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This experimental study aims at identifying the water retention properties of two industrial concretes to be
used for long term underground nuclear waste storage structures. Together with water retention, gas transfer
properties are identified at varying water saturation level, i.e. relative gas permeability is assessed directly as
a function of water saturation level Sw. The influence of the initial de-sorption path and of the subsequent re-
saturation are analysed both in terms of water retention and gas transfer properties. Also, the influence of
concrete microstructure upon water retention and relative gas permeability is assessed, using porosity mea-
surements, analysis of the BET theory from water retention properties, and MIP. Finally, a single relative gas
permeability curve is proposed for each concrete, based on Van Genuchten–Mualem's statistical model, to be
used for continuous modelling approaches of concrete structures, both during drying and imbibition.

© 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The two concretes involved in this experimental study have been
designed by the French National Agency for Nuclear Waste Manage-
ment (Andra) as possible candidates for long-term repository. These
concretes will be used for containers and/or for tunnels intended for
the disposal of so-called HA and MAVL radioactive wastes (i.e. long or
intermediate activity and long life radioactive nuclear wastes). Long-
term disposal structures will be built into a clayey rock layer (argillite),
currently under investigation in the East of France at Bure [1]. Located in
an argillite layer at ca. −500 m depth, a dedicated laboratory has been
designed to perform realistic in situ studies and to help evaluate the
storage feasibility and safety over thousands of years. In particular, at
the beginning of its life within the disposal structure, concrete will be
submitted to increasing temperatures due to waste presence and to
tunnel ventilation, leading to its drying. After sealing, the whole struc-
ture (i.e. tunnel and argillite in contact with concrete) will be progres-
sively re-saturated with pore water coming back from the more
distant rock, due to water seepage. These phases will induce de-
saturation and re-saturation of all porous media present. Meanwhile,
hydrogen gas will be produced within repository tunnels, mainly due
to corrosion and water radiolysis. After sealing, gas production within
tunnels may lead to pressure increase up to structural breakdown. By
allowing propagation of radionuclides, gas leakage would participate
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to waste dissemination. For such a failure scenario, there is a lack in labo-
ratory data necessary for the varied numerical modelling approaches,
which are currently used to simulate the long-term structure perfor-
mance and sealing ability. In this context, experimentally identifying
water retention and gas transport properties through partially-saturated
concretes is a crucial issue, together with improving the understanding
of the underlying physical phenomena occurring at partial saturation.

In the literature, a number of statistical models is available for con-
cretes, which relate water content w% (or saturation level Sw) to capil-
lary pressure Pcap, or to relative humidity (RH) through Kelvin's relation
(for water retention properties), and, most importantly, water and gas
relative permeabilities Krw and Krg to water saturation level Sw (for
gas transport properties in the partially-saturated state) [2,3]. The
well-known Van Genuchten–Mualem's model [4,5] is certainly one of
the most often used for the latter, and it is proposed in a number of ar-
ticles related to relative permeability of rocks and concretes [6–8]. Such
amodelmay also beused “for lack of anythingbetter”, i.e. in the absence
of direct measurements of fluid transport properties. These are time
consuming and not easy to carry out [9]. On another hand, when actual
hydraulic properties are measured, they may be fitted using Van
Genuchten's relationship, which is useful for numerical modelling
[10]. In this contribution, a key issue is to determine whether a single
set of Van Genuchten's parameter values is sufficient to fit gas transport
data during de-saturation or during re-saturation.

Due to mechanical or thermal loading and to drying shrinkage,
concrete may be either sound (intact) or micro-cracked, depending
on numerous effects, such as local or global structural restraints
[11,12]. In this study, concretes are in their sound state, i.e. they did
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not undergo any dedicated treatment intended to micro-crack them.
Therefore, these results will be the basis of comparison with identical,
yet deliberately micro-cracked, concretes, which involves a whole se-
ries of lengthy experiments, see [13]. For special emphasis on water
retention properties of concretes with identical formulation to ours,
which are directly relevant to underground radioactive waste dispos-
al (i.e. at different temperatures of 20, 50 and 80 °C and under partial
de-saturation/re-saturation cycling), one may refer to [14–16].

In brief, our contribution addresses the following aspects:

(1) we identify the actual gas relative permeability curves Krg(Sw)
for two Andra industrial concretes, named CEMI and CEMV
(due to their main cement component); Van Genuchten's
model is used to fit these data. All experiments are conducted
under moderate hydrostatic pressure, which value (5 MPa)
corresponds to the order of magnitude of in situ stresses.

(2) we evaluate the effect of desorption/sorption phases i.e. of how
saturation Sw is obtained, on Krg. Indeed, a strong hysteretic ef-
fect is generally observed on water retention properties, i.e. on
the relationship between water saturation state Sw vs. relative
humidity (RH), depending on whether it has been obtained
during drying or imbibition [17,18]. The legitimate question,
which arises from this remark is whether there is also hystere-
sis in gas relative permeability Krg vs. Sw. Our work answers
this question with direct experimental results.

One should note here that themain focus of this paper is the effect of
water saturation level Sw on gas relative permeability Krg. Variation in
Sw is obtained by placing samples at given RH until mass stabilisation,
which is the easiest method. This also provides sorption/desorption
isotherms at ambient temperature. In order to validate our experimen-
tal isotherms against existing data, they are compared to other studies
on the same concrete formulations, one from our laboratory [16], the
other from [14].

2. Experimental methodology

2.1. Concrete materials and samples

Both concretes studied are considered as ‘reference concretes’ in
Andra's programme for disposal design. Two types of cement are
used: (1) a CEMI type, which is made of finely ground pure Portland
clinker (with setting retardant, i.e. gypsum or anhydrite), and (2) a
CEMV/A type, which is constituted of 60 wt.% clinker, 22 wt.% blast-
furnace slag, 14 wt.% fly ash and 4 wt.% setting regulator, according to
NF EN 196-4 European Standard [19,20]. Blast furnace slag and fly ash
are filler and pozzolanic additives to CEMV/A cement. In the following,
concrete made with CEMI cement has a water-to-cement ratio (W/C)
equal to 0.43, and is called ‘CEMI’. Concrete prepared with CEMV/A ce-
ment has a (W/C)=0.39, and it is called ‘CEMV’. Table 1 presents
both concrete compositions, which correspond to Andra's industrial re-
quirements. Due to both differing cement type and (W/C), CEMI and
CEMV mature concretes will have different microstructures, both in
terms of pore network and solid skeleton, see [14,16] and Sub-
section 3.1 here.
Table 1
Concrete compositions.

CEMI

Component Nature Source Amount [k

Cement CEMI 52.5 R Lafarge, France 400
Sand Limestone [0–4 mm] Boulonnais quarry, France 858
Gravel Limestone [5–12 mm] Boulonnais quarry, France 945
Super-plasticizer Glenium 27 BASF 10
Water – – 171
W/C 0.43
Samples are made from a single batch for each concrete type. After
24 h and more, cylindrical samples of diameter Ø=37.5 mm are cored
from larger beams and cut to a length equal to 30 mm. Such size may
seem quite small when compared to a maximum aggregate size of
12 mm. Indeed, it would be insufficient to assess concrete mechanical
performance. Yet, whenmeasuring hydraulic properties, e.g. gas perme-
ability, it is an adequate compromise: this ensures sample representa-
tiveness with regard to the aggregate maximum size, with more than
two such aggregates potentially present in the sample height, while lim-
iting the time necessary to reach hydrous equilibrium, see [15,17,21]. In
our laboratory, experiments have been performed to evaluate a possible
size effect with samples of 65 mm diameter and 30 mm height. These
did not show significant differences in gas effective permeability, as
compared to those of the present study. To further validate this point,
an experimental assessment was performed by J. Verdier et al. [21] on
5–8 concrete samples with a maximum aggregate size of 20 mm. Dry
state is obtained at mass stabilisation under 80 °C oven-drying; gas per-
meability is assessed by imposing a unidirectional gas flow along the cy-
lindrical sample thickness. For samples of 300 mm diameter and 50 mm
height, no statistically significant difference in dry gas permeability was
found with samples of identical diameter (300 mm) and 100, 200 or
300 mmheight. Therefore, study [21] showed that a 50 mmheight sam-
ple is sufficient to measure gas permeability of concretes with a maxi-
mum aggregate size of 20 mm. In the present study, we use a 12 mm
maximum aggregate size and 30 mm sample height for permeability
measurements, which is comparable to [21]: we have an identical (max-
imum aggregate size/sample height) ratio of 0.4.

After coring and cutting, samples are cured in lime-saturated water
at 20 °C for six months before use. Therefore, we consider that the hy-
dration process is sufficiently complete so that concrete microstructure
will not vary significantly during testing [12,15,17,21]. Moreover, con-
cretes are assumed to be fully water-saturated at the end of this cure.

2.2. Experimental strategy

To conduct the experimental programme, we have selected eight
water saturation levels Sw, obtained at mass stabilization, by placing
samples in hermetic chambers over salt-saturated solutions, which
impose respective RHs of 98, 92, 85, 75, 70, 59, 43 and 11%.

2.2.1. Choice of a reference dry state
The dry state, considered to be the reference state at which intrin-

sic gas permeability is measured, is obtained after oven-drying at
60 °C until mass stabilization. Two different climatic chambers run
at 60 °C have been tested for relative humidity for 24 h: RH values
range between 6.6 and 7.2%, for actual temperatures ranging from
55 to 65 °C.

There is a long-lasting debate concerning the adequate method to
be used to obtain the dry state, which also provides conventional po-
rosity [22]. Vacuum-drying, oven-drying at 60/65 °C or 100/105 °C
and freeze-drying are the most popular methods. If, as is regularly
recommended, 105 °C is used as the drying temperature, thermally-
induced cracks may occur, as well as a first degradation of hydrates,
such as ettringite, which decomposition is attested above 70 °C
CEMV

g/m3] Nature Source Amount [kg/m3]

CEMV/A 42.5 N Calcia, France 450
Limestone [0–4 mm] Boulonnais quarry, France 800
Limestone [5–12 mm] Boulonnais quarry, France 984
Glenium 27 BASF 11.5
– – 176.3
0.39
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[22,23]. On another hand, very moderate drying, below 60 °C, may not
lead to complete material de-saturation, i.e. it will not provide actual
porosity and gas intrinsic permeability values. Vacuum drying leads to
similar micro-structural modifications as 60 °C oven-drying, and
freeze-drying leads to significant, although limited, micro-structural
damage [22].

The dry state obtained after mass stabilization at 11%RH was not
selected as the reference state: it corresponds to a similar proce-
dure as vacuum-drying, and hence, it is bound to imply similar
micro-structural modifications, and it is longer to obtain than 60/
65 °C oven-drying. A compromise had to be made, especially to
perform intrinsic permeability measurements (followed by sample
re-saturation) in a limited time frame, and it was in favour of the
moderate 60 °C oven-drying. In fact, a little adsorbed water may re-
main when concrete is dried at 60 °C. Yet, this water, if present, is
not reputed to have a significant effect on gas flow i.e. on gas per-
meability [24].

2.2.2. Choice of a de-saturation/saturation process— test representativeness
Two main possibilities were considered to obtain partial water

saturation, prior to gas transport assessment. The first one was to fol-
low the same sample along its whole de-saturation process, from the
initial fully water-saturated state to the reference dry state, such as in
[16]. Study [16] was solely on desorption isotherms: it has started five
years ago, and samples are not yet mass stabilized at 30%RH and
20 °C. In such case, gas effective permeability would have been mea-
sured after each RH-drying step, each one lasting several months.
Therefore, it is highly time consuming [12,16] and, if the sample
under test is atypical, e.g. if it comprises a great number of air voids,
the whole set of results cannot be exploited. Moreover, due to exten-
sive test duration, a greater risk exists to get parasitical phenomena,
like enhanced structural micro-cracking, carbonation etc. [25]. As a
consequence, we have chosen to test one different sample at each
RH level, once during de-saturation, once in the dry state, and three
times during re-saturation, at different time intervals. With this
choice, the whole experimental programme has lasted ca. two years
and a half (900 days).

Transport experiments amount to five values of apparent gas
permeability per sample (except for those in the reference dry
state). All are performed under identical hydrostatic stress, see
the triaxial cell and its associated gas panel in Fig. 1. This leads to
better statistical values of relative gas permeability Krg, because it
provides four Krg values per sample, at different water saturation
levels. As nine samples were used for each concrete (CEMI and
V3
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Fig. 1. Diagram of the experimental se
CEMV), comprising one in the reference dry state, we have mea-
sured 40 effective gas permeability values per material (plus one
value in the dry state). Of these 40 values, 8 are obtained during
de-sorption, 8 in the dry state and 24 during sorption; this leads
to 64 relative gas permeability values for the two concretes. In
brief, this experimental campaign has required a total number of
82 permeability experiments in the triaxial confining cell. This is
considered sufficient to provide proper material representativeness
and reliability of our results. In parallel, the experiments provide
9 porosity values per material, which is also assumed sufficient to
get proper material representativeness. Complementarily, dry gas
permeability and porosity measurements are compared to those of
other studies [14,16].

2.2.3. Complete experimental procedure
Except for oven drying, all experiments are performed at a mean

temperature of 22 °C in an air-conditioned room, as in [15,17,26].
The whole experimental procedure is as follows:

1. All samples are cured in lime-saturated water for 6 months. The ini-
tial state after curing is assumed to be the fullywater-saturated state.
Each sample mass is then Mw.

2. Each sample is placed in a different hermetic chamber under the pre-
scribed RH% (or in the oven at 60 °C). Itsweight ismonitored regularly.

3. Mass is assumed to be stable when its variation is less than 0.01 g
during three successive days, for an initial mass of around 80 g.
Stabilised mass is noted Ms. At mass stabilisation, effective perme-
ability gas Keff(RH) is measured using a high gas pressure value
(see paragraph 4 for details). For all samples except the dry ones,
saturation level Sw is not known yet (dry mass has not been
assessed at this stage). For dry samples, effective gas permeability
is intrinsic gas permeability, and Sw is 0.

4. After gas permeability measurement at given RH, the sample is
dried at 60 °C until mass stabilisation, using the same criterion as
in 3. (See above.). Md is sample dry mass, obtained after this
step. For each sample, this provides its total connected, or conven-
tional, porosity, which is defined as the ratio between the total
pore volume and the sample volume, i.e.:

ϕ ¼ Vp

Vsample
¼ Mw−Md

ρwVsample
%ð Þ ð1Þ

where Vsample is sample volume and ρw is water specific mass.
Water saturation level Sw is defined as the ratio between the
V1
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Fig. 2. Influence of static gas pressure on effective gas permeability, when using either
helium or argon, for a CEMV concrete sample successively dried at 60 °C and 105 °C.
Plot shows the evolution of effective (or apparent) gas permeability K=Keff (expressed
in 10−17 m2) vs. the inverse of average gas pressure (1/Pf)=(1/Pm) (expressed in
MPa−1).
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volume of pores filled with water, and the total pore volume, so
that it is obtained at given RH as:

Sw RHð Þ ¼ Vwater
p

Vp
¼ Mw−Ms RHð Þ

Mw−Md
ð2Þ

Sw represents the proportion of pore volume filled with water. Al-
ternatively, when full saturation state is unknown, mass water
content w(%) may be used, which is defined as:

w ¼ Ms RHð Þ−Md

Md
ð3Þ

Intrinsic gas permeability Kint is the effective gas permeability in
the dry state, taken at a high gas pressure value (see below for de-
tails). For each sample at given Sw, relative gas permeability Krg is
deduced from:

Krg Swð Þ ¼ Keff Swð Þ
Kint

ð4Þ

Due to its definition, Krg varies in the range [0;1] whatever the
sample considered; 0 is for the fully water-saturated case and 1
for the dry one. It is generally admitted that relative gas permeabil-
ity Krg does not depend on the nature of the (partially) saturating
liquid [27] and that it is mainly a function of saturation state Sw
[28]. It may also depend on the gas nature [29]. Argon was chosen
here, as it is a common inert gas, and for several other reasons, see
Sub-section 2.3.

5 After intrinsic gas permeability measurement, the sample is sub-
jected once again to its previous RH% level, in order to evaluate
the hysteretic effect of the cycle drying→ re-saturation and to
measure its effective gas permeability at this new re-saturation
state. During re-saturation, three distinct measurements were per-
formed at different times of 80, 380 and 540 days, therefore span-
ning between one and two years time.

2.3. Measuring gas permeability

Preliminarily to this study, gas permeability tests have been per-
formed on a CEMV sample successively dried at 60 °C and 105 °C.
Helium has been used as the interstitial fluid after 60 °C and 105 °C
drying, and compared with argon after 105 °C drying. First, Fig. 2
shows that there is no significant difference in helium gas permeabil-
ity when the sample is successively dried at 60 °C and 105 °C. Further,
both gases have been flown through the sample at different pressures
to account for Klinkenberg's slippage effect, i.e. for the fact that gas
molecules slip on the porewall surfaces, providing varying permeability
with varying gas pressure [30–32]. When assuming a uni-dimensional
and quasi-static gas flow through a dry sample, Klinkenberg's equation
is written as follows:

Kapp ¼ Keff ¼ Kint 1þ b=Pmð Þ ð5Þ

where Kapp is apparent (or effective) gas permeability measured at the
average gas pressure Pm through the sample; β is Klinkenberg's coeffi-
cient, and Kint is dry, or intrinsic, gas permeability. Kint is determined
as the Y-intercept in a diagram plotting apparent gas permeability
Kapp=Keff vs. (1/Pm), see Fig. 2. Kint is of 0.72×10−17 m2 for argon
and 0.81×10−17 m2 for helium. This represents a difference of
0.09×10−17 m2, i.e. 12.5% for Kint assessed with argon, and 11.1% for
Kint assessedwith helium. This difference in Kint is considered sufficient-
ly limited to justify to keep argon all through the following study.
Further, a lower slope for Kapp(1/Pm) is recorded with argon than with
helium: apparent gas permeability Kapp varies half asmuchwith inverse
average pressure (1/Pm) if argon is the injected gas, i.e. a more limited
Klinkenberg's effect is identified in this pressure range if argon is pre-
ferred to helium. As expected, Klinkenberg's gas slippage effect occurs
more significantly with smaller helium molecules than with argon,
while the resulting intrinsic permeability, obtained when (1/Pm)
tends towards 0, presents limited difference between both gases.

All through this work, we apply the pulse-test method, which has
been used in our laboratory for a number of years. Its principle is to
subject the cylindrical sample to a moderate confining pressure
Pc=5 MPa, simultaneously to a stable static gas pressure Ps on both
its upper and lower sides. Then, at time t=0, a slight gas pressure ex-
cess ΔP(t=0) is applied on one of the sample sides. The evolution of
the difference in gas pressure between both sample sides (P1−P2) is
recorded over a period of time, and provides effective gas permeabil-
ity, see Fig. 1. This test may be labelled as a low amplitude pulse test
[33], designed to avoid significant sample de-saturation during gas
flow. This has been validated experimentally by weighing each sam-
ple, before and after permeability test: no significant mass variation
was recorded.

The experimental device comprises:

• A confining cell;
• A Gilson pump and a digital manometer capable of recording the
applied confining pressure;

• A gas injection panel comprising:
○ An argon gas feed reservoir and a high-pressure reducer

manometer;
○ Two surge reservoirs R1 and R2: the sample is placed between

them;
○ A digital manometer for measuring static pressure Ps;
○ A transmitter and a differential pressure indicator to measure

the difference in pressure (P1−P2) between both sample sides;
○ A computer (not shown in Fig. 1) for recording the difference in

pressure (P1−P2) over a period of time.

As detailed in [27], the difference in pressure between both sam-
ple sides is fitted satisfactorily by:

P1 tð Þ−P2 tð Þ ¼ Δ P tð Þ ¼ Δ P1 exp −cPftð Þ ð6Þ



Fig. 3. Porosity distribution for the whole sample set (CEMI and CEMV). Sample num-
ber corresponds to the RH it has been subjected to.

Fig. 4. Porosity v.s. intrinsic dry gas permeability.
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with c ¼ −
Keff Swð ÞA

μ h
1
V1

þ 1
V2

� �
: ð7Þ

V1 and V2 are the volumes of the surge reservoirs located on each
sample side, A is sample cross section, h is sample height, μ is gas viscos-
ity (2.2×10−5 Pa/s for argon) and Pf is the final pressure which, as
V1=V2=0.4 l in the present case, is close to (P1(t=0)+P2(t=0))/
2. On each sample side, at time t=0, gas pressures are respectively
P1(t=0)=Ps+ΔP(t=0) and P2(t=0)=Ps, where Ps is the initial stat-
ic pressure. In fact, Eq. (6) is applicable if volumes V1 and V2 are much
larger than the sample pore volume [34], which is obviously the case
here with the choice of 0.4 liter reservoirs. The choice of gas pressure
values Ps and ΔP(t=0) have been guided by two constraints:

• No significant sample de-saturation is to occur during gas perme-
ability tests

• Klinkenberg's effect has to be sufficiently limited to avoid multiple
measurements

To mask Klinkenberg's effect, a high static pressure has to be ap-
plied [35]. To assess its value, our preliminary test is used. Fig. 2 plots
effective gas permeability vs. the inverse of Pm=Pf=(P1(t=0)+
P2(t=0)) /2. It is observed that with argon gas, a static pressure
value Ps=2 MPa (which corresponds to (1/Pf)=0.5) provides Kapp

(1/Pm=0.5)=0.8×10−17 m2 while Kint=0.72×10−17 m2: Kapp is
close to Kint. Their difference represents 11% of Kint. Therefore, in
the following, for every permeability test on CEMI and CEMV con-
cretes, Ps≈2–2.2 MPa (i.e. (1/Pf)=0.45–0.5). This also ensures
that all permeability measurements may be compared on the same
basis.

Moreover, the initial difference in pressure (i.e. the pulse test am-
plitude) is fixed at ΔP(t=0)=0.3 MPa, which is one order of magni-
tude lower than static pressure Ps.

3. Results

3.1. Gas transport properties in the dry state: porosity and intrinsic gas
permeability

3.1.1. Porosity
Fig. 3 displays porosity values for 9 samples of each concrete. X-

axis label corresponds to the RH to which each sample has been sub-
jected to. The main observation is the homogeneity in porosity for
both materials, as also attested by the low standard deviations: aver-
age porosity ϕ is 8.3% for CEMI concrete, with a standard deviation
representing 5.8% of the average, and ϕ=10.3% for CEMV concrete,
with a standard deviation representing 7.2% of the average.

As a matter of comparison, for different batches of the same con-
crete formulations as in this study, Brue et al. [16] obtain very similar
values to ours for CEMI concrete, with an average connected porosity
ϕ=8.1% for 60 °C oven-dried material, and a standard deviation
representing 11% of the average; for 60 °C oven-dried CEMV concrete,
ϕ is significantly greater than in this study, with an average value of
11.9%, and a standard deviation limited to 5.9% of the average. As
for Ranaivomanana et al. [14], after one year water curing and
105 °C oven-drying, CEMI concrete porosity is of 12.3% (for which
Brue et al. [16] have a lower value of 10.1%); CEMV concrete porosity
is of 14.7%, for which Brue et al. [16] have assessed a slightly greater
value of 15.3% +/−0.4. For CEMI only, Poyet [15] measures greater
connected porosity than Brue et al. [16] after drying at 60 and
105 °C, with values at 11.3% and 12.3% respectively. To conclude, a
significant effect of the concrete batch, and of the drying temperature,
is observed for porosity measurements of both materials.

3.1.2. Dry intrinsic gas permeability
Let us now analyse dry (intrinsic) gas permeabilities. In this study, for

CEMI concrete, intrinsic gas permeability ranges between 2×10−18 m2
and 4.4×10−18 m2 at 5 MPa confinement. On one single CEMI concrete
sample, Brue et al. [16] obtain a slightly greater value of 5×10−18 m2 at
5 MPa confinement. For CEMI concrete, Poyet [15] measures an intrinsic
gas permeability of 2×10−17 m2 (average on three samples). This
value, obtained without sample confinement (which would close up
micro-cracks), is an order of magnitude greater than our values. This
was expected for the concrete batch in [15], which has significantly great-
er porosity (11.3%) than ours (8.3%).

In Fig. 4, intrinsic gas permeability Kint is plotted v.s. porosity ϕ. A
clear correlation between Kint and ϕ is observed for pure Portland
cement-CEMI concrete: its permeability is consistently lower for
less porous samples (Pearson's coefficient R2 is of 79.8%). Similarly,
Van den Heede et al. [36] identify a linear relationship between dry
gas permeability and porosity, yet for high-volume fly ash concrete.
Also, in [36], while porosity is high (with values ranging from 14 to
17%), gas permeability values are on the order of 10–16 m2, which is
two orders of magnitude greater than for our concretes, making actu-
al comparison delicate.On the contrary, no correlation between Kint

and ϕ is observed for CEMV concrete, see Fig. 4 (Pearson's coefficient
R2 is of 16.7%). The latter is evidence that there is no systematic link
between porosity and permeability, as previously shown, e.g. in [37].
On another hand, even if CEMV concrete is more porous than CEMI,

image of Fig.�4
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both have similarly low dry gas permeabilities: the mean value for
Kint is 3.4×10−18 m2 (+/−0.9×10−18 m2) for CEMI concrete and
3.5×10−18 m2 (+/−1.1×10−18 m2) for CEMV concrete.

3.2. Water retention properties

3.2.1. Mass variation kinetics
For both concretes, Figs. 5 and 6 present relative mass variations

vs. time, for the first 200 days (Fig. 5) and for the whole experiment
duration of 900 days (Fig. 6), for (a): CEMI concrete and (b): CEMV
concrete. The three phases of our experiment are presented: for
each sample, placement at given RH, 60 °C oven-drying and re-
saturation at an identical RH as in the first phase.

In a consistent manner whatever the RH, drying and re-saturation
kinetics are significantly greater for CEMI than for CEMV. For instance,
for a sample under 60 °C oven-drying at the test start, CEMI concrete
requires 23 days to reach stable mass, whereas 100 days are neces-
sary for CEMV; for a sample mass-stabilised at 98%RH, it takes
38 days for CEMI to reach the reference dry state, and 120 days for
Fig. 5. Drying kinetics for the first 200 days fo
CEMV. Under 98%RH, CEMI takes 477 days to re-saturate from the
dry state, whereas CEMV requires 538 days. As expected, for initially
water saturated samples, the greater the RH, the quicker the mass sta-
bilization, for both concretes; for reference dry samples, the greater
the RH, the slower the re-saturation kinetics.

Mass loss variations display several particular features. First, ini-
tially water-saturated CEMV concrete loses less mass than CEMI
when subjected to RH ∈ [11;98] %. This is attributed to a greater
number of small pores in CEMV than in CEMI, which retain more
water down to low RH, see Sub-section 3.2.3 for detailed analysis
on this aspect. For instance, for samples subjected to 11% RH, mass
loss is of 2.33% for CEMI and 2% for CEMV; at 70% RH, it is of 1.5%
for CEMI and 0.8% for CEMV; at 98%RH it is only of 1% for CEMI and
0.34% for CEMV. Therefore, CEMV water retention capacity is greater
than that of CEMI. Despite this, after full drying in the oven at 60 °C,
CEMV loses more mass than CEMI: CEMV total water content is
greater than that of CEMI. This was expected, due to the greater
total porosity of CEMV compared to that of CEMI see Fig. 3. At the
dry state, for each concrete taken individually, total mass loss varies
r (a) CEMI samples; (b) CEMV samples.
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Fig. 6. Drying and re-saturation kinetics for the whole 900 day experiment for (A) CEMI concrete samples; (B) CEMV concrete samples.
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significantly between the different tested samples: it ranges be-
tween 3% and 3.5% for CEMI and 3.7% and 4.8% for CEMV. Neverthe-
less, this means that total mass loss variation is greater for CEMV
than for CEMI. Upon re-saturation, and contrarily to CEMI, CEMV
does not reach back mass variation levels obtained after the first
de-saturation step (from initially water-saturated down to mass sta-
bilised at given RH). This means that either water takes longer time
to re-integrate the pore network than these experiments have
allowed, or that all water could not retrieve its former position
after full drying, as proposed by Jennings [38], see Sub-section 3.3.2
for detailed analysis on this point.
Fig. 7. Comparison of first de-sorption curves for CEMI and CEMV concretes at 20 °C.
3.2.2. De-sorption phase
First de-sorption isotherms are plotted in Fig. 7 for both concretes.

They are compared to first de-sorption curves by Ranaivomanana et
al. [14] and Brue et al. [16] in Fig. 8, which is directly derived from
[16]. Except for higher RH (>95%) at which the effect of air voids or
large capillary pores is predominant, all first desorption isotherms
follow similar evolutions, although they were obtained with different
concrete batches and/or in different laboratories.

Despite using the same experimental procedure all along this study,
a strong difference is observed between both concretes, see Fig. 7. First-
ly, for CEMV, one notes a very high irreducible saturation level down to
very low relative humidities, with Sw=72% at RH=43% and Sw=53%
at RH=11%. For CEMI, Sw=41.6% at RH=43%, and 26.6% at
RH=11%. This may be translated in terms of smallest drained pore di-
ameter, by a simplified analysis, as follows.

image of Fig.�6
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Kelvin–Laplace's equation applied to water allows the calculation
of the smallest drained pore diameter di at given temperature T and
for given humidity conditions, as:

di ¼ − 4γw Tð ÞMw

RTρw Tð Þ ln RHð Þ ð8Þ

where ρw is water specific mass (function of temperature T) [kg/m3];
R is the perfect gas constant [J/mol.K]; T is temperature [K] ; Mw is
water molar mass [kg/mol] and γw is the surface tension of water/
air (also a function of temperature) [39]. The sole Kelvin's relation
provides capillary pressure Pcap as:

Pcap ¼ − ρw

Mw
RT ln RHð Þ: ð9Þ

If we assume that Kelvin–Laplace's capillary law applies for the
smallest concrete pores, our results mean that, at 43%RH, 72% of the
water present in CEMV concrete (and only 41.6% for CEMI) lies in
pores with a radius smaller than 2.5 nm, i.e. within C–S–H nano-
porosity [40]. This calculation is mainly qualitative, as it is well known
that water confined in nano-pores is adsorbed water, strongly bound
to the pore walls [24,41], which is not accurately described by capillary
Kelvin–Laplace's law (capillary pores within a concrete material are
above 50 nm [24,42]). However, this implies that the pore microstruc-
ture of CEMV concrete comprises a non negligible amount ofmuch thin-
ner pores than those of CEMI, with 30.4% more water present at 43%RH
than in CEMI. Indeed, CEMV cement contains pozzolanic species, which,
on the long term, results in a greater amount of C–S–H (mainly created
from pozzolanic reactions with portlandite), and thus, to a greater
Fig. 8. Comparison of first desorption isotherms for three different batches of (A): CEMI
concrete, (B): CEMV concrete, from this study (labelled ‘Chen’), [11] (labelled ‘Ranaivo-
manana’) and [13] (labelled ‘Brue’), all at 20 °C. Both figures are from [13].
amount of fine C–S–H porosity [43], see also Sub-section 3.3.2 on this
point.

3.2.3. Desorption isotherms and concrete microstructure
Although from a different batch than here, the pore microstruc-

ture of CEMI and CEMV concretes has been identified by MIP in
[16]. Three main peaks in pore size distributions are observed: the
greater is centred around 1–2 μm, and corresponds to large capillary
pores, entrapped air bubbles and/or to micro-cracks; the second
peak is centred around 200 nm for CEMI and 400 nm for CEMV, and
is attributed to capillary pores [24,42]; the third, greatest peak is
centred around 30 nm for CEMI and 40 nm for CEMV. The latter is at-
tributed to pores located in non-crystalline areas, between C–S–H
layers (inter-layer pores) [40]. Being non accessible to usual MIP
(>6 nm pore size range), intra-layer C–S–H pores (2–5 nm size
range) are not observed. Nevertheless, for CEMV concrete, the pore
volume corresponding to the area under the third peak (20–40 nm)
is greater than for CEMI: this means that a greater number of small
inter-layer C–S–H pores is present in CEMV than in CEMI. This has
been consistently observed on three different samples of each con-
crete, see [44]. This greater amount of C–S–H pores is attributed to
pozzolanic additions in CEMV/A-type cement, which react with por-
tlandite to form further C–S–H than in CEMI.

Complementarily, it is interesting to compare sorption curves –

obtained from an initially dry state – for both concretes, at the begin-
ning of the process, as the increase in mass in the lower RH range is
generally attributed to adsorbed water [41,45]. Using the BET theory
for the first adsorbed water layer, one evaluates the specific surface
of the porous structure from the following relation [15,45,46]:

RH
1−RHð Þw ¼ 1þ C−1ð ÞRH

Cwm
ð10Þ

where C is a constant, which depends on the material considered, and
w is the current water content (expressed in %). wm is the water con-
tent when the first adsorbed layer covers the whole specific surface of
pores. If RH

1−RHð Þw is plotted v.s. RH, a linear relationship is obtained if

the BET theory applies, with a slope of C−1
Cwm

and a Y-intercept of 1
Cwm

[45]. In practice, as long as RH
1−RHð Þw vs. RH is a linear relation, it is ad-

mitted that the BET theory applies. Hereafter, we analyse RH
1−RHð Þw vs.

RH in its linear part only, in order to evaluate the specific surface of
the pore microstructure. Fig. 9 represents RH

1−RHð Þw vs. RH for both con-

cretes. As expected, one observes that the BET theory applies in the
RH range [0;0.43] whatever the material considered. These results
are in good agreement with those found by e.g. Baroghel Bouny
[17]. As a consequence, the specific pore surface is calculated with
the experimental points obtained at 11 and 43% RH only. The effective
monomolecular thickness of water is generally assumed equal to
em=3.1 Å [45,47]. If A is the specific pore surface,weobtainwm=ρwAem
[45], from which we calculate:

• For CEMI: A=18 m2/g
• For CEMV: A=20 m2/g

As a matter of comparison, MIP measurements provide smaller
values of only 2.35 m2/g for CEMI concrete and 4.88 m2/g for CEMV
concrete [16]. This is not surprising because mercury cannot explore
the thinnest porosity [48]. Nevertheless, both methods show that
the specific pore surface of CEMV is higher than that of CEMI, in
good agreement with desorption results, see Fig. 7: CEMV has a great-
er water retention ability than CEMI. This is attributed to a greater C–
S–H amount in the microstructure of CEMV than in that of CEMI,
which leads to a greater amount of fine porosity (2–5 nm for intra-
layer C–S–H pores and 14–30 nm for inter-layer pores [40]), with a
higher specific surface.
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Fig. 11. Desorption and sorption curves at different imbibition durations for CEMV
concrete.

Fig. 9. Plot of RH
1−RHð Þw vs. RH, presented in order to assess the RH range over which the

BET theory applies for CEMI and CEMV concretes. This curve displays the expected lin-
ear relationship up to 43%RH.
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Finally, by considering a simplified stoichiometric model for the ce-
ment paste, which accounts for partial hydration and for each cement
composition, Ranaivomanana et al. [14] provide 0.098 m3 C–S–H/m3

for CEMI concrete, and 0.115 m3 C–S–H/m3 for CEMV concrete. Differ-
ent computations, and sorption experiments on CEMI and CEMV ce-
ment pastes by Drouet [49] also support the presence of a greater C–
S–H amount in CEMV than in CEMI. As C–S–H have finer pores than
other constituents of the microstructure, CEMV concrete has a greater
amount of fine (2–50 nm) pores than CEMI, together with a higher
total porosity [14,43,50,51].

3.2.4. Re-saturation phase
Re-saturation results for CEMI are given in Fig. 10, and those for

CEMV are in Fig. 11, together with de-sorption curves. A strong hyster-
etic behaviour is observed for both materials, except at the highest rel-
ative humidity levels. At RH=98%, CEMI recovers the saturation level
reached during initial de-sorption, whereas CEMV stabilizes at a satura-
tion slightly below that obtained during de-sorption. The latter may
completely disappear given further time (more than the current
490 days). In the intermediate RH range, i.e. between 11 and 92%RH, a
significant difference in saturation Sw is obtained between de-sorption
and sorption phases: for CEMI concrete, a difference of up to 24% in Sw
Fig. 10. Desorption and sorption curves at different imbibition durations for CEMI
concrete.
is observed between de-sorption and re-saturation at given RH; for
CEMV concrete, the maximum difference in Sw at given RH is of 52%.
This well-known hysteresis may be attributed to bottle neck effects
within the pore network, whereby small pore throats block water ac-
cess to bigger pore sizes, so that water re-saturation becomes more dif-
ficult after full drying (i.e. during re-saturation phase), see [48,52].
Other interpretations are proposed in Sub-section 3.3.2. These comprise
the existence of micro-cracks, carbonation, the influence of capillary
pressure, or phenomena occurring at the C–S–H scale.

3.3. Effective and relative gas permeability

Our results have shown that CEMV concrete is more porous than
CEMI, while their intrinsic (dry) gas permeability is similar. De-
sorption–sorption processes have provided isotherm curves marked
by significant hysteresis. For CEMV concrete, higher water retention at
low RH is evidence of a greater number of thin pores (2–50 nm) than
CEMI; this is also correlated by MIP measurements [16]. Due to these,
strong differences between CEMI and CEMV are expected in their effec-
tive (or relative) gas permeability at varying water saturation level.

3.3.1. De-sorption phase
First results, obtained during desorption only, are given in Fig. 12:

effective gas permeability is compared with varying Sw for both con-
cretes. Results are consistent, as a clear increase in gas permeability is
Fig. 12. Effective gas permeability Keff(Sw) for both concretes— de-sorption phase only.
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Fig. 13. Relative gas permeability Krg(Sw) for both concretes — de-sorption phase only.

Fig. 14. Krg vs. Sw for CEMI during de-sorption and sorption paths at, respectively, 80,
380, and 540 days; (A): in linear scale; (B): in logarithmic scale.
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measured as water saturation Sw decreases [28]. Keff values range be-
tween [2.7×10−20; 4.1×10−18]m2 for CEMI concrete and in a lower
[7.2×10−21; 1.7×10−18]m2 range for CEMV concrete. Comparison is
easier, in a similar [0;1] range, in a relative gas permeability Krg dia-
gram. Krg results are given in Fig. 13 for both concretes, also during
the sole de-sorption phase.

First, it is observed that experimental points for CEMI and CEMV
concretes cannot be fitted by the same curve: CEMV concrete displays
a sharp increase in permeability at the start of de-saturation, with two
orders of magnitude increase in the range [80%;100%], see Figs. 12 and
13. For CEMI concrete, the increase in permeability is almost linear,
andmore progressive than for CEMV. At given permeability, the satura-
tion level is consistently lower for CEMI than for CEMV, down to
Swb50%. For instance, a low gas permeability Keff=10−19 m2 corre-
sponds to Sw=59% for CEMI concrete, whereas Sw=81–84% for
CEMV. Alternately, Krg=0.02 is associated to Sw=66% for CEMI con-
crete, and Sw=82.1–82.7% for CEMV. This means that CEMV concrete
retains greater water amounts despite similar gas transport ability as
CEMI concrete. This greater water amount in CEMV does not actually
participate in gas flow, possibly because it is located within thin C–S–
H pores.

Further, relative gas permeability Krg lies in the higher range of
[0.1;1] for Sw decreasing from 42% to 0% for CEMI, and from 72% to
0% for CEMV. The limits at Sw=42% (CEMI) and 72% (CEMV) are
both obtained for RH=43%. As in Sub-section 3.2.2 (on desorption
and water retention), if Kelvin–Laplace's relation applies, this result
means that 90% of the gas flow (obtained in the range [0.1;1]) occurs
in pores of diameter di less than 2.5 nm (drained from 43%RH and
below). These are not capillary, but C–S–H pores, see Sub-
section 3.2.3. In other words, for CEMI, our results mean that only
10% of the gas flow (Krgb0.1) takes place in (1−Sw)=58% of the ac-
cessible pore volume, which, according to Kelvin–Laplace's law, is
composed of the largest pores (di>2.5 nm). For CEMV, the pore vol-
ume corresponding to 10% of the gas flow is of 28%.
Fig. 15. Krg vs. S£%M for CEMV: (1) during de-sorption and sorption paths at, respec-
tively, 120, 340, 490 days; (A): in linear scale; (B): in logarithmic scale.
3.3.2. De-saturation and re-saturation phases
Although a strong hysteretic effect is observed for sorption iso-

therms (Sw vs. RH), see Figs. 10 and 11 and also [17], very little informa-
tion exists on a possible hysteretic phenomenon for gas relative
permeability vs. Sw. To be consistent, comparison must be made at the
same saturation level Sw, obtained during either drying or imbibition.
Figs. 14 and 15 present gas relative permeability Krg vs. Sw during de-
sorption and during the subsequent sorption phase, for CEMI and
CEMV concretes, on (a): a linear scale and (b): on a logarithmic scale.
The three sorption measurements correspond to the same duration at
given RH as on the isotherms: for CEMI, 80, 380 and 540 days; for
CEMV, 120, 340 and 490 days. Also, fitting results by Van Genuchten-
Mualem's model [2,4,5] are presented, see Sub-section 3.3.3 below.
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Experimental data present no ambiguity for CEMV as, both on linear
and logarithmic scales, relative permeabilities depend upon saturation
only, whatever the saturation path, see Fig. 15. For instance, Sw=71%
corresponds to RH=43% (Pcap=114 MPa) during de-sorption and
RH=92% (Pcap=11 MPa) during re-saturation, for similar Krg values
of 0.083–0.098. For CEMV concrete, saturation Sw is the sole variable,
which controls relative gas permeability. Nevertheless, Sw is not actual-
ly a state variable, in the thermodynamics sense, as used within the
poro-mechanical framework of partially-saturated media.

For CEMI concrete, the analysis, mainly on the logarithmic scale, is
not so straightforward. From Sw=0 to 40%, Krg may be considered a
sole function of Sw, whereas there are significant differences for
Sw=40 to 75%, depending on the sorption/de-sorption path followed.
Indeed, when saturation Sw increases above 40%, relative gas perme-
ability, obtained during the re-saturation phase, becomes progres-
sively higher and higher than that measured during de-sorption. At
the highest saturation level of 73%, there is an order of magnitude dif-
ference between gas relative permeability, either on the sorption or
on the de-sorption path. This means that, even if saturation is identi-
cal, a hydraulic cut-off remains in de-sorption, which is not present
during subsequent re-saturation.

Several interpretations may be proposed (and validated) to explain
this observation. First, the complete de-sorption/sorption cycle may
have generated micro-cracks, mainly during the drying process. To
check this assumption, a complementary test has been performed on
the most saturated CEMI sample (Sw=73%, subjected to RH=98%),
see Table 2. The idea was to measure its gas effective permeability
under increasing confining pressure, so that, if present, micro-cracks
would close and gas permeability would decrease significantly [23]. Re-
sults obtained with four increasing values of confining pressure clearly
show that gas effective permeability is divided by two at most (at
20 MPa confinement), see Table 2. This is much lower than the division
by 10 (one order of magnitude) observed between the de-sorption and
sorption paths at 98%RH (Pcap=2.7 MPa). Therefore, the presence of
micro-cracks is not sufficient to explain the difference in Krg between
de-sorption and sorption. Secondly, carbonation, when present, would
lead to a decrease in permeability in the vicinity of the sample surface,
and to limited micro-cracking due to local swelling [53]. As none of
these have been observed here, carbonation may not be invoked to ex-
plain the difference in Krg between de-sorption and sorption.

Thirdly, for a part of the observed results, capillary effects may be
accounted for. Indeed, capillary pressure Pcap described by Kelvin's
law (see Eq. (9)) has an influence on, at least, two aspects: 1) conju-
gated with capillary Laplace's law, Pcap is the parameter controlling
the pore volume filled with water or not (by providing the smallest
drained pore diameter, see Eq. (8)); 2) Pcap acts as a pre-stress on
the concrete pore network, which affects pore space volume varia-
tions and micro-crack closure [54]. Due to these, Krg is expected to
depend on both Sw and Pcap, i.e. on the sorption/desorption path actual-
ly followed. This is the case for CEMI concrete, see Figs. 10 and 14. Each
given Sw>40% is obtained at a greater RH (i.e. smaller Pcap) during re-
saturation than during desorption. Simultaneously, a given Sw>40%
corresponds to a greater Krg during re-saturation than during desorp-
tion. For instance, Sw=52% is obtained in desorption at RH=59%
(Pcap=71 MPa) with Krg(desorption)=0.072, and during re-saturation
RH=92–98% (Pcap=2.7–11.3 MPa) with Krg(re-saturation)=0.12.
Also, Sw=43% corresponds to Krg(desorption)=6.3×10−2 at RH=
Table 2
Variation of effective gas permeability Keff with confining pressure Pc — example of a
CEMI sample successively subjected to 98%RH, 60 °C oven-drying, and 98%RH again be-
fore permeability testing under varying Pc.

Pc (MPa) 5 10 15 20
Keff (10−19 m2) 1.9 1.88 1.27 0.9
43% (Pcap=114MPa), Krg(re-saturation)=0.17–0.2 at RH=85–92%
(Pcap=11–22MPa). This means that smaller Pcap is related to greater
Krg, i.e. smaller capillary pressure tends to facilitate gas passage,
possibly by inducing smaller pore volume decrease. The greatest differ-
ence (by ca. one order of magnitude) is obtained at Sw=72.5%,
with Krg(desorption)=6.3×10−3 at RH=98%, Krg(resaturation)=
4.2×10−2 at RH=98%.

Further, the complex arrangement of small pore throats and larg-
er capillary pores [18,48,52], which form the whole accessible pore
network, may also be at the origin of differing water distribution be-
tween sorption and desorption, which implies differing gas transport
ability between both path types. In particular, after full de-sorption,
water has more difficulty in entering the pore network again due to
the existence of small pore throats (bottle neck effect [48]), so that
relative gas permeability is smaller during first de-sorption than
along the subsequent re-saturation phase. This would require better
knowledge of the 3D pore network arrangement, down to very fine
nanoscopic pores.

When assuming that the pore network is made of an array of
through cylindrical holes of varying diameters di, Kelvin–Laplace's law
shows that all pores corresponding to RHb98.5% are smaller than
50 nm: this is the domain of C–S–H pores [24,40,42], and not of so-
called capillary pores. Let us assume that gas transport below 98.5%RH
occurs within C–S–H porosity: this comes to neglecting bottle neck ef-
fects, whereby easy access is not given to large pores, due to pore throat
presence, so that these remain water-saturated contrarily to Kelvin–
Laplace's law prediction. When considering C–S–H porosity only,
Jennings [38] proposes that, when de-saturating C–S–H particles (or
globules) from the fully-water saturated state, as is the case here, subse-
quent re-saturation does not allow water molecules to fill up again all
nanoscopic C–S–H particle voids, due to shrinkage irreversibilities at
the low C–S–H particle scale. If such phenomena actually occur, at iden-
tical saturation level Sw,waterwould be in greater amountwithin intra-
globular C–S–H gel pores during the first de-sorption phase, rather than
during the subsequent sorption phase, hencemakingwater intakemore
difficult. Moreover, Scrivener et al. [55] recall the significant difference
between C–S–H formed in ordinary Portland cement (like CEMI) and
those formed in blended cements (such as CEMV): this difference is a
morphological one, which is described as a so-called “refinement” and
improvement in blendedmaterial properties, e.g. smaller gas transport.
Chen et al. [32] also recall that C–S–H formed from pozzolanic reaction
present smaller (C/S) ratio, so that the amount of water bound to these
C–S–H is smaller than in CEMI cement paste. In support to this, thermo-
gravimetric analysis (TGA) results in [32] reveal a wider C–S–H stoichi-
ometry for CEMV cement paste than for ordinary cement paste. Due to
suchmorphological features, “coarser” C–S–H present in CEMI concrete
would lead to greater shrinkage irreversibilities than “finer” C–S–H, as
those present in CEMV. This justifies that a greater difference in Krg is
observed after a de-sorption/sorption path for CEMI (than for CEMV).
Nevertheless, due to the very low scale involved, no proof exists at
this stage that shrinkage irreversibilities, such as described by [38], ac-
tually occur in CEMI or CEMV concretes. As Scrivener et al. [55] recall,
this is still a research subject.

For CEMI, the difference in gas permeability after a first de-
sorption has, however, to be tempered. Fig. 14(b) shows that relative
gas permeability has significant values, in the higher range [0.14;1],
mainly between Sw=0 and 50%, which are measured mainly during
the sorption phase. This means that only 14% of the gas flow (i.e.
Krgb0.14) occurs in the higher saturation range (from 50 to 73%
Sw). In this higher saturation range, the ratio in relative permeability
between de-sorption and sorption paths is, indeed, as low as (1/10),
but this represents a very little part (14%) of the total gas flow when
the material is at Swb50%. As a result, the actual relative gas perme-
ability of CEMI during re-saturation is over-estimated above 50% Sw
only, yet with very small values (Krgb0.14). This explains that ade-
quate fitting is achieved with one single parameter values of the



Table 3
Fitting parameters for the Van Genuchten–Mualem's model and associated Pearson's
correlation coefficient R2, obtained by the least squares method.

Concrete type/parameter η m=1−(1/n) n R2

CEMI 2.65 0.348 1.534 0.935
CEMV 1.14 0.746 3.94 0.977
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Van Genuchten–Mualem's statistical model for each concrete, as
follows.

3.3.3. Fitting by Van Genuchten–Mualem's model
The conjugated Van Genuchten–Mualem's statistical model [2,4,5]

relates relative gas permeability to water saturation level Sw as follows:

Krg ¼ 1−Swð Þη 1−Sw
1=m

� �2m ð11Þ

where η is a so-called tortuosity parameter and m is a fitting param-
eter without actual physical meaning. An assumption is made for m:
m=1−1/n and n>1. η is often taken as 0.5 by default for soils [5],
yet it has been reported to vary significantly for concretes [3]. There-
fore, both parameters η and m are fitted, using the least squares
method, see Table 3. Carlier et al. [3] report that η is all the more so
small as the porous medium has a finer texture. Here, CEMI has
greater value for η than CEMV, hinting at finer microstructure for
the latter. This seems in good agreement with former analysis, see
Sub-section 3.2.3.

In order to quantify the fitting adequacy, Pearson's correlation co-
efficient R2 is also assessed, see Table 3. It is noted that both fittings
present R2 coefficients higher than 90%, which means adequate cor-
relation of Van Genuchten–Mualem's model for both CEMI and
CEMV concretes, despite the small limitations described above (see
Sub-section 3.3.2). These parameter values are useful for numerical
modelling of gas transport properties of CEMI and CEMV concretes
in the partially-saturated state, both for de-sorption and re-
saturation.

4. Concluding remarks

This study highlights the considerable effect of the pore micro-
structure of concrete, as regard sorption/desorption curves and gas
relative permeability evolution, after a complete experimental study
on two different industrial concrete materials.

Our main results are summarized as follows:

• Total connected porosity ϕ depends significantly on the concrete
batch considered, and on the drying temperature (60 or 105 °C). It
is of 8.3%+/−0.5 for CEMI concrete and of a greater 10.3%+/−0.7
for CEMV concrete.

• Intrinsic (dry) gas permeability Kint is similar for both concretes: its
average value is 3.4×10−18 m2 (+/−0.9×10−18 m2) for CEMI and
3.5×10−18 m2 (+/−1.1×10−18 m2) for CEMV at a confinement
Pc=5 MPa. Kint depends on concrete batch, mechanical loading.
Correlation between ϕ and Kint exists for CEMI, yet not for CEMV.

• In terms of water retention properties, slower mass variation kinet-
ics are recorded for CEMV than for CEMI. During first desorption,
CEMV displays greater water retention capacity than CEMI, in direct
relation with its greater number of small, nanoscopic, C–S–H pores
(2–50 nm). Finally, the total mass loss after 60 °C oven-drying is
greater for CEMV than CEMI, in relation with greater porosity ϕ
for CEMV.

• The greater number of fine nanoscopic C–S–H pores in CEMV when
compared to CEMI is proven by several means: MIP data from [16],
analysis of specific surface from the BET theory, and results of stoi-
chiometry models quoted from the literature [14,49].
• Desorption isotherms in this study fit well with previous studies on
the same concrete formulations [14,16]. A strong hysteresis in de-
sorption/re-saturation isotherms Sw(RH) is observed for both mate-
rials. Together with differences in relative gas permeability Krg(Sw)
during desorption/re-saturation of CEMI, this is interpreted as being
due to either 1) bottle neck effects within the pore network [48,52],
or 2) capillary pressure effects [54], or 3) irreversible shrinkage at
the scale of C–S–H layers, obtained after 60 °C drying [38,55].
These interpretations require further investigations, yet these are
bound to be difficult if nanoscopic C–S–H pores are involved.

• During first desorption, relative gas permeability vs. Sw is not linear
for CEMV, whereas it is linear for CEMI. At given Krg, CEMV contains
more water than CEMI, i.e. CEMV contains a greater water amount,
which does not participate to gas flow, in relation with its greater
number of C–S–H pores.

• For CEMV concrete, relative gas permeability Krg only depends on
water saturation level Sw, whichever path it has been achieved
through (sorption or de-sorption). For this material, such result is
of crucial importance with regard to numerical modelling of gas
flow in long term nuclear waste storage structures, as one single re-
lationship describes Krg(Sw), without needing to know whether the
material is saturating or de-saturating. In terms of relative gas per-
meability, CEMI concrete behaves like CEMV up to ca. Sw=50%,
with no hysteretic effect. Above this saturation level, relative gas
permeability is higher when obtained on a re-saturation path than
on the first desorption path. This difference cannot be explained
by the sole occurrence of micro-cracking, as shown with a comple-
mentary gas permeability test under increasing confinement. Sever-
al interpretations are proposed (see above), which deserve further
experimental investigations. Nevertheless, gas flow for Sw>50%
represents a limited contribution, with Krgb0.14. Due to this, fitting
of Krg(Sw) by the Van Genuchten–Mualem's model is achieved con-
vincingly with a single set of parameter values per material.
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