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1  |   INTRODUCTION

Water vapor adsorption isotherms are generally used to de-
scribe the variation of equilibrium moisture content in cement 
pastes as a function of relative humidity (RH) under isothermal 
conditions.1 Importantly, the adsorbed moisture content in ce-
mentitious materials influences their stiffness, shrinkage, and 
creep.2–10 This mainly arises from the fact that the retained mois-
ture alters the surface energy and hydrostatic pressure in pores. 
Moreover, the moisture content also controls the electrical resis-
tivity and oxygen diffusivity, which, in turn, can both influence 
the long-term durability of cementitious materials exposed to the 
complex environment (acid and damp).11,12 As a result, the ori-
gin, mechanism, and manifestations of water sorption in cemen-
titious materials has attracted some significant attention.13–15

The cement paste presents a complex, heterogeneous, 
and multiscale structure, wherein calcium–silicate–hydrate 
(C–S–H) acts as the binding phase.16 C–S–H can be de-
scribed as a colloidal gel made of nanometric grains (see 
Figure 1).17–19 The C–S–H grains present a layered struc-
ture, wherein water can be present in the interlayer spacing, 
depending on RH.17 The presence of water in the interlayer 
space plays a critical role in governing the microstructure of 
cement pastes.17,18,20–22 Notably, the multiscale nature of ce-
ment pastes makes it extremely challenging to decipher the 
role played by each scale/phase in governing the macroscopic 
sorption isotherms of cement pastes, which is key to develop 
a self-consistent global understanding of the mechanism of 
moisture sorption in cementitious materials.1 To this end, 
McDonald studied the characteristics of the pore structure 
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The moisture content in cement pastes influences their mechanical properties and 
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opening and the increasing propensity for water to fill larger pores upon increasing 
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of cement paste at different saturation degrees and showed 
that cement pastes exhibit two families of pore reservoirs in 
C–S–H gel, namely: (i) interlayer spacing within the C–S–H 
grains (around 1 nm) and (ii) gel pores in between the C–S–H 
grains (around 5 nm).23 Based on the volume ratio of evapo-
rable water, the fractions of C–S–H sheet porosity (pores in 
the C–S–H grains) and evaporable porosity (pores can retain 
evaporable water in C–S–H grains) were estimated to be 47% 
and 38%, respectively. However, the magnitude of the inter-
nal swelling of the cement paste as a function of RH was not 
accounted for—the magnitude of which being subsequently 
quantified by Bede et al.24 The linkages between RH-induced 
swelling and resulting water sorption isotherm were later on 
discussed by Beaudoin et al.25 and Maruyama.8,26 Based on 
these analyses, it was found that the interlayer basal space in 
the C–S–H grains is stable from 5% to 40% RH, but collapses 
at low RH. Despite these useful insights, conventional exper-
imental techniques are intrinsically unable to isolate the re-
spective contributions of each pore scale to the total sorption 
isotherm of cement pastes as a function of RH.

Theoretical models offer a valuable alternative, a comple-
mentary route to access some details of the water sorption 
mechanism in cement pastes that are invisible to conventional 
experiments. As a recent illustration of this, Pinson et al. in-
troduced a series of continuum and molecular physics-based 
models describing water sorption in cement pastes and re-
sulting volume variations.27 It was found that, upon desorp-
tion, interlayer water in C–S–H evaporates below around 
20% RH, but gradually recondensates throughout the full RH 
range upon subsequent adsorption. However, the connectiv-
ity of pores was not accounted for in this model. To address 
this point, a general formula was subsequently developed 
by introducing a simple measure of hierarchical pore con-
nectivity.28 Similar studies were also conducted by Burgh, 
Jiang, and Huang, wherein the pore size distribution and the 
contribution of the interlayer C–S–H spacing to the sorp-
tion isotherm were empirically described without explicitly 
considering the detailed micro- and mesoscale structure of 

cement pastes.29–31 Moreover, atomistic simulations offer an 
accurate description of water sorption within the C–S–H lay-
ers, but, in turn, are intrinsically unable to describe the mul-
tiscale structure of cement pastes due to the limited number 
of atoms they can account for.32 Overall, a unifying model 
describing accurately describing the role of each pore scale 
in governing the water sorption behavior of cementitious ma-
terials is still lacking.33

Here, as an alternative route, we introduce a lattice-based 
density functional theory (DFT) model of water sorption in 
the C–S–H gel and cement paste. DFT models have previ-
ously been applied to describe inhomogeneous and confined 
fluids.34,35 Notably, they have been shown to properly de-
scribe fluids adsorption and capillary condensation in various 
porous solids, for example, silica aerogels, activated carbons, 
or carbon nanotubes.36–39 Specifically, the simple lattice-gas 
DFT (LDFT) model proposed by Kierlik et al. offers a conve-
nient framework to model the sorption of fluids in disordered 
mesoporous solids.40 Here, we adopt this framework and fur-
ther expand it by introducing a probability evolution equation 
that describes the gradual opening of the interlayer spacing 
in C–S–H upon water adsorption. By Bejaoui's pore model,41 
we demonstrate that our model offers a reasonable descrip-
tion of water sorption in cement pastes. Furthermore, by de-
scribing C–S–H gels as random configurations of nanoscale 
particles, our model allows us to deconstruct the contribution 
of each pore scale to the total sorption isotherm in cement 
pastes and, importantly, uniquely isolate the contribution 
of the C–S–H gel. Overall, we show that, at RH <80%, the  
C–S–H gel accounts for more than 90% of the moisture con-
tent adsorbed in cement pastes, while the contribution of cap-
illary pores significantly increases at RH >80%. Based on 
our model, we also explore the role of the C–S–H gel packing 
density on the sorption isotherm.

This paper is organized as follows. In Section 2, we first 
introduce our LDFT model, the C–S–H gel geometrical struc-
ture adopted herein, as well as the equation describing the 
gradual opening of the C–S–H interlayer spacing. Our model 

F I G U R E  1   Schematic illustrating 
the microstructure of the calcium–silicate–
hydrate gel [Color figure can be viewed at 
wileyonlinelibrary.com]
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is then validated, and its outcomes are discussed in Section 3. 
Finally, some conclusions are presented in Section 4.

2  |   METHODS

2.1  |  Lattice density functional theory 
simulations

The porous C–S–H gel is modeled as a two-dimensional 
square lattice comprising Ns sites i, wherein each site can be 
a pore (�i = 1) or fully filled with solid (�i = 0). In turn, de-
pending on RH, each pore site i can empty (� i = 0) or filled 
with a water molecule (� i = 1). In this study, the size of each 
lattice site is fixed to 3 × 3 Å (i.e., the typical size of a water 
molecule), so that each lattice size can contain at most one 
water molecule at a time. This simplification is a conse-
quence of the fact that we are using a square lattice, which 
prevents us from simulations layers with arbitrary directions. 
Nevertheless, since our model simply relies on nearest-
neighbor interactions, its outcome is rotation-invariant. In 
addition, the chain model of the pore network30 and individ-
ual spherical or cylindrical pore model27,28,31 suggest that the 
orientation of the pores does not significantly influence the 
sorption curve. Note that the sites filled with solids cannot 
contain any water molecule, so that �i = 0 necessarily implies 
� i = 0. Following Kierlik et al., only nearest-neighbors inter-
actions are considered. Therefore, the Hamiltonian ℋ of the 
system can be expressed as40,42:

where wff is the interaction energy between two adjacent 
water molecules (fluid-fluid interaction) and wmf the inter-
action energy between a water molecule and an adjacent C–
S–H solid surface (matrix-fluid interaction), and where the 
summation is performed over all the pairs of sites ⟨ i, j⟩ that 
are nearest-neighbors (i.e., sharing one edge). For the present 
lattice geometry, the fluid-fluid interaction energy is given by 
wff = �sat∕2 = kBTc, where �sat is the chemical potential of 
water at saturation, kB the Boltzmann constant, and Tc = 647 K 
is the critical temperature of water.

The degree of hydrophilicity of the solid surface is cap-
tured by the following dimensionless parameter:

We adopt here y = 1.8 to simulate the interaction between 
water and C–S–H following Ref. [32]. In addition, a compar-
ison between the predictions of the present model and molec-
ular simulations from Ref. [32] for nanopores supports the 
value of y adopted herein, that is, y = 1.8 (see Figure S1 in 

Supplementary Information). Furthermore, the effect of y on 
the adsorption of C–S–H gels (wherein the interlayer space 
is open at RH = 0) is shown in Figure S2 in Supplementary 
Information. We observe that a higher value of y results in a 
higher hydrophilic nature for the C–S–H sheets. Meanwhile, 
C–S–H gels can be filled at a lower RH for a higher value 
of y. Following Kierlik et al., periodic boundary conditions 
are imposed in all directions to avoid any spurious finite-size 
effects arising from the surfaces.40

The grand-potential functional Ω
({

�i
})

 of the modeled 
lattice system can be expressed in terms of the ensemble of 
the average water density at site i 

{
�i
}
:

where T is the temperature and � the chemical potential of 
water—which is given by � = �sat + kBTlnRH. Note that 
Equation (3) neglects any correlation between the thermal fluc-
tuations of the instantaneous fluid densities, �i� i − ⟨�i� i ⟩. The 
equilibrium water density at each site for given T and RH can 
be obtained by minimizing the grand-potential functional with 
respect to 

{
�i
}
, which yields 40:

where � = 1∕kBT and veff
i

 is the effective potential imposed by 
the nearest neighbors of site i, which is given by:

Based on this model, we simulate the adoption isotherm 
in the porous configuration of interest as follows. We initially 
impose �i = 0 at RH = 0%. We then iteratively increase RH 
by small increments of 2.5% until RH = 100%. For each step 
of RH, we then solve Equation (4) in an iterative fashion 
following Kierlik et al. In detail, we initially start from the 
equilibrium water densities �i obtained at the previous step 
of RH. Based on Equation (5), these density values are then 
used to calculate the effective potential at each site, which, in 
turn, are used to calculate a new set of water density values. 
These two steps are iteratively repeated until convergence of 
obtained, that is, when the variation in the water density val-
ues between two steps satisfies 1

Ns

∑
i

�
𝜌n+1
i

− 𝜌n
i

�2
< 10−8. 

Note that LDFT assumes that the water density ranges from 0 
to 1.0 under different RH conditions. Based on the simulation 
by Qiom et al.,16 the density of the confined water in the in-
terlayer space is around 1.05 g/cm3 when the calcium silicon 
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molar ratio is 1.65 which is the average value for calcium sili-
cate hydrate. To consider this effect, the water mass adsorbed 
in the interlayer space is enlarged by 5% in this paper.

2.2  |  C–S–H gel model

We now detail the construction of the two-dimensional lat-
tice configuration (i.e., the ensemble {�i}) used herein to 
model the porous structure of C–S–H gels. Several models 
based on spherical particles have previously been shown to 
properly capture the mechanical and sorption behaviors of ce-
ment pastes.33,43–45 Here, following previous studies,33,46,47 
we model the porous C–S–H gel as an ensemble of circular 
grains that are packed together so as to achieve selected pack-
ing density values (from 60% to 80%). Such a colloidal struc-
ture results in the existence of a continuous range of pore sizes 
and geometries. In the present model, we simply model two-
dimensional C–S–H configurations by randomly distributing 
circular particles (with diameter values that are randomly sam-
pled from 3 to 15 Å with a uniform probability distribution), 
while ensuring the absence of any overlap in between neigh-
boring grains. In addition to the gel pores forming in between 
the grains, the model C–S–H lattice presents some layers of 
pores to model the interlayer spaces within the C–S–H grains 
(see Figure 2). Previous studies suggested the total porosity of 
the C–S–H grains to be around 50%,23,47–49 while the evapo-
rable water was found to account for about 25-to-37% of the 
total interlayer water.29,30 The number of water layers that can 

be adsorbed within the C–S–H particles is largely controlled 
by the size of the interlayer space, which is smaller than 5 Å 
(see Figure 1 in Ref. [21]). Since the typical diameter of a 
water molecule is 3 Å, it is reasonable to assume that only a 
single layer of water molecules can be accommodated within 
this space. We impose that a given interlayer space can accom-
modate only one layer of water molecules. As a simplification, 
these pore layers are all assumed to be horizontal. Note that, 
in our model, only the evaporable water is considered, while 
non-evaporable water (i.e., water remaining at circa 150°C23) 
is regarded as being part of the C–S–H solid. In all the C–S–H 
configurations generated herein, the total lattice size is cho-
sen to be at least five times larger than the size of the largest  
C–S–H grain present in the structure. This is because the  
C–S–H grains are here assumed to be randomly distributed, 
and the size of the simulated system (representative volume 
element) should be large enough to accommodate a large num-
ber of possible configuration, ensure satisfactory statistical 
average, and, overall, be representative. The fact of imposing 
that the simulated system is at least five times larger than the 
size of the largest C–S–H grain ensures that the simulated sys-
tem can exhibit a large range of C–S–H grains, ranging from 
small to large grains—to capture the polydisperse nature of the  
C–S–H gel. We then conduct several independent simulations 
for statistical averaging purposes. As shown in Figure S3 in the 
Supplementary Information, we observe the average simulated 
sorption curve exhibits a convergence when the number of in-
dependent simulations exceeds 20. Therefore, 50 independent 
configurations are considered herein. All the adsorption iso-
therms presented throughout the present study are obtained by 
averaging the isotherms computed from 50 distinct (random) 
C–S–H configurations with constant system size and packing 
density. It should be noted that, as described below in Section 
2.3, the interlayer spaces are not systematically allowed to be 
filled with water—to account for their transformation from 
closed- to open-state upon increasing RH.

2.3  |  Evolution equation of open sites in the 
interlayer space

Interlayer spaces may be dry or partially filled with non-
evaporable water at RH  =  0 but can accommodate some 
water molecules when they expand with increasing RH.50–53 
In the following, we detail the model introduced herein to 
describe the RH-dependent opening of the C–S–H interlayer 
pores that is experimentally suggested.26,54,55 Note that, al-
though initial cracks and sample conditioning also can in-
fluence water adsorption in cementitious phases,56,57 such 
second-order effects are here neglected for simplicity. In de-
tail, the opening of C–S–H interlayer space upon increasing 
RH has been attributed to the increase in disjoining pressure 
or hydration pressure.8,58 However, such pore opening effects 

F I G U R E  2   Example of lattice configuration used herein to model 
the porous structure of C–S–H gels (with all the sites being open in the 
interlayer space). Black pixels indicate solid lattice points, while white 
pixels indicate pores (i.e., within which water molecules can adsorb)
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cannot be described in conventional LDFT models relying on 
a fixed solid configuration lattice. To address this point, we 
introduce here an additional equation describing the prob-
ability of interlayer pore spaces to open as a function of RH. 
In analogy with analytical two-states models describing the 
formation/breakage of interatomic constraints as a function 
of temperature,59–61 we model the opening probability p as:

where p0 is the fraction of pores initially open at Rh  =  0%, 
� ⋅ RH is a linear function capturing the contribution of the in-
creasing disjoining pressure upon increasing RH, 1∕� is related 
to the critical RH value at which the pores tend to open, and 
m = � ⋅ tobs is the product of the frequency of pore opening at-
tempt � and observation time tobs. Note that the term m captures 
the width of RH values over which pore opening occurs, namely, 
m→∞ would yield a Heaviside step function wherein pore 
opening suddenly occurs at a critical RH value 1∕�, while lower 
m values yield a smoother transition. Effects of parameters m 
and � on the adsorption of C–S–H gels are displayed in Figures 
S4 and S5 in the Supplementary Information. From these two 
figures, we observe that the parameter m dominates the opening 
evolution of the interlayer spaces with RH, whereas ς governs 
the number of pores that can be open. Although no experimen-
tal data regarding the fraction of open pores as a function of 
RH are presently available, the probability of RH-induced pore 
opening (i.e., in addition to the pores that are already open at 
RH = 0%) can be compared with RH-induced swelling data 
obtained for C–S–H and cement pastes based on basal spacing 
or macroscopic deformation measurements.53 Overall, we find 
that the values � = 1.3 and m = 2.0 yield a probability of pore 
opening that is in good agreement with experimental data from 
Refs. [26, 52, 53] (see Figure 3). We also adopt p0 = 10% fol-
lowing data from Ref. [53].

Note that our approach is different from that of Pinson 
et al.27 In their paper, the BET and Kelvin equations were em-
ployed to calculate the isotherm sorption curves of surface, 
gel pores, and capillary pores in the cement paste. Thereafter, 
the amount of adsorbed water by interlayer space was ob-
tained from the experimental data after removing the other 
contributions mentioned above. Then, the relation between 
shrinkage or expansion and desorption or adsorption of in-
terlayer space was discussed. The discussion indicates that 
the deformation correlates well with the isotherm sorption 
of interlayer space. Here, our approach is different since 
we explicitly model the variation in basal space C–S–H as 
a function of relative humidity (RH) based on a probabil-
ity evolution equation that describes the gradual opening of 
the interlayer spacing in C–S–H. This allows us to capture 
the contribution of the pore in the C–S–H gel, including gel 
pores and interlayer spaces, which is not easily accessible 
experimentally.

2.4  |  Volume fractions of capillary pores and 
hydration products

Since directly simulating water sorption in cement pastes 
using LDFT is unrealistic due to the multiscale nature of 
cementitious systems, we independently compute the contri-
bution of each scale to the total adsorption isotherm. This re-
quires us to model the volumetric fractions of (i) each family 
of pore and (ii) each phase in the cement paste. To this end, 
we first adopt Bejaoui's model, which offers an expression of 
the maximum hydration degree (�h) in terms of the water-to-
cement ratio (w/c, mass basis) 41:

We then rely on the improved Power's model to estimate 
the volume fraction of the hydration product ( fhy) and capil-
lary pores ( fcap). It has been suggested that the volume fraction 
of portlandite (C–H) ( fCH) is larger by 20-to-25% than that of 
the hydration product ( fhy).

51,62,63 Based on these observations 
and extant studies,64–66 the following expression is obtained:

where �h = fhy + fcap and the volumetric fraction of the C–S–H 
gel is obtained from fCSH = fhy − fCH. Finally, we express the 

(6)p = p0 +
[
1 − exp (−� ⋅ RH)

]m

(7)�h = 0.239 + 0.745tanh
[
3.62 (w∕c − 0.095)

]

(8)fhy =
0.68�h

0.32 + w∕c
, fcap =

(w∕c − 0.36) �h

0.32 + w∕c
, fCSH =

0.19�h

0.32 + w∕c

F I G U R E  3   Probability of C–S–H interlayer pore opening (given 
by Equation 6) as a function of relative humidity (RH). The data 
are compared with relative deformation experimental data based on 
C–S–H basal spacing52,53 and macroscopic cement paste swelling 
measurements as a function of RH26 [Color figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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volumetric fractions of high-density (HD) and low-density 
(LD) C–S–H ( fHD and fLD, respectively) in terms of the ratio 
of the mass of LD C–S–H with respect to the total mass of  
C–S–H (Mr)

67:

where the dry densities of HD and LD C–S–H are taken as 
�HD = 1750g∕cm3 and �LD = 1440g∕cm3, respectively.62 All 
these equations allow us to estimate the volumetric fractions of 
each family of pores in the cement paste.

3  |   RESULTS AND DISCUSSION

3.1  |  Validation by comparison with 
experimental data of cement paste

We first validate our modeling approach by comparing the 
adsorption isothermal predicted for a cement paste with 
available experimental data—since the sorption isotherm 
of the sole C–S–H gel is not easily accessible experimen-
tally. Here, the adsorption isotherm of the cement paste 
is divided into two parts: (i) the contribution of the inter-
layer spacing and (ii) the contribution of gel and capillary 
pores. The total adsorption isotherm can then be deter-
mined through the summation of these two parts, which is 
illustrated in Figure 4. To assess the ability of our lattice 
density functional theory simulations to offer a realistic de-
scription of water sorption in cementitious materials, we 
use as reference two sets of experimental data obtained by 
Bahafid et al.68 and Jennings et al.,69 as described in the 
following.

In detail, the cement paste model considers herein has 
a size of (i) 10  ×  10  nm2 (for the C–S–H sheets) and (ii) 
400 × 400 nm2 (for the gel and capillary pores)—see Figure 
4. We first consider the experimental data from Bahafid et al. 
(paste A).68 The cement paste considered therein was obtained 
with a water-to-cement ratio (w/c) of 0.44 and was aged for 
4 months. The measured pore size distribution is shown in 
Figure 5A. These data are fitted by a log-normal probabil-
ity distribution given by P(d) = 1√

2��d
exp

�
−

1

2�2
(ln (d) − �)2

�
, 

where μ and σ are the location and the shape parameters of 
the distribution, respectively, and d is the pore size). The fit 
yields some μ and σ values of (i) 4.0 and 1.6 nm for gel pores 
and (ii) 10 and 16 nm for capillary pores, respectively. As 
shown in Figure 5A, this function offers a good representa-
tion of the experimental pore size distribution and, hence, is 
used as input for the LDFT simulations. We now focus on the 
data obtained by Jennings et al. (paste B).69 The cement paste 
considered therein was obtained with a water-to-cement ratio 
of 0.45, which yields a hydration degree (αh) of 0.85. Based 
on the equations above (Equations 7–10), the volume fraction 
of the gel and capillary pores are estimated to be 21% and 
17.5%, respectively. The measured adsorption isotherms are 
fitted to obtain the pore size distribution (by relying on a log-
normal distribution), which yields μ and σ values of (i) 2.4 
and 4.0 nm for gel pores and (ii) 8.0 and 10 nm for capillary 
pores, respectively.

The sorption isotherms predicted by our LDFT simula-
tions are shown in Figure 5B. As expected, we find that the 
adsorption isotherm predicted for paste B is slightly shifted 
toward lower RH as compared to that of paste A, which 
echoes the fact that the pore size distribution of paste B is 
centered around smaller pore sizes than paste A (see Figure 
5A). This agrees with the fact that, based on Kelvin's the-
ory, small pores are filled at lower RH.27 This confirms that 
our simulations are able to capture the effect of the slightly 
different pore size distributions in the two cement pastes con-
sidered herein. Importantly, in both cases, we observe a very 

(9)Mr = 3.017 (w∕c) �h + 1.347�h + 0.538

(10)fLD =
fCSH

1 +
1−Mr

Mr

(
�LD

�HD

) , fHD =
fCSH

1 +
1−Mr

Mr

(
�HD

�LD

)

F I G U R E  4   Schematic diagram 
illustrating the separation of the sorption 
isotherm of a cement paste into the 
contributions of the C–S–H interlayer 
spacing and gel/capillary pores
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good agreement between simulation and experimental data, 
over the entire range of RH values. Overall, these results offer 
confidence in the ability of our LDFT simulation to offer a 
realistic description of water sorption in cement pastes.

The adsorption data from the second test are now further 
used to investigate the contribution of different pore types to 
the total adsorption of cement paste. The simulated results 
are presented in Figure 6. From this figure, we observe that 
the water adsorbed in the interlayer space accounts for about 
40%-50% of the total water for RH values ranging from 0.1 
to 0.7. However, this proportion decreases gradually with 
increasing RH. Specifically, we find that, at RH  =  1, the 
interlayer space contributes to only about 26% of the total ad-
sorbed water. In turn, the contribution of the capillary and gel 
pores to the total adsorbed water increases with increasing 
RH (see Figure 6). This arises from the fact that, in general, 
the large gel and capillary pore are filled at higher RH than 
those present in the interlayer space.

3.2  |  Contribution of the adsorption of  
C–S–H gel

Although using the random-pore model presented in Section 
3.1 offers a good prediction of the water sorption isotherms 
of cement pastes, it does not allow us to isolate the contribu-
tion of the C–S–H gel pores to the total sorption isotherm. 
This arises from the fact that, in this random-pore model, 
there is no clear boundary between gel and capillary pores. 
Therefore, to study the water uptake ability of the C–S–H 
gel (i.e., comprising the interlayer space in the C–S–H grains 
and the pores between the C–S–H grains) under different RH 
conditions, we adopted in the following the random-particle 

F I G U R E  5   Experimental and predicted (A) pore size distributions and (B) adsorption isotherms in two cement pastes from Refs. [68, 69] 
(Paste A) and [69] (Paste B) [Color figure can be viewed at wileyonlinelibrary.com]

F I G U R E  6   Contributions of interlayer space and gel pore 
+capillary pore to the adsorption of cement paste. The normalized 
water content is the ratio of the adsorbed water at different relative 
humidity conditions to the maximum adsorbed amount of cement paste 
(i.e., at RH =1) [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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model described in Section 2.2, that is, wherein the struc-
ture of the C–S–H gel is explicitly accounted for (see Figure 
2). In this model, the diameter of the circular C–S–H grains 
ranges from 3 to 15 nm.46 We adopt a C–S–H gel model of 
150 × 150 nm2. As an example, a typical C–S–H gel con-
figuration with a packing density of 65% is shown in Figure 
7A. This model allows us to deconstruct the total sorption 
isotherm into the contributions of interlayer spaces, gel pores 
(i.e., pores between the C–S–H grains), and capillary pores 
(i.e., the remaining large pores) in the case of the cement 
paste B (i.e., the second test in Section 3.1).

Figure 7 shows the computed distributions of adsorbed 
water in a C–S–H gel configuration with a packing density 
of 65% at RH = 0, 0.4, 0.8, and 1.0. As expected, we observe 
that, at low RH, water first fills the interlayer space and is 
adsorbed on the surface of the C–S–H grains, as well as in 
the smallest pores of the gel (see Figure 7B). At RH = 0.8, 
we observe that most of the gel pores are fully filled, while 
only the largest gel pores remain partially empty (see Figure 
7C). Finally, at RH  =  1.0, all the pores eventually filled 
with water (see Figure 7D). In addition, we note that only 
a small fraction of the interlayer space is initially open at 
RH = 0 (see Figure 7A), while the proportion of open sites 
gradually increases with increasing RH—so that most of the 
interlayer space sites are eventually open at RH = 1.0 (see 
Figure 7D).

Figure 8 shows the contribution of the C–S–H gel to 
the total water sorption isotherm in the case of the cement 
paste B (i.e., the second test in Section 3.1). The contribu-
tions of the interlayer spacing and gel pores are highlighted 
in green and blue, respectively. Notably, based on these re-
sults, we find that the C–S–H gel accounts for more than 
90% of the total sorption isotherm of the cement paste for 
RH <0.8. In this regime, the interlayer space contributes to 
around 50% of the water adsorbed within the C–S–H gel. 
This highlights the critical role played by the C–S–H gel 
(including that of the interlayer spacing within the C–S–H 
grains) in governing the sorption response of cement pastes 
at moderate RH values. In turn, we find that the contribu-
tion of the C–S–H gel to the total isotherm eventually pla-
teaus for RH >0.8 (see Figure 8), which arises from the fact 
that, in this regime, nearly all the interlayer and gel pores 
are already filled with water. Moreover, in this regime, the 
capillary pores are still gradually filled with water, in agree-
ment with the conclusions from Jennings.69 Eventually, we 
find that, at RH = 1, the C–S–H gel contributes for 60% 
of the total adsorbed water in the cement paste, wherein 
about 40% of the C–S–H gel water is presented within the 
interlayer spacing. While in Ref. [22], the saturation degree 
of the interlayer spaces was found to increase with RH (see 
Figure 6 in Ref. [22]), which is consistent with the findings 
presented in our paper, as well as with Refs. [30, 69, 70] 

F I G U R E  7   Example of C–S–H gel 
configuration with a packing density of 
65% under varying relative humidity (RH). 
Black pixels indicate solid lattice points, 
while white pixels indicate pores (i.e., within 
which water molecules can adsorb). Blue 
pixels indicate the spatial distribution of 
adsorbed water at (A) RH =0, (B) RH =0.4, 
(C) RH =0.8, and (D) RH =1.0 [Color figure 
can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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Note that, in Ref. [22] the interlayer water redistribution 
from the interlayer space to the gel pore (with a total con-
stant amount of water) is mainly induced by heating rather 
than by variations in RH (see Figure 5 in Ref. [22]). We 
consider that such temperature effects are outside the scope 
of our manuscript.

3.3  |  Effect of the packing density of the  
C–S–H gel on the sorption isotherm

Based on the C–S–H model presented in Section 3.2, we 
now further investigate the effect of the packing density of 
the C–S–H gel, which has been suggested to play a criti-
cal role in governing its sorption behavior.33 Based on ex-
perimental observations,51,67 varying gel packing densities 
ranging from 60% (wherein 64% is typically associated with 
low-density C–S–H) to 80% (wherein 74% is typically as-
sociated with high-density C–S–H) are considered.10,71–73 
Figure 9 shows the sorption isotherms of C–S–H gels with 
varying packing densities as a function of RH. Overall, we 
observe that the computed sorption isotherms tend to shift 
toward lower RH values with increasing packing density 
values. This arises from the fact that C–S–H gels associ-
ated with higher packing densities present smaller pores, 
which, in turn, tend to be filled with water at lower RH. 
In addition, we note that C–S–H gels presenting higher 

F I G U R E  8   Decomposition of the to the total water sorption 
isotherm of cement paste B (black solid line, see Section 3.1) into 
the contributions of the C–S–H grain interlayer spacing (green area), 
C–S–H gel pores (blue area), and larger capillary pores (white area). 
The normalized water content is the ratio of the adsorbed water at 
different relative humidity conditions to the maximum adsorbed 
amount of cement paste (i.e., at RH =1) [Color figure can be viewed at 
wileyonlinelibrary.com]

F I G U R E  9   Effect of the C–S–H gel packing density on (A) the adsorption isotherm of the C–S–H gel and (B) the contribution (fraction) of 
interlayer water to the total adsorbed water in the C–S–H gel. The normalized water content is the ratio of the adsorbed water at different relative 
humidity conditions to the maximum adsorbed amount of C–S–H gel (i.e., at RH =1) [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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packing densities are able to achieve a fully saturated state 
at lower RH than those associated with lower packing den-
sities. Nevertheless, we observe that the sorption isotherm 
becomes largely independent of the packing density when 
it exceeds 70% (see Figure 9A).

Figure 9B shows the fraction to which interlayer water 
contributes to the total adsorbed water in the C–S–H gel. 
Interestingly, we observe the existence of a systematic, 
non-monotonic trend. Namely, we observe that the fraction 
of interlayer water initially decreases for RH = 0.0-to-0.2. 
This can be explained from the fact that, in this regime, the 
interlayer space that is initially open tends to become filled 
with water at lower RH than the small pores of the C–S–H 
gel—so that the relative contribution of the gel pores tends 
to increase upon increasing RH values. We then observe 
that the contribution of the fraction of interlayer water in-
creases and exhibits a maximum around RH = 0.6. This can 
be understood from the fact the rate of C–S–H interlayer 
pore opening is maximum around this RH value, which 
manifests itself as an inflection point in the probability of 
C–S–H interlayer pore opening as a function of RH (see 
Figure 3). Finally, we find that the fraction of interlayer 
water eventually increases at RH > 0.9. This arises from 
the fact that, in this regime, most of the C–S–H gel pores 
are already filled with water—so that any incremental 
sorption of water arises from some residual opening of C–
S–H interlayer pores. These results reveal that the contri-
bution of interlayer water is governed by a subtle interplay 
between (i) the gradual opening of the interlayer spacing 
opening and (ii) the increasing propensity for larger pores 
to be filled with water upon increasing relative humidity.

Overall, we find that the contribution of interlayer water 
increases upon increasing C–S–H gel packing density (see 
Figure 9B). This arises from the fact that, in turn, the vol-
ume fraction of the gel pores (as compared to the total pore 
volume accessible to water in C–S–H) decreases upon in-
creasing C–S–H gel packing density. Nevertheless, we find 
that, at moderate RH (RH <0.8), the C–S–H packing density 
only affects the fraction of interlayer water in a noticeable 
fashion when the packing density exceeds 70%, whereas, in 
turn, the fraction of interlayer water hardly depends on the 
C–S–H packing density otherwise. Overall, these results il-
lustrate that the C–S–H gel packing density does, indeed, af-
fect the contributions of interlayer spaces and gel pores to the 
total sorption isotherm, albeit to a different extent in varying 
ranges of RH values.

4  |   CONCLUSIONS

In this paper, we introduce a two-dimensional lattice density 
functional theory framework to predict and deconstruct the 
water sorption isotherms of cement pastes as a function of 

relative humidity. We introduce a new equation to describe 
the gradual opening of the interlayer spacing upon increas-
ing relative humidity. As the main outcome of the work, 
this model allows us to isolate the contribution of calcium–
silicate–hydrate gel on the total water sorption isotherm of 
cement pastes, as well as those of the interlayer spacing and 
gel pores. Based on this analysis, we draw the following 
conclusions:

1.	 Despite relying on a simplified model, the sorption iso-
therms predicted by our lattice-based density functional 
theory model exhibit an encouraging agreement with 
experimental sorption data of water sorption in cement 
paste. This suggests that our model captures the core 
physical mechanisms governing water sorption in com-
plex, multi-scale porous media. Nevertheless, additional 
refinements (e.g., considering a 3-dimensional model) 
would be needed to enhance the quantitative nature of 
the present simulations.

2.	 Based on this model, we find that the pores present in the 
calcium–silicate–hydrate gel (i.e., interlayer spaces and 
gel pores) account for more than 90% of the total adsorbed 
water under moderate relative humidity (RH <0.8), which 
highlights the key role played by the calcium–silicate–
hydrate gel in governing the sorption response of cement 
pastes.

3.	 The contribution of the interlayer spacing to the total 
water adsorbed in the C–S–H as a function of relative hu-
midity is non-monotonic and is governed by the competi-
tion between the rate of interlayer spacing opening and the 
increasing propensity for water to fill larger pores upon 
increasing relative humidity.

However, in general, 2D models cannot capture the real 
3-dimensional shape of pores, which can affect water sorp-
tion in cement pastes. In addition, a 2D model may also 
misrepresent sorption hysteresis and the capillary pressure. 
Nevertheless, 2D models offer a simplified, computationally 
efficient basis to describe water adsorption in cement pastes 
under various relative humidity.
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