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This paper presents a study on the influence ofmix proportions of cementitious materials on their transfer prop-
erties, namely porosity and gas permeability. These latter are known as durability indicators. The work is
performed on a wide range of cement pastes and mortars (24 compositions). These compositions are defined
bymix proportion parameters (water/cement ratio, limestonefiller/cement ratio, and amount of superplasticizer
and volume fraction of paste). To characterize these materials, an experimental campaign was carried out,
including different types of test (water porosimetry, mercury intrusion porosimetry, desorption isotherms and
gas permeability). The influence of the composition parameters on the studied durability indicators is highlight-
ed and correlation between gas permeability and microstructural properties (total porosity and critical pore
diameter) is established. Finally, a method to predict materials permeability from that of the cement paste is
proposed.

© 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Performance based approach is undoubtedly one of the most prom-
ising tool to design concrete mixtures more resistant to penetration
of aggressive species responsible for reinforcement corrosion [1]. It
consists in ensuring concrete durability not from mix proportions
required by standard (for instance, minimum binder content or maxi-
mum water binder ratio) but from actual concrete performances
against environmental loads. In order to assess concrete performances,
severalmaterial properties can be used as indicators [2]. Durability indi-
cators may be specific to a particular environmental exposure, for
example, the diffusion coefficient of chloride ions for structures along
coastal zones [3]. Durability indicators may also be more general, such
as porosity and gas permeability. Although porosity is the most used
indicator, because easy to measure by water soaking, it gives only a
macroscopic idea of the material microstructure. Gas permeability, a
parameter governing transfer by permeation, is a durability indicator
surely more accurate than porosity, because it depends on porosity,
microstructure geometry and connectivity of pores [4].

In order to design concrete mixtures with respect to permeability, it
is necessary to master the relationship between the mix proportions
and this transfer property and microstructure. Moreover, such a data
is primordial to analyze the behavior of various new concrete mixtures,
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for instance, self-compacting concrete (SCC), which contains high paste
fraction [5], concrete with high substitution of cement bymineral addi-
tion [6] or concretewith substitution of aggregates by local [7]. The pre-
sent paper focuses on the influence ofmix proportions of SCC, Especially
volume fraction of paste andmineral addition content.While number of
studies has been published on the influence ofmix proportions on chlo-
ride diffusion coefficient of vibrated concrete, [8,9], the results on gas
permeability are fewer, [10,11]. Moreover, in the case of SCC, studies
are often dedicated to the comparison between vibrated concrete and
SCC. For instance, Boel et al. [5] found with a large experimental cam-
paign that SCCmixtures are about 5 times less permeable than vibrated
concrete mixtures.

In this context, the aim of this study is to investigate with a parame-
trical study the relationship between mix proportions, microstructure
and gas permeability. In order to facilitate experimental investigations,
the study was carried out on pastes and mortars. The studied mix
parameters were: water on cement ratio (W/C), volume fraction of
paste, limestone filler (LF) content and superplasticizer content. These
mix parameters were chosen for the following reasons. Limestone filler
is currently used as mineral addition in SCC, with LF/C ratio often equal
to 0.5. Moreover, superplasticizer is also a fundamental constituent of
SCC. Since the paste is the porous medium in cementitious materials
(in thewidely case of impermeable aggregates), the influence of its vol-
ume fraction was investigated. An experimental campaign was carried
out in order to characterize the studied materials: water porosimetry,
mercury porosimetry, water vapor isothermal desorption, and gas
permeability. Experimental results are discussed through modeling
and literature results.

http://dx.doi.org/10.1016/j.cemconres.2011.11.019
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Fig. 1. Particle size distribution of cement and limestone filler obtained by laser grading.
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2. Experimental program

2.1. Materials

The materials mixtures were prepared with Portland cement (C)
of type CEMI 52.5 (European Standards EN 197–1), 0/3 mm siliceous
sand (S), limestone filler (LF) containing more than 98% of CaCO3 and
PCP type superplasticizer (Sp). The properties of cement and lime-
stone filler are given in Table 1 and Fig. 1.

2.2. Mixture proportions and preparation

Two types of materials were studied: pastes and mortars. The mix-
proportions were varied considering: two water/cement mass ratios
(W/C=0.4 and 0.6) and two limestone filler/cement mass ratios (LF/
C=0 and 0.5). Note that LF/C=0.5 is a value currently used for SCC
mixtures. Based on these proportions, mortars were prepared by repla-
cing a portion of paste volume by the same volume of sand. The volume
fractions of paste, denoted P, were: 40%, 50%, 60% and 80%. For the
mixtures with LF/C=0.5, the superplasticizer contents Sp were 0 and
2% of cement mass. The principle of mix-proportioning is schematized
in Fig. 2. Compositions and compressive strength of the studied
mixtures are given in Table 2.

Hereafter, the term “cement paste” is used to denote mixtures
containing only water and cement. The term “paste” is used to denote
mixtures containing “water+cement+limestone filler” with or
without superplasticizer. As shown in Fig. 2, the volume fraction of
cement paste is denoted P′while the fraction of paste P. The mixtures
are named “XY-P” where “X” gives the paste composition (“PC” for
paste with Portland cement, “LC” for paste with limestone filler with-
out superplasticizer, “LC*” for paste with limestone filler and super-
plasticizer),“Y” gives the W/C ratio (“4” for W/C=0.4 and“6” for W/
C=0.6) and “P” refers to the paste fraction (from 40% to 100%). For
instance, PC4-60 designates a mortar with only Portland cement
(X=PC), W/C=0.4 (Y=4) and paste fraction equal to 60% (P=60).

The mixing procedure consisted first in mixing sand and binder
during 30 s. Then, water and superplasticizer were added and the
mixing was continued for 2 min. The so-obtained mixtures showed
no visible segregation or bleeding. The workability was characterized
by slump test with a 50 mm high and 100 mm in diameter cone. The
slump flows are given in Table 2. For each mixture, a prismatic spec-
imen (100×100×400 mm)was prepared. Mixtures were placed with
vibration. The duration of vibration was fixed with respect to slump
flow (the lowest is slump flow, the highest is duration). 24 h after
manufacturing, the specimens were demolded and placed in a moist
chamber at 98% RH. Three months later, the specimens are sawn
Table 1
Chemical composition and physical properties of the ordinary Portland cement used.

Portland cement CEMI 52.5 Limestone filler

Chemical composition (%)
CaCO3 b0.10 98.00
CaO 63.38 b0.10
SiO2 20.17 0.19
Al2O3 4.88 b0.10
Fe2O3 3.47 b0.10
MgO 1.20 0.46
SO3 3.48 b0.10
C3S 67.1 –

C2S 8.7 –

C3A 7.3 –

C4AF 11.1 –

Physical properties
Density (g/cm3) 3.15 2.71
Blaine surface (cm2/g) 4180 3510
Loss on ignition at 1100 °C 1.00% 43.70%
and cored to obtain samples for the different tests described
hereafter.
2.3. Experimental procedures

2.3.1. Water porosity measurements
The samples for this test were disks with 64 mm diameter and

from 10 mm to 16 mm thickness cored and saw-cut from the
100×100×400 mm prism. Water porosity was measured on three
disks for each mixture. Water porosity measurements were carried
out according to the procedure recommended by the French associa-
tion AFREM [12]. Samples were first water-saturated with distilled
water under vacuum at a saturation vapor pressure of 18 mmHg in
order to obtain the saturated mass msat. The sample volumes Vtot

were then determined from buoyancy weighing. Finally, samples
were dried at 80 °C until mass stabilization to obtain the dried mass
mdry. Porosity φ was calculated using Eq. (1).

φ ¼ Vvoid

Vtot
� 100 ¼ msat−mdry

ρwater � Vtot
� 100 %ð Þ ð1Þ

Where Vvoid is the volume of the materials voids and ρwater is the
water density.
2.3.2. Desorption isotherm
The desorption isotherm was determined by means of a gravimet-

ric method [13]. For each mixture, multiple crushed samples with a
total mass of about 5 g were obtained from crushing of cored samples
from 100x10x400 mm prism. These samples were placed at 20±2 °C
in sealed cells where the relative humidity RH was controlled using
various saturated salt solutions or silica gel. Five RH were studied:
3%, 12%, 33%, 53.5% and 65%. For each environment, samples were
regularly weighed until equilibrium was reached. It was assumed
that equilibrium is reached when the hereafter criterion is satisfied:
the mass loss over a 24 h period was less than 0.05%.
Cement (C)

Water (W)

Cement (C)
Cement (C)

Water (W) Water (W)

Filler (LF)

Filler (LF)

Sand (S)

P’
P’

1–P

P

Cement paste Paste Mortar

P=P’ P

Fig. 2. Schematic view of mix proportioning method.
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Table 2
Mix proportions and properties of the studied mixtures.

Mixtures XY-P W/C LF/C Sp/C P
(%)

fC28
(MPa)

Slump flow
(mm)

Porosity
(%)

Kint

(10−17 m²)

PC4 PC4-40 0.4 0 0 40 60.1 154 15.4 0.27
PC4-50 50 60.7 168 17.9 0.78
PC4-60 60 68.4 178 20.3 1.28
PC4-80 80 62.9 181 27.1 2.25
PC4-100 100 57.4 183 34.0 3.74

PC6 PC6-40 0.6 0 0 40 42.2 173 18.5 2.37
PC6-50 50 44.3 206 23.1 3.6
PC6-60 60 42.4 211 26.8 4.23
PC6-80 80 43.6 217 35.5 6.25
PC6-100 100 37.7 227 43.9 7.9

LC*4 LC*4-50 0.4 0.5 0.02 50 76.5 144 16.3 7.32
LC*4-60 60 81.2 187 19.1 0.27
LC*4-80 80 73.3 193 23.4 0.34
LC*4-100 100 59.9 198 28.7 1.27

LC*6 LC*6-40 0.6 0.5 0.02 40 54.4 200 15.8 1.02
LC*6-50 50 46.3 219 18.1 1.73
LC*6-60 60 56.1 240 21.4 3.33
LC*6-80 80 44.7 254 30.6 3.71
LC*6-100 100 38.8 271 36.5 5.39

LC6 LC6-40 0.6 0.5 0 40 47.8 168 17.2 1.32
LC6-50 50 49.9 178 20.3 2.26
LC6-60 60 53.7 197 22.9 3.12
LC6-80 80 50.1 202 30.6 4.07
LC6-100 100 47.2 204 37.7 5.91
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The water content at equilibrium for RH, denoted w(RH), was cal-
culated as follows:

w RHð Þ ¼ mRH−mdry

mdry
� 100 %ð Þ ð2Þ

Where mRH is the mass of the sample at equilibrium and mdry the
dried mass, obtained by oven-drying at 80 °C until the equilibrium is
reached.

The water saturation degree, denoted S(RH), was also calculated:

S RHð Þ ¼ w RHð Þ
wsat

� 100 %ð Þ ð3Þ

Where:

wsat ¼
msat−mdry

mdry
� 100 %ð Þ ð4Þ

2.3.3. Mercury intrusion porosimetry (MIP)
The pore size distribution was determined from mercury intrusion

on cubic samples (15×15×15mm) from saw-cutting at mid-height
of 100x100x400 prisms. The samples were first dried at a temperature
of 80 °C before the test until mass stabilization. Mercury injection mea-
surements were carried out with a Micromeritics Porosimeter (Autop-
ore III 9420) whose range of pressure reached more than 400 MPa.
This pressure range allows the mercury to penetrate pores ranging be-
tween 0.003 μm and 360 μm diameter, according to Laplace's law.

2.3.4. Gas permeability
Gas permeability was measured on cylinders 50 mm thick and

64 mm diameter, cored from the 100×100×400 mm prisms as
400mm

100 mm

100 mm

Fig. 3. Schematic view of the specimen (100×100×400 mm) and
shown in Fig. 3. These samples were then laterally surrounded by a
resin to ensure radial tightness and unidirectional flow during perme-
ability test.

Before tests, samples were slowly dried at 45 °C during 19 weeks
and then dried at 80 °C until mass stabilization. These two steps are
used to minimize cracking due to thermal and desiccation shrinkage
gradient.

Permeability measurement was performed using a fully automatic
device composed of a permeameter “Thermicar” and a data acquisition
interface. The measurement principle is given by Fig. 4. The sample is
placed between two chambers. The measurement proceeds in two
steps. During a first step, the pressure in chamber 1 (“upstream”) is
increased to a high pressure (PH>100 kPa) and the pressure in cham-
ber 2 (“downstream”) is decreased to a low pressure (PL~8.5 kPa).
The second step begins when the pressures in the two chambers are
enough stabilized. Due to the pressure gradient, a gas flow occurs
through the sample. The evolution of the pressure PL in the chamber
2 is then recorded, while the high pressure PH is maintained constant
(Fig. 5). The test ends when PL reaches 35 kPa. During this second
phase, PL has a linear evolution with time because the pressure gra-
dient is high. An apparent permeability (KA) expressed in m² is
calculated from the slope of the curve of PL versus time, i.e. dPL/dt
in Eq. (5):

KA ¼ 2ηL
P2
H−P2

L

� �
A
VL

dPL

dt
ð5Þ

Where η (Pa.s) is the dynamic viscosity of the gas, L (m) the sample
thickness, VL (m³) the volume of chamber 2 (low pressure chamber)
and A (m²) the sample section.
Resin

its saw-cut to obtain samples for permeability measurement.



PH = Constant

PL = Variable

Chamber 1

Chamber 2

Sample

Resin ring
Gas Flow

Fig. 4. Schematic view of the permeability measurement device principle.

Fig. 6. Measured apparent permeability versus inverse of mean pressure — Intrinsic
permeability.
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Eq. (5) was obtained from Darcy law by assuming the gas used is
ideal. Darcy law can be written:

Qm ¼ −KA

η
M
RT

P
∂P
∂x A ð6Þ

Where Qm (kg/s) is the mass flux, P (Pa) is the gas pressure, T (°K)
the gas temperature, M (kg/mol) the gas molar mass and R (J.mol−1.
K−1) the ideal gas constant.

The mass balance in chamber 2 (downstream) can be written as
follows:

VL
dPL

dt
¼ RT

M
Qm ð7Þ

By integrating Eq. (6) over the sample thickness and combining it
with Eq. (7), we obtain the apparent permeability given by Eq. (5).

Concerning the measurements accuracy, the standard deviation is
equal to approximately 20% of the measured apparent permeability
values (for 3 different samples per material).

The measured permeability KA is only an apparent permeability.
KA depends on the mean pressure Pm defined by Eq. (8), due to gas
slippage, also called Klinkenberg effect [14,15].

Pm ¼ PH þ PL

2
Pað Þ ð8Þ

Thus, five tests with different high pressures (PH={150, 175, 200,
225, 250} kPa) were performed successively in order to assess an
intrinsic permeability, denoted KINT. Using the Klinkenberg method
Fig. 5. Low and high pressures evolutions during permeability test.
[15], KINT is deduced from the intercept of the curve of KA versus 1/
Pm with the y-axis (Eq. (9)):

KA ¼ KINT
β
Pm

þ 1
� �

m&ð Þ ð9Þ

Where β (Pa) is the Klinkenberg coefficient. An example of deter-
mination of KINT is given in Fig. 6. Note that β is not a universal con-
stant but varies with intrinsic permeability [16].
3. Results and Discussion

3.1. Water porosity

The water porosity of pastes and mortars are shown in Fig. 7. As
expected, porosity increases when W/C increases for a given paste
fraction [17]. The higher the W/C ratio, the higher the initial porosity
to be filled by hydrates. Compared to LC mixtures (Sp/C=0%), LC*
mixtures (Sp/C=2%) are slightly denser. Superplasticizer defloccu-
lates cement grains to a better compaction of the powder and results
in a better cement hydration [18]. The effect of superplasticizer on
porosity is however small. LC mixtures (LF/C=0.5) are less porous
than PC mixtures (LF/C=0), because their initial solid content is
higher due to the limestone filler.
Fig. 7. Porosity versus paste fraction.

image of Fig.�6
image of Fig.�7


Fig. 9. Desorption isotherms of pastes (P=100%): (a) water content at equilibrium
versus RH and (b) water saturation degree at equilibrium versus RH.
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The dashed lines in Fig. 7 give porosity calculated as follows:

φP ¼ P � φ100% %ð Þ ð10Þ

Where φP is the calculated porosity of the material containing a
paste fraction equal to P (Fig. 2), φ100% is the measured porosity of
the paste of the corresponding mortar. It can be observed that the ex-
perimental points are almost on the so-calculated straight line. For
the lower W/C ratios and lower paste fractions, the measured poros-
ity is a little higher than the calculated one. The extra porosity may be
due to a lack of compaction.

In Fig. 8, porosity is plotted versus the cement paste fraction and
the dashed line corresponds to the porosity calculated as following:

φp0 ¼ P0 � φ100% %ð Þ ð11Þ

Where P′ is the fraction of cement paste (Fig. 2). Once again, the
measured porosities are close to the calculated ones (dashed lines).
The observed effect of limestone filler and sand fractions on porosity
is mainly a dilution effect. Besides, they have little influence on ce-
ment hydration, except at early age [19,20]. Ye et al. [21] have studied
the influence of limestone filler on the hydration and microstructure
of cement paste. They concluded that limestone filler does not partic-
ipate in the chemical reaction of hydration. However, it acts as an ac-
celerator during early cement hydration.

It is thus possible to assess the long term porosity of a given mix-
ture from the porosity and the volume fraction of the cement paste.
The assessment is less accurate for mortars with limestone filler, W/
C=0.4 and the lowest paste fractions. The excess of porosity, com-
pared to the calculated one, could result from a lack of compaction
(vibration duration not long enough). Especially, this concerns the
mortar denoted LC*4–50, as discussed in the following section.

3.2. Desorption isotherms

Desorption isotherms are given in Fig. 9. Note that the curves were
plotted with dash lines between RH=65% and 100% because water
contents at RH=100% were deduced from water contents at satura-
tion under vacuum (Section 2.3.1) and not directly measured.

Desorption isotherms carried out on the five pastes (materials
with P=100%) highlight that, for RH lower than about 50%, water
contents are similar (Fig. 9 (a)). This result is confirmed by the liter-
ature [22]. For higher RH, water content of W/C=0.6 mixtures are
higher than water contents of W/C=0.4 mixtures. This shows that
macro-pores are larger for higher W/C ratio. Note that, as expected,
the higher the porosity, the higher the water content at RH=100%
(obtained from water saturated samples).
Fig. 8. Porosity versus cement paste fraction.
In Fig. 9 (b), the water saturation degree at equilibrium was plotted
versus RH. According to Kelvin equation, a given relative humidity
corresponds to a pore diameter. Isotherm desorption curve can then
be used to assess the pore size distribution. For a givenW/C, saturation
degree curves are very close. This result is of great interest. Indeed, the
microstructure of paste appears mainly affected by the W/C ratio and
very little by the presence of limestone filler and superplasticizer. The
small effect of the limestone filler (no “filler effect”) can be explained
by the fact that this filler is coarser than the cement (Fig. 1).

3.3. Pore size distribution from MIP

The mercury intrusion porosimetry tests were performed only on
pastes (P=100%) and mortars with 50% paste fraction (P=50%).
Whatever the mix proportions, one main pore mode was detected
(Fig. 10). Pore modes are usually classified as follows: meso-pores
(approximately located between 0.1 nm and 50 nm diameter) and
macro-pores (between 50 nm and 10 μm diameter) including capil-
lary pores which are predominant [23,24].

In order to facilitate the comparison of mixtures, single values of
main macro-pore diameter were determined. With this aim, normal
distributions were fitted on experimental pore distribution as shown
in Fig. 11. The so-obtained main pore mode diameter, denoted Dc here-
after, is the mean value of the normal distribution fitted on the main
peak (Table 3).

In Fig. 12, theW/C ratio is shown to be themain parameter affecting
themain pore mode diameter. For a given paste fraction, mixtures with
W/C=0.4 have systematically smaller Dc than those of mixtures with
W/C=0.6. This results from the fact that macro-pores are vestiges of

image of Fig.�8
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Fig. 10. Pore size distribution from MIP (left: W/C=0.6 mixtures — right: W/C=0.4 mixtures).

495A.A. Hamami et al. / Cement and Concrete Research 42 (2012) 490–498
inter-granular spaces of the fresh mixture depending on the solid
concentration. The effect of paste fraction is relatively small since Dc

of P=50 and 100% mixtures are almost equal. The effects of limestone
filler content and superplasticizer content are also small. These effects
on mix proportions on microstructure confirm those deduced from
isotherm desorption.

While the effect of paste fraction on Dc is small, its effect on the over-
all pores distribution ismore pronounced (Fig. 10). Indeed, othermacro-
pore modes were detected for mixtures with P=50% (Table 3). These
macro-pores are usually attributed to the interfacial transitional zone
(ITZ) between aggregates and plain paste [25]. However, note that MIP
detects far less these secondary pores than the critical pore mode.

As observed in the case of Dc, the effects of superplasticizer content
and limestone filler on the overall pore distribution are low (Fig. 10).
Only the paste denoted LC*6-100 and the corresponding mortar LC*6-
50 have a secondary pore mode (Table 3). This may be the result of an
interaction between superplasticizer and limestone. This effect was
however not detected for W/C=0.4.
3.4. Gas permeability

Results on gas permeability are shown in Fig. 13. As observed in
the case of porosity, gas permeability increases when W/C ratio or
paste fraction increases. For a given W/C ratio, the addition of lime-
stone filler reduces gas permeability. This can be explained by the re-
duction in porosity when limestone filler is added. Again, the
chemical effect of the admixture remains very low.
Fig. 11. Normal distribution fitted on pore size distribution from mercury intrusion
(PC4-100 mixture).
The highest permeability was measured for the mixture with
limestone filler and the lowest W/C and paste fraction (LC*4-50).
This result is in contradiction with the above presented tendencies.
The high permeability of LC*4-50 could be explained by the micro-
structure change due to oven-drying at 80 °C. Indeed, the microstruc-
ture of cement based material, and especially high-strength material
(such as LC*4-50), are known to be damaged at temperature higher
than 60 °C, because of deterioration of ettringite or CSH [26,27].
Some authors found however that the effect of temperature onmicro-
structure is low when temperature remains lower than 105 °C [28].
Moreover, the difference in temperature effects on permeability be-
tween “normal” and high-strength materials are more often observed
for temperature higher than 150 °C [29]. More probably, the high per-
meability of LC*4-50 could be a consequence of the lack of compac-
tion of this mortar suspected from porosity measurements
(Section 3.1). Therefore, in our opinion, this result can be considered
as an experimental artifact and, at least, needs to be confirmed.

In literature, the influence of paste fraction on transfer properties
is found to be sometimes low and sometimes strong. Caré [8] mea-
sured a little increase of chloride diffusion coefficient when the
paste fraction decreases. Likewise, Halamickova et al. [11] observed
an increase of water permeability when the paste fraction decreases.
This influence of paste fraction is explained by the presence of the
more porous interface between aggregates and paste, i.e. ITZ. In our
case, MIP reveals few pore modes higher than the main critical
mode. Moreover, as stated by Halamickova et al. [11], one parameter
is often badly controlled, namely the air content, which depends
strongly on the compaction procedure of the fresh material. There-
fore, the observed trends should depend also of the compaction
task, as revealed by the higher permeability measured for LC*4-50.
In the following analyses, results for this mixture were not taken
into account.
Table 3
Pore modes assessed from MIP.

Mixtures Main pore mode Dc

(nm)
Secondary pore mode
(nm)

PC6-100 75 –

PC4-100 58 –

LC*6-100 70 200
LC*4-100 45 –

LC6-100 70 –

PC6-50 70 –

PC4-50 58 180
LC*6-50 60 140
LC*4-50 45 450
LC6-50 70 110

image of Fig.�10
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Fig. 12. Main pore mode diameter Dc deduced from MIP versus paste composition and
paste fraction. Fig. 14. Intrinsic gas permeability versus porosity.
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3.5. Correlation between gas permeability, porosity and main mode pore
diameter

For a given W/C ratio, correlation between permeability and po-
rosity is roughly linear (Fig. 14). In particular, a rather good correla-
tion is found for W/C=0.6 mixtures. The knowledge of porosity is
however not enough to predict permeability whatever the mix pro-
portions. Indeed, for the same porosity, W/C=0.4 mixtures are less
permeable than W/C=0.6 mixtures.

According to Poiseuille's law, permeability should depend on both
open porosity and connected pores size. Especially, permeability
should be proportional to the product of porosity and squared main
mode pore diameter, as shown by Garboczi [30] and Katz and Thomp-
son [31]. In literature, a number of models have been developed to
predict permeability from MIP results [32–35]. For instance, Katz
and Thompson proposed to determine the main pore diameter from
the inflection point on the mercury intrusion curve (as done in
Section 3.3) [31].

For each mixture, the measured intrinsic permeability were plotted
versus φ.Dc², with φ the porosity and Dc the main pore mode diameter
determined as explained in previous section. A good correlation is
found as shown in Fig. 15. This confirms that permeability depends
not only on porosity but also on pores size.

Permeability should depend also on other factors, such as connec-
tivity and tortuosity of the microstructure. Therefore, another ap-
proach was investigated below to model mortars permeability.
Fig. 13. Intrinsic permeability versus paste fraction.
3.6. From paste permeability to mortar permeability

In the literature, one can find several attempts to predict transfer
property of concrete or mortar knowing the corresponding property
of the paste, for instance chloride diffusion coefficient [8,9,36] or electri-
cal conductivity [37]. In these approaches, concretemixtures ormortars
are considered as composites made of inclusions (aggregates) and ma-
trix (paste). According to Caré [8], three effects on permeability due to
the presence of aggregates in mortar can be distinguished.

– If sand is assumed to be impermeable compared to paste, perme-
ability should then increase with paste fraction due to a dilution
effect given by Eq. (12).

KP% ¼ P
100

K100% m&ð Þ ð12Þ

Where KP% is the permeability of a mortar containing a paste frac-
tion equal to P (in%) and K100% is the permeability of the paste.

– The addition of sand lengthens the path of gas flow. Both dilution
and tortuosity effects can then be modeled by Eq. (13)

KP% ¼ P
100τ

K100% m&ð Þ ð13Þ
Fig. 15. Intrinsic gas permeability versus φ.Dc².
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Fig. 16. Dilution and tortuosity effect on the permeability of mortars with W/C=0.6.
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where the tortuosity τ can be calculated using Maxwell's model in
the case of spherical inclusions by:

τ ¼ 300−P
200

ð14Þ

– The ITZ around sand grains is known to be more porous than the
bulk paste. Thus, the presence of ITZ should result in an increase
of permeability. This can be modeled as follows:

Kp% ¼ f PITZð Þ P
100τ

� �
K100% m&ð Þ ð15Þ

Where f(PITZ) is a function of the volume fraction of ITZ used to
take into the increase effect due to ITZ in the Maxwell model. Caré
provided an empirical expression of f(PITZ) in the case of chloride dif-
fusion coefficient [8]. Note also that the volume fraction of ITZ can be
assessed from the aggregates size distribution following the proce-
dure developed by Torquato and Lu [38] and described by Garboczi
and Bentz [39].

For W/C=0.6 mixtures (Fig. 16), mortar permeabilities are well
assessed from paste permeability and Maxwell model given by
Eqs. (13) and (14). Thus, for these mortars, permeability is mainly af-
fected by the combined effects of dilution and tortuosity due to inclu-
sions. For mortars with W/C=0.4 (Fig. 17), Maxwell's model is less
efficient. This could be due to the fact that the Maxwell's model is
maybe too simple to assess properly tortuosity since aggregates are
modeled by mono-dispersed spherical inclusions. In both cases, mea-
sured permeabilities are equal or lower than calculated permeabil-
ities from Maxwell's model. This tends to prove that the increase
Fig. 17. Dilution and tortuosity effect on the
effect of permeability due to the ITZ is very small for our mortars.
This confirms results of Basheer et al. [10]. These authors found that
the gas permeability decreases with the increase of fine aggregate
content, due to the dilution and tortuosity effects, while the ITZ is
less porous in the case of finer aggregates.
4. Conclusion

We study in this paper the relationship between mix proportions,
microstructure and gas permeability of cementitious materials. Based
on the results, the following conclusions can be made.

• W/C ratio and paste volume fraction were found to be the main mix
parameters affecting porosity and gas permeability.

• The influence of superplasticizer content (2% of the cement mass)
on porosity and gas permeability was found to be very small.

• The limestonefillerwas found to have little effects on porosity and gas
permeability, except a dilution effect such as an inert inclusion in the
cement paste. Moreover, the low effect on microstructure was con-
firmed by both desorption isotherm andMIP tests. Indeed, the knowl-
edge of the property (porosity or permeability) of the cement paste
and its volume fraction permit to assess the same property of paste
or mortars.

• For a given W/C, gas permeability is roughly correlated to porosity.
However, porosity is not enough to predict permeability whatever
mix proportion. One have to take into account data provided infor-
mation onmicrostructure pore size. Indeed, permeability appears to
be well correlated to porosity and the diameter of the main pore
mode deduced from MIP.
permeability of mortars with W/C=0.4.
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• The knowledge of the properties of the cement paste (mix of cement
and water) and the paste fraction appear to be enough to give rela-
tively good prediction of the properties of mortars. However, in the
case of low W/C ratios, this kind of assessment is less accurate. It is
considered that the studied properties are dependent on the compac-
tion quality of the material at the fresh state. Thus, in order to design
models predicting gas permeability as a function of mix parameters,
efforts have to be made also to predict air content of the mixture.

Further investigations are planned to confirm these results on
concrete mixtures.
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