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Abstract

This paper presents an experimental study of gas diffusion in binary mixtures of hydrogen—nitrogen and xenon—nitrogen through cement
pastes (CEM I and CEM V) of different water/cement ratios (0.35 and 0.45). First, the impact of water saturation on gas diffusion is investigated
by performing tests on samples pre-conditioned in specific atmospheric conditions (dry, 55, 70, 82, 93 and 100% RH) by means of saline
solutions. The comparison of the results obtained for the CEM I and the CEM V samples (w/c ratio of 0.45) demonstrate the importance of pore
size distribution/connectivity on gas diffusion. Second, diffusion tests at different total pressures and using two different mixtures (hydrogen—
nitrogen, xenon—nitrogen) are performed to study the nature of gas diffusion in cement paste. Results demonstrate that gas diffusion in cement
paste is controlled by Knudsen and ordinary diffusion at pressures greater than 100 kPa and mainly by Knudsen diffusion at pressures less than

100 kPa.
© 2006 Published by Elsevier Ltd.
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1. Introduction

Durability of concrete structures often depends on the rate of
ingress of gaseous or aqueous elements into the concrete porous
network. Migration of gaseous elements in concrete can be
driven by pressure or concentration gradients, i.e., by viscous
flow or diffusion. Carbonation is a typical example where gas
diffusion, i.e., carbon dioxyde, plays an important role with
respect to the overall kinetics of the deterioration process [1-3].
Drying is another example where the kinetics of gas diffusion,
i.e., vapour water diffusion, can be of some importance [4—6].
In consequence, many mathematical descriptions used to
estimate these phenomena depend on the diffusion coefficient
of gas species in the porous network of concrete.

Gas diffusion through porous media is often divided in three
independent modes or mechanisms with a distinct diffusion
coefficient for each of them [7]: free-molecule or Knudsen
diffusion, molecular or ordinary diffusion and surface diffusion.
Usually surface diffusion is neglected, mostly because it is
basically an assumption which does not rest on experimental
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evidence. Theoretically, ordinary diffusion, in which the differ-
ent species of a mixture move relative to each other under the
influence of concentration gradients, occurs predominantly
when molecule—molecule collisions dominate over molecule—
pore wall collisions. On the contrary, Knudsen diffusion, in
which molecules of different species move entirely indepen-
dently of each other, occurs predominantly when molecule—
molecule collisions can be ignored compared to molecule—pore
wall collisions.

The prevalence of Knudsen or ordinary diffusion depends,
first, on the mean free path of the gas molecule (approxi-
mately 0.1 pm for a gas molecule at atmospheric pressure
and 20 °C) which depends itself on the total pressure, the
temperature of the gas mixture and on the molecular weight
of the gas species, second, on the size (diameter if the pores
are assumed to be cylindrical) and degree of connectivity of
the unsaturated pores (accessible to gas). Since the pore
diameters in cement pastes, mortars or concretes are widely
distributed from the nanometer to the millimeter scale, it is
difficult to state, a priori, which is the dominant mechanism
in cementitious materials.

Furthermore, the pore size distribution and degree of
connectivity of the unsaturated pores in cementitious materials
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strongly rely on the mix-design properties (w/c ratio, type of
cement, proportion of aggregates,...) and on the curing/conserva-
tion conditions (Relative Humidity, temperature, carbonation)
which modify the moisture content and/or the water saturation
(i.e., the percentage of the total pore volume filled with water) of
the materials. In this respect, some studies have pointed out the
importance of moisture content, w/c ratio, aggregate content, type
of cement, curing/conservation conditions on the diffusion of gas
through mortars or concretes [8—12].

In this paper, the impact of the moisture content, of the total
porosity and pore size distribution, of the total gas pressure and
of the gas molecular weight on gas diffusion in pure cement
pastes is investigated experimentally. Hydrogen and xenon are
used in the tests, mainly because they do not react with the pore
structure of cement pastes and because they provide data for
gases with large variations of properties. It is expected that the
collected data can thus be extrapolated to other gases and
therefore be used in the mathematical description of diffusion-
based phenomena (carbonation, drying,...). Conclusions are
given concerning the prevalence of Knudsen or ordinary
diffusion at low to moderate pressures.

2. Modes of gas transport in porous media

Usually, four modes of gas transport can be considered in
porous media [7], as illustrated schematically in Fig. 1. Three of
them are related to concentration or partial pressure gradients
(molecular diffusion, Knudsen diffusion, surface diffusion), and
one to the total gas pressure gradient (viscous or bulk flow). In
the discussion which follows, no total pressure gradient (no
bulk flow) is considered since this is the condition which
prevails in the experiments presented in this paper. Surface
diffusion is neglected since its contribution to the overall
transport cannot be assessed precisely. Binary gas mixtures only
are considered.

2.1. Molecular or ordinary diffusion

Molecular diffusion defines the mechanism by which the
different species of a mixture move relative to each other under
the influence of concentration gradients, and where molecule—
molecule collisions dominate over molecule—pore wall colli-
sions, see Fig. 1. This case is encountered when the mean free
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Fig. 1. Transport processes in porous media.

path 4 of gas molecules is much smaller than the characteristic
length scale of the pores (the pore diameter if the pores are
assumed to be cylindrical). For a binary mixture, in which there
is no pressure gradient, the purely diffusive fluxes J;p and Jop
in a porous material can be written as:

Jip =DV, (1)

Jop=-DnV,, (2)

where D, and D, are the gas diffusion coefficients, V¢, and
Ve, the concentration gradients of gas species 1 and 2 in the
pore volume, such that Dj,=D,; and Ve¢;+Ve,=0. The
measurable binary gas diffusion coefficients D, and Dy
through the porous medium are usually related to the free gas
diffusion coefficient Dis°=DIF® of the gas species in open
space as follows [7,13]:

€ T
Dlj Tngee (3)

where €, and 7 are respectively the percentage of open pores in
which ordinary diffusion can take place (unsaturated and
interconnected pores) and the tortuosity, i.e., the average length
of the diffusion path in the material. Complex relations based on
pore geometrical arguments have been derived for the tortuosity
factor, which usually depends on the total porosity and the water
saturation of the porous medium [13,14].

The free gas diffusion coefficient DI5° in a binary gas
mixture at low to moderate pressures is well known and results
from the molecular theory of gases. The following approximate
expression can be obtained in many textbook on the subject
[15,16]:

1 1 1/2 73/2
D = 1.858 x 1077 ( - ) (4)

M, M) Pa,Qp

with DJ5° the free gas diffusion coefficient in m?/s, T the
absolute temperature (K), P the pressure of the gas mixture
(10° Pa), M; the molecular weight of gas i (g/mol), o, the
characteristic length (A) and Q),, the diffusion collision integral
(—). 2p can be estimated according to the formulae given in the
Appendix. Expression (4) shows that the free gas diffusion
coefficient in a binary mixture is inversely proportional to the
pressure of the gas mixture, i.e., DfS°=£1/P). According to Eq.
(3), a similar dependency can be expected for the diffusion
coefficient D;; through the porous medium in case ordinary
diffusion is predominant.

2.2. Free- or Knudsen diffusion

In the free-molecule or Knudsen diffusion mechanism, the
gas molecules collide more frequently with the pore walls than
with other gas molecules, see Fig. 1. This case is encountered
when the mean free path 4 of the gas molecules is of the same
order as or greater than the characteristic length scale of the
pores. Since molecule—molecule interactions are negligible, the
Knudsen diffusion flux J;p is independent of the gas
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Table 1

Salt solutions and related Relative Humidities

RH (T=20 °C) 54.5% 69.9% 81.8% 93.2% 100%
Salt solution Mg(NOs3),,H,O KI KBr KNO; H,O

composition and is therefore defined for each gas species i by
the following relation [7,13]:

Jx = =D V¢; (5)

with D, the Knudsen diffusion coefficient of gas species i in
the porous medium, V¢; the concentration gradient of gas
species i. Due to the complexity of the geometry of most porous
network, attempts have been made to relate the macroscopic
Knudsen diffusion coefficient D, to that of a single cylindrical
pore of average radius r [10,11] (mean radius of the pores in
which diffusion can take place, assumed cylindrical and
interconnected) through a relation similar to Eq. (3):

D = DR (6)

with D™ the Knudsen diffusion coefficient through a single
pore of radius r and €,/7 the porosity/tortuosity factor
previously defined. For a long cylindrical pore, D™ can be
expressed as follows in function of the mean pore radius » and

the gas species molecular weight M, [7,13]:

2r |8RT
==
3V nM;

(7)

with R the ideal gas constant. Note that D™ is independent of
the pressure of the gas mixture and inversely proportional to
v/M;. According to Eq. (6), this should also be the case for the
Knudsen diffusion coefficient D;x of a gas species i in the
porous medium.

2.3. Combination of diffusion mechanisms for binary mixtures

The combination of ordinary and Knudsen diffusion for a
binary mixture of gas species i and ; is based on momentum-
transfer arguments [7]. The total flux of species i, J;=J;p+Jik
can be written as:

Ji = fDch,- (8)

with the combined Knudsen-ordinary diffusion coefficient D; of
species i in the porous material given by:

-1
11\ e 1 1
D; = —) =2E | =t 9
<DiK +Dy> T (Df.’g‘e +Dgee> ©)

Relation (9) refers to a parallel model, as indicated in
reference [13]. It differs from the approach adopted by
Klinkenberg [17,18] to combine Knudsen diffusion and viscous
flow (series model).

3. Experimental program
3.1. Materials: characteristics, conditioning and sampling

The experimental program has been carried out on hardened
cement pastes made of French Industrial CEM I (OPC) and
CEM V (BFS-PFA) cements. Cement pastes were preferred to
concretes or mortars for the following reasons: diffusion tests in
cement pastes can be performed in limited time since thin
specimen can be used without experiencing huge size effects,
cement paste usually contributes for the greatest part of the
porosity of mortars and ordinary concretes and hence
determines to a great extent their diffusion properties. Six
cylindrical probes (40 mm in diameter and 80 mm long) per
cement type (CEM I and V) and w/c ratio (0.35 and 0.45) have
been prepared in 1994. After demoulding, they have been cured
at 20 °C for 9 months in a Ca(OH), water saturated solution.
After this period, they have been kept for almost 10 years in
sealed dessicators where the Relative Humidity (RH) was
controlled by saturated salt solutions, as indicated in Table 1. To
study the diffusion properties of the “dry” materials, one probe
of each hardened cement paste has been kept in sealed
dessicators containing silica gel (RH ~3%). In 2003, the central
part of the probes were cut in 20 mm thick slices, three per
probe. The end parts of the probes, 10 mm thick, were also kept
in order to estimate the total porosity, the wet density and the
moisture content of the cement pastes samples. The porosity has
been measured by complete drying at 60 °C and re-saturation of
the samples at atmospheric pressure. The main physical
properties of the studied cement pastes are given in Table 2.
After the sawing operation and before testing, the 10 and 20 mm
thick samples have been re-conditioned in the same atmospheric
conditions as before sawing.

3.2. Experimental set-up

The main element of the experimental set-up is the diffusion
cell, as shown in Fig. 2. It consists of two stainless steel
compartments of equal dimensions (internal diameter 60 mm,
internal length 90 mm, total volume of about 90 ml), separated
by the cement paste sample, glued with an epoxy to two half
stainless steel rings. The ring system is designed to ensure the
gas tightness on the outer surface of the cement paste sample. To
this end, it covers partly the flat faces of the cement paste
samples, leaving a diffusion surface of 20 mm in diameter, see
Fig. 2. The air tightness of the cell is ensured by rubber O-rings
which are in contact with the two steel rings.

The experimental set-up used for the diffusion tests, as
sketched in Fig. 3, consists of a diffusion cell, vacuum pumps,

Table 2

Properties of the tested cement paste materials

Cement type CEM 1 CEM I CEM V
wlc ratio 0.35 0.45 0.45
Wet density (g/cm®) 2.08 2.0 1.92
Porosity (water) 27% 34% 35%
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Fig. 2. Sketch of the diffusion cell.

pressure sensors, gas flow lines and a chromatograph. The
vacuum pumps are used at the beginning of the test to eliminate
the gas phase initially in the diffusion cell and in the gas flow
lines. The pressure sensors are used to control and monitor during
the test the pressure of the gas mixture in the two compartments
of the diffusion cell. The chromatograph is used to analyze
periodically the gas mixture in one of the two compartments.

A diffusion test comprises the following steps. The vacuum
is first made in the two compartments of the diffusion cell and in
the gas flow lines by lowering the pressure to a few mbars for
less than a minute. One compartment is then filled with pure
hydrogen or xenon, the other with pure nitrogen. The filling-up
of the compartments is performed simultaneously by a manual
control of the gas inlet using the gas pressure vessels regulators.
Once the pressure in the two compartments reaches the target
value, the gas flow lines connecting the pressure vessels to the
diffusion cell are closed. Periodic analyses of the gas mixture in
the nitrogen compartment are then realized. To this end, the gas
mixture is allowed to expand in the gas flow lines connecting
the nitrogen compartment of the diffusion cell to the
chromatograph. When the pressure is stabilized (after a few
seconds), a very small volume of gas is sampled and analyzed
by the chromatograph. The nitrogen compartment—chromato-
graph gas flow lines are then immediately closed. Since an
analysis results in a small gas expansion due to the non-
negligible volume (a few percent of the compartment volume)
of the gas flow lines situated between the nitrogen compartment
and the chromatograph, the nitrogen compartment is immedi-
ately re-filled with pure nitrogen after each measure. This
ensures that the gas pressure in the two compartments remains
equal during the test. Gas analyses are performed till the steady
diffusion state is reached.

The duration of a diffusion test depends on the initial water
content of the cement paste sample. For saturated samples, it
can last several months. For dry samples, the steady state is
usually reached within less than an hour. The mass of the
samples (glued in their stainless steel rings) is measured before
introducing them in the diffusion cells and at the end of the
diffusion test (after taking the cells to pieces). The small mass
variations of the samples during the tests are indicated in the
presentation of the test results in Section 4 and expressed as
variations of the water saturation. These variations take into

account the drying of the samples during the vacuum phase.
Note that the test is designed to reduce as much as possible the
renewing of the gas mixtures in both compartments and hence
the drying of the samples: between two gas analyses, the system
is closed, there is no renewing of the gas mixtures in both
compartments of the diffusion cell. The potential drying of the
samples is therefore not related to the test duration, but to the
number of measures since a few percent of the gas mixture
contained in the nitrogen compartment is lost after each measure
(and replaced by dry nitrogen). Between 5 and 10 chromato-
graph analyses are usually necessary to estimate the diffusion
coefficient. This small number of measures is therefore not
sufficient to induce a pronounced drying of the samples during
the test.

Two VARIAN 3400 chromatographs are used for the gas
analyses: one with argon as the carrier gas (for the nitrogen—
hydrogen gas mixture) and one with helium (for the nitrogen—
xenon gas mixture). The change in carrier gas is made to increase
the sensitivity of the measures. A molecular sieve is used to
remove moisture from the gas mixtures before passing through
the capillary columns of the chromatographs for separation. The
operating temperature of the chromatographic ovens is of
180 °C, which allows to perform analyses in less than 10 min.
The chromatographs use thermal conductivity detectors to
identify and quantify the elements of the gas mixture. Since the
identification is not limited to nitrogen, hydrogen and xenon,
any lack of air tightness in the diffusion cell is immediately seen
through the detection of small quantities of oxygen. For the gas
species of interest (hydrogen, xenon), a precise calibration of the
thermal conductivity detectors is made prior to the tests which
allows for the quantification of very small percentage in the gas
mixture (as low as 0.01%).

3.3. Measurement of the diffusion coefficient

Gas analyses in the nitrogen compartment are performed
regularly till the steady diffusive flow is obtained. The analyses

_aesp

Pressure sensor

Chromatograph
o LA
or N,
Xe
diffusion cell

Pressure sensor Pressure sensor

Cement paste disk

Vacuum
Pump

Vacuum
Pump

Fig. 3. Sketch of the experimental set-up used for the diffusion tests.
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Fig. 4. Estimation of the diffusion coefficient from experimental results (Q is the
quantity of H, that has passed through a cement paste sample of cross-sectional
surface area S and thickness L, ¢} is the initial H, concentration in the upstream
compartment of the diffusion cell).

give access to the evolution in time of the quantity of hydrogen
(or xenon) that has passed through the cement paste sample, Q;
(1) with i=H, or Xe. Considering one-dimensional diffusion
through a cement paste sample of thickness L, and using the
steady state assumption, Eq. (8) for the total diffusive flux of a
gas species i can be re-cast as follows:

(10)

with ¢(7) and c¢f(r) respectively as the concentration of gas
species i in the upstream and downstream compartments of the
diffusion cell. At the beginning of the diffusion test, the upstream
compartment is filled with the gas species i (H, or Xe), and hence
¢i(t=0)=c}. The downstream compartment is filled with
nitrogen and hence c¢§ (=0)=0. The test is then performed till
steady state is reached. This is usually achieved for small
concentrations of gas species i (less than 5%) in the downstream
compartment of the diffusion cell. Hence the change in
concentration gradient during the test can be neglected:

)=t =t =0)—cl(t =0) = ¢ (11)

Integration in time of Eq. (10) with the condition (11) leads
to the following expression for the quantity of gas species 7 that
has passed through the cement paste sample:

0
with S the cross-sectional surface area of cement paste available
to gas diffusion. By plotting O, L/S/cf in function of time as
obtained from the periodic gas analyses, it is then possible to
estimate the combined Knudsen-ordinary diffusion coefficient
D;, as shown in Fig. 4. Linear regression is used to best-fit the
experimental data. Only the last 5—6 points are used since the
first measures are characteristic of the transient regime. This
method is valid only for gases which are inert with respect to the
cement paste. This is the case of hydrogen, xenon, and nitrogen.

4. Experimental results and discussion
4.1. Impact of w/c ratio and cement type on hydrogen diffitsion

All the diffusion tests presented hereafter have been
performed with a hydrogen—nitrogen gas mixture at a total
pressure of 100 kPa. The hydrogen diffusion coefficients
measured on the three cement pastes, i.e., the CEM I with w/c
ratios equal to 0.35 and 0.45 and the CEM V with w/c=0.45,
pre-conditioned in specific atmospheric conditions (3, 55, 70,
82 and 93% RH) are respectively given in Tables 3, 4 and 5
together with the corresponding water saturations (note that the
water saturations indicated have been measured on the end parts
of the probes, kept in the same hygral conditions). In general,
three measures per cement type and hygral condition (RH) have
been made. Tables 3, 4 and 5 also present the variations in water
saturation of the samples during the diffusion tests (in
parentheses). These variations have been obtained by dividing
the mass loss of the samples by the average total water content
of the saturated samples. As expected from the test method,
drying of the samples during the diffusion tests is kept to a
minimum, with variations of the water saturation not exceeding
2% and much less than 1% in most cases.

The hydrogen diffusion coefficients of the two CEM I and of
the CEM V cement pastes are plotted in Fig. 5 as a function of
the water saturation. The continuous lines of Fig. 5 join the
average diffusion coefficients obtained for each cement paste
and hygral condition.

The shape of the curves obtained for the two CEM I cement
pastes are similar. First, they present a plateau for water
saturations between 0 and 55-60%. The mean diffusion
coefficient is close to 10~ ® m%/s in this range. The plateau is
followed by a considerable decrease of the diffusion coefficient
till water saturations of 80—90% (average diffusion coefficients
of about 10~ '° m?/s). A greater discrepancy in the experimental
results is observed for the CEM I w/c=0.35 samples kept at 82
and 93% RH, see Table 3. No direct trend with the mass losses
(AS,,) is visible, as shown by Table 3. This indicates that drying
of the samples during the tests is not at the origin of this
discrepancy. Furthermore, such a dispersion in test data is not
observed for the CEM I w/c=0.45 cement paste samples kept at
82 and 93% RH, see Table 4, in spite of similar variations of the
water saturation during the tests. The scattering of the CEM I w/

Table 3

Hydrogen diffusion coefficients D,flz(mz/s) with i the sample number, water
saturation S,, and variations of the water saturation AS,, during the diffusion
tests for the CEM I cement paste samples with an 0.35 w/c ratio (total pressure
100 kPa)

RH (%) 3 55 70 82 93
S,y (%) 5.6 59.1 74.6 91.5 95.6

Dy (m’/s) 941077 681077 5110% 2010 61107
AS,, (%) (0.15) (0.15) (0.59) 1.9) (0.74)
Dy (m’/s) 841077 801077 3110°% 2510 1610 "
AS,, (%) (-0.15)  (0.15) (0.3) (1.6) (0.59)
Dy (m’/s) 801077 851077 3310% 16107 23107
AS,, (%) (0.44) (. (0.44) 0.3) (0.59)

Dy (m’/s) average 8.6 1077 7.81077 3810°° 61107 84107"
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Table 4

Hydrogen diffusion coefficients Dﬁz(mz/s) with i the sample number, water
saturation S,, and variations of the water saturation AS,, during the diffusion
tests for the CEM I cement paste samples with an 0.45 w/c ratio (total pressure
100 kPa)

RH (%) 3 55 70 82 93

S, (%) 1.7 56 63 83.3 97.6

Dy (m%/s) 1310 1710 73107 65107 1310
AS,, (%) 0. (0.12) (0.35) (1.2) (0.94)

Dy (m%s) cracked 1.610° 54107 29107 1310
AS,, (%) %) (0.12) (0.23) (1.4) (1.1)

Dy} (m%fs) 1410° 14100° 47107 12107 141071
AS,, (%) 0. (0.12) (0.35) (0.94) (0.82)

Dy (m%/s) average  1.410°° 1.6107° 581077 3510 1310°"°

c=0.35 diffusion coefficients is probably due to the increasing
importance of any heterogeneity on diffusion when the size of
the pore network is reduced and when the pore network is close
to full saturation. In this respect, the tests performed on nearly
saturated CEM I samples (kept at 100% RH) showed an even
greater dispersion, leading diffusion coefficients varying
between 10" and 107 "°~10"'* m?/s. These data have not
been included in the presentation of the test results since the
10" "°~10" " m%/s diffusion coefficients are based on hydrogen
quantities at the limit of resolution of the technique (0.01%).
The porosity of OPC pastes (CEM I) can usually be split up
in two major components : the capillary porosity (pore diameters
in the 0.01-10 um range), which depends strongly on the w/c
ratio and the microporosity, associated with the C—S—H gel. The
C—S—H gel porosity, being closely related to the C—S—H internal
structure, is known to vary little with the w/c ratio [19,20].
According to water vapour desorption test results [20], the
capillary porosity is first desaturated when the RH decreases from
100% till 40—50%. For lower RHs, it is essentially the micropores
which are desaturated [19,20]. A careful comparison of the
average diffusion coefficients of Tables 3 and 4 indicates that, for
RHs greater or equal to 55%, the diffusion coefficients of the
CEM I, w/c=0.45 cement paste are 2 to 8 times greater than that
ofthe CEM I, w/c=0.35 cement paste. The plots of Fig. 5 show on
the contrary that the curves for the two CEM I cement pastes are
very close when plotted in function of the water saturation. This
indicates that a greater desaturation of the pores in the case of the
w/c=0.45 cement paste samples is at the origin of the differences

Table 5

Hydrogen diffusion coefficients Dﬁ,z(mz/s) with i the sample number, water
saturation S,, and variations of the water saturation AS,, during the diffusion
tests for the CEM V cement paste samples with an 0.45 w/c ratio (total pressure
100 kPa)

RH (%) 3 55 70 82 93
S, (%) 6.2 58.6 75.6 87.7 90.4

Dy (m%s) 441078 cracked 3.9107° 55107 6310 "2
AS,, (%) (1.5) 0] 0. 0.11) (022

Dy (m%/s) 70107 15107% 35107° 5.1107° not measured
AS,, (%) (-0.11)  (0.79) (0. 0. %)

Dy} (m%s) 111077 4410% 76107° 28107° 8310
AS,, (%) (-0.11)  (0.79) (0. 0. %)

Dy (m%/s) average 7.5107% 3.0107% 5.0107° 45107 21107

in the average diffusion coefficients observed when the materials
are in equilibrium with moist air at 93%, 82%, 70% and 55% RH.
This is furthermore consistent with the greater total (or capillary)
porosity of the CEM I w/c=0.45 cement paste. Surprisingly, the
desaturation of C—S—H pores, which represent a considerable part
of the total porosity (usually around 50%), does not lead to an
increase of hydrogen diffusivity in the cement paste, as shown by
the plateau obtained for water saturations in the range 3—60%, see
Fig. 5. This result can possibly be explained by the small size of
the C—S—H pores (1-3 nm in diameter) which may make them
improper to gas diffusion, or by the important porous network that
is already available to gas diffusion as a result of the desaturation
of capillary pores.

The impact of the pore size distribution on hydrogen
diffusion can further be stretched by comparing the results
obtained for the CEM I (OPC) and CEM V (BFS-PFA) cement
paste samples. It should be recalled that, in spite of their
relatively close total porosities (see Table 2), the pore spaces of
the two cement pastes are known, according to microstructural
studies, permeability tests [21,22], and radionuclides diffusion
tests [23], to be very different. In particular, MIP (Mercury
Intrusion Porosimetry) test results show that the percolation
threshold (i.e. the greatest mercury accessible pore diameter) for
CEM V cement pastes is much smaller than for CEM I cement
pastes (i.e., it is necessary to apply much higher mercury
pressures to CEM V cement pastes for mercury to first intrude
the sample). The percolation threshold is usually considered as
an indicator of the minimum dimension of an interconnected
capillary network in the material [24]. Furthermore, the
capillary porosity of mature CEM V cement pastes is usually
thought to be markedly discontinuous [25].

The CEM I and CEM V curves of Fig. 5 (w/c=0.45) present
a plateau for water saturations between 0 and 60%. The mean
hydrogen diffusion coefficients for the two materials are how-
ever very different at this stage, being equal to 1.4 10 ¢ m?/s
and 7.5 10 ® m?/s, respectively. For the CEM I material, the
plateau is followed by a regular decrease of the diffusion
coefficient by 4 orders of magnitude till water saturations of
80%—-90% (average value of about 10 ' m?/s). For the CEM V
cement paste, the evolution of the diffusion coefficient for

1E-05
1.E:06 {45
1,E-0?;
1.6-08 5
1,E-09;
1E-10] 2

1E114 oo
1E12][>-CEMI-wc 035

-~ CEM | - w/c 0.45

1.E-134 | > CEM V - w/c 0.45 o ?
1.E-141 { : ; ! |

0 20 40 60 80 100
Water saturation S, (%)

Diffusion coefficient (m?/s)

Fig. 5. Hydrogen diffusion coefficients versus water saturation for the CEM I
(w/c=0.35 and 0.45) and CEM V (w/c=0.45) cement paste samples.
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water saturations between 60% and 85% is very slow, de-
creasing by only one order of magnitude (leading a mean
diffusion coefficient of 5.10°? m?/s at a water saturation of
87%). From this point on, Fig. 5 indicates that a small variation
of the water saturation (from 87% to 90%) leads to a sharp
decrease of the diffusion coefficient by three orders of mag-
nitude (leading a mean diffusion coefficient of 2.1 10™'% m?/s
at S,,=90%). Measures made on nearly saturated samples (kept
at 100% RH) indicate a further decrease of the hydrogen dif-
fusion coefficient in both materials. In particular, no hydrogen
flow has been observed during two of the three 7-months long
diffusion tests performed on the CEM V samples.

The impact of pore connectivity on gas diffusion in cement
paste can first be outlined by comparing the diffusion co-
efficients obtained on the dry CEM I and CEM V samples, see
the 3% RH column in Tables 4 and 5. Diffusion of hydrogen in
the dry CEM V cement paste is almost 20 times slower than
in the dry CEM I cement paste. Since the evolution of the
diffusion coefficients between the dry state and 55% RH (i.e.,
0<8,,<60%) is very small for both cement pastes (RH range
where the micropores are desaturated), these results can be
attributed to main differences in the capillary pore system of the
two cement pastes. The sharp decrease of the CEM V diffusion
coefficient that can be seen by comparing the measures obtained
on the samples kept at 82 and 93% RH, see Table 5, is a second
indication of the discontinuity of the capillary pore system in the
CEM V cement paste. Similar in some sense to a percolation
threshold, it shows that, above a given water saturation (here
90%), the pore network of the CEM V cement paste accessible
to gas species becomes highly discontinuous [21]. This
behaviour is not observed for the CEM I cement paste which
presents a continuous evolution of the diffusion coefficient for
water saturations between 60% and 90%. This difference could
originate from a more uniform pore size distribution in CEM V
cement pastes, centered on smaller pore diameters, as shown for
example by mercury intrusion porosimetry [22]. The diffusion
threshold would then be related to the saturation of an important
fraction of the pores of similar diameter. The wider pore size
distribution in CEM I cement pastes would, on the contrary,
lead a smoother evolution of the diffusion coefficient since the
saturation (or desaturation) of the pore system would occur
progressively.

4.2. Impact of the gas molecular weight on gas diffusion in
cement paste

To study the impact of the gas molecular weight on gas
diffusion in cement pastes, diffusion tests have been performed
on the CEM I w/c=0.45 cement paste samples with hydrogen—
nitrogen and xenon—nitrogen gas mixtures. Xenon was selected
because of its high molecular weight and atomic radius
(respectively 131 g/mol and 131 pm) as compared to hydrogen
(respectively 2 g/mol and 37 pm). According to Eq. (4), the free
diffusion coefficient of xenon in nitrogen at 100 kPa is equal to
1.24 107> m?%/s. That of hydrogen in nitrogen at the same
pressure is equal to 7.53 107> m?/s (see the Appendix for the
application of Eq. (4) to hydrogen—nitrogen and xenon—

nitrogen gas mixtures). In theory, if ordinary diffusion
predominates and if the porosity/tortuosity factor is the same
for xenon and hydrogen, then the xenon to hydrogen diffusion
coefficient ratio in cement paste equals that of the same gas
species in open space:

Dx.  DXgn, 124107
Xe _ XN — = 0.165 (13)
Dy, D, 75310

Applying in the same manner Egs. (6) and (7) to xenon and
hydrogen, the xenon to hydrogen diffusion coefficient ratio in
cement paste, in case Knudsen diffusion predominates, is given
by:

Dx. My

2
= = /== =0.124 14
Dy, Mxe 131 (14)

Note that the diffusion coefficients ratios of Eqs. (13) and
(14) are close.

The diffusion tests have been performed first with hydro-
gen—nitrogen and then with xenon—nitrogen. The experimental
xenon and hydrogen diffusion coefficients obtained from the
tests are given in Table 6, together with the variations in water
saturation during the tests. In a few cases, a second hydrogen—
nitrogen diffusion test has been undertaken after the xenon—
nitrogen test (see the lines Dy, bis in Table 6). The average
hydrogen (based on the two test series) and xenon diffusion
coefficients for each conservation conditions are also indicated
in Table 6, together with the average xenon to hydrogen

Table 6

Xenon Dk, and Djj, hydrogen diffusion coefficients with i the sample number
(D,"_,2 bis for the second hydrogen test which has been performed after the xenon
diffusion test), water saturation S,, and variations in the water saturation AS,,
during the diffusion tests performed on the CEM I w/c=0.45 cement paste
samples (total pressure 100 kPa), average xenon (DY: “*“) and hydrogen
(Dii"*¢%) diffusion coefficients, average xenon to hydrogen diffusion co
efficients ratio Dx/Dy, and related standard deviation ¢ Dx./Dy, for the
different RH conditions

RH (%) 3 55 70 82 93
S, (%) 1.7 56 63 83.3 97.6
Diy,(m?/s) 1310° 1.710° 73107 6510 1310
AS,, (%) .) (0.12) (0.35) 1.2) (0.94)
Djy, bis (m?/s) /I 24510° 86107 1.05107° //

AS,, (%) %) (0.35) (0.12) 0. 0]

Dk, (m?/s) // 20107 7210% 1210 8610
AS,, (%) ) . (0.12) 0. 1.2)

Dii, (m%/s) Cracked 1.610°° 54107 29107 1310°"
AS,, (%) %) (0.12) (0.23) (1.4) 1.1

Dy, bis (m%s) Cracked 24510°° 68107 3910 /

AS,, (%) %) 0.7) (0.12) (0.12) 0]

D%, (m?/s) /I 18107 4810°% 5810 6310 "2
AS,, (%) 0] .) (0.12) (0.12) (1.4)

Diy, (m’/s) 1410° 1.410° 47107 1210 14107
AS,, (%) . (0.12) (0.35) (0.94) (0.82)
D%, (m%/s) 30107 18107 4510% 1110 6410 "2
AS,, (%) (. 0. (0.23) ) (0.82)
D™ (m?/s) 13100 1910° 66107 4510 1310
DR (m?/s) 30107 19107 5510% 6210 7.110°"2
Dx./Dy, average 0.23 0.1 0.09 0.12 0.05

& Dx/Dy, 0. 0.02 0.01 0.05 0.01
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diffusion coefficients ratios (Dx./Dy,). As previously, the var-
iations in the water saturation during the tests remain inferior to
2% and usually far less than 1%. The second hydrogen diffusion
tests (named ‘bis’ in Table 6) performed on some samples show
the effect of the small water losses on hydrogen diffusion, with
an increase of the diffusion coefficient from 10 to 60%.

The evolution with the water saturation of the xenon dif-
fusion coefficient in the CEM I cement paste is presented
graphically in Fig. 6, together with that of the hydrogen dif-
fusion coefficient and the theoretical estimates in case of pre-
dominant ordinary (using Eq. (13) and the average hydrogen
diffusion coefficients of Table 6) or Knudsen (using Eq. (14)
and the average hydrogen diffusion coefficients of Table 6)
diffusion mechanisms. Fig. 6 shows that the shape of the curves
obtained for xenon and hydrogen are very similar. The mea-
sured diffusion coefficients for xenon are overall 5 to 20 times
smaller than that of hydrogen.

If one considers all the measures performed on the cement
paste samples, the average xenon to hydrogen diffusion co-
efficients ratio equals 0.11 with a standard deviation of 0.05.
This result is close to the theoretical estimate based on Knudsen
diffusion (0.124) but the dispersion of the test data is too high to
allow one to conclude on the predominance of Knudsen or
ordinary diffusion. Furthermore, Fig. 6 shows that the theo-
retical xenon diffusion coefficients based on both mechanisms
describe the experimental results equally well for the entire
water saturation range. The results of Table 6 indicate that there
is a negligible impact of water saturation on the xenon to
hydrogen diffusion coefficient ratio in the 55—-82% RH range
(average ratios of 0.1, 0.09 and 0.12). This shows that the
unsaturated capillary pore space available in this RH range to
hydrogen diffusion is also fully accessible to xenon in spite of
the greater size of the xenon molecule. At 93% RH, the xenon to
hydrogen diffusion coefficient ratio drops to 0.05 with a
standard deviation of 0.01. The tests performed on saturated
samples (kept at 100% HR) showed an even greater reduction
since no xenon flow has been observed during the one year long
tests. It seems therefore that the diffusion of xenon in cement
pastes compared to that of hydrogen becomes very difficult
when the percentage of unsaturated pores diminishes.
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Fig. 6. Hydrogen and xenon diffusion coefficients versus water saturation for the
CEM I cement paste samples with a w/c ratio of 0.45.

Table 7
Hydrogen diffusion coefficients (m?%s) obtained on the CEM I cement paste
samples tested at 10, 50, 100 and 190 kPa

Pressure (kPa) 10 50 100 190

CEM I w/c=035RH 3% 2.0110°® 12710° 1.0510°° 8.041077
CEM I w/c=0.35RH 55% 1.7210°® 1.4110°° 1.1810°° 9.07 1077
CEM I w/c=035RH 70% 7.410°% 72410°% 54510°% 44710°®

CEM I w/c=0.35RH 82% 2.28 107" 1.79 107" 1.15107'° 7.98 107"

CEM I w/c=045RH 3% 23110°° 13910°° 1.0810°° 1.0910°°
CEM I w/c=0.45RH 55% 3.2710°° 295107 24510 1.8110°°
CEM I w/c=0.45RH 70% 1.1410°® 9931077 8.021077 6.2110"
CEM I w/c=0.45RH 82% 3.64107° 3.5210°° 2.6910°° 2.7010°°

These results can possibly be attributed to the formation of
discontinuities in the porous network accessible to gas
diffusion. When the RH is high, the narrow connections
(necks) that exist between large pores which are still unsaturated
can be filled with liquid water [5]. Hence, the diffusion of a gas
through nearly saturated materials depends on the solubility and
on the diffusion coefficient of the gas in the liquid phase that
saturates the pore necks. The solubility of xenon in water
(0.11 m*/m?) is five times greater than that of hydrogen
(0.02 m*/m®) and cannot therefore explain the lack of xenon
diffusion through the nearly saturated CEM I cement paste
samples. Its important size (the atomic radius of xenon is 3.5
times greater than that of hydrogen), which would limit its
diffusion in saturated narrow pore connections, could however
be at the origin of these results.

4.3. Impact of the total gas pressure on gas diffision

The total gas pressure dependency is one of the major
difference that exists between ordinary and Knudsen diffusion
in porous media. In case of ordinary diffusion, the diffusion
coefficient of a gas species in a porous medium is inversely
proportional to the total pressure, see Egs. (3) and (4). In case of
Knudsen diffusion, it does not depend on the total pressure of
the gas phase, see Egs. (6) and (7). To determine which is the
dominant diffusion mechanism in cementitious materials,
hydrogen diffusion tests have been performed at four different
pressures (10, 50, 100 and 190 kPa) on samples of the two CEM
I cement pastes in equilibrium with air at 3, 55, 70 and 82% RH.
One sample per RH and cement paste type has been tested at the
four different pressures in a random order.

The hydrogen diffusion coefficients measured at the four
different pressures and on the different cement pastes are given
in Table 7. As shown by these results, whatever the RH and
the cement paste, the hydrogen diffusion coefficient decreases
with increasing pressure. This trend is consistent qualitatively
with an ordinary diffusion mechanism. However, quantitative-
ly, the evolution of the hydrogen diffusion coefficient is far
from being proportional to 1/P for the entire pressure range.
This can be best seen by plotting the Dy, (P)/Dy (P, =100 kPa)
diffusion coefficient ratio in function of the pressure ratio P,/P
(kPa/kPa), as illustrated in Fig. 7. In case of a purely ordinary
diffusion mechanism, Dy (P)/Dy,(P,)=P,/P, as shown by
the continuous line in Fig. 7. In case of a purely Knudsen
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diffusion mechanism, Dy (P)/Dy,(P,)=1, as indicated by the
dashed line in Fig. 7.

Fig. 7 can be split up in two parts. When the pressure exceeds
the atmospheric pressure (P>100 kPa, 100/P<1), all the
experimental measures (except one point) lie in between the two
diffusion mechanisms lines, indicating that neither of them is
predominant. The mean diffusion coefficient ratio Dy, (P)/Dy,
(100 kPa) for P=190 kPa is equal to 0.795 (0.53 would mean
that ordinary diffusion is dominant, 1, Knudsen diffusion). On
the contrary, when the pressure is below the atmospheric
pressure (P<100 kPa, 100/P>1), all the test points (circles and
triangles) lie close to the pure Knudsen diffusion mechanism
line, indicating that the total pressure of the gas phase has little
impact on the hydrogen diffusion coefficient in cement paste.
The mean diffusion coefficient ratio Dy, (P)/Dy, (100 kPa) for
P=50 kPa and P=10 kPa are respectively equal to 1.291 (a
value of 2 would mean that ordinary diffusion is dominant) and
1.62 (a value of 10 would mean that ordinary diffusion is
dominant), therefore very close to 1 (Knudsen diffusion). These
results are consistent with the increase of the mean free path of
the gas molecules when the pressure of the gas phase
diminishes.

Obviously, the pressure dependency of the diffusion
mechanism at hand in cement paste does not vary with the
hygral state of the cement paste, i.e., its water saturation and
hence the RH of equilibrium, see Table 7. This means that it is
the same diffusion mechanisms which dominate in cement paste
when the capillary pores and/or the micropores are accessible to
the gas phase. Classically, one would expect some change of
mechanism in relation to the RH of equilibrium, and hence to the
size of the unsaturated pores, according to the well-known
Kelvin equation. The complex pore connections and tortuosity
in cement paste are very probably at the origin of these results. In
fact, the diffusion path through cementitious materials can be
seen as a succession of meso- and micropores connected by
necks which makes therefore the overall gas flow dependent on
the size of the smallest pores. Since, as shown in Section 4.1., the
desaturation of micropores has no impact on hydrogen diffusion
in CEM I cement paste, the pores of interest are not related to the
CSH gel but rather to the capillary pore system. This seems
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Fig. 7. Hydrogen diffusion coefficients ratio versus total pressure ratio for the
tests performed on CEM I and CEM V cement paste samples at 10, 50, 100 and
190 kPa.

Table 8
Lennard—Jones parameters used in Eq. (4) to calculate the free diffusion
coefficients of hydrogen and xenon in nitrogen (taken from reference [16])

M; (g/mol) o (A) €:/k (K)
H, 2.016 2.827 59.7
N, 28.0 3.568 113.0
Xe 131.3 4.061 2253

consistent with the observed combined mode of diffusion at
190 kPa, which means that the mean free path of the gas
molecule (0.05 pum) is of the same order as the pore diameters
which control the pressure dependency.

5. Conclusions

In this paper, experimental results on gas diffusion in three
cement pastes have been presented. The main conclusions of
this study are:

1. Gas diffusion depends essentially on the water saturation of
the cement paste (which determines the percentage of pores
available to gas), and hence on the RH of air when the
material is in equilibrium with its external environment. The
hydrogen diffusion coefficient was found to vary between
10~ m?/s for dry samples and 10~ '°~10" "> m?/s for nearly
saturated samples.

2. The total porosity and the pore size distribution/connectivity
of cement paste have a strong impact on hydrogen diffusion.
Capillary pores are of great importance with regards to gas
diffusion in cementitious materials since the diffusion
coefficient decreases strongly in the RH range 55—-100%.
On the contrary, as shown by the lack of variation of
diffusion properties when the RH is smaller than 55%,
micropores play a negligible role with regards to gas
diffusion in cementitious materials.

3. Gas diffusion in CEM I cement paste depends approximately
on the inverse of the square root of the gas molecular weight
(relation known as Graham’s law for gas species in open
space), except when the water saturation of the material is
high, i.e., greater or equal to 80—90%. This limit is probably
due to the discontinuity of the unsaturated pore network at
high RH which makes gas diffusion through nearly saturated
cementitious materials dependent on the gas solubility and
gas diffusion properties in liquid water.

4. In the pressure range 100—190 kPa, the pressure dependency
of the gas diffusion coefficient in CEM I cement paste shows
that there are contributions from both ordinary and Knudsen
diffusion (i.e., transitional regime). When the pressure is
lowered, the contribution of ordinary diffusion tends to
decrease and becomes almost negligible at 10 kPa. This
result indicates that Knudsen diffusion mechanisms are
dominant at small pressures. The water saturation has no
impact on these trends. These results need to be confirmed
for greater total gas pressures and might not reflect what
happens in mortars or concrete where pores of greater size
can be expected [10,26].
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Appendix A

The methodology and the data used in this paper to calculate
the binary free diffusion coefficients (xenon—nitrogen or
hydrogen—nitrogen) are summarized in Table 8 and taken
from reference [16].

The characteristic length o, of Eq. (4) has been estimated as
follows:

g1 = (O'1+O'2) (15)

N —

with o and o, the characteristic length of gas species 1 and 2 in
the mixture.

Reference [16] gives the following approximate expression
to determine the diffusion collision integral Qp:

Qp = 1.06036 x (T*) 15" +0.193
X exp(—0.47635T%) + 1.03587
X exp(—1.52996T+) + 1.76474

x exp(—3.894117Tx) (16)
with

kT
Twe = — 17

o (17)
and

2- [ s

In Egs. (17) and (18), k is the Boltzmann constant (J/K), T
the absolute temperature (K), €; and €, the characteristic
energies of gas species 1 and 2 (J).
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