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ABSTRACT

This study aims to enhance moisture transport modeling by elucidating the so-called anomalous
water diffusion in cementitious materials. Water desorption isotherms are measured from
samples at various drying stages using techniques with different durations to quantify the
impact of the drying duration on the water sorption ability. A single water sorption isotherm
does not solely give a relationship between the water content and relative humidity but also
represents the state of microstructure. The continuous evolution of a desorption isotherm due
to drying-induced microstructural rearrangement is demonstrated. For numerical modeling, the

microstructural alteration can be explicitly considered through a dynamic desorption isotherm
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model, which governs the local thermodynamic equilibrium at the capillary meniscus. This
approach is implemented into a multiphase transport code, whose ability to predict drying is

validated using literature data. Finally, the effect of prolonged drying on the colloidal nature of

the calcium-silicate-hydrate gel is discussed.
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1. INTRODUCTION

Water is an inherent constituent of concrete necessary for transforming anhydrous clinker into
a solid binder connecting the aggregate. Excess water from the hydration process is later free
to evaporate under ambient conditions during the structure’s service life. As the water leaves
the porous system, compression stresses arise in the microstructure and, due to the
inhomogeneity of the concrete matrix, drying shrinkage cracks develop that compromise the
material performance characteristics. It has been demonstrated that drying affects concrete
properties on the material and structural levels [1,2], as well as alters properties of the hardened
cement paste (HCP) [3-5]. Furthermore, we recently reported that the slow drying process and
a specific type of reactive aggregate were the key factors responsible for the long-term strength
increase in massive concrete elements [6] and, ultimately, for the formation of the rare calcium-

aluminate-silicate-hydrate tobermorite mineral [7].

Due to its importance, the drying process of concrete elements has been studied since the
beginning of modern concrete research. Initially, it was attempted to describe the process as
analogous to heat transfer using a diffusion equation and a constant, material-dependent
diffusion parameter. However, if the diffusivity was deduced at the beginning of drying, the
drying Kinetics was greatly overestimated at the later stages [8,9]. Furthermore, as the
dimensions of the drying concrete element increased, the discrepancy between the predicted
and measured results also increased. Finally, a nonlinear water diffusion model driven by the
gradient of relative humidity (RH) was derived by Bazant and Najjar [10], assuming a constant
gas pressure in the porous body. In parallel with the models for the drying of concrete elements,
the theory of water transport in porous materials was developed [11-13], which allowed the
production of modern multiphase transport codes [14-18]. Modern experimental techniques

such as X-ray and neutron computed tomographies allow for real-time monitoring of the
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moisture transport in the microstructure [19,20] and comparison with numerical predictions
[21]. Although there is currently a robust theoretical basis for the description of moisture
transport in partially saturated porous materials [22], concrete, as a cement-based material,
represents a distinct type of porous medium. HCP, the binder in concrete, is primarily composed
of calcium-silicate-hydrate (C-S-H), which, owing to the wide range of pores and complex pore
connectivity, is still challenging to model and implement into multiphase programs. This
primarily results from the colloidal nature of the C-S-H gel, which, unlike elastic porous

materials, responds to the drying gradient with a permanent microstructural rearrangement.

During the hydration of HCP, different sizes of pores are formed, ranging from several
nanometers to hundreds of micrometers [23-27]. The smallest pores can be observed at the
atomistic scale of the C-S-H structural unit, while the larger gel and capillary pores result from
the imperfect growth of the C-S-H hydration products or are occupied by water excessive for
the hydration process. The interlayer distance measurements at the atomistic scale of the C-S-
H structural unit reveal that the distance between the sheets changes with the RH [28]. On a
larger scale, the overall characteristics of the bulk C-S-H gel alter due to drying [29], as
documented by the measurements of the specific surface area by SANS/SAXS [30] and
adsorption techniques [31,32]. It has been shown that the water in nanoscale interlayer pores
can be easily exchanged to micrometer scale gel pores [33], as they are divided by movable
calcium-silicate sheets [34]. Furthermore, short- and long-term measurements of desorption
isotherms or drying shrinkage give different relationships between the RH and water content or
drying shrinkage strain, respectively [35], which resembles other rheological behaviors of HCP.
A possible explanation for these phenomena may lie in a better understanding of the mechanism

in which the bulk C-S-H gel responds to the imposed drying gradients.

In recent years, several researchers have reported so-called anomalous or non-Fickian kinetics

in the drying process in cementitious materials [36—-38], which addresses the non-linear

-4 -



79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

proportionality of the decrease in water content to the square root of the drying time as predicted
by the diffusion equation, which is currently recommended for moisture transport evaluations
[39]. Typically, for the anomalous behavior, the drying samples first reach a near-equilibrium
state with the kinetics obeying the square root proportionality described above; however, the
mass of the drying sample continues to decrease, although with a much lower rate as compared
to the initial phase. The proton NMR technique can capture the ongoing changes in the pore
structure of a drying sample, and through continuous measurements of porosity during drying,
it has been proposed that the changing pore structure affects the apparent water diffusivity,
which results in the anomalous drying kinetics [40]. Similar to drying, the anomalous Kinetics
can be observed during the rewetting of severely-dried concrete samples, where this mechanism
is attributable to initial water suction into drying-induced microcracks, which later act as
reservoirs for water absorption into the cement paste adjacent to the microcracks [41]. To
numerically model the anomalous water transport, the use of a time-dependent water
permeability coefficient has been proposed [42], in addition to describing the absorption
kinetics with two constant sorptivities [41] or using the so-called dual permeability model,
which considers the concrete as a dual medium with two interconnected transport processes
[43]. Despite the recent advancements in modeling, further research is required to improve the
understanding of the underlying mechanism of the anomalous moisture behavior at the material

scale and how it relates to the moisture transport characteristics.

This study summarizes water desorption isotherm data measured by various techniques over
different time spans to formulate a unified water desorption model. This model is then
implemented into a numerical code based on a multiphase water transport model to discuss the

mechanism for the anomalous drying kinetics of cementitious materials.




102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

2. DESORPTION ISOTHERM OF HARDENED CEMENT PASTE

2 . 1. Material and methods

A desorption isotherm provides a link between the water content and equilibrium RH at a
constant temperature. Generally, the water content at a given water vapor pressure depends on
the surface chemistry of the material and the characteristics of its porous system, such as pore
size distribution (PSD) and pore connectivity. For cementitious materials, the sorption isotherm
can be experimentally obtained by several techniques, which differ based on the measured
variable and the duration of the experiment. Therefore, before proceeding to the formulation of
the proposed desorption isotherm model, the reader is provided with a brief review of different
desorption isotherm measuring methods, as a detailed understanding of the techniques is
essential for the correct interpretation of the results. The experimental data are primarily taken
from several references previously published by Maruyama and the colleagues [3,44-46]. It
should be noted that the data is all from the same casting batch of cement paste; however,
different techniques and sample pre-conditioning were adopted in the measurement protocols.
Furthermore, the characteristic sample size used for each experiment is larger than the largest
pore size intrinsic to the material, which, in the case of HCP, are the capillary pores of size in

the order of micrometers [47].

Typically, in the literature, the desorption isotherm is measured by subjecting block samples to
several RHs while periodically measuring the sample’s mass. Once the mass reaches an
equilibrium with respect to time, the water content is determined gravimetrically, and the water
content is calculated using the reference dry state. In the field of cementitious materials, the

reference dry state is commonly considered as the oven-dried state at 105 °C [3,38,48] or
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alternatively at 20 °C through equilibration above silica gel [49], vacuum-drying, or P-drying
[25,50]. The duration of the experiment depends on the thickness of the specimen; however,
due to the low permeability of cementitious materials, several months or more are generally

required to equilibrate the samples.

The entire measurement procedure can be made automatic if a thermogravimeter is coupled
with a RH generator (RH-TG). In literature, this method is also often referred to as the dynamic
vapor sorption (DVS) technique. In this case, the mass of the sample is continuously recorded,
and the imposed RH can be adjusted based on the elapsed experimental time or based on the
pre-defined equilibrium criterion. To shorten the time required for the technique, a thin block
sample of the order of a few millimeters or sample powder is often used for the test [45], and
the sorption isotherm data can be obtained within several days or weeks. On the adsorption
branch, the measurement data from the DV'S technique were compared with the results obtained
by the traditional method and it was concluded that both methods are comparable in the low
RH range; however, a discrepancy was observed above 75 % RH, probably due to insufficient

equilibration time [51].

Beyond gravimetric methods, the relation between water content and RH (here more precisely
referred to as the relative pressure of water vapor) can be obtained by the so-called volumetric
method. A pulverized sample is placed into a system of a known volume, where, at first, the
adsorption branch is measured by gradually increasing the water vapor pressure followed by a
gradual desorption process. It should be noted that the air is removed from the measurement
cell at the beginning of the analysis (producing a vacuum), and therefore, the water vapor
pressure equals the total gas pressure in the system. Knowing the volume and analysis
temperature, and measuring the water vapor pressure (therefore, the technique is sometimes
referred to as the manometric method), the water content can be calculated from the ideal gas

equation. This approach has its origin in adsorption analyses, where the obtained results are
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further used to determine characteristics of the porous space in terms of the specific surface
area (SSA) or PSD. The merit of this method lies in the duration of the entire experiment, as a
pulverized sample equilibrates rapidly, and a single measurement can be typically taken within
several hours. As has been previously demonstrated for the SSA [3,5], this approach is suitable
for studying the drying-induced changes in the colloidal nature of the C-S-H gel. Furthermore,
accurate water vapor pressure control allows the obtainment of precise and high-resolution data.
However, the drawback of this method is that a dry sample is required at the beginning of each
analysis, which inevitably induces microstructural changes associated with the first (virgin)

drying at the HCP scale.

The results presented here are for HCP samples, which were prepared seven years ago using
Japanese white Portland cement with a water-cement ratio (w/c) of 0.55 (W55). The cement
was mixed in a pan-type mixer and then further remixed to reduce the bleeding during the
dormant period. The cement was cast into 3-mm-thick molds and into molds of a larger volume
to obtain a sufficient quantity of bulk hardened paste. The fresh paste was cured in the sealed
condition for four days, and then de-molded and further cured in lime-saturated water. The
curing took place at a controlled temperature of 20 = 1 °C. At the age of 180 days, the 3-mm-
thick samples were placed into chambers with controlled RHs of 11, 20, 30, 40, 50, 60, 70, 80,
90, and 95 % at a temperature of 20 £ 1 °C. The desired RH was achieved using saturated salt
solutions. The equilibration for each RH took 12 months, after which the water content was
measured using the oven-dried technique. This set of samples is hereafter referred to as the
slowly-dried samples (SDS), and the water contents of those samples give the long-term
desorption isotherm by gravimetric method (L-T (g)) [3]. Apart from the data of samples
equilibrated for one year, we show measurements of water content after 6 months of drying for

the same samples.
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The SDS equilibrated at each RH were subjected to short-term sorption measurements by the
volumetric method (S-T (v)) after six years of equilibration. These results are nearly-equivalent
to the data published previously by Maruyama et al. [3]; however, the pre-treatment procedure
was slightly adjusted to obtain a more accurate relationship between RH and evaporable water
for the use in moisture transport modeling. As mentioned previously, the volumetric method
requires a dry sample at the beginning of the measurement. For the previous data set [3], the
pre-drying was achieved by vacuum drying the pulverized samples at an elevated temperature
of 105 °C. However, not only evaporable water is removed from the sample at this temperature,
but also some chemically bound water related to ettringite. In the cement system, one mole of
ettringite binds 32 water molecules; however, if the sample is dried at an elevated temperature,
the number of moles of water is reduced to approximately 10 — 13 [52]. These water molecules
are re-saturated at approximately 60 % RH during measurement of the adsorption branch of the
sorption isotherm, thus slightly affecting the results. Therefore, the pre-drying procedure
adopted in this study is based on vacuum drying at the ambient temperature in the experimental

room (20 — 25 °C).

Finally, as the microstructure of SDS corresponds to the state obtained after six years of
equilibration of the HCP at different RHs, the long-term volumetric (L-T(v)) desorption
isotherm can be constructed using the rapid volumetric measurement and reading the water
content at the relative pressure corresponding to the RH at which the sample was equilibrated.

Such an approach will be further discussed later in this study.

It should be noted that all the isotherm data reviewed in this study were obtained after the
equilibration criterion was met at the RH conditions or the drying kinetics became indetectable
using the instrumentation. For the long-term data [3], this was achieved by monitoring the mass
of the samples and measuring the SSA. For the short-term gravimetric data from [45], the step-

by-step desorption duration was determined based on a preliminary experiment. Finally, for the
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volumetric data, the equilibrium was checked based on the water vapor pressure variation in

the measurement cell.

2 . 2. Short-term isotherm results on SDS equilibrated for six years

The short-term sorption isotherms for the SDS as measured by the volumetric method are shown
in Fig. 1. As for the previous data [3,5], the change of the isotherm shape clearly indicates the
long-term rearrangement of the microstructure of the HCP due to prolonged drying. Two
features can be observed in the results from the saturated sample (W55-sat) to the sample
equilibrated at 50 % RH (SDS50). First, a continuous decrease in the maximum water sorption
content can be observed from W55-sat to SDS50 from approximately 300 to 200 mg/g-dry HCP.
Second, a gradual shrinking of the high RH sorption hysteresis (i.e., the difference in water
content at the adsorption and desorption branch above the cavitation point) is observed,
proportional to the decrease in the cavitation water at approximately 35 % RH. The amount of
cavitating water for the sample with a microstructure unaffected by long-tern drying (W55-sat)
was approximately 25.5 mg/g-dry HCP, lowering to 9.4 mg/g-dry HCP for the sample

equilibrated at 50 % RH (SDS50).

For SDS40 — 11, the high RH hysteresis and the amount of cavitating water gradually increased
back up to 29.4 mg/-dry HCP for SDS11. No specific trend can be seen for the maximum water
sorption content in this equilibration range as it oscillates around approximately 230 mg/g-dry
HCP. The results shown in Fig. 1 were used for the development of the desorption isotherm

model, as demonstrated later.
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Fig. 1 Water vapor sorption isotherms measured by the volumetric method using the slowly-dried
samples equilibrated at various relative humidities for six years. Both the maximum water content and
the high RH range sorption hysteresis (i.e., the difference in the adsorption and desorption branch
above approximately 0.35 relative pressure) decrease from the saturated state to the sample
equilibrated at 50 % RH. For the samples equilibrated at 40 — 11 % RH, the high range sorption
hysteresis is regained. The red line is the fit of the experimental data using the extended Guggenheim-
Andersen-de Boer (GAB) given by Eq. (1). The results of the fitting are plotted in Fig. 4.

2 . 3. Comparison of the short-term desorption isotherms

The experimental results, which span from hours to a few days, are compared in this section.

Fig. 2 compares the sorption isotherm obtained by gradual drying of a 1-mm-thick sample in
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[46] (gravimetric method) with the isotherm for sample W55-sat as measured by the volumetric
method. Due to the rapidity of the test, it is assumed that the relationship between water content
and RH is minimally affected by the colloidal nature of C-S-H in both cases. More precisely,
the microstructure of the C-S-H is not affected by the long-term drying-induced microstructural
rearrangement or it occurs in a slower time scale than the measurement itself, and therefore, it
cannot be seen. Therefore, we assume that during the short-term measurements, the water
content over the entire range of RHs is established only from the viewpoint of thermodynamics
on a porous system, which is not significantly affected by any permanent rearrangement. This
assumption is supported by a preliminary experiment, which showed a decrease in SSA for
repetitive measurements separated by 18.5 hours of approximately 1.5 %. Compared to the
reduction of SSA due to long-term drying, which can reach up to approximately 50 % of the
initial SSA [3], the rearrangement of the microstructure during the short-term measurements

seems negligible.

It can be observed that while the desorption isotherms from both methods provide different
relationships at high RH, this discrepancy is reduced with decreasing RH until approximately
35 %, below which both methods match. This discrepancy results from the fact that the
volumetric sorption measurement starting from the dry state, and thus, initial drying is required.
The first (virgin) drying induces irreversible changes at the HCP scale, which leads to a change
in the sorption properties as compared to a never-dried sample. Furthermore, considering the
steep increase in water content for the volumetric method at a RH above 90 % and that the
sample cannot be fully re-saturated (i.e., reaching 100 % RH), the initial point of the desorption

branch is shifted towards a lower water content.
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Fig. 2 Comparison of the short-term desorption isotherms obtained by the volumetric (S-T (v)) and
gravimetric methods (S-T (g)). The microstructure of the C-S-H gel is assumed to remain stable during
both measurements.

To account for the difference between the gravimetric and volumetric measurements shown in
Fig. 2, atheoretical model was formulated to address the gap in water content due to first-drying.
This first-drying (FD) model is based on a prescribed pore size distribution, which represents
the volume of pores lost due to the first drying. The water content at a given RH is calculated
assuming a meniscus between two layers of adsorbed water inside the cylindrical pores. This
method relies on the Kelvin equation and is analogous to the procedure described in [53]. In the
FD model, it is assumed that as the meniscus recedes, the pore’s volume, which corresponds to
the evaporated water, is inevitably lost. Furthermore, after the water evaporates from the
meniscus, the water adsorbed on pore walls does not contribute to the total water content, as
this water would still be captured in the experimental isotherm measured by the volumetric

method. The detailed model formulation is shown in Appendix C.

2 . 4. Long-term desorption isotherm
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In Fig. 3 (left), the short-term isotherm measured by the gravimetric method is compared with
the long-term isotherms from [3], which was measured after one year of equilibration. For
comparison, also the desorption isotherms after six months and six years of equilibration are
plotted in Fig. 3 (left). The six-year data were obtained from the volumetric measurements as

will be described later.

As has been previously reported in [3], looking at Fig. 3 (left), it can be observed that the long-
term measurements by the gravimetric method give significantly lower water content than the
short-term results. During the drying, the discrepancy begins at approximately 90 % RH and
continues through the remaining desorption range; however, from approximately 35 % to 11 %

RH, the gap between the short-term and long-term data is somehow reduced.

Comparing the six-month and one-year gravimetric data in Fig. 3 (left), it is evident how the
water content continuously decreases as the drying time is prolonged. Owing to the sample’s
thickness of 13 mm, the six-month drying provides enough time for the internal RH to
equilibrate with the external environment. Later in this paper, it will be shown based on
numerical simulations that the internal RH equilibration is achieved within several weeks of
drying. Therefore, the continuous reduction of the equilibrium water content from six months
to one/six years can be attributed to the drying-induced microstructural rearrangement, which
can be observed on the months/years time scale. A small discrepancy can be observed in the
six-month data at 11 % and 20 % RH, which show slightly lower water contents than the one-
year drying data; however, the overall trend suggests that this may originate from some

experimental inaccuracy.

As the water content in the porous material at a given RH depends on the sample’s
microstructural characteristics, such as pore size distribution, the discrepancy between the data

can be explained by a long-term microstructural rearrangement. For instance, this mechanism

-14 -



302

303

304

305

306

307

308

309
310
311
312
313
314
315

316
317

318

319

320

321

322

was documented in [3] through water vapor measurements of the SSA, which reduced by
approximately 50 % between the saturated and 40 % RH conditions. The same conclusion can
be drawn if the SSA is measured by nitrogen gas, although the SSA quantitatively differs when

measured by these two probing substances.
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Fig. 3 (left) Summary of the desorption isotherms as measured by the short-term (S-T) gravimetric
method (g) and the long-term (L-T) gravimetric and volumetric methods (v). The long-term drying
data are given at six months (6m), one year (1y), and, in the case of the volumetric measurements, six
years (6y). (right) The long-term desorption isotherm obtained from the volumetric method data of
samples equilibrated for six years at different relative humidities. The short-term volumetric
measurements of the slowly-dried sample (SDS) from Fig. 1 are shown by the dotted lines to illustrate
the construction of the long-term volumetric isotherm.

Similar to the short-term measurements, long-term (de)sorption isotherms can be obtained both
gravimetrically and volumetrically, as shown in Fig. 3 (right). The long-term volumetric
desorption isotherm was obtained using the SDS results shown in Fig. 1 by reading the water
content at the relative pressure corresponding to the respective long-term equilibration RH.
From this perspective, the equilibrium water content is established considering both the

thermodynamics and the microstructural rearrangement. The long-term desorption isotherms
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by the volumetric and gravimetric methods show a similar trend when compared in the low RH
range from approximately 11 — 40 % RH, while the discrepancy increases at the higher RHs.
Again, the lower water contents measured by the volumetric method can be explained by the
combination of irreversible changes in the microstructure on the HCP scale associated with the

first drying and incomplete saturation of the sample during the adsorption branch measurement.

Furthermore, it can be observed that in the low RH range of 11 — 40 %, the water content after
six years of SDS equilibration is lower than the original results from [3], which were obtained
after one year of equilibration. Considering that the thickness of the samples was just 13 mm,
this suggests a rearrangement on the scale of the C-S-H gel occurring on the time scale of

several years.

2 . 5. Desorption isotherm model

For numerical modeling, the sorption isotherm is often described using adsorption theory.
Similarly, as for the other porous materials, the Brunauer-Emmett-Teller (BET) method is
applicable for HCP for a RH between 5 % and 35 %. The Guggenheim-Andersen-de Boer
(GAB) method was proposed to extend the fit of the isotherm data to almost all RHs [54,55].
Unlike other relationships for capturing the sorption isotherm data summarized for instance
here [56], the parameters of the BET and GAB models can be derived based on the adsorption
theory and have physical meanings [57]. Both BET and GAB equations have been widely used
to describe the microstructure of cementitious materials in terms of the SSA. This is done by
evaluating the amount of water content that is adsorbed on a dry sample, for which, naturally,
the adsorption branch of the sorption isotherm is used. However, as this study aims to

numerically model the drying of HCP, the desorption branch is the primary concern. For this
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purpose, the sudden drop in water content (also referred to as the kink on the desorption
isotherm) was necessary to consider, which occurs at approximately 35 % RH at 20 °C. Using
the short-term sorption measurements, this rapid loss of water within a narrow range of RH was
attributed to the cavitation of the water condensed inside the gel pores of the C-S-H gel
surrounded by narrow necking interlayer spaces [44]. According to the traditional tensile
strength hypothesis [58], cavitation occurs during desorption when the decreasing RH imposes
negative pressure on the liquid phase (as can be calculated by the Kelvin equation) stretching
the condensed water beyond its ultimate tensile strength. If the size of the necking pore is
smaller than a given threshold value, the tensile strength of water is reached before the
evaporation of water molecules from the receding meniscus, and a metastable rupture develops

in the liquid phase leading to the sudden evaporation of the entire volume of condensed water.

To account for the cavitation mechanism, the GAB equation was extended with the activation

term using the logistic function. The extended GAB equation is given as

Chkwyh Ly
w = + ,
(I—kR)[1+(C—Dkh] " 1+ ekt

1)

where w and wn are the water content [mg/g-dry HCP] and the monolayer water content [mg/g-
dry HCP], respectively, C and k are the monolayer and multilayer energy constants [-],
respectively, h is the relative pressure/humidity [-], Lk is the amount of cavitating water [mg/g-
dry HCP], s« is the slope of the cavitation drop [-], which describes how well the cavitation is

localized on the desorption isotherm, and hk is the RH of the cavitation midpoint [-].

As shown in Fig. 1, Eqg. (1) can closely describe the experimental data of the short-term
desorption isotherms. The dependency of the parameters of the extended GAB equation on the
RH of the long-term equilibration is shown in Fig. 4 together with the fitting functions used for

numerical modeling.
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Fig. 4 Parameters of the extended GAB equation, Eg. (1), obtained from the short-term volumetric
data shown in Fig. 1.

2 . 6. Modeling of the microstructural rearrangement

In the previous section, the experimental results were used to demonstrate how the long-term
drying-induced microstructural changes result in a shift of the desorption isotherm towards
lower water content at a given RH. To complete the model, the kinetics, in which this change
occurs, must be formulated. Based on Fig. 3 (left), the water content at a given RH depends on
both the thermodynamic equilibrium and its duration. An analogy can be found with mechanical
systems, where the load-induced strain increases even after the initial material deformation.
Concrete under general loading conditions transfers the stress through elasto-visco-plastic
strain, while at the macroscopic scale, the viscous strain dominates the long-term strains [59,60].
The visco-elastic behavior originates from the HCP and can be assessed by small-scale

techniques at the nano/microscale scale of the material [61-63]. It is plausible to assume that
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the stresses (or their variation from the initial state) generated by water during drying would be
transferred similarly as the stresses caused by mechanical loads, and that they would thus result
in an instantaneous and viscous response. Therefore, during the course of the drying, the
microstructure alteration is time-dependent due to water-induced stresses rather than occurring
concurrently with decreasing water content. The total equilibrium at a given RH thus depends
on both the thermodynamic equilibrium and the microstructural rearrangement equilibrium,
meaning that the water content depends on the RH and the current state of the still-evolving
microstructure. In other words, by the term microstructural rearrangement, we refer to the
permanent changes in the microstructure induced by the long-term drying and not the
instantaneous strain induced by the presence of water in the porous body, which deforms the

microstructure elastically.

It is assumed that the microstructure rearranges due to the creep induced by the forces related
to the presence of water in the porous body. Thus, the change in the water content is treated as

a time-dependent process as
t
w(t) =wy+ aln (1 + ;) , (2)

where wo(h) is the initial water content [g], a(h) is the RH-dependent microstructure
rearrangement factor [g], t is the drying time [s], and 7 is the characteristic time [s].

A similar function was previously used to describe the kinetics of the creep of cementitious
materials [62,64,65]. To explore if the long-term microstructural rearrangement originates from
the stresses acting on C-S-H gel due to water-related forces, we adopted the kinetics given by
Eq. (2) to reduce the water content over the drying time. This is realized through the transition

of the short-term desorption isotherm into the long-term desorption isotherm.

The logarithmic decrease of water content with the drying time is suggested by the raw data

from the volumetric measurement method. During the measurement of the desorption branch,

-19-



408

409

410

411

412

413

414

415

416

417

418
419
420

421

422

423

424

425

426

the water vapor pressure is step-by-step decreased to remove the water molecules from the
sample and equilibrate it at different water vapor pressures. In Fig. 5, the raw data of
equilibration at target relative pressure of 0.66 is shown. Although that the equilibration
criterion set as 0.05 torr/min was met, when plotting the data in the logarithmic scale a slow
increase following the kinetics suggested by Eq. (2) can be observed at the second half of the
equilibration period. This increase in the measured water vapor pressure indicates that further

water molecules are removed from the sample thus reducing its water content.

[ S

L S g

o (6] o
T

105

10.0
o - Logarithmic function
O Measured data

0.1 10
Equilibration time[s]

Water vapour pressure [torr]

© ©
o un

Fig. 5 Logarithmic equilibration kinetics observed during a measurement by the volumetric method at
target relative pressure of water vapor of 0.66. A logarithmic function plotted in red is prescribed by
p=po+a In(t/1).

As a first approximation, the parameter z in Eq. (2) was estimated using the data shown in Fig.
3 in the range from 11 — 40 % RH, where these results correspond to ages of 3.7 — 5.7 hours,
six or twelve months, and six years for the short-term volumetric, long-term gravimetric, and
long-term volumetric data, respectively. For the short-term volumetric data, the beginning of

the desorption branch of the measurement was considered as the beginning of the drying process.
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Since the objective here is to capture the behavior on the level of C-S-H gel, the fitting was

conducted in the low RH to minimize the impact of water in larger pores. Fig. 6 (left) shows

the low RH range, where the fitting was conducted with the measured and fitted data. In Fig. 6

(right), the decrease of the water content at given RHs is shown together with the fitting

functions. The parameters of the fit were wo(h), a(h), and z. The characteristic time yielded the

final value = = 3.35 hr. It is important to point out that considering the drying time even for the

short-term desorption data, the impact of the permanent microstructural rearrangement, which

develops during the short-term measurement, was considered in the fitting of z.
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Fig. 6 (left) Details of the fitting of Eq. (2) to the available experimental data. The continuous lines
represent the desorption isotherm data from Fig. 3 and the “x” markers represent fit results at
relative humidities of 0.11, 0.20, 0.30, 0.40 for the short-term desorption isotherm and for drying
times of six months (6m), one year (1y), and six years (6y). (right) The continuous line represents the
fits of Eq. (2) and the scatter data points are the water contents at different relative humidities.

2 . 7. Desorption measurements summary
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Before proceeding to the implementation of the desorption model into a numerical model, the

main findings of the experimental section are briefly summarized.

First, in Fig. 1, the short-term sorption isotherms on the samples equilibrated for the 6 years at
different RH conditions are shown. From the saturated sample (W55-sat) to the sample
equilibrated at 50 % RH (SDS50), the total water content, high RH hysteresis, and the amount
of cavitating water gradually decrease. This suggests a reduction in the mesopore volume on
the scale of C-S-H gel. For the samples dried at RH below 40 % (SDS40 — SDS11), the amount
of cavitating water and the high RH hysteresis increase, and the measured isotherms show no
specific trends. For the fitting of the desorption branch of each isotherm, the extended GAB
equation is proposed with an activation term accounting for the cavitating water. The results of

the fitting to the extended GAB equation are given in Fig. 4.

The data measured by the volumetric method were compared with the results of the gravimetric
method. As shown in Fig. 2, in the low RH below the cavitation point, both methods give the
same results, however, in high RH range, the gravimetric methods give larger water content at
given RH since some pore volume on the level of HCP is irreversibly lost during the pre-drying

required for the measurements by the volumetric method.

As shown in Fig. 3 (left), comparing the desorption isotherm data measured in the time scale of
hours/days with the data measured in the time scale of months/years, it is shown how the water
content is reduced due to long-term equilibration at constant RH conditions. It is hypothesized
that this long-term decrease in water content is related to creep induced by the water-related
forces, which affects the microstructure of the C-S-H gel. Assuming that the long-term decrease
in water content is related to the creep of the C-S-H gel, a logarithmic kinetic was chosen to
capture it. The logarithmic Kinetics is also indicated by the raw equilibration data from the

volumetrics measurements shown in Fig. 5.
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The desorption data are summarized in Fig. 3 (left) for short-term desorption isotherm by the
gravimetric method and the long-term desorption isotherms for drying times of six months, one

year, and six years.

3. NUMERICAL RESULTS

3. 1. Numerical model description

The sorption isotherm model was implemented into a numerical code for multiphase moisture
transport, where the concrete is composed of solid, liquid, and gas phases. The gas phase is a
binary mixture of dry air and water vapor, referred to together as wet air. Under pressure
gradients, the liquid phase and wet air are transported by advection obeying Darcy’s law, while
the water vapor within the wet air moves from the region with more water molecules to the
region with fewer water molecules driven by the diffusion mechanism following Fick’s law
[22]. The derivation of the transport equations and the numerical solution using the finite

difference method is explained in more detail in Appendix A and B, respectively.

Before presenting the results of numerical validation of the desorption isotherm model, the
parameters used for the numerical modeling in Section 3 are given. The intrinsic permeability
was taken as 1-10%! m? [66], and for the relative permeabilities of the gas and liquid phases,
the van Genuchten model [13] was used with a  parameter of 2.1684 [66]. For the numerical
simulation of the concrete drying, it was assumed that the process is controlled by the HCP, and

therefore, the same parameters were used.

The model was validated against the drying data of HCP and concrete given by Baroghel-Bouny
[49], short-term [45] and long-term (i.e., SDS samples) [32] drying data of white cement paste
W55 used in this paper, and the data given by de Burgh and Foster, which exhibit anomalous
drying Kkinetics [38]. The material characteristics used for the simulation of each experimental

result given in Section 3 are summarized in Table 1. The time step was varied during the
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calculations to obtain optimum calculation speed while maintaining the convergence of the

solution. For modeling of the drying process of the larger samples used in the experiment by

Baroghel-Bouny, the maximum time step was approximately 15 minutes while, for the thin

samples used in other experiments, the time step was generally in the range from 3 to 12 seconds.

Table 1 Summary of the material characteristics used for validation of the numerical code.

experimental data

Baroghel-Bouny [49] W55: short-term W55: long-term  de Burgh and

(HCP / concrete) [45] (SDS) [32] Foster [38]
thickness [mm] 100 1 3 Vary'”3g_bztwee”
initial RH [%)] 87/93 97 97 98
. varying between varying between
0, —
drying RH [%] 50 gradual 90 — 15 95 11 03 11
temperature [°C] 20 20 20 23
porosity [%] 30.3/12.2 50.4 50.4 39.0
boundary node 19.0 1.0 3.0 0.2

spacing [mm]

3. 2. Experiment by Boroghel-Bouny

Several numerical models [66—68] were validated against the data from Baroghel-Bouny [49].

In the experiment, the cylindrical HCP (CO) and concrete (BO) samples were cured in a sealed

condition for two years prior to one-dimensional drying at 20 °C and 50 % RH. Fig. 7 compares

the numerical and experimental results of the relative weight loss with respect to the initial mass

during the drying process. These results demonstrate the general capability of the moisture
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511  transport code combined with the sorption isotherm model to predict the drying of cementitious

512  materials.

¢ Experiment HCP
O Experiment concrete
—— Numerical results (HCP, concrete)
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513 Drying time [days]
514
515 Fig. 7 Results of the validation of the numerical model against the experimental results from
516 Baroghel-Bouny [49] for hardened cement paste (HCP) and concrete samples.
517

518 3. 3. Reproducing the short-term and long-term experimental results

519

520  Second, the numerical code was validated by reproducing the experimental data used for the
521  formulation of the desorption isotherm model. It should be noted that the experimental set-up
522  has an impact on the boundary conditions of each experiment. For example, forced drying in a
523  dynamic water vapor analyzer, where a mixture of nitrogen and water vapor is directly blown
524 onthe sample, results in a steeper RH gradient at the sample’s boundary as compared to drying
525  above a saturated salt solution, where the surrounding air is quiescent. As Neumann boundary
526  conditions were implemented, where the flux through the boundary depends on the spacing of
527  the fictitious boundary node, this spacing was adjusted based on each experiment to fit the

528 initial slope of the mass loss curve.
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Fig. 8 Validation of the numerical code against the experimental data from the short- and long-term
experiments.

The short-term gravimetric experiment consisted of drying a 1-mm-thick sample subjected to a
decreasing RH from 95 % to 20 % RH in increments of 5 % every eight hours. The calculated
mass change of the sample during the short-term experiment is compared with the measured
data in Fig. 8 (left), and the experimental and numerical desorption isotherms are compared in
Fig. 8 (right) for both the short- and long-term drying experiments. It should be noted that the
short-term experiment is sensitive to the boundary conditions, and as the spacing of the
fictitious node was fitted at a high RH, its value may differ at low RH. Furthermore, the problem
was simplified as a 1D problem, although the actual sample has dimensions of 3 x 3 x 1 mm.
Regardless of these shortcomings in the numerical modeling, the obtained short-term

desorption isotherm agrees well with the experimental data mainly in the high RH range.

To reproduce the long-term experiment, the drying of a 3-mm-thick sample at different RHs
for one year was simulated. As compared to the short-term drying, the additional decrease in
the water content is captured by the numerical calculations. Although a slight discrepancy
between the numerical and experimental data can be observed, especially for a RH between 60

— 80 %, the results show additional water loss as compared to the short-term results. Importantly,

-26 -



47

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

the long-term validation demonstrates the general ability of the model to capture correctly the

moisture transport of the material with the delayed microstructural rearrangement.

3. 4. Experiment by de Burgh and Foster

A high-resolution data set showing the anomalous sorption kinetics was published by de Burgh
and Foster [38]. The HCP samples were mixed with a w/c of 0.45 and cured in the sealed
condition for more than 170 days before the desorption experiment. The mass of thin discs with
a thickness of approximately 3 — 4 mm was frequently measured during drying inside boxes
with various controlled RHs for more than 40 days. For the numerical calculations, the basic
data set measured at 23 °C was selected, which, especially in the range from 33 — 58 % RH,

demonstrates the anomalous desorption kinetics.

The numerical and experimental results are compared in Fig. 9. Quantitatively, for multiple
RHs, it can be observed that the numerical results tend to approach slightly different
equilibriums than those obtained experimentally. This may be explained by the proposed model
being developed based on the data from HCP with a higher w/c and using samples with different
curing conditions, as the microstructure of sealed-cured samples can be already affected by
drying due to the self-desiccation. In contrast, the qualitative comparison of the numerical and
experimental equilibration kinetics exhibit similar trends, clearly demonstrating the anomalous
behavior for RHs of 33, 43, 58, and 75% while being less or not apparent for 11, 85, and 93 %
RH. In this regard, the main difference is that for the numerical results, the anomalous kinetics
are less apparent at 33 % RH than at 58 % RH, while the experimental results suggest the
opposite trend. The numerical results of the sample equilibrated at 43 % RH match the

experimental data well.
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4, DiscussION

4 . 1. Kinetics of anomalous drying and the experimental scale

Fig. 10 shows a 3D representation of the numerically simulated one-year drying process of
SDS50 in terms of saturation. The 3D surface, which represents the state of the microstructure,
is reproduced based on the GAB and FD models, and a theoretical cut through the surface
perpendicular to the time axis gives a theoretical, instantaneous desorption isotherm unaffected
by the microstructural rearrangement at the scale of the C-S-H gel. The actual drying path,
which would be measured during the experiment, is represented by the continuous line together
with its projections in 2D planes as shown in dashed lines. Based on Fig. 10, it can be observed
how the saturation initially rapidly decreases due to equilibration of the internal RH in the
sample with the RH of the external environment. For this 13-mm-thick sample, this initial phase
is completed within approximately 28 days from the beginning of the drying, during which the
sample RH is lowered to approximately 51 % RH. Naturally, due to the decreasing internal RH,
this period is associated with a major drop in saturation. Once the internal RH is nearly in
equilibrium with the external RH, the decrease in saturation continues at a much lower rate;
however, an additional decrease in saturation of 6.8 % occurs over the remaining eleven months
of the experiment. As the total one-year saturation loss is 46.3 %, the additional drying after 28

days represents approximately 14.7 % of the total water loss.
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Fig. 10 The numerical reproduction of the one-year drying of the slowly-dried sample at 50 % RH
(SDS50). The initial drying phase associated with the major decrease in saturation occurred within
the first 28 days; however, the continuous loss in saturation over the remainder of the simulation
accounts for the additional saturation loss of approximately 6.8 %.

The long-term continuous loss of water was recently addressed in several studies. The mass
change of the drying sample not reaching equilibrium after the initial rapid drying, and the non-
linearity of the long-term decrease in water content with the square root of time rule as predicted
by the diffusion equation, are typical manifestations of the so-called anomalous or non-Fickian
diffusion [36]. This phenomenon has been observed in several experimental data sets [37,38],
which have typically aimed to rapidly obtain the desorption isotherms using small-scale
samples. As demonstrated in Fig. 10, for a sample with a small drying thickness, the internal
RH equilibrates quickly, which causes the anomalous kinetics to be observable. Alternatively,
if a larger specimen is used for the experiment, the initial phase of RH equilibration is long and
a depth-wise gradient is formed through the sample. As the Kinetics of microstructural
rearrangement is modeled here using the logarithmic function, its rate decreases over time,

which would hinder the anomalous kinetics in larger specimens.
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The relationship between water content and RH is crucial for many engineering applications.
For example, drying causes a variation in strength at both the material [2,3,5,69] and structural
scales [1]. The internal RH is important for evaluating the risk of occurrence of the alkali-silica
reaction [70-72]. Furthermore, drying was recently identified as the mechanism that controls
the development of long-term mechanical properties due to the feldspar-HCP reaction inside a
Japanese nuclear building [6,7]. Therefore, for engineering applications, the rapid
measurements on small samples may neglect the long-term decrease in water content associated
with the drying-induced microstructural rearrangement, and thus do not provide a reliable

relationship for evaluating the drying of actual concrete structures.

4 . 2. Mechanism of the long-term rearrangement of C-S-H gel

Many studies have suggested the rearrangement of the HCP microstructure upon drying.
Furthermore, as demonstrated in the present study, the duration of the drying plays an important
role, as the microstructural rearrangement is a rheological phenomenon. Little attention is given
to the actual driving force, which alters the microstructure in the long-term. For a dynamic
change in the desorption isotherm, the kinetics are described as analog to the creep of concrete
under mechanical loads. It is well established that the creep of HCP originates from the
amorphous C-S-H gel, as has been confirmed by mechanical methods such as nanoindentation
[61-63]. During such experiments, the indenter’s tip generates mechanical stress, which causes
instantaneous and delayed deformation. Similarly, the stress in the bulk C-S-H gel can be
generated by water-related forces as the receding capillary meniscus subjects the gel to
compression. In this context, the capillary forces should not be limited to acting in only the so-

called capillary pores, which is the concept proposed by Powers [73] for pores related to the
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volume of excess water for the hydration process, but also in smaller pores originating from the
imperfect growth of the hydration products. These so-called gel pores, which can be further
divided into small and large gel pores [47], are intrinsic to the growth of the C-S-H hydration

products, and their width allows water condensation and the formation of a capillary meniscus.

As documented by the Kelvin equation, the compression generated by the capillary pressure
increases with decreasing RH in the porous body. Recently, it has been shown that emptying of
the gel pores is delayed due to narrow interlayer spaces between the sheets of C-S-H and that
the gel water is evaporated through the cavitation mechanism [74]. Furthermore, the close
relationship between the gel and interlayer has been observed in the exchange in water [33],
which is in line with the Feldman and Sereda model [24] as well as with more recent structural

models of C-S-H gel [34,75].

Considering the stress state of the bulk C-S-H gel during drying, the compression also arises
from the interlayer pores. The distance between two C-S-H sheets is not constant during drying.
For well-ordered C-S-H, the distance of approximately 1.40 nm between two sheets at the
saturated state reduces to 1.13 nm at the dry state [28], and can be, at least partially, restored
during rewetting. This process is driven by the high affinity of water molecules to the solid
skeleton, which leads to the disjunction of the C-S-H layers. Once the water is removed from
the interlayer space, the disjoining force is relieved, and the interlayer distance closes. In the
case where several layers are stacked one after another, a compression in the bulk volume can
be generated during the drying if the compression pressure is not relieved through detachment

of the layers at a certain place.
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Fig. 11 Results of the numerical simulation of the drying process of the slowly-dried samples (SDS)
together with a schematic representation of the state of the bulk C-S-H gel. The end of the drying
process is marked with filled red circles, which are projected to the water content-RH plane.

The state of the bulk C-S-H gel is shown schematically in Fig. 11 together with the numerical
results of the drying process of the SDS, where the initial state of the bulk C-S-H gel prior to
drying is depicted as State |. Regardless of the origin of the pressure, the bulk C-S-H gel is
under compression during drying, as described previously. In the short-term drying experiment,
the compression of the bulk C-S-H gel results in an instantaneous deformation in both the liquid
and solid phases. Neglecting the irreversible changes at the HCP scale, the bulk C-S-H gel
behaves nearly elastically during the short-term drying as shown by State Il in Fig. 11. In the
long-term, if the compression stress is not relieved, the confined water leaks from the bulk C-
S-H through narrow interlayer spaces. The state of the water in such narrow interlayer pores
differs widely from that of bulk water since the interlayer water has much higher viscosity [76],
which explains the slow rate of the microstructural rearrangement. Similar to the effects of

long-term mechanical stresses, the long-term drying induces a viscous response in the bulk C-
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S-H gel. Such behavior is illustrated as State 1l in Fig. 11. Furthermore, this interpretation is
supported by recent studies, which have shown for well-dried samples that the layers/sheets of
C-S-H behave elastically in all directions [77], which suggests that the plastic deformation
associated with the drying-induced long-term microstructural rearrangement is accumulated in
the volume previously occupied by the gel water. In other words, the interlayer space between
the C-S-H changes due to drying, while its behavior is completely elastic and the long-term

microstructural rearrangement is associated with gel pores.

In the RH range below the cavitation point, the interlayer water content is continuously reduced
and the distance between the C-S-H sheets decreases [28], which increases the mechanical
stiffness of the bulk C-S-H gel as has been documented by microindentation experiments [4,78].
Therefore, during drying, this increase in the stiffness stabilizes the microstructure of the bulk
C-S-H gel at the low RH. This can explain the drying kinetics in Fig. 9, where the anomalous
drying is apparent in the range from 33 % to 58 % RH, but is less visible for the drying at 11 %
RH. From this perspective, the water content in the interlayer space governs the rate of

microstructural rearrangement.

The hypothesis that the drying-induced microstructural rearrangement originates from the long-
term compression of the bulk C-S-H gel is further supported by the decreases of the high RH
hysteresis and cavitating water content captured by the short-term sorption isotherms for
samples from W55-sat to SDS40, as shown in Fig. 1. Once the compression stresses acting on
the bulk C-S-H gel are absent, the gel volume is partially regained, as documented by the
increase in the high RH hysteresis as well as the cavitating water content in the range of SDS11-
40. The removal of water-related compression on the bulk C-S-H associated with an increase
in the gel pore volume is depicted as State 1V in Fig. 11. Finally, it should be noted that even
the viscous portion of the bulk C-S-H gel rearrangement can be reversed, as was shown using

samples that were first dried for several months and then re-humidified at a high RH [79].
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For engineering purposes, the drying is often evaluated using the apparent water diffusion
coefficient, which combines the contributions of each transport mechanism of the multi-phase
model into a single RH-dependent coefficient. To account for the drying-induced
microstructural rearrangement, Eq. (2) implies that the apparent water diffusion coefficient is

not only a function of RH but depends on the RH history and the drying time.
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5. SUMMARY AND CONCLUSIONS

The water desorption isotherms of hardened cement paste measured by different techniques
were reviewed and analyzed in this study. Comparing techniques with different experimental
durations demonstrated that the water content depends on both the relative humidity and
ongoing changes in the porous system’s characteristics such as the specific surface area. In
other words, if a sample is subjected to drying conditions, the water content in the material is
established considering both the thermodynamic equilibrium and microstructural
rearrangement. The microstructural rearrangement rate is slower than the advection/diffusion-
driven drying due to slow water flow through narrow C-S-H interlayer spaces, which causes a

delayed decrease of water content at a nearly constant relative humidity.

For ease of numerical modeling, rapid desorption isotherms measured on samples with a well-
equilibrated microstructure were fitted with the GAB equation extended by an activation term
that accounts for the sudden decrease in water content due to cavitation. The extended GAB
equation can fit the measured desorption isotherm throughout the entire range of tested relative
humidities well. This desorption isotherm model was implemented into a multiphase water
transport code to model the drying kinetics of hardened cement paste. The numerical results
agree well with both the short- and long-term experimental data. Furthermore, the results
demonstrate anomalous desorption behavior mainly for the samples dried in the range from 33

to 58 % relative humidity, which agrees with the experimental observations.

The results presented in this study suggest that the anomalous desorption kinetics of hardened
cement paste originates from the colloidal nature of the bulk C-S-H gel, which is continuously

altered by the compression forces related to the presence of water in the porous body.

-36 -



736

737

738

739

740

741

742

743

744

745

746

747

748

CREDIT AUTHORSHIP CONTRIBUTION STATEMENT

Jiti Rymes: methodology, software, validation, investigation, writing - original draft,

visualization

Ippei Maruyama: project administration, supervision, conceptualization, methodology, funding
acquisition, writing — review & editing

Abudushalamu Aili: validation, methodology, writing — review & editing

ACKNOWLEDGMENTS

This work was conducted with the financial support of Grant JSPS Kakenhi 18H03804 and in
collaboration with Chubu Electric Power Co. Inc. The authors thank prof. Matthieu Vandamme
(Ecole des Ponts ParisTech) for fruitful discussions on the topic of creep mechanism and for

initiating the analysis of kinetics data from the volumetric measurements.

-37-



749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

APPENDIX A: MOISTURE TRANSPORT MECHANISM

Concrete is assumed here as a multiphase medium composed of solid, liquid, and gas phases.
Furthermore, the solid phase is comprised of aggregate and HCP, and the gas phase is assumed
to be a binary mixture of dry air and water vapor, referred to together as wet air. The transport
mechanisms of each phase in such a multiphase system have been well described in the
literature [e.g., 1,2]. Under pressure gradients, the water in the liquid phase or the water vapor
molecules in the gas phase are transported by the advection mechanism, obeying Darcy’s law.
If there is a gradient in relative humidity (i.e., uneven distribution of water molecules within
the wet air), the water molecules will diffuse from the dense to the less dense regions according
to Fick’s law. It is worth mentioning that this approach does not explicitly assume the validity
of the atmospheric pressure hypothesis [67], i.e., the total gas pressure in the porous body does

not necessarily equal the atmospheric pressure.

The general mass conservation law for fluid i is given by

dp; .
6_tl +V(piv) =4, A1

where t is the time [s], p; is the density of phase i [kg/m®], viis the velocity of phase i [m/s], &;
is the volumetric mass generation of phase i [kg/m?/s], and the index i denotes either the liquid

phase (I), water vapor (v), dry air (d), or wet air (w). For the water transport, the right-hand side
term in Eq. (A.1) represents an evaporation flux, which is positive if the liquid evaporates and

negative for condensation. Hence,

Sév = éevp = - écon ’ (A2)
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where éevp and £,,,, represent the volumetric evaporation and volumetric condensation

[kg/m?/s], respectively. The mass concentrations (volumetric masses) of each phase in the

porous body can be determined based on their occupancy of the common porous space, given

as
m=p @S, (A.3)
My, =py (1=, (A4)
m,=p, (-5, (A.5)

where m; is the mass concentration [kg/mq], & is the porosity [-], and S is the saturation [-].

An advection transport of a fluid through a porous system due to a pressure gradient describes

Darcy’s law, which states for the liquid phase and wet air,

K A.6
05v =~ ki grad(p,) , (A-6)
l

0 (1—5) vy = —nﬁ K grad(py) | (A7)

w
where K is the intrinsic (absolute) permeability of the porous system [m?], ki is the relative
permeability of phase i [-], ni is the dynamic viscosity of phase i [Pa-s], and pi is the pressure of

phase i [Pa]. Finally, diffusion governs the mass transport of water vapor within wet air,

described by

0= v, =015 vw—CLfD grad(g—”), (A8)

w

where D is the water vapor diffusion coefficient [m?/s], Ci is the molar fraction of phase i
[mol/mol], and fp is the resistance factor of the diffusion process [-], which depends on the
tortuosity of the diffusion path and for practical calculations can be evaluated as a function of

dand S [67].
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In case of a 1D problem, inserting Eq. (A.6), (A.7), and (A.8) into Eq. (A.1) and substituting
for mass concentrations from Eq.(A.3), (A.4), and (A.5) results in three transport laws for liquid

phase, wet air, and water vapor:

om, 0 K = op (A.9)
It ox (Pla"la)‘few :
om, 0 K = dp, (A.10)
9t ox (Pw—w "Wa—x)+fevp :
C

omy O\, Ky OPw, D fa(v/CW) . (A11)
at - ax p‘U T’W w ax pU (Cv/ ) D ax evp .

Cw

where X is the distance coordinate [m].

The governing equations are completed by the two equations of state. First, the thermodynamic

equilibrium at the capillary meniscus is expressed as

P =DPw — DPc » (A.lZ)

where pc is the capillary pressure at the meniscus [Pa], which is given by the well-known Kelvin

equation as

pRT 2
De = — ln( ) , A.13
¢ Ml Psat ( )

where R is the ideal gas constant [J/K/mol], T is the absolute temperature [K], M is the molar
mass of water [g/mol], and psat is the saturation pressure of water vapor [Pa]. The second
equation of state is the sorption isotherm of the material, which relates the water content and
equilibrium water vapor pressure at a given temperature. It can be given either in terms of water

content or in terms of saturation as

my(py, T,t) or S(p,,T,t) , (A.14)
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APPENDIX B: NUMERICAL IMPLEMENTATION

The multiphase model was implemented using the finite difference method (FDM) with central,
second-order accurate spatial discretization and fully explicit, first-order accurate time
discretization. Neumann boundary conditions were used to describe the flux of each phase
through the boundary using the fictitious node concept. In this approach, the boundary flux
depends on the gradient between the boundary node and the external environment, while the
spacing of the fictitious nodes is a fitting parameter depending on experimental conditions such
as the velocity of the surrounding air and surface roughness. For each set of experimental data
used for the validation of the numerical code in Section 3, the spacing of the fictitious nodes

was determined by fitting the initial slope of the mass loss curve.

The multiphase approach for solving the moisture transport is strongly nonlinear due to the
interaction between the liquid and the gas phases. As the liquid phase moves through the porous
space, the gas pressure dramatically changes due to the volume being emptied or filled by the
liquid phase. The solution method given here is based on Problem Il in [68]. The convergence

is achieved using a staggered iteration routine with two nested loops.

The computational algorithm is schematically illustrated in Fig. B.1. First, the advection flow
of the wet air and the water vapor diffusion are calculated within the inner gas iteration loop
according to the Eq. (A.10) and (A.11), respectively, until the thermodynamic equilibrium from
the viewpoint of Eq. (A.12) is satisfied. The convergence is achieved by adjusting the
evaporation flux. The sum of Eq. (A.9) and (A.10) gives the total mass conservation, which is
solved within the mass conservation iteration loop. In the third step, the global convergence
between the inner gas loop and the inner total mass conservation loop is checked using the

sorption isotherm model represented by Eq. (A.14), and the thermodynamic equilibrium at the
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821  capillary meniscus is evaluated from Eq. (A.12). The global convergence between the two inner

822 iteration loops is achieved by adjusting the evaporation flux.
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825 Fig. B.1 Algorithm for the numerical solution of the moisture transport.
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APPENDIX C: FORMULATION OF THE FD MODEL

It is assumed that the pores, which are irreversibly lost due to the first drying (FD), are
cylindrical with various radii following the Rayleigh distribution curve,
_(rep—Ro,rp) (C.1)
fpp) =2 (rFD - RO,FD) e 20fp )

where rep, Rorp, and orp are the radius [nm], the smallest pore radius [nm], and the scale
parameter [nm] of the FD model, respectively. The choice of this distribution is motivated by
its ability to capture non-symmetric data and its well-defined limits. Furthermore, this function
was used by other investigators to fit the pore size distribution [80,81]. The saturation of the
FD pores is given by

o)

3
Sep(Tep) = lpp 0 f (ep )2 drpp = lpp T2 01?0 ) (C.2)
Ro

where Srp is the saturation of the FD pores and Irp is the total length of the FD pores [nm]. The

maximum saturation of FD pores must be 1, and thus Irp yields to

lpp = — . (C.3)

Substituting Eg. (C.3) in Eq. (C.1) gives the distribution function for the saturation of the FD

pores in the form of

2 —R 2
4 (TFD - RO,FD) 6_% (C.4)
VT ogp .

Spp =

A cylindrical pore of a given diameter remains saturated until there is a meniscus on the liquid

phase. Therefore, the volume of saturated FD pores at a given RH can be evaluated by
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integrating over the pores, which have a smaller radii than the largest pore with a water

meniscus. Therefore,

2 R 2
S0 = f * 2o Ror) e_% dr
RoFD \/E O-I~§D
(C.5)

R Re

. 2 (RO FD —R ) ( OF: ) (RC - RO,FD)

= FD erf| ————]| ,
VT Opp 0

FD

where R is the critical pore diameter [nm] and erf is the error function. The theoretical model
assumes that as the meniscus recedes due to decreasing RH, the FD pores collapse and no longer
contribute to the water content. This does not agree with the actual situation, as even though
some pore volume is lost due to the pore collapse, the water can still be adsorbed on the walls
of these pores, thus adding to the total water content. However, as the FD model is combined
with the experimental data, the water adsorbed on the walls of the collapsed pores is not
considered by the theoretical model since the experimental measurements would already

capture this adsorption.
The critical pore diameter, where a meniscus is still present at a given RH, is given by
R, =1 +tags (C.6)

where r is the radius of the meniscus between the liquid and gas phase [nm], and tags is the
thickness of adsorbed water on the pore wall [nm]. The meniscus is described by the Kelvin

equation as,

RT
Ap = In (pvap> , (C.7)
V20 Psat

where R is the universal gas constant (J/K/mol), T is the absolute temperature (K), V n20 is the
molar volume of water (m3/mol), pvap is the water vapor pressure [Pa], psat is the saturated water

vapor pressure [Pa], and Ap is the pressure difference between the liquid and vapor phases [Pa],
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which can be found using the Young-Laplace equation. In the case of a spherical meniscus in a

cylindrical pore

1 _I_l) _ 2 Yu20
Tk

iy (ne=r=r) , (C.8)

Ap =VYuz0 (

where yn20 is the surface tension of water [N/m], and r1 and r2 are two equal principal radii of

the spherical meniscus [nm]. By combining Eq. (C.7) and (C.8), rk can be found as

a function of RH as

_ 2Yn20V 120
RT In(B2)

Psat

e (C.9)

The second term in the right-hand-side of Eq. (C.6) can be calculated based on the number of

adsorbed water layers n [-] and the thickness of a single water layer tH2o [nm] as

(C.10)

taas = Ndpzo

where dH2o depends on the surface-covering cross-section of a water molecule and the density

of bulk water, and is given as

Ay = V20 _ My20 ’ (C.11)
Su20 Na Puzo Suzo Na

where Sh2o is the surface-covering cross-section of a water molecule [m], Na is the Avogadro
constant (mol™?), Mo is the molar mass of water [g/mol], and prz0o is the density of liquid

water [g/m?®].

Finally, assuming that the water covers the surfaces of the first drying pores in the same manner
as in the rest of the HCP, the number of adsorbed water layers can be evaluated using the GAB

equation as
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w Ckh
n=—

_ _ (C.12)
w,,  (I—kR[1+(C—1)kh]

If the GAB and FD models are combined, the total water content at a given RH can be calculated

as
W = Wgap + Wpp (C.13)

where Weas and wep are the water contents [mg/g-dry HCP] given by the GAB and FD model,

respectively. The total pore saturation based on the GAB and FD models gives
S =Scap(1 — @pp) + SrpDrp (C.14)

where S and Sgp are the total and FD pore saturations [-], respectively, and Zrp is the relative

volume of FD pores with respect to the total porosity [-].

For the numerical results presented in chapter 3, the total volume fraction of FD pores was taken
as 0.156, Rorp = 0.75 nm, and orp = 1.4 nm. These values were obtained by comparing the
water content given by the sum of the extended GAB and FD models with the experimental

data.
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