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Abstract

This paper forms the second part of a series. In this second part, transport properties are theoretically and experimentally studied on various
hardened cementitious materials, in order to evaluate the influence of some parameters (degree of saturation, mix-composition, …). Water vapour
and moisture diffusion coefficients, as well as liquid water or gas permeability, as a function of the degree of saturation can be assessed from water
vapour sorption experiments along with a complementary test, a numerical model and/or analytical formulas. Here, the analysis focuses in
particular on the meaning of the various coefficients obtained by different methods. The results point out that, owing to the complex phenomena
that take place during drying–wetting processes and to their moisture history dependency, inadequacy can arise between the diffusion coefficients
involved in the theoretical description and those actually measured. Moreover, the concept of intrinsic permeability, independent of the permeating
fluid, does not seem relevant for cementitious materials when liquid water is regarded, except maybe for highly permeable ones.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

All of the possible deterioration mechanisms, even endog-
enous, that may affect the durability of reinforced concrete (RC)
structures involve either gaseous or liquid (e.g. ionic) transport
processes. As far as reinforcement corrosion is concerned, the
transport of carbon dioxide gas, oxygen and chloride ions can
be involved, in addition to that of moisture. As regards alkali–
silica reaction, alkaline, calcium and silicate ions are involved.
These processes (particularly their rate) and their couplings are
controlled, not only by the “pure” transport properties of the
material (reflecting the pore structure), but also by the fluid-
matrix interactions (water sorption, chloride binding, …) owing
to the high reactivity of the solid matrix of concrete to water and
to various species. Both types of parameters will hence play a
central role in the quantification and the prediction of durability
of RC structures.
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It has been shown in the first part of the paper series [1] that
water vapour desorption and adsorption experiments provide:

• the “equilibrium” moisture properties, more exactly the so-
called water vapour desorption and adsorption isotherms
(WVSIs), which plot the equilibrium mass water content of
the (hardened) material vs. relative humidity (RH), at a
constant temperature,

• the pore structure characteristics of the (hardened) material,

and thus allow an accurate analysis of the hygral behaviour of
hardened cementitious materials and its relation to pore
structure.

Water vapour desorption and adsorption experiments can
also provide transport properties (permeability and diffusion
coefficients). For example, the apparent moisture diffusion
coefficient can be directly deduced with some assumptions (see
Section 3.2) from the analysis of the plots which give the
relative mass loss vs. time (so-called kinetics) associated with
each RH step performed to assess WVSIs by means of the
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Table 1
Mix-composition and compressive strength of the concretes

Series (cement) reference 2 3 4

Material reference BO BH M25 B80-S B30-A

Gravel (G) content (in kg m−3)
(min/max grain size in mm)

1192
(4/20)

1265
(4/20)

1007
(5/20)

980
(6/14)

1075
(4/20)

Sand (S) content (in kg m−3)
(min/max grain size in mm)

744
(0/5)

652
(0/5)

899
(0/5)

790
(0/4)

764
(0/4)

Cement (C) content (in kg m−3) 353 421 230 420 350
Silica fume (SF) content
(in kg m−3)

42.1 35

Water (W) content (in kg m−3) 152 112.3 193 147 175
Superplasticizer content
(in kg m−3)

7.59 7.28

Water-to-cement ratio (W/C) 0.43 0.27 0.84 0.35 0.50
Water-to-binder ratio (W/B) 0.24 0.84 0.32 0.50
Silica fume to cement ratio
(SF/C)

0.10 0.08

Gravel-to-sand ratio (G/S) 1.6 1.9 1.1 1.2 1.4
28-day cylinder average
compressive strength (in MPa)

49.4 115.5 25.1 85.3 37.5
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saturated salt solution method described in [1]. The apparent
moisture diffusion coefficient is the global and moisture-
dependent transport coefficient involved in the non-linear
diffusion-type equation (Fick's second law), which governs
moisture transport in partially saturated and non-steady state
conditions. The component associated with water vapour of this
apparent moisture diffusion coefficient, according to the usual
description of isothermal moisture transport (which assumes in
particular a constant gas pressure), can also be assessed from the
WVSI (integral moisture capacity) or its slope (differential
moisture capacity) and by performing a “cup test” (see Section
3.3). In addition, the relative permeability to liquid water (see
Section 4.4) and to gas (see Section 5.3) can be deduced from
WVSIs thanks to analytical formulas proposed in the literature.

The present paper is devoted to the assessment of transport
properties of hardened cementitious materials. Various cement
pastes and concretes are tested. The results obtained by means of
differentmethods, in particular those previously described, which
involve water vapour sorption data, are compared and discussed.
The effect of the degree of liquid water saturation is studied. In
addition, the similarities and the differences between the different
materials are investigated, in particular the influence of mix-
parameters such as the water-to-cement ratio (W/C). Moreover,
the analysis focuses on the meaning of the coefficients obtained
by the various methods. The possibility to assess intrinsic data is
investigated. It is indeed of primary importance to be able to
assess transport properties by means of well-defined test
methods, and to correctly understand the meaning of the
parameters thus quantified, in order for example to use them as
input data in physically and chemically based predictive models.

2. Materials tested

Several cement pastes (referenced CP, CN, CO, and CH) and
concretes (referenced BO-AF, BO-SN, BO, BH, M25, B80-S,
and B30-A) with:

• various type-I OPCs (CEM I- 52.5, according to the EN 197-1
European standard),

• a broad range of water-to-cement ratios: W/C ranges from
0.20 to 0.84,

• possible incorporation of silica fume (SF): SF/C ranges from
0 to 0.10,

have been studied in laboratory.
Themixture proportions of the concretes and the cement pastes

are summarized in Tables 1 and 2 respectively. The series
numbers defined in [1] are reported in the tables. For a given
series, the constituents (cement, silica fume, and aggregates) are
the same. The aggregates were dried before mixing. The miner-
alogical composition, calculated by Bogue's formula from the
chemical composition, and the Blaine fineness of the cements
used are given in Table 3. Some of the mixtures (CH, BH, and
B80-S) are high performance (HP) materials: they are prepared
with a low W/C, with silica fume, and with superplasticizer. The
silica fume was added as dry powder. The chemical composition
of the silica fumes used and their BET specific surface area
(measured by nitrogen adsorption) are given in Table 4. Note that
the mixture B80-S has been used for the building of a bridge in
France (“Sens Bridge”): the sorption experiments (see [1]) were
therefore performed on specimens prepared from cores extracted
from the inner zone of this bridge. The concretes BO-AF and BO-
SN (series 2⁎) are not reported in Table 1, since their constituents
and mix-composition are similar to those of BO (series 2). Only
the cement (see Table 3) and the initial water content are slightly
different. The respective W/C are 0.49 and 0.44.

3. Water vapour and moisture diffusion coefficients —
definitions, measurement, experimental results and
interpretation

3.1. Influencing parameters

3.1.1. Introduction
Diffusion coefficients are theoretically and experimentally

studied in Section 3, in order to clarify the meaning of the
coefficients quantified by various techniques and to investigate
the influence of some parameters.

The physical (and possibly chemical) processes involved in
moisture diffusion may vary with the test method used to assess
a parameter which characterizes this transport. Therefore, vari-
ous methods may yield theoretically different transport coeffi-
cients, whose physical meaning will mainly depend on the
saturation state of the test specimen, the nature of the gradient
(driving force), the scale at which the measurement is per-
formed, and the test conditions (steady or non-steady-state
regime). Here, the problem is more complicated than in the case
of ionic diffusion for example, since the presence of both liquid
and vapour phases has to be taken into account.

3.1.2. The saturation state
The saturation state is a first parameter that allows the

methods to be distinguished. During a diffusion process in



Table 2
Mix-composition of the cement pastes

Series (cement) reference 2

Material reference CP CN CO CH

Water-to-cement ratio (W/C) 0.60 0.45 0.35 0.20
Water-to-binder ratio (W/B) 0.60 0.45 0.35 0.18
Silica fume to cement ratio (SF/C) 0.10
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saturated conditions, the pore network of the material is filled
with the liquid phase. As regards water, this is the case when the
(air-void free) test specimen is in contact with a liquid reservoir
or when it is in equilibrium with an environment whose vapour
pressure is greater or equal to the equilibrium pressure
calculated with respect to the biggest pores of the material
through the Kelvin equation (see Eq. (11) in Section 3.4.1).
Moisture diffusion in non-saturated conditions occurs when the
pore volume is only partially filled with the liquid phase. This is
the case when the test specimen is (locally) in equilibrium with
an environmental water vapour pressure lower than the
saturating vapour pressure at the considered temperature. As
described in [1], in this case the non-saturated-pore walls are
covered with an adsorbed water layer, whereas the empty cores
are filled with a dry air and water vapour gas mixture. The
moisture transport mechanism then involves both the gas and
the liquid phases.

3.1.3. The nature of the gradient (driving force)
Two types of water diffusion process are usually distin-

guished, depending on the presence of a water content gradient
(“chemical” gradient). As regards self-diffusion of water, the
test methods consist in monitoring the random movements of a
population of (isotopically, magnetically, …) marked indivi-
duals, but chemically indiscernible from the non-marked
individuals (see Section 3.2.3 and [2]). At the macroscale, the
water content is the same at any location in the test specimen
(saturated conditions). As far as “chemical” diffusion is
concerned, the water movements result from a water content
gradient. Various types of boundary conditions can yield such a
gradient: for example an RH imbalance between the two sides
of a test specimen (see Section 3.3).

3.1.4. The measurement scale
Moisture diffusion can be considered at both the macro-

scopic and microscopic scales. Measurement at the microscopic
Table 3
Mineralogical composition and Blaine fineness of the cements

Series Content (%)

C3S C2S C3A C4AF Gypsum

2 57.3 24.0 3.0 7.6 4.4

2⁎ 63.9 15.0 3.8 5.4 4.8

3 57.6 17.8 2.2 12.6 6.2

4 59.1 14.5 9.1 9.0
scale will quantify the diffusion process only at the pore scale.
In the extreme case of a method which allows a measurement
within a single saturated pore, sufficiently large so that the effect
of the molecule-wall interaction on water mobility is negligible,
one should find the self-diffusion coefficient of free water (more
exactly of the pore solution) [2]. In the case of macroscopic
measurement, the parameter that characterizes diffusion is
measured at a length scale equal or higher than the size of a
Representative Elementary Volume (REV) of the porous
medium. The result will then include the porosity and the
geometry of the pore network. In the present paper, for practical
relevance, the moisture transport will be described and the
transport properties will be measured only at the macroscale.

3.1.5. The steady or non-steady state conditions
Tests can be performed under steady or non-steady-state

conditions. Under steady-state conditions (constant flux
density), Fick's first law is generally used to directly assess
an effective diffusion coefficient (see Section 3.3). Under non-
steady-state conditions (flux density variable as a function of
time), it is necessary to solve Fick's second law, in order to
assess an apparent diffusion coefficient (see Section 3.2).

3.2. 1-D isothermal moisture transport at the macroscale in the
partially saturated pore network under non-steady-state
conditions — apparent moisture diffusion coefficient

3.2.1. Usual approach and methods of assessment of the
apparent moisture diffusion coefficient Da

Under non-steady-state conditions, in cementitious materials
assumed as a porous medium partially saturated by the liquid
phase, the isothermal moisture transport is usually described at
the macroscopic scale by using Fick's second law (also known
in this case as Richard's equation). In a 1-D scheme, the
various formulas proposed in the literature (see for example
[3,4,5,6,7,8,9,10]) yield writing a single non-linear diffusion-
type equation (Eq. (1)), which governs the evolution of the
degree of liquid water saturation Sl:

ASl
At

−
A

Ax
DaðSlÞASl

Ax

� �
¼ 0 ð1Þ

where Da(Sl) denotes the so-called apparent moisture diffusion
coefficient.
Blaine fineness
(m2 kg−1)

CaCO3 Free CaO Alkalis

1.8 0.53 Na2O=0.43 317
K2O=0.43

2.7 0.99 Na2O=0.19 320
K2O=0.26

2.0 0.71 Na2O=0.12 355
K2O=0.30

0.97 Na2Oeq.=0.81 353



Fig. 1. Fitting of the values calculated with the analytical formula or a simplified
formula of A(α) on experimental relative mass losses vs. drying time (desorption
kinetics) obtained on hcps CN (W/C=0.45) and CP (W/C=0.60) (series 2).

Table 4
Chemical composition and BET specific surface area (measured by nitrogen
adsorption) of the silica fumes

Series Content (%) SsBET
(N2) (m

2.g−1)
SiO2 Al2O3 Fe2O3 MgO MnO CaO Alkalis

2 87.0 0.27 0.67 1.56 0.07 0.37 Na2O=0.70 17.6
K2O=2.35

3 96.0 0.18 0.55 0.65 0.13 0.22 Na2O=0.25 16.2
K2O=1.05
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A review of the literature shows that various methods are
used to assess in a more or less direct way this global and
moisture-dependent transport coefficient. The analysis of
gamma-ray, X-ray, neutron or NMR moisture profiles associ-
ated with drying or wetting experiments under non-steady-state
regime and well-defined initial and boundary conditions by
using Boltzmann's transform method is often applied (see for
example [4,6,7,8,9]). In this paper, Da(Sl) will be assessed under
non-saturated and non-steady-state conditions from sorption
kinetics (see Section 3.2.2).

3.2.2. Apparent moisture diffusion coefficient Da — method of
assessment from sorption kinetics under non-steady-state
conditions

The test method consists in monitoring the relative loss or
increase in mass of a specimen (sorption kinetics), during a
RH step carried out in order to assess WVSIs by means of the
saturated salt solution method (see [1,11]). As small RH
steps are imposed during the experiment, it can be assumed
that Da(Sl) = constant=Da within each RH interval. In this
case, Fick's second law reads (Eq. (2)):

ASl
At

¼ Dad
A
2Sl
Ax2

ð2Þ

This linear differential equation can be solved by applying
Crank's method [12]: within each RH interval, the apparent
moisture diffusion coefficient is given by Eq. (3):

Da ¼ AðaÞd e
2

ta
ð3Þ

where tα denotes the time at which ΔM/ΔM(t∝) =α (e.g.
α=0.5) with ΔM the relative mass variation (in %), e is the
specimen thickness, and A(α) is a mathematical series.

A detailed description of the method, assumptions and
computation is given in [8,11]. Da is thus assessed by fitting
the values calculated with the analytical formula, or with a
simplified expression of A(α), on the experimental relative
mass variations vs. drying time (see the example displayed in
Fig. 1). Note that such fitting can allow the relative mass
variation values at “equilibrium” states to be checked (by
comparison between the experimental “equilibrium” value
and the value calculated at a longer exposure time).
3.2.3. Apparent moisture diffusion coefficient Da — experi-
mental results, discussion and comparison with effective
tritiated water diffusion coefficient

In this section, the experimental results obtained on various
materials with respect to the apparent diffusion coefficient Da

are presented and analysed.
For a givenmaterial (e.g. hcp CH, see Fig. 2), when theDa data

are plotted vs. RH, a significant hysteresis effect is observed
between the results obtained in desorption and adsorption regimes
(see Fig. 2a). But when the data are plotted vs. the degree of liquid
water saturation Sl, the hysteresis effect disappears and similar
results are displayed in desorption and in adsorption until the high
saturation range (see Fig. 2b). This confirms the major role of the
degree of saturation and can contribute to explain the hysteretical
behaviour of cementitious materials.

The results obtained in the adsorption regime for various
hcps and concretes from series 2, 2⁎ and 3 (3 OPCs CEM I-
52.5; W/C ranging from 0.20 to 0.84; SF/C ranging from 0 to
0.10) are plotted vs. RH in Fig. 3. Similar trends over the whole
range are observed on the available data for the various
materials tested. If the borderline pointed out on water vapour
adsorption isotherms (WVAIs) in [1] (RH=63.2%) is reported
in the figure, it can be seen that:

• for RHb63.2% (surface multilayer adsorption range), only a
slight influence of RH is recorded,

• at RH=63.2%, a change of regime is observed and Da

decreases significantly, from 1–10 ·10− 12 m2 s−1 below the
borderline to 0.01–0.1 ·10−12 m2 s−1 above the borderline
(bulk capillary absorption range).

The results are thus in agreement with those provided through
the analysis of the WVAIs (see [1]). The mix-composition or the
test temperature effects can also be investigated (see Fig. 3): Da

increases whenW/C or the temperature increases (see the results
obtained for BO-AF at T=44±0.1 °C).

For the various materials tested (hcps and concretes from
series 2, 2⁎ and 3 with 3 OPCs CEM I-52.5; W/C ranging from
0.20 to 0.84; SF/C ranging from 0 to 0.10), the Da results
plotted vs. the degree of liquid water saturation Sl (see Fig. 4)
exhibit roughly the same trends over the whole range, regardless



Fig. 3. Apparent moisture diffusion coefficient Da vs. RH, assessed from
adsorption kinetics (under non-steady-state conditions), on various hcps and
concretes (series 2, 2⁎ and 3; 0.20≤W/C≤0.84; 0≤SF/C≤0.10). For some
mixtures (M25, CP, BO-AF, CN, and B80-S), Da is not yet available within the
whole RH range.

Fig. 2. Apparent moisture diffusion coefficient Da assessed from sorption
kinetics (under non-steady-state conditions), on HP hcp CH (series 2; W/C=0.20;
SF/C=0.10). a) vs. RH; b) vs. degree of liquid water saturation Sl.
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of the mixture (in particular when CH is disregarded) and of the
(desorption or adsorption) regime. However, an obvious scatter
of the results is observed, as often reported in the literature
[10,13]. Large variations are observed as a function of Sl. Most
of the values lie within the range: 10−14≤Da(Sl)≤10−11 m2 s−1.
Roughly speaking, when Sl increases from 0 to around 0.50, Da

decreases. A minimum appears in the mid Sl range, in particular
in the case of desorption (see Fig. 4), in agreement with the
literature (see e.g. the experimental results displayed in
[6,7,10]), and which is symptomatic of a (liquid phase)
percolation phenomenon in porous materials. However, the
exact location of this minimum seems to depend on the material.
More precisely, in the case of CH, Da is particularly small and
the liquid phase continuity will take place at a higher degree of
saturation (between 0.60 and 0.80) compared to the other
materials. This result is consistent with the pore structure
characteristics of this material (see [1,11]): in this material, the
transport is controlled by the HD, i.e. high-density, C–S–H pore
network (since the hcp CH has been found mainly composed of
HD C–S–H, according to [1]). These findings are also
consistent with the numerical computations reported in [14],
as regards the relative importance of the various driving forces
of moisture transport. When Sl increases beyond the minimum,
Da seems to increase, although less data are available within this
range. The variations of Da vs. Sl in the very low and very high
ranges seem to greatly depend on the adsorption/desorption
regime (see e.g. the CN and CH results, in the low and high
ranges respectively).

Values at Sl =1 are plotted in Fig. 4 for CH, CO and CN.
These values have been measured in saturated and steady-state
conditions at the macroscopic scale by means of tritiated water
(i.e. effective tritiated water diffusion coefficients). They are
drawn from [2]. The test was performed by using a diffusion cell
where the specimen is sandwiched between two compartments.
The upstream compartment is filled with a saturated lime
solution containing tritiated water and the downstream compart-
ment with non-radioactive lime water. Negligible chemical
interaction is usually assumed between tritiated water and
cement matrix. The test method consists in the monitoring of the
increase in the radioactivity in the downstream compartment, as
described in [2]. The diffusion coefficient is then calculated
within the steady-state range by using Fick's first law. Fig. 4
highlights that there is a good consistence between this
coefficient and the other plots obtained within the high Sl
range for the same material, more precisely, the desorption data
available for CN and CO, and an average value between
desorption and adsorption values for CH. Note that a very good
agreement is observed between the effective tritiated water
diffusion coefficients reported here and those given in [15].
Note in addition that all of these values are drastically lower
than the tritiated water diffusion coefficient in bulk water
(D0(HTO)=1–2.5 ·10

−9 m2 s−1, as deduced from the literature).
Since the transport is controlled by the HDC–S–Hpore network
in CH, as previously mentioned, it can be assumed that the
effective tritiated water diffusion coefficient measured on this
material (De(HTO)=0.12 ·10

−9 m2 s−1) is more or less the
intrinsic diffusion coefficient of the HD C–S–H.

The experimental results displayed in Fig. 4 underline the
complex liquid/vapour mechanisms (transport along with
interactions), which take place in the pore system during the
experiments, highlighting again the importance of the moisture



Fig. 4. Apparent moisture diffusion coefficient Da vs. degree of liquid water saturation Sl, assessed from sorption kinetics (under non-steady-state conditions), on
various hcps and concretes (series 2, 2⁎ and 3; 0.20≤W/C≤0.84; 0≤SF/C≤0.10). Comparison with effective tritiated water diffusion coefficient De(HTO) (under
steady-state conditions) for hcps CH, CO and CN [2].
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history of the test specimen and in particular of the initial
moisture state at the starting time of the experiments.

Eq. (1) is usually introduced by invoking two main assump-
tions. First, the water vapour transport is governed by a pure
diffusion process (i.e. the advective gas flow is negligible with
respect to the diffusive flow of the vapour phase). Secondly,
the total gas (dry air+water vapour) pressure remains (almost)
constantly equal to the outer atmospheric pressure during the
transport time scale. With these two assumptions (and by using
the ideal mixture law and Kelvin equation), Mainguy [16], on
the basis of the works by Philip and de Vries [17,18] and by
more recent researchers in this field (e.g. [4,19]), has shown that
the moisture diffusivity Da(Sl) is expressed as the sum of two
components (see Eq. (4)):

DaðSlÞ ¼ DlðSlÞ þ DvðSlÞ ð4Þ

where:

DlðSlÞ ¼ −
dpc
dSl

d
Kl

Ugl
krlðSlÞ and

DvðSlÞ ¼ −
dpc
dSl

d
M

qlRT

� �2

d Dv0d f ðSl;/Þd pvsU
� exp

M
qlRT

pcðSlÞ
� �

ð5Þ

Eqs. (4) and (5) indicate that, in addition to moisture–solid
interactions (sorption), the global and moisture-dependent
transport coefficient Da(Sl) implicitly includes two moisture
transport modes, which are coupled and which act simulta-
neously with the assumption of (almost) constant gas pressure:

• The Darcian (advective) transport of liquid water governed
by the permeability of the non-saturated medium Klkrl(Sl)
(see Section 4.1). The component Dl(Sl) is associated with
this mode, where krl(Sl) is the relative permeability to liquid
water (krlV1), Kl the “intrinsic” liquid water permeability
(i.e. the permeability of the fully saturated material) inde-
pendent of the degree of liquid water saturation Sl and
theoretically independent of the permeating fluid, pc the
capillary pressure, Φ the bulk porosity accessible to water of
the material, and ηl the dynamic viscosity of liquid water
(assumed to be an incompressible fluid).

• The Fickian (diffusive) transport of water vapour governed
by the effective water vapour diffusion coefficient in the
porous medium Dve(Sl)=Dv0·f (Sl, Φ), where Dv0 is the free
(out of the porous medium) water vapour diffusion coeffi-
cient in the air (Dv0=2.47 ·10

−5 m2 s−1 between T=20 and
25 °C), and f(Sl, Φ) is the so-called resistance factor, which
accounts for both the tortuosity effects and the reduction of
space offered to gas diffusion in a partially saturated porous
medium, compared to free diffusion in the air (see Section
3.3). The component Dv(Sl) is associated with this mode
(along with sorption phenomena), where T is the absolute
temperature, R the universal gas constant (R=8.3144 J
mol−1 K−1), M the molar mass of water (M=18 ·10−3 kg
mol−1), ρl the liquid water mass density, and pvs the saturat-
ing water vapour pressure at the considered temperature
T (e.g. pvs=2338.54 Pa at T=20 °C and pvs=2810.06 Pa at
T=23 °C, when pg=patm).

Depending on the considered material and on its saturation
state, one or the other process can be prominent. In the general
case, vapour diffusion is prominent within the low Sl range,
whereas liquid transport is prominent within the high Sl range,
for the same reasons that explain the evolutions of the relative
permeabilities to liquid water and to gas vs. Sl (see Fig. 9 in
Sections 4 and 5). However, in the case of water vapour, the
problem is more complex (than in the case of oxygen gas), as
with the previously mentioned assumptions, its transport is
coupled with that of liquid water. The variations of Da vs. Sl
observed in Fig. 4 should therefore be explained by the
variations observed on Dve or Dv within the Sl range [0; 0.50]
(see Figs. 6 and 7 in Sections 3.3 and 3.4 respectively) and on krl



Fig. 5. Simplified scheme of the cup test set-up. w1, w2: water contents of the
boundary layers. h1, h2: relative humidities in the compartments.
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within the Sl range [0.50; 1] (see Fig. 9 in Section 4.4) as a
function of Sl. Since both coefficients are reduced within the
mid Sl range (as it will be detailed later), a minimum can be
deduced for the global transport and therefore for the Da plot.
This minimum therefore results from the transition from trans-
port dominated by Darcian flow (at high RHs) to vapour diffu-
sion (at low RHs), and from the fact that vapour diffusion
increases as RH decreases, because there are fewer pores
blocked by the disconnected liquid phase.

It can be concluded that it is more relevant for an improved
understanding of moisture transport processes, and in particular
to study the relative contribution of each transport mode as a
function of the material pore structure and of the degree of
saturation, to assess Dve(Sl) (or Dv(Sl)) and Klkrl(Sl) separately,
instead of measuring a global coefficient. Dve(Sl) (or Dv(Sl))
can be assessed from the cup test (see Section 3.3). As far as the
liquid water permeability is concerned, its assessment will be
discussed in Section 4.

3.3. 1-D isothermal diffusive transport at the macroscale of
water vapour in the gaseous phase of the pore network under
steady-state conditions — effective water vapour diffusion
coefficient

3.3.1. Equations and definitions
When the water vapour concentration is higher outside a test

specimen than inside, the gradient forces water to penetrate into
the porous material. Under steady-state conditions, such an
isothermal diffusive transport of water vapour in the partially
saturated pore network of the material is governed by Fick's
first law. The water vapour mass flux density Jv through the
surface of the porous material (in kg m−2 s−1) is then given in a
1-D scheme along a Ox-axis by Eq. (6):

Jv ¼ −Dved
Acv
Ax

ð6Þ

where cv(x,t) is the water vapour concentration (i.e. absolute
humidity) in the gaseous phase of the pore network at a distance
x from the surface exposed and at time t (in kg m−3).

By taking into account the relationship between cv and the
water vapour partial pressure pv, Eq. (6) reads (see Eq. (7)):

Jv ¼ −dd
Apv
Ax

¼ −Dved
M
RT

d
Apv
Ax

ð7Þ

where δ (expressed in kg m−1 s−1 Pa−1) is usually called
“permeability” to water vapour (although this coefficient is, by
definition, associated with a diffusion process).

The “permeability” to water vapour of a porous material at a
given temperature is a property often used in the building field,
in order to describe the hygrothermal behaviour of building
walls and to study their susceptibility to condensation (see for
example [20]).

Hence, when a cementitious test specimen (thickness e, in m,
and e.g. initial internal relative humidity h2) is sandwiched be-
tween two environments at same temperature T, but where prevail
different relative humidities h1 and h2 (h2Nh1), the boundary
conditions induce a moisture gradient inside the specimen and
hence moisture transport throughout the specimen (see Section
3.3.2). Under steady-state conditions, this specimen is theoreti-
cally “crossed” by a constant water vapour mass flux density Jv,
from surface 2 to surface 1 (the other sides being sealed, see
Fig. 5). In these conditions and in the case of small pv gradient and
small thickness e, the diffusion coefficient (and the “permeabil-
ity”) can be assumed to be constant within the range [h1; h2] (and
to correspond to (h1+h2) /2) and Eq. (7) reads (see Eq. (8)):

Dve ¼ RT
M

d d ¼ RT
M

d
Jvd e

pvsd ðh2−hlÞ ð8Þ

Note that Jv is more exactly the mass flux density at the
boundary (see Section 3.3.2), while the actual moisture flow

inside the specimen involves both the liquid and vapour phases.

3.3.2. Cup test
According to the literature [11,20,21,22], the “permeability”

to water vapour and the effective water vapour diffusion
coefficient Dve can be directly assessed, at the macroscopic
scale under non-saturated and steady-state conditions (constant
flux density), from the equations described in the previous
section and by means of a cup test (see Fig. 5).

Such a test has been performed here. The experimental set-
up is a cylindrical cell constituted of two compartments
separated by the material specimen (3- to 6-mm thick slice) to
be tested. In each compartment, the relative humidity is imposed
by a different saturated salt solution (see Fig. 5, where h2Nh1).
The temperature is constant and the total pressure is identical in
the two compartments ( patm). A silicon sealant is used to prevent
moisture leakages between the cell walls and the specimen.
After a transient period where the mass of the material specimen
varies (according to its initial moisture state) [20,21], a linear
water content gradient is theoretically established within the
material specimen (steady-state regime). In these conditions,
“diffusion” is assumed to take place between the two boundary
layers (where w2Nw1) assumed to be permanently in equilib-
rium with the surrounding media, i.e. the compartments (the
mass of the specimen does not vary anymore). As the device is
provided by bottom and top openings, the mass of both salt
solution 1 (linear increase within the steady-state regime, in the
previously mentioned initial conditions) and salt solution 2
(linear decrease) can be monitored as a function of time. In
addition, in this case both solutions can be controlled and
renewed during the test (e.g. possible desaturation of solution
1). The precision of the balance used here is 0.001 g. The
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steady-state range can hence be identified (after at least several
months) and the flux density Jv “crossing” the specimen can be
calculated (theoretically, Jv=outgoing flow Jv1= ingoing flow
Jv2=constant [22]). The reiteration of the experiment for several
couples (h1, h2) allows obtaining the evolution of the coeffi-
cients δ and Dve vs. RH from Eq. (8).

3.3.3. Effective water vapour diffusion coefficient Dve assessed
from the cup test (under steady-state conditions) — experi-
mental results and discussion

The Dve values experimentally obtained by means of the
cup test applied with various initial conditions, various couples
(h1, h2) and Eq. (8) on concretes BO-SN and B30-A are
plotted vs. average RH [= (h1+h2) / 2] in Fig. 6a. Note that
results on M25 can be found in [23] and “permeability” results
obtained on CO and CH can be found in [21]. Fig. 6a shows
that the variations of Dve as a function of RH are not
significant, except maybe within the very high and very low
RH ranges. Moreover, the results obtained for the two
concretes BO-SN and B30-A are very close. The values
Fig. 6. Effective water vapour diffusion coefficient Dve measured under steady-
state conditions by means of the cup test, on concretes BO-SN (series 2⁎; W/
C=0.44) and B30-A (series 4; W/C=0.50). Comparison with the analytical
formula from Millington [26]. a) vs. average RH [=(h1+h2) /2]; b) vs. degree of
liquid water saturation Sl.
found here (0.5–2.5 · 10−7 m2 s−1) are in agreement with the
data reported in the literature:

• Dve=5.01 and 10.05 ·10− 7 m2 s− 1, for two different
concretes in the case of a single cup test (0, 100%) applied
to specimens previously dried at T=110°C [24],

• Dve=1–2 ·10
−7 m2 s−1 measured by the “wet cup method”

(50%, 93–100%) and Dve=0.1–1 ·10
−7 m2 s−1 by the “dry

cup method” (0; 50%) for HPCs [25].

However, it can be mentioned that these three (standard) cup
tests don't meet the requirement for a licit application of Eq. (8)
(see Section 3.3.1).

Note that Dve≪Dv0, illustrating the hindering effects of the
pore network (tortuosity, connectivity, constrictivity) and of its
partial filling by the liquid phase for the vapour diffusion.

The Dve values are plotted vs. average Sl in Fig. 6b and
are compared to the results obtained by means of the formula
Dve(Sl)=Dv0·f (Sl, Φ) and by using the analytical expression
given by Millington for the resistance factor f (Sl,Φ) (see Eq. (9)
[26]):

f ðSl;UÞ ¼ U4=3dð1−SlÞ10=3 ð9Þ

When Sl increases from 0 to 0.50, the experimental Dve

values seem to decrease in agreement with the analytical trend
(since liquid “islands”, as a result of the presence of a
disconnected liquid phase, are regarded as an hindrance to
vapour diffusion in this formula), but in a less marked manner.
In particular, significantly lower experimental values are
pointed out within the low Sl range. This illustrates that the
proposed analytical formula is not appropriate. A calibration of
the exponents could be needed or other effects of the pore
system (connectivity, constrictivity) should be taken into
account, since they can also influence the vapour transport. In
addition, other mechanisms than “pure” Fickian diffusion can
take place within this range. For example, Knudsen molecular
diffusion [4] is known to reduce diffusion coefficients in narrow
pores. More precisely, this transport mechanism is prominent
when rp≪λ / 2, where rp is the pore radius and λ denotes the
mean free path of water vapour molecules in the air
(λ≈100 nm) [11]. Note that a comparison between, on the
one hand coefficients calculated by means of Millington's
formula, and on the other hand oxygen and CO2 diffusion
coefficients measured on mortars [27] and hydrogen diffusion
coefficients measured on hcps [28], has also pointed out
discrepancies (see [14,29]). The variations of Dve when Sl
increases from 0 to 0.50 can explain the trend observed for Da

(Sl) within this range (see Section 3.2.3 and Fig. 4).
When Sl increases from 0.50 to 1, the experimental trend

seems consistent with the analytical one. However, few data are
available here within the high Sl range. In addition, within the
high Sl range values close to zero are provided by Millington's
formula, whereas high experimental Dve (or δ) values can be
found, according to the literature [21,22,23,30], when the
connectivity of the liquid phase is sufficiently high, depending



Fig. 7. Diffusion coefficient Dv vs. degree of liquid water saturation Sl, assessed
under steady-state conditions by means of the cup test, on hcps CN and CO and
on concretes BO-SN and B30-A, and by using the respective water vapour
desorption isotherms.
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on the hygral history and initial state of the test specimens.When
the liquid phase is connected, the Darcian moisture transport
under the liquid phase is prominent and in this case particularly
high values of transport coefficients are expected (see Fig. 9).

All of this yields the conclusion that the cup test does not
characterize the sole water vapour phase. Moreover, althoughDve

is theoretically a “pure” transport property (as assessed under
steady-state conditions), which should not includemoisture–solid
interactions, the experimental results appear to strongly depend
on the hygral history and initial state of the test specimen, andDve

does not exhibit a systematic trend of variation vs. Sl. As a matter
of fact, hysteretical effects are pointed out in [21].

3.4. Component (Dv) associated with water vapour of the
apparent moisture diffusion coefficient

3.4.1. Method of assessment from the cup test under steady-
state conditions and from WVSI

If ones uses in the formula (displayed in Eq. (5)) of the
component Dv of the apparent moisture diffusion coefficient,
associated with the Fickian transport of water vapour according
to the usual description of isothermal moisture transport, the
expression of Sl given in Eq. (10):

Sl ¼
wd qapp:dry
Ud ql

ð10Þ

where w denotes the mass water content and ρapp.dry the
apparent bulk mass density of the dry material, along with
Kelvin equation (see Eq. (11)), which can be used here, since
p=constant=patm:

pc ¼ −qld
RT
M

dlnh ð11Þ
the following Eq. (12) is obtained:

Dv ¼ d
qapp:dry

d
pvs
dw
dh

� � ð12Þ

Therefore, at the macroscopic scale and within the same
experimental framework as described in Section 3.3.1, Dv can
be computed from Eq. (13) (method 1):

Dv ¼ d
qapp:dry

d
pvs
Dw
Dh

� � ðmethod lÞ ð13Þ

which requires the previous assessment of the “permeability” to
water vapour δ (or Dve) by means of the cup test under steady-
state conditions and of the slope Dw

Dh of the WVSI, desorption or
adsorption isotherm depending on the experimental conditions
of the cup test, within the range [h1; h2].

The calculation can also be performed fromEq. (14) (method 2):

Dv ¼ Jv
qapp:dry

d
e

w2−wl
ðmethod 2Þ ð14Þ

by measuring the flux crossing the sample surface during the cup
test in steady-state conditions and by deducing the water contents
w1 and w2 of the boundary layers from the experimental WVSI of
the tested material.
3.4.2. Experimental results and discussion
It has been checked that methods 1 and 2 provided the same

results as regards the assessment of Dv. The experimental
coefficients Dv obtained on concretes BO-SN and B30-A are
plotted vs. Sl in Fig. 7. Here, the water vapour desorption
isotherms (WVDIs) of the materials have been used. The results
provided in [2] on hcps CO and CN are also reported in the figure.
Whatever the material tested, the results exhibit similar trends and
order of magnitude over the whole Sl range. In particular, very
similar Dv are obtained within the low Sl range. Most values lie
within the range: 10−12≤Dv(Sl)≤10−10 m2 s−1.

The experimental results show thatDvNDa (see Figs. 4 and 7).
Such a trend is consistent with the results published in the
literature [4,6], but inconsistent with Eq. (4). In order to explain
this finding, Philip and de Vries [17] explained that the liquid–
vapour interactions (see Section 3.3) are not taken into account in
the theory (e.g. evaporation–condensation through liquid
“islands” enhances the transport, according to Daian [4]), and
Daian [4] suggested that Eq. (13) yields an overestimation of the
actual water vapour diffusion coefficient in the material.
Likewise, if, according to the conclusion of Section 3.3.3, the
mass flux density Jv measured by the cup test is likely to result
from both liquid water movements and water vapour diffusion,
therefore the experimental Dv value will be overestimated
compared to the theoretical one. Moreover, this observation
questions the relevance of the usual treatment of the cup test.

4. Liquid water permeability — definition, methods of
assessment and results

4.1. Definition

Among the transport properties, the liquid water perme-
ability Klkrl(Sl) (see Section 3.2.3) of a non-saturated medium
governs the (advective) transport of liquid water according to
the extended Darcy's law. This law characterizes the viscous
flow of an incompressible and non-reactive fluid under a total
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pressure gradient and reads in a one-dimensional scheme
along a Ox-axis (Eq. (15)):

vl ¼ −
Kl

gl
d krlðSlÞd Apl

Ax
ð15Þ

where vl denotes the filtration velocity of liquid water and pl
the liquid pressure.

The permeability Klkrl(Sl) thus depends on the characteristics
of the fluid, on the pore network (pore sizes, connectivity,…) and
other voids (microcracks, paste-aggregate interfacial zone, …)
of the material, as well as on the hygral state of the test specimen.

4.2. Assessment of “intrinsic” liquid water permeability Kl —
methods available

The “intrinsic” liquid water permeability Kl (permeability at
Sl =1) can easily be assessed by direct measurement for highly
permeable cementitious materials. The method can be summa-
rized as follows: vacuum saturation in water, application of a
liquid pressure (in laminar flow conditions) on one side of the
specimen, measurement of the flow on the other side, and
calculation of the permeability from Eq. (15) when the steady-
state regime is reached.

For some kinds of materials, this parameter can also be
estimated by the Katz–Thompson relationship, originally devel-
oped for sedimentary rocks and based upon the percolation theory
[31,32], when the critical (i.e. breakthrough) pore diameter and the
formation factor F of the material are known [33,34,35,36,37,38].
The so-called formation factor of the porous medium can be
calculated as the ratio of electrical conductivities or of diffusion
coefficients (in the porous medium and in bulk liquid). However,
this relationship has rather been validated for normal-strength
materials, and more particularly for hardened cement pastes.

Conversely, it is widely recognized that the direct measure-
ment (by conventional devices) of liquid water permeability is
difficult in the case of weakly permeable materials [38,39,40].

Furthermore, the correlation between liquid water perme-
ability and gas permeability is not trivial for cement-based
materials and is very dependent on the mix-composition (see
Section 5.4). Therefore, it is difficult to deduce the liquid water
permeability of weakly permeable materials from gas perme-
ability measurement, even if the latter is easier.

Hence, in the case of weakly permeable materials, advanced
experimental devices (see for example [41,42]) or indirect
methods are required, in order to assess this basic property. As
regards indirect methods, important work on this topic has been
reported by Scherer (e.g. rapid methods such as beam bending or
thermopermeametry, first applied to gels and later extended to
more rigid materials and recently to cement pastes [43,44,45,46]).

4.3. Assessment of “intrinsic” liquid water permeability Kl by
indirect method based upon numerical inverse analysis from a
drying experiment

4.3.1. Description of the method
An indirect method (based upon inverse analysis), which

combines experiments and numerical model, can be used to
assess liquid water permeability when no relevant direct method
is available or applicable. This method, proposed by Coussy et
al. [47], is based upon the analysis of the relative mass loss vs.
time plot (kinetics), associated with a drying test at a given RH
and at constant T (see the description of this test in [1]), by
means of an isothermal moisture transport model, and upon the
determination of a few basic material properties (the porosity Φ
and the WVDI are required as inputs of the model, see Section
4.3.2). According to Section 4.2, such a method is particularly
useful for weakly permeable materials. When the model and the
mentioned input data are available, this method has in particular
the advantage to be based on a single simple experiment, which
does not require any specific apparatus and which can be carried
out easily in every laboratory.

Thanks to the conclusions provided by the modelling and the
analysis of isothermal drying of cementitious materials
performed by Mainguy in [16], a simplified modelling has
been proposed in [47,48]. This model considers solely the
transport of liquid water according to Darcy's law, with no
vapour diffusion, and assumes pc=patm−pl and no evaporation
within the finite-size material sample. This yields a single non-
linear diffusion-type equation, which includes only the para-
meters associated with liquid water (i.e. Dl(Sl), see Eq. (5)).
Such a simplified model can be implemented for assessing the
“intrinsic” liquid water permeability: Kl is deduced from the
best fitting of the predicted relative moisture losses on the
values observed for the sample submitted to the drying experi-
ment (see Fig. 8 and the description of the corresponding
experiments and computations in [48,49]). The calculation can
be carried out whatever the initial state of the sample: vacuum-
saturated, water-cured (see Fig. 8b) or self-desiccated (see
Fig. 8a), provided that the gradient between the initial and
boundary RHs is large enough to keep an appropriate accuracy.

This method has been applied here, in order to assess the
“intrinsic” liquid water permeability Kl of various materials.

4.3.2. Required parameters
In addition to initial and boundary conditions, a basic input

required by the model is the derivative of the capillary pressure
curve pc(Sl) of the material (see the expression of Dl(Sl) in
Eq. (5)). The capillary pressure curve has to be derived from the
experimental WVDI by using Kelvin equation (along with the
bulk porosity Φ and the apparent bulk mass density of the dry
material ρapp.dry, see Eqs. (10) and (11)) [48,50]. Moreover, a
continuous curve is required, in order to facilitate the inclusion
into the model. Among the various formulas (such as parametric
equations) proposed in the literature, a good fitting on the experi-
mental capillary pressure curves can be obtained through the
analytical formula proposed by vanGenuchten [51] (seeEq. (16)):

pcðSlÞ ¼ adðS−1=ml −1Þ1−m ð16Þ

where a and m are fitting parameters, which depend on the
microstructure (in particular on the connectivity of the pore
system) of the material.

Other types of fitting are possible (polynomial, …). The slope
of the capillary pressure curve can also be assessed in a simpler



Fig. 8. Illustration of the principle of the indirect method for assessing “intrinsic”
liquid water permeability Kl and numerical results. a) Fitting on experimental
relative mass losses (drying time=1 year), for Ø160×100-mm samples of CO,
CH, BO and BH submitted to RH=50% at T=21±1 °C, after 2-year sealed
curing [48]. b) Fitting on experimental relative mass losses, in the cases of
drying time=1 year, 2 months and 1 month, for Ø110×100-mm samples of
concrete M25 submitted to RH=53.5% and 71.5% at T=21±1 °C, after 1-year
water curing [49].

Fig. 9. Relative permeabilities to liquid water (krl) according to the analytical
formula given in [51] and to gas (krg) according to the analytical formula given
in [30] vs. degree of liquid water saturation Sl, for concretes BH, BO and M25.
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way from three experimental plots within the considered RH
range. However, fitting according to Eq. (16) gives the advantage
of allowing also prediction of the relative permeability to liquid
water krl(Sl) (see Section 4.4), which is required for the
implementation of the model, and to gas (see Section 5.3), from
parameter m and from analytical formulas. The fact that experi-
mental WVDIs provide Sl (=Slmax)b1 at RH=100% with the
tested materials [1], whereas Eq. (16) provides Slmax=1, can be
taken into account in the analytical formula by using Sl /Slmax
instead of Sl (see for example [52]).

4.4. Assessment of relative permeability to liquid water krl(Sl )
from WVSI and analytical formula

Few experimental data are available as regards the relative
permeability of cement-based materials to gas (see Section 5.3)
and even less to liquid water. Nevertheless, analytical formulas
are proposed in the literature. For example, Eq. (17), where
appears the parameter m derived from the analytical expres-
sion of the capillary pressure curve (see Eq. (16)), has been
proposed by van Genuchten in [51] by using Mualem's model
[53]:

krlðSlÞ ¼
ffiffiffiffi
Sl

p
ð1−ð1−S1=ml ÞmÞ2 ð17Þ

In addition, Savage and Jenssen have shown that this
formula, originally developed in the soil sciences, could be
applied to cement-based materials [54].

The relative permeability to liquid water krl(Sl) has been
assessed here by using this formula.

4.5. Numerical, analytical and experimental results

4.5.1. Relative permeability to liquid water krl(Sl )
The results obtained by using Eq. (17) with the values

m=0.4854, 0.4396 and 0.4191 deduced from Eq. (16) and from
the experimental WVDIs for concretes BH, BO and M25
respectively, are displayed in Fig. 9. A drastic influence of Sl is
observed. In particular, the curve provides krl≈0 for Sl≤0.40
(i.e. RH≤50%, for BO). This can be explained by the fact that,
within this range, the liquid phase is disconnected (liquid
“islands”) and no significant (Darcian) transport under liquid
form can therefore occur. On the other hand, within the high Sl
range, krl greatly increases with Sl. This explains the variations
of Da(Sl) observed within this range where liquid transport is
prominent (see Fig. 4 in Section 3.2.3). Furthermore, slight
differences are observed between the various materials (see also
the results obtained for CO and CH and displayed in [49,50]). In
particular, the curves obtained for BO and M25 are nearly the
same. This confirms the negligible influence of the material
pore structure characteristics (in particular the WVDI) on krl.

4.5.2. “Intrinsic” liquid water permeability Kl obtained by
numerical inverse analysis

The Kl results obtained by numerical inverse analysis for a
set of hcps and concretes are presented in Table 5 and in Fig. 8.
Fig. 8 illustrates that the method is applicable not only for
weakly permeable materials (e.g. CH and BH) [48], but also for
highly permeable concretes such as M25 [49].



Table 5
Comparison between the “intrinsic” permeabilities obtained by various methods for several materials (3–6-month old, before preconditioning and testing)

Material Concrete Concrete hcp Concrete hcp

M25 BO CO BH CH

Inverse of the formation factor 1/F (−) 3 ·10−3 0.9 ·10−3 1.7 ·10−3 3.7 ·10−5 2.3 ·10−7

“Intrinsic” gas permeability Kig (m
2) (Sl =0) 3 ·10−16 54 ·10−18 130·10−18 25 ·10−18 b10−19

“Intrinsic” liquid water permeability Kl (10
−20 m2) (Sl =1) [direct measurement] 9900 8.8

“Intrinsic” liquid water permeability Kl (10
−20 m2) (Sl =1) [Katz–Thompson formula] 3.6 0.8 0.7 0.006 b10−4

“Intrinsic” liquid water permeability Kl (10
−20 m2) (Sl =1) [inverse analysis] [14,49,55] 4.2 (0)–1.6 (4)

4.0 (1)–1.8 (5) 0.30 (1) 0.09 (1) 0.06 (1) 0.003 (1)
3.7 (2) 0.36 (2) 0.08 (2) 0.08 (2) 0.004 (2)
3.5 (3) 0.38 (3) 0.07 (3) 0.002 (3) 0.001 (3)

(0): RH=53.5%, drying time=2.5 years.
(1): RH=50 or 53.5%, drying time=1 year.
(2): RH=50 or 53.5%, drying time=2 months.
(3): RH=50 or 53.5%, drying time=1 month.
(4): RH=71.5%, drying time=2.5 years.
(5): RH=71.5%, drying time=1 year.
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In Table 5 are reported the Kl values obtained by performing
numerical inverse analysis after various drying times for every
tested material (and at two different RHs, in the case of M25)
[14,49,55]. The corresponding drying kinetics (relative mass
loss vs. drying time plots) are displayed for concrete M25 in
Fig. 8b. Fig. 8b and Table 5 point out that the monitoring of the
drying kinetics during only one month for normal-strength
materials is sufficient to obtain an acceptable accuracy for Kl.
As far as HP materials are concerned, at least two months are
required; for shorter periods, the numerical curve in the long
term is far from the experimental plots and the Kl results are far
from the average value (see in Table 5 the crossed out values
obtained after 1-month drying with BH and CH). However, it is
worth reminding (see Section 4.2) that quicker (but more
sophisticated) methods can be used, in order to assess Kl within
a few minutes to a few hours (see [44,46] or [56,57]).

Moreover, the RH range associated with the drying
experiment seems to have only a slight influence on the
permeability value (see Fig. 8b and Table 5).

Note furthermore that same values of permeability were
found in [49] with either the complete [16] or the simplified
model proposed in [47,48], confirming thereby the relevance
and the validity of the simplified model.

4.5.3. “Intrinsic” liquid water permeability Kl — comparison
between various methods

The Kl values provided by various methods are compared in
Table 5: direct measurement with conventional device (for
permeable materials) as described in Section 4.2, calculation
according to the Katz–Thompson formula, and numerical
inverse analysis from a drying experiment. The formation factor
F involved in the Katz–Thompson formula is calculated here
(see Table 5) as the ratio of (effective) chloride diffusion
coefficients (with the chloride diffusion coefficient in bulk
water D0(Cl−) =1.484 ·10

−9 m2 s−1), while the critical pore
diameter is obtained from MIP measurement.

Whatever the method, the permeabilities obtained on HP
materials are significantly lower than those recorded on normal
materials (see Table 5).
A good agreement is observed between the permeability
estimated by the Katz–Thompson relationship and the one
predicted by inverse analysis for M25 and BO. The values are
also in agreement with those reported in the literature. In
addition, the same ranking is obtained for the various materials
tested. Therefore, these methods appear as equivalent alterna-
tive ways for assessing the liquid water permeability of normal-
strength materials. On the other hand, a significant discrepancy
is observed between these two methods for the weakly
permeable materials. This questions the validity of the Katz–
Thompson formula in this case (as already discussed in the
literature [33,34,35,36]) and explains that some adaptations of
the formula have already been proposed. Furthermore, this may
indicate that, in the case of weakly permeable materials (in
particular HPCs), inverse analysis is the sole possible method
among the two discussed methods.

A very large difference is highlighted between, on the one
hand the value obtained here by direct measurement and the
values reported in other publications, and on the other hand the
permeability estimated by inverse analysis (or by the Katz–
Thompson formula), for the highly permeable concrete M25. A
lot of phenomena are likely to contribute to the large difference
observed. As regards the direct measurement, all the defects and
big voids present in such a low-grade concrete (W/C=0.84) will
contribute to increase the liquid flow (as they constitute
preferential paths for the flow) and therefore the permeability.
As these defects and big voids will not influence in a so great
extent in the long term the drying kinetics used in the numerical
inverse method, significant differences will be recorded in the
results. As regards the Katz–Thompson formula, diffusion
coefficients have been used here, which are neither drastically
influenced by defects and big voids (the diffusion kinetics is
determined by the transport in the smallest pores). In addition,
the critical diameter used in the formula has been assessed here
by ignoring the (pore volume) mode linked to the biggest pores.
It can be added as regards the numerical inverse method that the
use for the highly permeable concrete M25 of a simplified
modelling, which considers the sole transport of liquid water
according to Darcy's law (without water vapour diffusion and
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without evaporation within the sample, see Section 4.3.1) can
be questionable. As a matter of fact, it has been highlighted in
[14], by using a refined modelling (improved formulas for
relative gas permeability and for effective water vapour
diffusion coefficient, …), that the transport in the gas phase
was not negligible in such a material. It can be seen in Table 5
that a better agreement is observed between the permeability
obtained by direct measurement and the one estimated by
numerical inverse analysis (or by the Katz–Thompson formula)
for the normal-strength concrete BO. The difference (i.e. factor
of 25) recorded with this material can be attributed at least
partially to the fact that the permeameter worked in the case of
this good-quality concrete at the limit of admissible pressures.
Consequently, some uncertainty can be expected in the recorded
permeability. It can be added that the Kl values obtained by
inverse analysis on CO, CH, BO and BH seem correct, or at
least appropriate for the quantification and the prediction of
moisture transport, since they yielded numerical moisture
profiles consistent with experimental ones in the case of a
drying process in well-defined conditions [48]. In addition, the
same order of magnitude has been found in the literature by
means of numerical models [56] or experimentally on mortars
[58]. Therefore, it can be considered that the indirect method
based upon inverse analysis is validated for such materials.
Nevertheless, one has to keep in mind that the results depend on
the analytical formula selected for the WVDI (and for the
relative permeability).

5. Assessment of gas permeability and comparison with
liquid water permeability

5.1. Apparent gas permeability — definition and direct
measurement

By assuming laminar flow under steady-state conditions, the
apparent gas permeability of a dry material (Sl =0), denoted Kag

(in m2), can be calculated from direct measurement (one side of
the test specimen is submitted to a constant inlet gas pressure p),
by using Eq. (18) derived from Hagen–Poiseuille's law when
applied to compressible fluids (gases) [59]:

Kag ¼
2d Qd patmd ed gg
Ad ðp2−p2atmÞ

ð18Þ

where Q is the outgoing volume gas flow (in m3 s−1) measured
at the opposite side of the test specimen under steady-state
conditions, while A and e are respectively the cross-sectional
area and the thickness (in the flow direction) of the test
specimen, and ηg denotes the dynamic viscosity of the gas.

This apparent gas permeability Kag can be assessed by
means of the Cembureau constant head gas permeameter [59],
according to the AFPC-AFREM test procedure described in
[60], and by using oxygen. Before testing, the ∅150×50-mm
samples are water-cured and then dried according to [60]:
ventilated oven drying at T=80±5 °C for 28 days, followed
by ventilated oven drying at T=105±5 °C until the observed
relative mass loss is less than 0.05% between two consecutive
readings at a time interval of 24 hours. At the end of the
process, the test specimen is assumed as “dry” (Sl =0).

Kag is not only dependent on the pore structure of thematerial,
but also varies with the applied mean pressure pm=( p+patm) /2.

5.2. “Intrinsic” gas permeability — Klinkenberg's concept

It is possible to assess the “intrinsic” gas permeability of a
dry material Kig (in m2), which is solely a characteristic of the
void network (it is independent of the applied mean pressure
and theoretically of the fluid, liquid or gas), and which is
associated with pure viscous transport, by using Klinkenberg's
method [61] based on Eq. (19):

Kag ¼ Kigd 1þ b
pm

� �
ð19Þ

where the so-called Klinkenberg's constant β is a characteristic
of both the porous medium and the percolating fluid.

Note that here “intrinsic” has not the same meaning as in the
case of liquid water permeability.

This method has already been used by various authors
[62,63,64] and has been applied in [65] to same concretes as
BO-SN, BO and BH. According to Eq. (19), it consists in
performing permeability tests and measuring Kag at different
inlet pressures, and then plotting the data vs. 1 /pm. Kig is the
limit value of Kag when 1 /pm tends towards 0 (i.e. when pm
tends towards infinity). Kig is thus deduced by extrapolation
from the intercept with the Oy-axis through a linear fitting. βKig

is the slope of the straight line.
The Klinkenberg's concept [61] is based on the observation

that the measured gas flow is higher than the value theoretically
expected, as a result of slip effects in addition to pure viscous
flow. The author explains by this concept the fact that, for a
given material, gas permeability is higher than liquid water
permeability, and can be equal solely in the case of highly
permeable materials (see Section 5.4).

5.3. Relative permeability to gas krg(Sl ) — assessment from
WVSI and analytical formula

The “intrinsic” gas permeability at a given degree of gas
saturation Sg reads Kigkrg(Sg), where krg(Sg) is the relative
permeability to gas (krg≤1) and Sg=1−Sl. In order to better
illustrate the fact that krg quantifies the reduction of the gas
permeability induced by the presence of the liquid water phase in
the pore system, and in order to study experimentally and
analytically the variations of krg as a function of the degree of
liquid water saturation Sl (as for krl), krg will be expressed as a
function of the variableSl. As in the case of the relative permeability
to liquid water, krg can be derived fromWVSIs, thanks to analytical
formulas proposed in the literature (see e.g. Eq. (20)):

krgðSlÞ ¼ ð1−SlÞnd 1−S1=ml

� �2m
ð20Þ

where m is the same parameter as in krl formula and ξ is another
fitting parameter.



Fig. 10. Relative permeability to gas (krg) vs. degree of liquid water saturation Sl,
assessed by various methods (direct measurement and analytical formulas).
a) Concrete BO; b) concrete BH; c) concretes BO and BH.
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Note that the Klinkenberg's constant β is also dependent on
Sl: when Sl decreases, β increases [14,64,65].

Eq. (20) has been applied here to concretes BO and BH with
the values given in Section 4.5.1 for parameter m and with:

• ξ=0.5 according to Parker et al. [67] (and applied in
[16,48,50]). Parker et al. found this expression when
extending Mualem's model [53] to the non-wetting phase,
in the case of soils,

• ξ=5.5 according to Monlouis–Bonnaire [30] for cementi-
tious materials.

Note in addition that ξ=1/3 was proposed by Luckner et al.
in [68].

The analytical results obtained for the relative permeability to
gas krg(Sl), by applying Eq. (20), are compared to experimental
data in Fig. 10a and b, for BO and BH respectively. The
experimental data were obtained by applying Klinkenberg's
method at various Sl, in order to assess the “intrinsic” gas
permeability at a given Sl. These various Sl were obtained by
using two drying procedures (see [65]): on the one hand, step-by-
step drying at T=45 °C and at various RHs by means of saturated
salt solutions, and on the other hand, oven drying according to
[60] (see Section 5.1). A drastic influence of Sl is observed, as
already reported in the literature (e.g. [66]), and a far better
agreement with experimental data is highlighted in the case of the
analytical formula proposed in [30], in spite of some differences
within the mid Sl range. The application of the formula proposed
in [67] to the hcps CO and CH (see [48,50]) shows quite similar
curves to that obtained for concretes BO and BH. Therefore, this
latter formula, originally developed for soils, does not seem
relevant for normal-strength and HP cementitious materials.

In Fig. 10a and b is also displayed the fitting on the
experimental data by using a ln function, according to [64,65].
The results show that experimental data can correctly be
approximated by using ln functions, although such a fitting has
no predicting feature.

The results obtained by applying Eq. (20) to BH, BO andM25
are compared in Fig. 9. Similarly as for krl, the identical curves
obtained point out that the material characteristics have no
influence on krg. This finding is confirmed by the experimental
results obtained on BO and BH and by fitting according to ln
functions (see Fig. 10c). Such a “universal” relationship krg=krg
(Sl) can therefore be assessed from a single material and can be
used (and included as input data in models) for every other one.

5.4. Comparison between gas and liquid water permeabilities

The experimental “intrinsic” gas permeabilities (i.e. when pm
tends towards infinity) obtained in the case where Sl =0 (i.e. for
dry samples) can be compared to the measured and calculated
intrinsic liquid water permeabilities (i.e. at Sl =1) for various
hcps and concretes (see Table 5). Theoretically, if the fluids
were neutral with respect to the material, these two parameters
should be equal. This has also been pointed out experimentally.
For example, Gross and Scherer [69] found a good accordance
between intrinsic (CO2) gas and (ethanol) liquid permeabilities
of highly porous silica aerogel measured respectively by
dynamic pressurization and beam bending [43,44]. Likewise,
a difference of 40±10% has been reported in [57] between
argon and ethanol permeabilities measured by pulse test on
normal mortar (see also [40,56]).

Here, a difference of several orders of magnitude is observed
between gas and liquid water permeabilities for the good-quality
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materials CO, CH, BO and BH (gas permeabilityN liquid water
permeability). Such differences have already been reported in the
literature [38,39,61,62]. For example, Loosevelt et al. in [56]
found similar values for argon and ethanol permeabilities with
mortars, but the liquid water permeability was systematically
lower. The difference observed here was expected, given the
various physicochemical processes that may occur during the
tests carried out: cracking during the drying process prior to gas
permeability measurement, water–solid interactions during the
drying test used for the indirect method (Kl is determined within
the transient regime), water–solid interactions and other
phenomena during the course of liquid water permeability
testing (ongoing hydration [70], crack-healing [70,71], self-
sealing [70,72], or leaching) in particular if the test takes a long
time, …. Therefore, for weakly permeable materials, when the
liquid water permeability cannot be measured, it cannot either be
deduced from gas permeability measurement. As expected (see
Section 5.2), a better agreement (one order of magnitude
difference) is obtained between the liquid and gas permeabilities
measured on the low-grade concrete M25.

6. Concluding remarks

Various results and experimental/analytical/numerical tools
are presented in this paper. A database useful for further
researches is thus available, in particular for the analysis and the
physically-based modelling of transport/degradation processes
and associated deformations.

Water vapour desorption–adsorption experiments are re-
vealed as essential tools for durability evaluation and prediction.
These experiments not only provide moisture properties and
microstructure characteristics [1], but also transport properties.
For example, by adding to water vapour sorption experiments a
drying test at a given RH (and by using a moisture transport
model), or a cup test, or a gas permeability test on a dry sample,
it is possible to assess respectively liquid water permeability,
diffusion coefficient associated to Fickian transport of water
vapour, or gas permeability vs. the degree of saturation. More-
over, the apparent moisture diffusion coefficient vs. the degree
of saturation can be directly deduced through the analysis of
sorption kinetics.

In this paper, the drastic influence of the degree of liquid
water saturation has been quantified on the experimental
diffusion coefficients, as well as on the liquid water and gas
permeabilities. In addition, it is found that diffusion coefficients
are dramatically dependent on moisture history and test
conditions [6,8,10]. The results presented in this paper show
that, owing to the complex phenomena that take place during
drying–wetting processes (in particular water–solid interactions
and occurrence of combined vapour and liquid transport) and the
mentioned moisture history dependency, inadequacy can arise
between the diffusion coefficients involved in the theoretical
description and those actually measured. It is therefore difficult
to identify a “universal” durability indicator [40], which has to
meet both the theoretical relevance and a reliable assessment by
a well-defined procedure, among these diffusion coefficients,
and to select the appropriate coefficient for inclusion as input
data in models. Likewise, the “intrinsic” permeability of the
materials tested in this study is obviously dependent on the fluid
(liquid water or oxygen gas), probably as a result of the various
phenomena that take place during the experiments (in particular,
water–solid interactions). This finding, in addition to the results
obtained here by various methods as regards liquid water
permeability and to the results reported in the literature, points
out the difficulty to assess actual intrinsic transport properties for
cementitious materials. In particular, the concept of intrinsic
permeability independent of the permeating fluid does not seem
relevant for cementitious materials when liquid water is
regarded, except maybe for highly permeable materials. But
liquid water permeability is even so required for the quantifi-
cation and the prediction of moisture and moisture-coupled
transport processes. This implies in particular that two distinct
gas and liquid water permeabilities have to be included as input
data in models, as illustrated in [14].

It can be concluded that transport property results require
reference to the moisture history, preconditioning, test methods
and calculation formula used. These data are indispensable for a
correct understanding (e.g. in order to deduce in which governing
equation the coefficient is involved), interpretation and use of
these results. Moreover, the origin of the discrepancies recorded
between various methods still remains to be thoroughly clarified.
This will help to improve the test procedures, and to make them
appropriate to the whole range of concrete mixtures (from low-
grade to ultra-high-performance concretes), since transport
properties are of major practical interest.
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