over (high-density to low-density
phase transition in confined water in gel pores) observed by Ridi et al. [48] in low-temperature
differential scanning calorimetry.

Nuclear magnetic resonance (NMR) relaxation studies have provided a wealth of information on
the pore network structure and water dynamics in hydrating cement paste. In these studies, spin-lattice
(T) and spin-spin (T,) relaxation times are measured via the PFCR technique and interpreted in the light
of a two-dimensional surface diffusion model of spin relaxation. This technique provides direct access to
the correlation time for molecular jumps 7,, and surface residence time 7, of water molecules that
describes the exchange between the interfacial and gel water. By analyzing T, dispersion data, Barberon
et al. [49] measured cement paste’s surface area in terms of hydration degree and time. They also found
that 7,,, depends on the hydration degree, reaching 1.3 ns after 12 hours. Later, Mcdonald et al. [50]
performed T;-T, and T,-T, 2D nuclear spin relaxation correlation measurements and observed water
exchange evidence between gel and capillary pores. After a careful analysis of 2D NMR T,-T, exchange
experiments, Monteilhet et al. [51] calculated the diffusion coefficient of interfacial water to be ~2.3x10°
"' m%/s considering a mean hopping distance of 3 A over a relaxation time of ~1 ns. They also estimated
the diffusion coefficient of gel water, 5x 10" m?s, from a characteristic length of 4 um exchange between
the gel and capillary porosity and associated relaxation time of 5 ms. Interestingly, McDonald et al. [52]
found that t,, is not strongly affected by the cement type, remaining around 1 ns. However, surface
chemistry strongly influences 7, decreasing it from 18.5 ps in white cement-based materials to 0.1 ps in
ordinary Portland cement-based materials.

c. Basics of adsorption

The International Union of Pure and Applied Chemistry (IUPAC) formally defines the adsorption
phenomenon as an increase of concentration of a gaseous (or dissolved) substance at the interface of a
condensed (solid) phase due to surface forces. The surface forces originate from the inter-atomic
interactions between the adsorbate (adsorbed molecules) and the adsorbent (adsorbing solid). The
adsorption phenomenon becomes significant when these interactions are strong enough so that the
decrease of energy of a molecule between the gas and the adsorbate is significant. As we shall detail
formally later, ‘significant’ means with respect to the bulk Gibbs free enthalpy (a.k.a. chemical potential
u) and to the thermal agitation (whose energy per atomistic degree of freedom is on the order of kgT).
Consequently, the adsorption phenomenon usually depends on two state parameters of the fluid, namely
chemical potential u and temperature T (or equivalently relative humidity RH and T in the particular case
of water vapor adsorption). The most common characterization of adsorption is the adsorption isotherm,
which characterizes the amount adsorbed at a constant temperature as a function of the chemical potential
or equivalent state parameter (partial vapor pressure, RH). The particular case of water in cement-based
materials is more complex because adsorption exhibits hysteresis and couplings with deformation, and
therefore its thermodynamics should include strain (or stress) and loading history.

The adsorption phenomenon can be characterized experimentally by several techniques. Standard
measurement techniques are the gravimetric or volumetric methods, in which one measures the adsorbed
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amount (through mass or volume) at imposed chemical potential u. There exist also the manometric
techniques, in which one measures the chemical potential (through pressure) corresponding to given
adsorbed amounts. Application of the usual methods to water adsorption in cement-based materials
requires very long equilibration, during which other physical phenomena can occur alongside adsorption
(see section le). Alternatively, other, less usual experimental techniques can also probe the adsorbate’s
presence directly in situ. Such methods are generally system-dependent and, in the case of water
adsorption in cement-based materials, let us mention X-ray and neutron radiography and tomography
[53,54], nuclear magnetic resonance techniques (NMR, magnetic resonance imaging (MRI)) [55], and
neutron scattering techniques (QENS, SANS) [56,57]. These techniques offer the possibility to measure
the spatial distribution and time evolution of water content and distinguish between the different water
types (see section 1b). Such information provides a more detailed picture of water adsorption in cement-
based materials, which alleviates the need for water content homogeneity throughout a sample.

One can view physical adsorption as an exothermic process, with the heat of reaction
characterizing the coupling between energy and absorbed amount. This coupling is formally quantified by
the isosteric heat of adsorption qg;, defined as the heat released per molecule adsorbed at a given

temperature T, and (reservoir) pressure Prs : qst = hy, — hy, with the molar incremental enthalpy
0H

= [ﬁ] (hq and h,, refer to the adsorbed and vapor phases, respectively). Alternatively, h can also
TIPTES

be related to the change of chemical potential with temperature, thanks to a Maxwell relation of the Gibbs
a(u/T)

O/ TN pyos.
calorimetry technique [20]. It is essential to understand how the adsorption isotherm evolves with
temperature, offering an alternative route of measurement [58].

free enthalpy: h = [ Experimentalists generally measure the heat of adsorption using the

Figure 2 displays a schematic illustration of a water adsorption isotherm in cement paste. As we
shall explain hereafter, the relative humidity axis can also be interpreted as an axis of pore size. Water
adsorption and desorption vary over the full range of relative humidity, and there is no sharp change in
water content that would correspond to particular pore size. One can distinguish the domain RH < 0.4
corresponding to micro-pores less than 2 nm large, and the range of RH > 0.4 corresponding to
mesopores or macropores larger than 2 nm. Accordingly, the adsorption isotherm encompasses different
water types (see section 1b), and various theoretical descriptions must be combined to interpret it fully. In
practical applications, the adsorption and desorption are incomplete, i.e., they do not cover the full range
of relative humidity. The corresponding scanning isotherms remain inside the area delimited by the entire
adsorption-desorption cycle, and the hysteresis is truncated. The origin of the hysteresis is debated [59],
and no clear consensus has emerged so far. Possible hysteresis sources are the ink bottle effect, the
surface effects for the capillary process, the incomplete equilibration, the accessibility and binding to
adsorption sites, and the coupling with deformation. Most probably, no single origin can explain the
hysteresis in cement-based materials over the full range of RH.
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Figure 2: (a) Schematic adsorption isotherm of water in cement-based materials. (b) Hand-made sketch of
the adsorption/desorption process at the nanoscale. Configurations A and B1 are assumed to differ in
larger pores only (not displayed).

Since adsorption is at the crossroads of physics and chemistry, there are different ways to
formalize it from a theoretical perspective. Here, we adopt a description based on statistical physics and
thermodynamics, which is the most common for the molecular simulation community. Consider the
system made of the adsorbent and the adsorbate in contact with the gaseous reservoir. As a consequence
of the thermal and osmotic equilibrium with the reservoir, the amount adsorbed is distributed following

—Ei—/l.N)

. . . 1
Boltzmann statistics in the Grand Canonical ensemble: p(N) = EZiwith Ni=N exp( kT

—E;—uN;\ . . o .
Zge = L exp (;T’“) is the grand canonical partition function and E; and N; are the energy and

number of adsorbate molecules of the micro-state i. Boltzmann statistics provide a general way to
understand the adsorption phenomenon: in the 0K limit, the system will occupy most favorable adsorption
configurations with energy E; < uN;, and none above. The occupation factor is no more discontinuous at
finite temperature, but there is still a transition for configurations with E; ~ uN;. The rigorous estimation
of the average adsorbed amount requires integrating over the entire phase space, but only a small fraction
of the phase space contributes to non-negligible Boltzmann probabilities. Molecular simulation

techniques provide estimates by sampling those regions only. One eventually recovers the thermodynamic
aA

relation: N = ~ 0 - with A = —kgTIn(Z;c). In the thermodynamic limit, A is identified as the grand
potential A = E — TS — uN, which is the thermodynamic potential minimum for a system in thermal and
osmotic equilibrium. Therefore, a thermodynamic approach to adsorption consists of evaluating how the
grand potential depends on the chemical potential. The thermodynamic and statistical physics routes are
equivalent, but the former is more adapted to continuum approaches, and the latter to molecular
techniques. As we shall discuss in section 2, molecular simulations of adsorption, based either on
Molecular Dynamics (MD) or Monte Carlo (MC) simulations, aim at sampling the phase space according
to the Boltzmann statistics. In contrast, macroscopic analyses are based on the thermodynamic

description.

How this formal description translates in practice depends on how the energy evolves with
adsorption. The most simple adsorption model (Langmuir) assumes identical independent adsorption

sites, i.e., E; = N;Ugqs with U,y characteristic energy. In that case, one easily integrates the Boltzmann
N
Nsites  P+Po(T)

statistic and obtains the Langmuir isotherm [60]: where the vapor phase is assumed to be
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an ideal gas (i.e., its chemical potential is u(P,T) = uo(T) + kpTIn(P) and the characteristic pressure is

Py = exp Uaas—#to) . Another well-known adsorption model is the BET model [61], which is also
kgT

easily derived by allowing multiple adsorbed layers. Site adsorption can represent adsorption on surfaces
or in sub-nanometric pores (intralayer pores, the surface of gel pores). Still, the filling process in larger
pores falls in the domain of capillary processes. The capillary description assumes that the adsorbate can
be described as an under-saturated liquid whose stability is ensured by surface energies. The pressure of
this liquid must be decreased (capillary pressure) to satisfy the osmotic equilibrium with the vapor phase
(uy(RH, T) = psqe(T) + kgTIn(RH) with pgs,:(T) the chemical potential at saturation). Assuming an
incompressible liquid of number density p; and integrating the Gibbs-Duhem equation at a constant
temperature, one gets the change of chemical potential due to a drop of pressure in the liquid phase:

Uy — Usae (T) = %ﬂt(ﬂ. Equality of the chemical potentials of the liquid and vapor phases, y; = y,
l

leads to a pressure drop that increases as the relative humidity RH decreases:
Py = Psq¢(T) = pikpTIn(RH) (1)

In this equation, like in all equations in this manuscript, the relative humidity RH is dimensionless, even
though we usually give its magnitude in percents: as an example, relative humidity of 90% corresponds to
RH = 0.90.

The undersaturated liquid is metastable, but surface energies can ensure its stability if the liquid is
the wetting phase and the Laplace pressure across the liquid-gas interface compensates the capillary
pressure:

2 2
Pv—Pl:_y ()

rav

with y the liquid-vapor surface tension and 1y, the average radius of curvature of the liquid-gas interface.
Combined with additional assumptions on the pore geometries and contact angle, 7, can be related to the
pore radius. For instance, 75, = Tyore for the desorption from a cylindrical pore with perfect liquid
wetting. The vapor and saturation pressures are usually on the order of the atmospheric pressure or less,
thus of much smaller magnitude than the capillary pressure. Neglecting P, and P, (T), one eventually
obtains the Kelvin equation relating the relative humidity RH to 7,,:

In(RH) = —=/ ®)
plkB Trav

The Kelvin equation, combined with a pore size distribution, predicts the capillary filling or
emptying of porous solids upon RH change. In this framework, a classical interpretation of the adsorption
hysteresis is that desorption is associated with the formation of a hemispherical meniscus (75, = Thore for
perfect wetting). In contrast, capillary condensation is related to forming a cylindrical liquid film on the
channel wall (75, = 274y for perfect wetting). Kelvin equation is applicable provided that the pores are
large enough to ensure that the liquid’s usual thermodynamics is valid. Table 1 provides estimates of the
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correspondence between the radius r,,, and the RH for water at ambient temperature (T = 300K). Kelvin
equation breaks down when the pores’ size approaches the nanometer, i.e., for RH below 0.4.

Table 1: Correspondence between the radius r,, (cylindrical pores) and the relative humidity RH
according to Kelvin equation for water at ambient temperature

RH (%) | 1 | 10 | 20 | 40 | 60 | 80 | 90 | 99 | 99.9

Ty (nm) |0.228| 0.456 | 0.653 | 1.15 | 2.06 | 4.71 | 9.97 | 104 | 1050

The Kelvin equation predicts the filling of macro-pores, i.e., of pores in which surface and micro-
pore adsorption are negligible. A widely used extension to mesoporous media is the BJH analysis [62]
(where BJH stands for its authors Barrett, Joyner and Halenda), which superposes multi-layer surface
adsorption and capillary filling. The BJH method assumes an idealized porous structure made of
independent cylindrical pores with perfect liquid wetting. Therefore, the Kelvin equation application
provides the difference between the largest pore radius filled with liquid and the adsorbed film thickness:
Tay = Tpore — t (for desorption). The BJH analysis combines the Kelvin equation with a model of surface
adsorption to predict the adsorption isotherm. Several models are used in the cement science community
to describe the thickness of the water adsorbed layer on the pore wall, mainly the models of Hagymassy et
al. [41] and Badmann et al. [42].

When the pore size approaches the nanometer scale, adsorbate molecules start to interact with the
solid on both sides of the pores, and the BJH analysis is no more valid. The adsorbate molecules’ energy
becomes sensitive to the pore size, which gives rise to a mechanical pressure of the fluid different from
the ordinary ‘bulk’ pressure (i.e., the bulk fluid pressure at the same chemical potential and temperature).
The difference is called the disjoining pressure and was introduced initially by Derjaguin [63]. The
thermodynamic equilibrium corresponds to a liquid film thickness that balances the disjoining pressure
and the capillary pressure. Derjaguin’s model extends BJH analysis to nanometer-large pores, and one
recovers the Kelvin equation when the disjoining pressure vanishes [64]. In Derjaguin’s model, the
adsorption hysteresis is interpreted as a difference in thermodynamic stability between adsorption and
desorption, consistent with the BJH model. The adsorption follows the metastable branch, and the
condensation occurs at the point of instability, whereas desorption follows the stable branch. A difficulty,
though, for practical application, is to estimate the disjoining pressure. Some analytical expressions were
proposed [65,64] but remain limited to specific situations (geometry, interactions) that are calibrated with
data for each adsorbate-adsorbent system.

Kelvin equation, BJH analysis, and Derjaguin’s model are thermodynamic approaches that
distinguish the liquid, vapor, and solid phases separated by infinitesimal interfaces and model a liquid-
vapor phase transition at the capillary condensation. Yet, as pore size approaches a few molecule
diameters, the phase transition phenomena are strongly impacted. In particular, the critical temperature is
known to decrease with the pore size. For a given temperature, there is a pore size below which capillary
condensation cannot be observed anymore [66,67]. In that context, a thermodynamic representation based
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on liquid and vapor phases is no more valid, and molecular simulation offers an exciting alternative to
thermodynamic models (see Section 2). Molecular modeling relies on inter-atomic interactions only and
does not suffer from the limits of continuum approaches. Yet, it remains limited to very small system
sizes (a few nanometers). Following Neimark and Ravikovitch [64], who studied adsorption in silicates
with well-defined pore sizes, Table 2 lists the above approaches’ applicability range. The range is given in
pore size and equivalent RH at 300K, assuming that the Kelvin equation is applicable. It is clear that a
single technique cannot predict a complete description of the adsorption isotherm of water in cement-
based materials, and combining molecular and continuum approaches is necessary.

Table 2: The domain of applicability of the different approaches to model adsorption.

. . N Molecular
h
approac Kelvin equation BJH Derjaguin simulation
I
pore size (nm) >50 nm >10-20 nm >4 nm any
I
RH (at 300K) >0.98 >0.90-0.95 >0.77 any

The schematic isotherm of Figure 3 can illustrate a general description of adsorption hysteresis.
This isotherm depicts the case of a single pore. For reversible adsorption, each chemical potential
corresponds to a single amount adsorbed, and the isotherm increases monotonously. Hysteresis
corresponds to the co-existence of several amounts adsorbed at the same chemical potential. The
decreasing branches are thermodynamically unstable, and only the increasing branches can be observed.
The thermodynamic equilibrium corresponds to the minimum of the grand potential. The chemical
potential at the point of transition from one increasing branch to the other must satisfy Maxwell’s rule:
ff udN = 0, i.e., the dashed areas in Figure 3 are equal. Hysteresis arises because the system does not
follow the most stable branch during adsorption or desorption but remains in a metastable configuration.
For instance, in the BJH analysis, only the desorption branch is considered to follow the stable branch
(formation of a hemispherical meniscus in a cylindrical pore) and can be used to derive the pore size
distribution. Adsorption may proceed along the metastable branch. For instance, a cylindrical meniscus’
formation would correspond to adsorption following the metastable branch until the spinodal point S;.
The domain bounded by the two spinodal points S;and S,gives the maximum hysteresis. The type of
hysteresis observed in cement-based materials exhibits no sharp change in adsorbed amount, suggesting
the superposition of a wide variety of pore sizes. Why adsorption or desorption follows their metastable
branches can have many origins. Regarding water in cement-b