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This paper investigates whether durability indicators (DIs), more specifically transport properties, can be
assessed by simple methods, e.g. direct experimental methods or indirect methods based on analytical
formulas, for every type of concrete. First the results of electrical resistivity and apparent chloride diffu-
sion coefficient obtained by direct measurement on a broad range of materials, particularly on high-vol-
ume supplementary cementitious materials (SCM) mixtures, are discussed. Then, various methods, in
particular methods based on these last parameters, are compared for the assessment of effective chloride
diffusion coefficient and ‘‘intrinsic’’ liquid water permeability, including for the latter a sophisticated
method based on numerical inverse analysis. The good agreement observed between the various meth-
ods points out that simple methods can allow DI assessment with sufficient accuracy. Moreover, the
available values of electrical resistivity, effective/apparent chloride diffusion coefficients and ‘‘intrinsic’’
liquid water permeability can be included in a database. Throughout the paper, the specificities of
high-volume SCM mixtures are highlighted.

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

In recent years, sustainable development has become a major
concern, in particular in the construction field [1,2]. In this context,
a global approach is needed, in order to meet technical, economi-
cal, environmental and societal requirements in an optimized
way for the whole life cycle of a concrete structure [3,4]. The task
of designers, engineers and infrastructure owners is therefore now
more complex. In particular, they need to combine improved
durability and environmentally friendly materials and structures.
From a (concrete) material point of view, they are thus interested,
on the one hand in relevant parameters, which can characterize
durability, and on the other hand in the use of wastes, by-products
or recycled materials, which are, at least at present time, regarded
as zero-CO2 emission constituents. As a consequence and in order
to make this task easier, there is an increasing demand to include
in current concrete or design standards (e.g. EN 206-1 [5]) the ad-
vanced concepts of durability and service life (SL) prediction,
including performance-based and/or probabilistic approaches
(see e.g. [6]), in particular with respect to the prevention of steel
corrosion in reinforced concrete (RC) structures.
ll rights reserved.
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ny).
In this context, a general approach based on so-called durability
indicators (DIs), which are key material properties with regard to
durability (e.g. porosity, permeability or diffusion coefficient), has
been developed [3,7–9]. Note that other similar concepts can be
found in the literature [10–13]. A system of classes of ‘‘potential’’
durability with respect to reinforcement corrosion has been
proposed for each DI. These five classes – very low (VL), low (L),
medium (M), high (H) and very high (VH) ‘‘potential’’ durability
– can be used for example for mixture comparison or quality
control. The evaluation of the ‘‘potential’’ durability of a given RC
will consist of comparing the values of the measured DIs to the
threshold values of the associated classes. Another purpose of this
approach is to design concrete mixtures capable of protecting
structures against degradation for given target SL and environmen-
tal conditions, using performance-based criteria (specifications)
related to the DIs. Furthermore, a multi-level modelling concept
has been developed for SL prediction [8,14]. It can be applied to
predict the SL of a new structure at the design stage or the ‘‘resid-
ual’’ lifetime of an existing and possibly deteriorated structure.
Since concrete composition, which is often lacking for existing
structures, is not needed, this approach can be very easily applied
to them, in view of monitoring, diagnosis, maintenance and sup-
port to serviceability extension or repair decisions. Note that this
is the same DI set, which is involved in the ‘‘potential’’ durability
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classes, in the specifications and as input data for the models of SL
prediction [7,9,14,15].

Hence, it is important to:

� investigate whether DIs can be assessed by simple and rapid
methods, in order to easily include them in a more general set
of (sustainability) indicators and in harmonized standard
methodologies,
� focus on ‘‘green’’ materials, which incorporate local aggregates

or high volumes of supplementary cementitious materials
(SCMs) such as fly ash (FA) or ground granulated blast furnace
slag (GGBS).

With regard to the second item, it is well known that a complete
characterization of SCMs can be very complex [16]. In addition,
some properties of one FA for example cannot be generalized to
all FAs, since the properties of a given type of SCM can be very var-
iable (e.g. effects of the specific surface area, alkalinity and glass
content). However, it is possible to benefit from the numerous re-
searches carried out worldwide over a long period in particular in
North America on these materials (see e.g. [17–20]). For example
the effect of pozzolanic constituents on pore structure and thus
on transport properties has been clearly described in the literature.
It is not only a filler effect, but also the result of chemical reactions.
The presence of fine particles can also induce acceleration of
hydration reactions of the cement (potential nucleation sites for
Ca(OH)2 and C–S–H precipitation) and therefore induce earlier
densification of the microstructure [21]. These effects are more
significant with silica fume (SF), which has a 100-time smaller size
than FA. Ca(OH)2 crystals are consumed by the pozzolanic reaction,
while finely divided C–S–H hydrate gel is formed, thus yielding a
denser microstructure. In addition, when the FA content increases,
fibril-type C–S–H are progressively replaced by foil-type C–S–H,
which are more efficient to fill capillary pores [22]. Moreover, addi-
tional C–S–H (or other gel-type hydrates) form mainly far from the
initial cement grains covered by pseudoform C–S–H [23]. These
additional C–S–H thus create solid ‘‘islands’’, between partially re-
acted grains or pre-existing hydrate clusters, which increase the
pore network tortuosity. However, this physical effect induced by
chemical reactions will be efficient only once the pozzolanic
reaction has significantly progressed, which means in the case of
FA long after hydration (or pozzolanic reaction with SF [21]) has
started (e.g. several months [3,24]). In addition, this effect depends
on the initially available Ca(OH)2 amount. Yet, Ca(OH)2 is formed
by portland cement hydration and can be affected by early-age
drying or carbonation [3,24]. Further, SCMs are known to change
the concentration and the mobility of the ions in the pore solution
(e.g. as a result of modifications of the electrical double-layer at the
solid–liquid interface [23,25–27]). For example, the presence of SF
induces a significant decrease in alkali and hydroxyl ion concentra-
tions in the pore solution [28,29], and according to [30] when 30%
of the cement is replaced by FA the hydroxyl concentration is also
reduced (see also [23]).

This paper will focus on the assessment of DIs, more specifically
of the transport properties effective chloride diffusion coefficient
and ‘‘intrinsic’’ liquid water permeability, by various methods, on
a broad range of materials including mortars or concretes with
FA, as well as CEM-III concretes. The range of SCM contents has
been selected to be relevant from a practical point of view or to
be that commonly used in concretes. The purpose is to validate
the use of simple and rapid methods (e.g. direct experimental
methods or indirect methods based on analytical formulas) and
to check their applicability particularly to high-volume SCM
mixtures. Comparison with a more theoretical and sophisticated
method based on numerical inverse analysis will be carried out
in the case of the ‘‘intrinsic’’ liquid water permeability. Another
aim is to contribute to the constitution of a database, at least for
the concretes most likely to be used in practice, for apparent/effec-
tive chloride diffusion coefficients, ‘‘intrinsic’’ liquid water perme-
ability and electrical resistivity. This will provide in particular an
estimate of the values expected for DIs and their corresponding
classes, within the framework of the associated performance-based
approach. This aspect is very important for future recommenda-
tions/standardisation on this topic. Moreover, the specificities of
high-volume SCM mixtures will be pointed out.
2. Materials and experiments

2.1. Materials

A broad range of concretes, ranging from low-grade materials
(average 28-day cylinder compressive strength, c.s., approx. 20
MPa) up to very-high-performance concretes (28-day c.s. >
90MPa), has been tested in lab conditions at T = 21 ± 1 �C. Since it
is difficult to report in the paper the detailed mix-compositions
of all the concretes tested (30), only the mix-composition and
the average 28-day cylinder c.s. of the concretes most involved in
the discussion and displayed in figures are reported in Table 1. Var-
ious CEM I and CEM III (mixtures denoted ‘‘-III’’) were used and the
water-to-binder ratio by mass (W/B) ranged from 0.23 to 0.84. The
composition of cement #3, which is the CEM I used for the ‘‘M’’
concrete series (see Table 1) and for several other concretes, is gi-
ven in [31]. With regard to CEM III/A, the GGBS content was 43%
(LR59-1-III) or 62% (e.g. BO-III and LR77-3-III) by mass of binder.
In order to complement the data, one CEM III/C concrete with
85% GGBS has been tested (denoted B30-III/C [32]).
Air-entraining admixture (AEA), FA or SF were incorporated in
some of the mixtures (denoted ‘‘-EA’’, ‘‘FA’’ or ‘‘SF’’, respectively).
In AEA-mixtures, the air content of the fresh concrete ranged from
2% to 8%. The SF content ranged from 6% to 11% by mass of binder.
In the FA-concretes, the FA content was 20% (M25FA, M25FA-EA,
M50FA and M50FA-EA [33]), 30% (M30FA), 35% (CFA) or 39%
(B50FA) by mass of binder. The same FA was used for the various
materials (its composition is given in [31] and its specific surface
area is 1.73 m2 g�1), except for concretes CFA [7] and B50FA. Not
only lab mixtures, but also mixtures commonly used in bridges
in various locations in France and in neighbouring countries
(which include in particular local aggregates) have been studied
(e.g. mixtures denoted ‘‘LR’’, such as LR77-3-III which is considered
as suitable for exposure class XA2, or LR59-2 for exposure class
XS3, according to the European concrete standard EN 206-1 [5]).

Moreover, in order to understand more precisely the FA effect in
mixtures of practical interest, mortars with various FA contents
(0%, 10%, 20% and 30% by mass of binder = C + FA), denoted FA-0,
FA-10, FA-20 and FA-30 respectively, and with limestone filler
(60% by mass of binder = C + FA) mainly used to improve the prop-
erties of the fresh material, have also been studied. Note that
possible synergistic effects between FA and limestone filler are
likely to enhance mechanical strength and durability (e.g. acceler-
ation of early hydration, see section 1, formation of carboaluminate
by limestone, as well as later strength development and micro-
structure densification by FA pozzolanicity). The content of binder
B = C + FA or of powder materials, as well as W/B, were the same
for all the mortars (B = 511 kg m�3, W/powder = 0.28, and
W/B = 0.45). The same ingredients (cement, FA, and sand) as for
the ‘‘M’’ concrete series were used. The amount of admixtures
was selected to comply with the proper rheological properties of
high-fluidity mortars [34]. FA-30 is regarded in Japan, within the
framework of underground disposal facilities (for radioactive
wastes) with multicomplex artificial barriers, as a basic mortar



Table 1
Mix-composition and average 28-day cylinder c.s. of some of the tested concretes.

Concrete CFA BO-VB M25 M30FA M50 M75SF B80SF-S LR59-1-III LR77-3-III BO-III LR59-2

Cement 1 (CEM I
42.5)

2 (CEM I
52.5)

3 (CEM I 52.5) 4 (CEM III/
A 42.5)

5 (CEM III/
A 52.5)

6 (CEM III/
A 42.5)

7 (CEM
I 52.5)

Gravel (G) content (kg m�3) 949 1192 1007 986 937 1044 980 980 930 1036 1025
(min/max grain size in mm) (6/16) (4/20) (5/20) (4/20) (5/20) (5/20) (6/14) (4/20) (6.3/20) (6.3/20) (4/20)
Sand (S) content (kg m�3) 911 744 899 879 806 877 790 890 800 715 815
(min/max grain size in mm) (0/5) (0/5) (0/5) (0/5) (0/5) (0/5) (0/4) (0/4) (0/4) (0/4) (0/4)
Cement (C) content (kg m�3) 260 353 230 223 410 360 420 385 400 342 400
Fly ash (FA) content (kg m�3) 140 95
Silica fume (SF) content (kg m�3) 22 35
Water (W) content (kg m�3) 193 172 193 166 197 136 147 159 195 186 150
Plasticizer or superplasticizer

content (kg m�3)
4.8 1.1 12 7.28 1.14 1.2 4.4

Retarder content (kg m�3) 1.4 2.5
Water-to-cement ratio (W/C) 0.74 0.49 0.84 0.74 0.48 0.38 0.35 0.38
Water-to-binder ratio (W/B) 0.48 0.49 0.84 0.52 0.48 0.36 0.32 0.41 0.49 0.54 0.38
SCM-to-binder ratio 0.3 0.06 0.08 0.43 0.62 0.62 0
Gravel-to-sand ratio (G/S) 1 1.6 1.1 1.1 1.2 1.2 1.2 1.1 1.2 1.4 1.2
Average 28-day cylinder

compressive strength (MPa)
28.9 49.5 25.1 48.5 55.5 85.5 76.9 75.5 41 38.5 85.8
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mixture expected to prevent, for a very long time, diffusion of nu-
clide molecules emitted from radioactive wastes [34].

2.2. Experiments

Electrical resistivity (q0) measurements, steady-state (ss) and
non-steady-state (nss) migration tests, nss diffusion tests, as well
as drying experiments, were carried out. The test procedures are
detailed in the following sections. In addition, the porosity accessi-
ble to water (U) was measured by means of hydrostatic weighing
[32]. Likewise, mercury intrusion porosimetry (MIP) tests were
performed to complement the analysis (assessment of porosity
PHg, pore size distribution and critical diameter dc). The test meth-
od is described in [32]. The MIP device used allows one to investi-
gate pores with radii from 1.8 nm to 60 lm (pHgmax. = 400 MPa),
except in some cases, which will be indicated in the paper, where
pHgmax. = 200 MPa and where the pore radii range consequently
from 3.7 nm to 60 lm. ‘‘Representative’’ specimens (several pieces
of approx. 1 cm3 each) were prepared for MIP tests by excluding
however the coarser pieces of aggregates. Prior to measurement,
the specimens were oven dried for 14 days under vacuum at
T = 45 ± 1 �C in the presence of silica gel, or freeze-dried [32].
3. Electrical resistivity

3.1. Significance

Since electrical current is carried mainly via the liquid phase (by
ions), the pore network connectivity of water saturated hardened
cementitious materials can be characterized indirectly by measur-
ing q0 (inverse of conductivity r) [35]. In the general case, q0

depends not only on porosity and on the tortuosity and connectiv-
ity of the pore system, but also on the conductivity of the pore
solution (r0), on the surface conductivity of the pore walls (adsorp-
tion of elements from the pore solution on C–S–H gel), and on the
nature and volume of aggregates.

q0 can be measured on lab samples. The non-destructive resis-
tivity test can also be used in situ for the monitoring of the durabil-
ity of structures [36]. Some authors have suggested hence that a
resistivity test could be used for the control of the production of
concretes with pre-defined durability requirements (see e.g.
[10,37]). In addition, the effective chloride diffusion coefficient
could be calculated from a single resistivity measurement (see Sec-
tion 5.4 and [10,35,38]). Moreover, durability specifications (per-
formance-based criteria) can be based on this parameter [7], and
models involving electrical resistivity have also been developed
[10,35] for SL prediction, which include both the initiation and
propagation periods according to Tuutti’s definition [39]. q0 can
thus be regarded as an alternate DI [7].

3.2. Test method

The technique used here to measure q0 (X m) is described in
[40] (see also [10] or [37]). The resistivity test is a simple, quick,
cheap and non-destructive method, which however requires some
care [41]. It consists in placing a pair of stainless steel electrodes on
the parallel surfaces of a sample and measuring the current I (A)
induced by the application of a potential drop DE (10 V or less).
The electrical contact is ensured by two wet sponges. q0 is then cal-
culated by geometrical conversion according to Ohm’s law (see Eq.
(1)):

q0 ¼ DE
I
� A

e
ð1Þ

where A (m2) is the cross sectional area of the electrodes (i.e. of the
sample) and e (m) is the distance between electrodes (i.e. the height
of the sample).

Literature indicates that the reproducibility coefficient of varia-
tion (COV) is 9–30% (see e.g. [36,42,43]) and the repeatability COV
is 11% [42].

3.3. Results and discussion

q0 was measured on a broad range of water-cured and water-
saturated materials at various ages. Fig. 1 displays the concrete re-
sults (average values of three samples) plotted vs. the average 28-
day cylinder c.s. The classes of ‘‘potential’’ durability with respect
to reinforcement corrosion (VL, L, M and H, see Section 1) are also
reported in the graph (the associated thresholds are 50, 100, 250
and 1000 X m [7]). Fig. 2 displays the experimental results
obtained for the mortars.

Fig. 1 shows that the presence of FA, GGBS or SF induces high
resistivity values. For example, HPCs with SF display values be-
tween 380 and 670 X m, thus indicating a high ‘‘potential’’ durabil-
ity. This results from the various effects of SCM on the pore
structure (see Section 1). In addition, as detailed in section 1, the
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presence of SF induces a significant decrease in the alkali and hy-
droxyl ion concentrations in the pore solution. Since the conductiv-
ity of the pore solution r0 can be estimated from the major
contribution of Na+, K+ and OH�, r0 will decrease and so also the
conductivity of the porous material r (r is proportional to r0

[44]). This will induce an increase in q0. However, Fig. 3a, which
displays MIP results (see Section 2.2) obtained on HPCs B80-2
and B80SF-S, confirms that the marked difference recorded on q0

between HPCs with and without SF, for the same c.s. and age
(see Fig. 1), here �76 MPa and 90 days (and even for a similar
MIP porosity, here �7.5%, see Fig. 3a), results mainly from the dras-
tic refinement of the pore structure. Concretes with a high FA con-
tent (between 30% and 39% by mass of binder) display q0 values
between 110 and 465 X m, while CEM III/A concretes (with 43 or
62% GGBS by mass of binder) display values between 230 and
595 X m, depending on the age (medium or high ‘‘potential’’ dura-
bility). In the case of CEM III/C with 85% GGBS (B30-III/C), the value
recorded at the age of 3 years reaches 945 X m (high ‘‘potential’’
durability). For each binder type (0–10%, 20% and 30% FA) and
for given constituents, a rather linear relationship is pointed out
between q0 and c.s. measured at the same age (see Fig. 2b). In addi-
tion, at a given c.s., when the FA content increases, there is a shift
towards higher q0 values (see Fig. 2b).
In Fig. 1 the circled values denote the results obtained for the
same concrete at various ages (e.g. BO-III: 28 days, 90 days, 1 year
and 2 years) and point out the significant q0 increase with the age
for FA- or CEM-III/A-concretes. Likewise, Fig. 2a shows the increase
in the mortar resistivity with age (and FA content). This results
from the microstructural changes induced by hydration and pozzo-
lanic reactions (see Section 1). This increase is well correlated with
the evolution of the MIP pore size distribution (see Fig. 4 and
[3,24,34] for FA-materials). The resistivity of plain OPC – CEM I
materials also increases with age but to a lesser extent (see
Fig. 1), as already reported in the literature (see e.g. [45]).

As illustrated in Fig. 2a, when the pozzolanic reaction with fly
ash has not progressed very much (age = 90 days), the q0 values
are very similar in the case of 0, 10, 20 and 30% FA. In particular,
the difference between FA-0 and FA-10 becomes significant only
at 180 days. The (slight) difference, which is recorded between
the cases 20–30% FA and 0–10% FA at 90 days, could be explained
by the decrease in the connectivity induced by the filler effect asso-
ciated with the presence of 20–30% FA, a slight pozzolanic effect,
the acceleration of hydration and therefore of the densification of
the microstructure, or the decrease in the concentration of some
ions in the pore solution in the presence of FA (see Section 1). Nev-
ertheless, the similarity of the q0 values at 90 days for the various
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FA contents indicates that this last effect does not significantly af-
fect the measurement. Therefore, comparison between materials
with and without FA by using the resistivity parameter is quite va-
lid and the difference recorded at later ages can mainly be ex-
plained by changes in the pore structure (refinement). These
findings tend to confirm that electrical resistivity is a good indica-
tor of the connectivity of the pore network for both OPC and FA
materials. Nevertheless, the analysis is easy in the case of the mor-
tars studied here, since the various mixtures have the same
constituents.

With regard to plain OPC – CEM I mixtures with 28-day c.s.
ranging from 25 MPa (M25, W/C = 0.84, see Table 1) to 86 MPa
(LR59-2, W/C = 0.38, see Table 1), the q0 values range from 60 to
200 X m between 28 days and 1 year, therefore displaying low or
medium ‘‘potential’’ durability (see Fig. 1). These values are in
agreement with the data reported in the literature (e.g.
50–200 X m in [36]).

For any given type of binder (e.g. CEM I, CEM I + SF, CEM I + FA
or CEM III/A), electrical resistivity does not depend very much on
the 28-day c.s. (in particular on the W/B): the range of q0 values
measured is small even if the range of 28-day c.s. is very large,
compared to the variation induced on the q0 value when changing
the binder type at a given 28-day c.s. (see Fig. 1). Therefore, for
example in the case of plain OPC – CEM I mixtures, within a broad
28-day c.s. range, resistivity measurement does not seem very dis-
criminating, in particular when the data are compared to values
obtained with FA-, GGBS- or SF-concretes (see Fig. 1). This may
be problematic in practical situations. This observation can be ex-
plained first by the fact that the pore system connectivity is more
drastically changed by including SCM than by keeping CEM I and
changing W/C (e.g. between 0.35 and 0.50). Likewise, changing
W/B (e.g. 0.44 and 0.54) of 62%-GGBS CEM III/A concretes does
not significantly change the pore system. All of this is clearly illus-
trated by the MIP pore size distributions displayed in Fig. 3b. In
addition, for plain OPC – CEM I materials, when W/C increases sig-
nificantly (in particular for W/C P 0.50), ionic concentrations de-
crease significantly in the pore solution and consequently r0

decreases [46,47]. This will induce an increase in q0, which coun-
teracts the decrease induced by the higher pore network connec-
tivity. Note that the (overall) q0 value measured in this case does
not reflect only the connectivity of the pore system and cannot
be rigorously directly compared to the values obtained for other
materials.

According to the results presented in Fig. 1, no systematic effect
of AEA is observed on q0.

It can be concluded from all of these observations that electrical
resistivity measurement is, in the general case and in particular in
the case of high-volume SCM mixtures, an easy method to charac-
terize the connectivity of the pore system. However, the ionic
composition of the pore solution (which depends on the composi-
tion of binder and aggregates, and of W/C) can significantly affect
the overall q0 value measured in the case of high-porosity plain
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OPC – CEM I concretes (see also [40]). As a consequence, electrical
resistivity will be more appropriate to distinguish the binder type,
in particular the presence and the amount of SCM compared to
plain OPC – CEM I concretes, than to distinguish (and rank) various
CEM I (or CEM III/A) concretes. It seems hence difficult to provide a
single ranking based on resistivity for a wide range of concretes.
4. Apparent chloride diffusion coefficient

4.1. Significance and direct assessment from non-steady-state
migration test

The apparent chloride diffusion coefficient is the global coeffi-
cient involved in Fick’s second law, which takes into account bind-
ing. It is used for example as input data in empirical models of
chloride ingress [6,7].

The colorimetric measurement (AgNO3 spray test) of the
average chloride penetration depth (xd), after a nss migration test
under an external electrical field, allows, with several assumptions
[48], the easy and rapid assessment of an apparent chloride diffu-
sion coefficient Dns(mig) by applying the modified Nernst–Planck
equation. As a matter of fact, in saturated conditions, the advection
flow term of this equation can be neglected. In addition, when both
the electrical field DE/e and xd are large enough (xd > (DE/e)�(ZF/
RT)�Dns(mig)�t), the diffusion term of the equation can also be ne-
glected with respect to the electrical migration term [49]. More-
over, activity effects and interactions between ions can be
neglected by assuming very dilute solutions and chlorides as the
single species in the pore solution, respectively. Hence, Dns(mig)

can be calculated by the following widely used solution proposed
by Tang and Nilsson [50] (see Eq. (2)):

DnsðmigÞ ¼
R � T
Z � F 0

� e
DE
� xd � a � ffiffiffiffiffi

xd
p

t
ð2Þ

where t denotes the test duration (s), e the sample thickness (m), Z
the valence number of chloride ion (Z = 1), F0 the Faraday constant
(F0 = 96,480 J V�1 mol�1), DE the actual electrical potential drop be-
tween the two sides of the sample (V), R the ideal gas constant
(R = 8.3144 J mol�1 K�1), and T the absolute temperature (K). a is
the auxiliary term defined in [50] as a function of the test
conditions.

A test based on this principle has been standardized in the
Nordic countries [51]. The COV of this test is reported to be max.
24% (resp. 15%) with regard to reproducibility (resp. repeatability)
for all types of concretes according to [42] and [51].

Here, nss migration tests have been carried out after vacuum
saturation of the samples (e = 50 ± 1 mm; diam. = 110 mm) with
a 0.1 M NaOH solution. For these tests, the samples were epoxy-
coated around their cylindrical surface and mounted between the
two compartments of a so-called migration cell [48,52]. The cell-
sample interface was also coated with epoxy, in order to insure a
watertight joint. The upstream compartment (catholyte) contained
(0.5- or 1-M) NaCl + 0.1-M NaOH, while the initial downstream
solution (anolyte) was 0.1-M NaOH. The volume of each compart-
ment solution was 1 l. An external potential drop was applied by
electrodes at the sample boundaries and kept constant during
the test. Its value has been restricted to max. 30 V. Depending on
the mix-composition and on the potential drop value, the test
lasted between 1 day and a few days. It has been checked that
the test conditions were appropriate for the computation of Dns(mig)

(shape of the experimental profiles close to the theoretical one,
confirming negligible diffusion, . . ., see above and [48]).
4.2. Results and discussion

The apparent chloride diffusion coefficient Dns(mig) (average val-
ues of three samples) measured according to the method described
in Section 4.1 on a large number of concretes after water curing
and vacuum saturation is plotted vs. the average 28-day cylinder
c.s. of the materials in Fig. 5. The L, M, H and VH classes, as previ-
ously defined, are reported in the graph (associated thresholds: 50,
10, 5 and 1 � 10�12 m2 s�1, respectively [7]). The results obtained
on the water-cured mortar samples are presented in Fig. 6.

It is worth noting that for plain OPC – CEM I mixtures (with lo-
cal aggregates) currently used in common bridges in various areas
in France, the Dns(mig) values (28 days–1 year) are 6–17 �
10�12 m2 s�1. For these mixtures, a medium or low ‘‘potential’’
durability is therefore obtained (see Fig. 5).

The values circled in Fig. 5 show the decrease in Dns(mig) when
age increases for a given concrete. Likewise, Fig. 6 shows the de-
crease in Dns(mig) when age increases in the case of the mortars.
The decrease in Dns(mig) even after 1 year has been reported in
the literature in the case of high-volume FA mortars with similar
W/B as tested here [53].

Fig. 5 clearly illustrates, for the same average 28-day c.s., the
efficiency of SF, FA or GGBS in reducing the apparent chloride
diffusion coefficient: a higher durability level (class) is reached
with SCM materials, compared to plain OPC – CEM I mixtures with
the same average 28-day c.s. For example, the presence of SF
induces a shift from the H to VH class. Furthermore, a good consis-
tence is obtained from a given age between the values measured,
on the one hand, on the various CEM-III concretes and, on the other
hand, on the various FA-concretes tested. With regard to Dns(mig),
the effect of SCM is more significant than that of W/B. For example,
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CEM III/A concretes with 28-day c.s. ranging from 40 to 75 MPa (i.e.
W/B from 0.44 to 0.54) exhibit Dns(mig) = 2.4–3 � 10�12 m2 s�1, and
thus very similar coefficients within this W/B range. In addition,
the values recorded for FA- and GGBS-concretes are in this case
very close to those found for HPCs (see Fig. 5). In other words,
the effect of W/B on Dns(mig) can be significantly mitigated in the
presence of FA or GGBS.

Normal-strength FA concretes (from 20% to 35% FA by mass of
binder) display very low coefficients and a high ‘‘potential’’
durability. More precisely, concretes with 28-day c.s. approx.
50 MPa, with the same cement and 20–30% FA exhibit
Dns(mig) = 1.5–2.4 � 10�12 m2 s�1 between 28 days and 1 year (see
Fig. 5). The efficiency of FA to decrease Dns(mig) is also illustrated
for the mortars in Fig. 6. The reduction in the chloride diffusion
coefficient in saturated conditions, with the increase in the FA
content, illustrated in Fig. 6, has also been widely reported in the
literature for lab data [23,25,30,54,55] and also for field data
[11,56–58], despite a porosity often higher in particular at early
age (dilution effect) (see [34] for the mortars studied here). These
findings result from the refinement of the pore structure (as previ-
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ously explained, see Sections 1 and 3.3). They also result from
different chemical and physical chloride–matrix interactions (e.g.
electrical double layer, see Section 1), as well as from different
electrical interactions between ions in the pore solution, since
the apparent chloride diffusion coefficient is affected by these
interactions. For example, physical interactions vary with the pore
solution composition. And according to the literature [23,55], the
nature and quantity of cations in FA-materials increase the resis-
tance to diffusion of chloride anions: the higher calcium, silicon
and aluminate concentrations and the lower potassium concentra-
tion decrease chloride mobility. Nevertheless, as shown in Fig. 6a,
the efficiency of FA in realistic mixtures is more marked after
180 days than after 90 days. The same conclusion can be made
when comparing the results for CFA (35% FA) at 4 and 7 months
(see Fig. 5). Furthermore, as illustrated by the B50FA result in
Fig. 5, 180 days can still be too early to observe the beneficial effect
of the high FA amount (39%) (as it takes time to develop a signifi-
cant amount of additional C–S–H) to exceed its detrimental effect
(coarse, porous and heterogeneous initial microstructure [59]) (see
also [53,60]). This is further pointed out when comparing B50FA to
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M50FA (20% FA) (see Fig. 5). Therefore, above 30% cement replace-
ment, the time required to record a significant beneficial FA effect
on Dns(mig) seems long. This is consistent with the optimum value
(30%) found in the literature at medium term [61] and with the val-
ues currently used in practice.

CEM III/A or CEM III/C concretes display a high ‘‘potential’’
durability. This is in agreement with the literature, where it is
reported that the chloride diffusion rate in GGBS concretes is much
lower than in CEM-I materials and even than in 30%-FA materials,
mainly as a result of the high tortuosity of the pore system and of
matrix–chloride interactions (see Section 3.3 and e.g. [62–65]).

No systematic effect of the presence of AEA is recorded on the
apparent chloride diffusion coefficient, since diffusion (in saturated
conditions) is limited by the smallest pores, even if a (discontinu-
ous) macropore network exists.

Since Dns(mig) decreases as a function of the age and reaches very
low values in GGBS- or FA-materials, the value for aged materials is
in this case more difficult to determine accurately according to the
resolution limit of the method (i.e. clear and precise detection of
xd), and this is enforced by the dark colour of high-volume GGBS
materials [48]. Therefore, the evolution of Dns(mig) as a function of
the age in the medium or long term can be more difficult to quan-
tify than that of the electrical resistivity (q0 increases as a function
of the age).

Finally, Fig. 5 shows that a large range of Dns(mig) values and
different ‘‘potential’’ durabilities can be obtained for the same
average 28-day c.s. (or W/B), depending on the mix-composition.
This is a clear illustration of the consequences of the new trends
of concrete mix-design and of the relevance and the usefulness
of a performance-based approach for durability assessment of
complex mixtures. The 28-day c.s. (and thus W/B), which is of-
ten regarded as an implicit DI in particular in current standards
and recommendations, is not sufficient to estimate the ‘‘poten-
tial’’ durability of a RC and to select the appropriate mixture that
meets durability requirements. Only a performance approach
based on a set of DIs can in particular account for the gain pro-
vided by SCMs (and further by a combination of SCMs) for a gi-
ven 28-day c.s.
5. Effective chloride diffusion coefficient

5.1. Significance and methods of assessment

The effective chloride diffusion coefficient, which is the pure
transport property (no binding effect) involved in Fick’s first law
or in the Nernst–Planck equation, is an important parameter. It is
required, for example, as input data for predictive physical models
of chloride ingress and more generally of ion transport
[3,7,14,66,67]. This is an ‘‘intrinsic’’ material property, not depen-
dent of the chloride concentration [65,67]. It can be measured in
saturated conditions directly by means of a ss migration test. It
could also be assessed by simple analytical formulas from param-
eters already measured in this paper: the electrical resistivity (see
Section 3.3) or the apparent chloride diffusion coefficient (see Sec-
tion 4.2), which both involve an easier and quicker test, compared
to the ss migration test.
5.2. Direct assessment of the effective chloride diffusion coefficient
Dss(mig) from steady-state migration test

An effective chloride diffusion coefficient Dss(mig) can directly be
assessed by means of a ss migration test from monitoring by
potentiometric titration the chloride ion concentration vs. time in
the downstream compartment of the migration cell where the
concrete or mortar sample is tested. When the chloride flux and
the potential drop at the boundaries of the sample are constant,
Dss(mig) is provided by the modified Nernst–Planck equation, where
the diffusion and advection flows are neglected with respect to the
electrical migration one, and with the assumption of very dilute
solutions and no interaction between ions in the pore solution
(see Eq. (3)) [68,69]:

DssðmigÞ ¼
R � T
Z � F 0

� e
DE
� Q
c � c0 � t

ð3Þ

where the chloride concentration of the catholyte solution (up-
stream compartment) c0 (mol/m3 of solution) is assumed to be a
constant, c is the activity coefficient of chloride ion in the catholyte
solution (–) and Q denotes the cumulative amount of chloride ions
arriving in the downstream compartment during time t within the
ss regime.

The constant chloride flux Q/t within the ss regime, required for
the calculation of Dss(mig), is assessed from the slope of the linear
part of the plot giving the cumulative chloride amount vs. time.

Note that two other techniques can be used to assess Dss(mig)

from a ss migration test: conductivity measurement in the
downstream compartment [70] or titration in the upstream com-
partment [71]. It was shown that the three techniques yield similar
Dss(mig) results (see [3,8,72]). Nevertheless, it is worth noting that
Dss(mig) measurement can suffer from poor accuracy in some cases
as far as reproducibility is concerned: the COV was found equal to
76% with regard to reproducibility in the case of a conductivity
measurement, according to [42]. The value of 22% is reported in
the same reference for the repeatability COV.

Ss migration tests have been carried out here on 20-mm thick
samples, according to [72], by using similar cells as those described
for nss migration tests (see Section 4.1). Here, the upstream solu-
tion was 1-M NaCl + 0.1-M NaOH, while the initial downstream
solution was 0.1-M NaOH. The actual potential drop between the
surfaces of the sample was measured during the test by means of
two reference electrodes contacting the sample surfaces.

Fig. 7 displays the effective chloride diffusion coefficients Dss(mig)

(average values of three samples) directly assessed from ss migra-
tion tests by potentiometric titration in the downstream compart-
ment vs. the average 28-day cylinder c.s. The classes of ‘‘potential’’
durability L, M, H and VH, as previously defined, are also reported
in the graph (associated thresholds between classes: 8, 2, 1 and
0.1 � 10�12 m2 s�1, respectively [7]). Similar observations can be
made as in the case of Dns(mig). Again, normal-strength FA-mixtures
(20–35% FA) or GGBS-mixtures (62% GGBS) are shown to be out of
the range obtained with plain OPC – CEM I materials (significantly
lower Dss(mig) values are obtained). On the other hand, no deviation
is recorded in the case of B50FA (39% FA and age = 4 months) (see
Section 4.2) and a slight deviation is recorded in the case of LR59-
1-III (43% GGBS and age = 8 months), compared to plain OPC – CEM
I materials. These are typically cases where incorporation of
another SCM (i.e. ternary blends) can be beneficial for both short-
term and long-term durability. For example, as previously men-
tioned 4 months is too early to reveal the significant (but delayed)
beneficial effect of 39% FA. SF incorporation in this case would
allow a decrease of Dss(mig) even in the short and medium terms.

5.3. Assessment of the effective chloride diffusion coefficient from non-
steady-state diffusion test (Deff(dif)) or from non-steady-state
migration test (Deff(mig))

In the case of diffusion and with some assumptions, the effective
and apparent coefficients, Deff(dif) and Dns(dif) respectively, where
Dns(dif) is directly measured by a nss diffusion test [48,52,72], are
linked by the following Eq. (4):

DeffðdifÞ ¼ U � ð1þ kdÞ � DnsðdifÞ ð4Þ
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where the so-called chloride binding capacity kd (expressed here in
mass by mass) is the average slope of the binding isotherm (or the
slope of the isotherm assumed as linear) within the chloride con-
centration range considered.

Tang demonstrated that a similar linear relationship could be
written for migration tests, which involves the apparent coeffi-
cient Dns(mig) measured by the nss migration test according to
[51] and the effective diffusion coefficient Deff(mig) [49,73]. More-
over, authors often assume that chloride binding can be ne-
glected [66,67] or is at least reduced [73] during nss migration
tests. As a matter of fact, during these tests the velocity of the
ions transported through the pore structure is very high and
the contact time is short (usual test duration: 10–60 h). There-
fore, a non-equilibrium state is expected and the hypothesis of
instantaneous binding is not valid, as demonstrated in [74]. A
very weak binding is expected (adsorption and maybe chemical
reactions are impeded), compared to diffusion where equilibrium
binding takes place, and binding may even be suppressed (in
particular in the case of low-aluminate content materials). Cas-
tellote et al. [75] did point out a weak interaction in this kind
of test, through fitting the experimental binding isotherm to a
general BET equation (by assuming yet local equilibrium). Like-
wise, Baroghel-Bouny [3] obtained significantly weaker binding
on BO-VB and M25, compared to the case of nss diffusion, by
measuring chloride concentration profiles as soon as possible
after the tests. Therefore, as a first approximation, the effective
chloride diffusion coefficient Deff(mig) can be deduced from the
apparent chloride diffusion coefficient Dns(mig) directly assessed
by means of a nss migration test (in the conditions described
in Section 4.1) and by assuming no binding (kd = 0). In this case,
Deff(mig) is calculated by Eq. (5):

DeffðmigÞ ¼ DnsðmigÞ �U ð5Þ
5.4. Assessment of the effective chloride diffusion coefficient
Deff(resistivity) from electrical resistivity measurement

An effective chloride diffusion coefficient Deff(resistivity) can theo-
retically be calculated from an electrical resistivity measurement,
by using the modified Nernst–Einstein equation (a particular case
of the Nernst–Planck equation using electrolyte equivalent conduc-
tivity as the main parameter [68,76], see Eq. (6)), which can be
derived in Eq. (7):

r0

r ¼
D0

Deff
¼ F ð6Þ

DeffðresistivityÞ ¼
D0

r0
� 1
q0
¼ B

q0
ð7Þ

where F is the so-called formation factor, D0 is the free diffusion
coefficient of chlorides in the pore solution, and Deff denotes the
effective chloride diffusion coefficient in the porous material.

The effective chloride diffusion coefficient is thus inversely
proportional to the electrical resistivity q0 of the water-saturated
material and the coefficient B is dependent of the ionic concentra-
tions (of the pore solution).

In order to assess Deff(resistivity) from resistivity measurement, r0

should be determined for each material considered. r0 can be
directly measured after pore solution expression [28]. Neverthe-
less, this requires specialized equipment and the very small
volume then extracted could induce errors in the determination
of r0. In addition, the measurement can be practically impossible
for mature concretes with low W/B. Hence, as a first approxima-
tion, the value r0 = 11.87 X�1 m�1 currently assumed for alkaline
solutions similar to pore solutions of cementitious materials will
be adopted here [77]. Likewise, the value D0 = 1.484� 10�9 m�2 s�1

reported in the literature for the free diffusion coefficient of chlo-
ride ions in a 1-M solution at 25 �C [44,78] will be adopted here.
By assuming these values, Eq. (8) is derived:

DeffðresistivityÞ �
125
q0

ðin 10�12 m2 s�1;when q0 is in X mÞ ð8Þ

Note that Eq. (8) is quite similar to the formula proposed by
Andrade et al. for 1-M NaCl external solutions [10].

However, according to the comments given in Section 3.3, r0

will significantly decrease in the case of plain OPC – CEM I con-
cretes when W/C is high (typically W/C P 0.50). Therefore, Eq.
(8), which has been obtained with a usual r0 value, will not be va-
lid and r0 needs to be recalculated in this case. This can be done
theoretically by means of Eq. (9), by assuming very dilute solutions
(ci = 1), no relative diffusion and no interaction between ions in the
solution [79,80]:
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r0 ¼
F 02

R � T �
X

i

Di � Z2
i � ci ð9Þ
where ci, Di, Zi and ci are the activity coefficient (–), the effective dif-
fusion coefficient (m2 s�1), the valence number (–), and the concen-
tration (mol/m3 of solution) respectively, associated with each ion i.

As mentioned in Section 3.3, r0 can be estimated from the
major contribution of the ions Na+, K+ and OH�. cNa+ and cK+ will
be computed from the cement composition (assuming a total alkali
release) and cOH�will be deduced from the electroneutrality condi-
tion [67]. The computation has been performed for M25 and M50
(W/C = 0.84 and W/C = 0.48 respectively, see Table 1), as well as
for a concrete (M40) prepared with the same constituents but with
an intermediate W/C (W/C = 0.62). The following r0 values were
then obtained: 5.0 X�1 m�1 (M25), 6.7 X�1 m�1 (M40), and
9.8 X�1 m�1 (M50). These computed values were verified by direct
measurement on synthetic pore solutions r0 for each tested
concrete, classes can be defined around these values and formulas
can be proposed for Deff(resistivity) within these classes, for plain OPC
– CEM I concretes (or FA concretes when FA have not reacted) (see
Eqs. (10)-(12), where Deff(resistivity) is in 10�12 m2 s�1 when q0 is in
X m):
For W=C ¼ 0:45� 0:55 r0 ¼ 9:8 X�1 m�1 and DeffðresistivityÞ

� 151
q0

ð10Þ

For W=C ¼ 0:60� 0:70 r0 ¼ 6:7 X�1 m�1 and DeffðresistivityÞ

� 221
q0

ð11Þ

For W=C P 0:80 r0 ¼ 5:0 X�1 m�1 and DeffðresistivityÞ

� 297
q0

ð12Þ
The proposed Eqs. (10) to (12) allow one to extend the application
of the very simple ‘‘resistivity method’’ to high-W/C plain OPC –
CEM I concretes.
5.5. Comparison of methods – results and discussion

The simple methods proposed from Dns(mig) (see Eq. (5)) or from
resistivity measurement, described in the previous sections, are
compared in Fig. 8. In order to investigate further the validity of
these simple (but indirect) methods, the associated results have
been compared to the effective chloride diffusion coefficient Dss(mig)

directly measured by means of the ss migration test (see Eq. (3))
and also to Deff(dif) (see Eq. (4)). In this last case, Dns(dif) has been
calculated from the profiles measured after a nss diffusion test
(curve fitting by the so-called error function ‘‘erf’’) and the binding
capacity kd has been obtained from these free and total chloride
concentration profiles (see Fig. 9a for mortars FA-0 and FA-30 at
90 days, and [48,52,65,72]). Note that, as illustrated in Fig. 9a,
the isotherm (expressed in the indicated units) is rather linear
within the small chloride concentration range involved in the nss
diffusion test, and thus its slope in each point is close to the aver-
age value [65]. The comparison between the various methods is
presented in Fig. 9b–d, for a broad range of materials. Note that
the concretes displayed in Fig. 9c and d do not have systematically
the same age. Therefore, in the general case the performances of
these concretes cannot be directly compared from these last
figures.

Fig. 8 highlights excellent agreement between the two simple
methods within the broad range of materials investigated (mor-
tars, as well as concretes with 28-day c.s. from 25 to 87 MPa, with
various cements, with or without SCM, and at various ages). This
means that both the nss migration test and resistivity measure-
ment provide the same effective chloride diffusion coefficients,
provided that the effect of the pore solution is taken into account
in the ‘‘resistivity method’’: B (see Eq. (7)) depends on the pore
solution composition (and thus on W/C). It is therefore not possible
to find a single non-empirical formula (i.e. not obtained by curve
fitting), where B is a constant, which can be valid within the whole
range of materials. This observation is of importance, since the
range of materials available for users is becoming now broader
and broader. In addition, Fig. 9 points out that the results obtained
by the simple methods (Deff(resistivity) and Deff(mig) = Dns(mig)�U) are in
agreement with the results provided by direct measurement
(Dss(mig)) and with Deff(dif) (when available). The differences
recorded are quite acceptable with respect to the precision of the
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test methods. The good agreement observed between
Deff(mig) = Dns(mig)�U and the other results confirms that very
limited binding occurs during nss migration tests and that the
assumption kd = 0 is acceptable in most cases. These results indi-
cate in addition that the assessment of the average chloride
penetration depth (xd) by the AgNO3 spray test is sufficiently
accurate, even in the case of the SCM-concretes tested here.

The assessment via the nss diffusion test is significantly more
difficult than by the other methods. As a matter of fact, the test
is significantly longer, more laborious and more expensive.
Moreover, ageing and other chemical effects can affect the results
[3,52]. In particular, in the case of concretes with SCMs (more
precisely FA), the test can only be used with sufficiently aged mate-
rials. Otherwise, as a result of the evolving feature of these materi-
als in the medium term in comparison to the length of the test,
Dns(dif) will correspond to a range of ages. Furthermore, the slope
of the binding isotherm (kd) has to be calculated from the experi-
mental data for each material by the profile method [72] and this
requires the assessment of both the total and the free chloride
concentration profiles. Nevertheless, very similar values, whatever
the material, have been found here for the coefficient U � (1 + kd).
This means that kd decreases when U increases, confirming
thereby that kd is related to the C–S–H content of the material
and quantifies mainly physical adsorption onto C–S–H, as indicated
in [49,73]. A mean value of 0.16 has been calculated here for the
range of materials tested. Therefore, a simpler method can be
proposed for the assessment of Deff(dif). It consists of measuring
one of the chloride concentration profiles (free or total), then
assessing the apparent coefficient Dns(dif) from it, and using the
average fixed value 0.16 to calculate the coefficient U � (1 + kd)
and hence the effective chloride diffusion coefficient. Such calcula-
tions have been carried out here when experimental values were
not available (see hatched bars in Fig. 9). As illustrated in Fig. 9,
good agreement is observed between these results and the other
methods, thus validating this simplified method based on the nss
diffusion test.

Furthermore, excellent agreement has been pointed out in
[48,65] between the experimental results obtained by ss migration
tests and values predicted by numerical inverse analysis for some
of the concretes tested here. The inverse analysis was carried out
by means of a numerical multi-species transport model based on
the Nernst–Planck equation [14,67], where either Freundlich’s or
Langmuir’s type description was used for the binding isotherm,
and from an experimental average chloride penetration depth or
total chloride concentration profile, obtained after a nss diffusion
test in the lab. This is theoretical confirmation (by means of the
multi-species approach and non-linear binding isotherm descrip-
tion) of the validity of the results and of the reliability of the meth-
ods described here, based on simplified approaches.

As illustrated in Figs. 8, 9c and d, whatever the method, the class
of ‘‘potential’’ durability is the same, except of course when the
results are very close to a threshold between classes. In the general
case, the values obtained, whatever the method when the age is
higher than 90 days, with HPCs, GGBS- and FA-concretes are very
small (high or very high ‘‘potential’’ durability). This illustrates
again the efficiency of such concretes in reducing chloride
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transport. In the case of HPCs, SF incorporation induces a signifi-
cant decrease in the diffusion coefficient (see Fig. 9d). In the case
of CFA (35% FA), FA are not sufficiently beneficial at 1–4 months
and a medium ‘‘potential’’ durability is obtained (see Fig. 9c). On
the other hand, at 4–7 months, the significant efficiency explains
the high ‘‘potential’’ durability recorded (see Fig. 9d). Note that
concretes BO-VB, BO-I and M50, with similar mix-compositions
(in particular W/C � 0.50), display similar effective chloride
diffusion coefficients. Fig. 8 points out that Deff of mortar FA-0
(W/C = 0.45) is higher than Deff of plain OPC – CEM I concretes with
W/C = 0.48–0.49 at 90 days (see e.g. M50, B50, and LR63-1-EA),
confirming that, despite the possible improvement of the mortar
matrix by the presence of limestone filler, a lower coefficient is
found for concretes compared to this mortar, as usually reported
in the literature. This is also consistent with the chloride
concentration profiles (see [65]).
6. ‘‘Intrinsic’’ liquid water permeability

6.1. Definition, significance and methods of assessment

Among the transport properties, the liquid water permeability
kl�krl(s) of a non-saturated medium, where s is the degree of liquid
water saturation, kl the so-called ‘‘intrinsic’’ liquid water perme-
ability (i.e. the liquid water permeability of the saturated material)
and krl the relative permeability to liquid (krl = 1 at s = 1), governs
the (advective) transport of liquid water according to the extended
Darcy’s law. This law characterizes the viscous flow of an incom-
pressible and non-reactive fluid under a total pressure gradient
and reads in a one-dimensional scheme along an x-axis (see Eq.
(13)):

v l ¼ �
kl

gl
� krlðsÞ �

@pl

@x
ð13Þ

where vl denotes the velocity, gl the dynamic viscosity and pl the
pressure, of liquid water.

The liquid water permeability kl�krl (s) thus depends on the
characteristics of the fluid, on the pore network (pore sizes,
connectivity, tortuosity, . . .) and on other voids (microcracks,
paste-aggregate interfacial zone, . . .) of the material, as well as
on the moisture state of the sample.

This parameter is of major practical interest even with respect
to protection against chloride-induced reinforcement corrosion.
As a matter of fact, chloride ingress in tidal zones involves
advective transport and is therefore very dependent of the liquid
permeability of the material and not only of its chloride diffusion
coefficient (see [14,74]). Hence, kl is required as input data for
physical moisture transport or coupled moisture-ion transport
models [14,74,81].

Note that in other approaches, specifications [13] or models for
SL prediction [82] have been proposed on the basis of the sorptivity
[83,84]. Sorptivity is also a relevant parameter, since capillary
absorption is the main process, which controls the rate of water
(possibly with chlorides, sulphates, . . .) ingress in partially satu-
rated conditions. In addition, this parameter can be very easily
measured [85]. Consequently, like electrical resistivity, sorptitvity
can be regarded as an alternate DI [7]. Nevertheless, this parameter
is not a pure transport property. It integrates both transport and
moisture equilibrium properties. In addition, it refers to a specific
case: absorption in the case of direct contact between an external
liquid phase and the surface of the partially saturated sample.
Sorptivity can be related to moisture diffusivity in this case [84]
and thus to Kl [81].

It is widely admitted that the direct measurement of kl in the
case of low-permeability materials (e.g. HPCs or SCM-mixtures)
is difficult [7,83,86] and requires advanced experimental devices
(see e.g. [87,88]). With regard to indirect methods, an important
work on this topic has been performed by Scherer et al. (e.g. rapid
methods such as beam bending or thermopermeametry, first
applied to gels and later extended to more rigid materials and
recently to cement pastes [89]). In the present study, kl will be
inferred from either a Katz–Thompson analysis or a numerical
inverse analysis of the results from a drying experiment (see fol-
lowing sections).
6.2. Assessment of ‘‘intrinsic’’ liquid water permeability kl by the Katz–
Thompson relationship – results and discussion

According to the literature, for some kinds of materials, kl could
be estimated by the Katz–Thompson (KT) relationship (analytical
law, see Eq. (14)), originally developed for sedimentary rocks and
based upon the percolation theory [90,91], when the critical (i.e.
breakthrough) pore diameter dc and the formation factor F (see
Eq. (6)) of the material are known [44,83,92–95]:

kl ¼
d2

c

226 � F ð14Þ

However, Eq. (14), which relates pore network parameters and
transport properties, can be considered as validated only for
normal-strength OPC materials, and more particularly for hard-
ened cement pastes [89,92,95]. Hence, the KT relationship has been
applied here to various mortars and concretes at various ages, in
order to investigate more widely its validity.

Fig. 10 compares the values of kl obtained by Eq. (14) when F is
calculated, on the one hand, as the ratio of effective chloride
diffusion coefficients, and on the other hand, as the ratio of electri-
cal conductivities (see Eq. (6)). The effective chloride diffusion
coefficient has been assessed by Eq. (3) (ss migration test) or by
Eq. (5) (nss migration test and porosity measurement) when ss
migration test data were not available. The critical pore diameter
dc has been assessed from MIP measurement (see Section 2.2): dc

is associated with the sudden change in slope observed on the pore
volume vs. diameter curve. As illustrated in Fig. 10, very good
agreement is observed between the kl values assessed by the two
methods of calculation of F, as theoretically expected, thus empha-
sizing the appropriate accuracy of both types of measurement.

Fig. 10b emphasizes that portland cement replacement by
10–30% FA is not sufficiently efficient to decrease kl at 90 days, con-
trary to the observations made with Dns(mig) (see Fig. 6). Likewise,
Hedegaard in 1992 [96] showed by direct measurement the weak
efficiency of FA at 28 and 56 days to reduce liquid water permeabil-
ity (a single FA was tested). On the other hand, the beneficial effect
of FA on kl at 180 days is obvious from 10% FA (see Fig. 10b) and is in
agreement with the literature (direct measurement [30]). As a mat-
ter of fact, as chemical reactions progress, permeability will be sig-
nificantly reduced once the connectivity of the large-size (e.g.
capillary) void network will be significantly reduced. On the other
hand, Dns(mig) will be rapidly affected by the presence of FA for
the various reasons explained in Sections 1 and 4.2 (e.g. physical
and chemical interactions, as well as pore blocking induced by solid
‘‘islands’’ formed by additional C–S–H within the range involved in
ionic diffusion). These findings were at least partly expected from
the MIP data: for example Fig. 4a indicates that the FA-30 capillary
pore structure has drastically changed between 90 and 180 days
(see also [34]).

Contrary to Fig. 8 (Deff), Fig. 10 points out the efficiency of the
(FA-0) mortar matrix to decrease kl: the kl value is lower than
the values recorded for plain OPC – CEM I concretes even with
lower W/C (see e.g. B55 (W/C = 0.41) and LR69-1-EA (W/C = 0.43)).



0

5

10

15

20

25

30

35

40

45

0 5 10 15 20 25 30 35 40 45

Liq. perm. with F=D0 /Deff (10-21 m2)

Li
q.

 p
er

m
. w

ith
 F

=
σ 0

/ σ
 (1

0-2
1  m

2 ) OPC - CEM I
with FA
CEM III/A
HPCs with SF

y = x

M50

M25

B50

CFA
LR63-1-EA

B55

LR69-1-EA

FA-0 (90 days)

0

1

2

3

4

5

FA-0 FA-10 FA-20 FA-30 FA-0 FA-10 FA-20 FA-30

Li
qu

id
 p

er
m

ea
bi

lit
y 

(1
0-2

1  m
2
) F=D0/Deff

F=rho'*sigma0

180 days

90 days

(a) (b)

Fig. 10. Comparison between two methods of calculation of the ‘‘intrinsic’’ liquid water permeability kl by using the Katz–Thompson relationship. Age is indicated in brackets.
(a) Concretes and mortars, at various ages. (b) Mortars (W/B = 0.45 and various FA contents), after 90-day or 180-day water curing.

0,1

1

10

100

20 30 40 50 60 70 80 90

Average 28-day compressive strength (MPa)

Li
qu

id
 p

er
m

ea
bi

lit
y 

(1
0-2

1  m
2
)

with AEA
with FA
HPCs with SF
CEM III/A (43%GGBS)
CEM III/A (62%GGBS)

HPCs

M25

CFA

BO-III 

(1 y)

M30FA LR59-1-III (90 d)

B80SF-S

LR59-2

B80-2BO-VB

M50B50

B55

LR22-1

B50-III 

(90 d)

plain OPC - CEM I mixtures

Fig. 11. Mean values of ‘‘intrinsic’’ liquid water permeability kl assessed by the Katz–Thompson relationship vs. the average 28-day cylinder c.s., for various concretes and ages.
Age is indicated in brackets.

844 V. Baroghel-Bouny et al. / Cement & Concrete Composites 33 (2011) 832–847
All of these results confirm that permeability and diffusion
coefficients provide complementary information with regard to
durability, as already pointed out in [3,7,34], and justify the selec-
tion of both parameters as DIs.

Fig. 11 depicts the values of kl (average values of the two
methods of calculation of F, except for LR22-1 where no resistiv-
ity value was available) assessed by the KT relationship vs. the
average 28-day cylinder c.s. of the concrete. Fig. 11 exhibits
the range of kl values obtained by this method when the 28-
day c.s. ranges from 25 to 87 MPa. Whatever the age (P90 days),
normal-strength 62%-GGBS concretes are revealed to be almost
as efficient as SF-HPCs to reach very low ‘‘intrinsic’’ liquid water
permeabilities. These kl values are at least one order of magni-
tude lower than that of plain OPC – CEM I concretes with the
same 28-day c.s.

6.3. Assessment of ‘‘intrinsic’’ liquid water permeability kl by numerical
inverse analysis – comparison with the Katz–Thompson relationship

In order to verify the validity of the empirical KT relationship to
assess the ‘‘intrinsic’’ liquid water permeability kl of concretes, a
comparison has been carried out with a more sophisticated but
more theoretical method. This is an indirect method (based on
inverse analysis), which combines experiments and a numerical
model. This method, initially proposed by Coussy et al. [97], is
based on the analysis of the relative mass loss vs. time plots (kinet-
ics) obtained in the course of a drying test at a given relative
humidity (RH) and at constant temperature [52]. In the general
case, it requires an advanced isothermal moisture transport model,
which involves the transport of liquid water and gas according to
the extended Darcy’s law and the relative diffusion of water vapour
(and dry air) with respect to the gas mixture governed by Fick’s
first law, with non-constant total gas pressure [81]. In addition,
the model requires the assessment of the porosity and the water
vapour desorption isotherm [52,81]. Moreover, the initial moisture
state has to be known. It usually corresponds to almost saturated
conditions (s � 1). kl is hence deduced from the best fitting of the
drying kinetics predicted by the model on the values observed
for the sample submitted to the drying test (e.g. exposure to
RH = 54% for 6 months, see Fig. 12a).

This method has been applied here to different types of
concretes. The results obtained are compared in Fig. 12b to the
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results obtained by the KT relationship (average values of the two
methods of calculation of F, see Section 6.2) for various concretes
(28-day c.s. from 25 to 85 MPa) and ages. Fig. 12b points out that
the results provided by the simple empirical method (KT relation-
ship) are quite consistent with the theoretical computations
(numerical inverse analysis) based on completely different tests,
for the various concretes considered. This confirms the relevance
and the validity of the KT relationship to assess the ‘‘intrinsic’’
liquid water permeability of concretes, even in the presence of
SCMs. Of course, in order to further validate the method, compar-
ison with direct ‘‘intrinsic’’ liquid water permeability measurement
should be made. Note that, when the mentioned numerical model
(or a simplified one [52,97]) and the required input data are
available, the method based on inverse analysis has also the advan-
tage of requiring a single simple (drying) experiment, which does
not need any specific apparatus and which can be carried out easily
in every lab.

M30FA (30% FA) and BO-III (62% GGBS) have been tested here at
the same age (1 year) and have the same W/B. It can be seen in
Fig. 12b that despite its lower 28-day c.s. (see Table 1), BO-III
exhibits a lower kl value than M30FA, thus pointing out the better
efficiency of 62% GGBS than 30% FA for reducing kl.
7. Conclusion

Different methods for assessing, on the one hand the effective
chloride diffusion coefficient Deff, and on the other hand the
‘‘intrinsic’’ liquid water permeability kl, of saturated materials have
been compared in this paper on a set of water-cured materials
ranging from low-grade to high-performance concretes. The very
good agreement observed in each case points out the validity
and the reliability of the proposed methods. More precisely, Deff

can be assessed from resistivity measurement, ss migration test,
nss migration test and nss diffusion test (and numerical inverse
analysis [48,65]). Likewise, kl can be assessed from the Katz–
Thompson relationship, as well as from numerical inverse analysis
from drying kinetics. The application of the ‘‘resistivity method’’ is
a little more complicated for high-porosity plain OPC – CEM I
concretes. Difficulties can also be exhibited in nss migration (or
diffusion) tests with dense or high-volume GGBS concretes. Never-
theless, simple and rapid test methods can allow assessment of
durability indicators with sufficient accuracy in the general case.
An advanced statistically-based investigation of the precision of
the lab tests for a broad range of materials remains to be done,
as well as direct measurement of kl, in order to finalize the evalu-
ation of the methods.

The specificities of the behaviour of SCM-mixtures have been
pointed out. As expected, good durability-related properties have
been pointed out for mature concretes made with CEM III/A (62%
GGBS) or with FA (20–35%). The transport properties (apparent
and effective chloride diffusion coefficients, as well as ‘‘intrinsic’’ li-
quid water permeability) of such normal-strength concretes can be
close to that of HPCs with SF, even if the porosity is not very low.
Nevertheless, the results have also enhanced the more marked
and determining ageing effect associated with these materials (in
particular with FA), and this is emphasized in the case of kl. As a
matter of fact, significantly better properties are recorded at later
ages, after water curing, within the range investigated here, and
hence very different DI values can be measured, depending on
the age. For example with the mortars tested here (10–30% FA),
even if the FA beneficial effect is exhibited on the apparent chloride
diffusion coefficient from 90 days, FA are revealed as beneficial
only at 180 days with regard to kl. This confirms the usefulness
and the complementary nature of these two DIs to assess the ‘‘po-
tential’’ durability related to reinforcement corrosion. Further-
more, no improvement has been recorded in the apparent and
effective chloride diffusion coefficients for the 39%-FA concrete
tested here even at 180 days.

In field conditions, the beneficial effect of FA or GGBS can be
compromised (as a result of early-age drying, early exposure to
aggressive species, carbonation, skin effect, . . .) and will markedly
depend on the curing and environmental conditions, since such
SCM-materials (in particular FA-materials) are very sensitive to
these conditions. This has been illustrated for example within the
framework of the BHP 2000 French National Project [33] in a study
carried out both in the lab and in various outdoor environments on
some of the concretes investigated here. Therefore, it is particularly
important to investigate the behaviour both in lab and field condi-
tions in the case of concretes with high volumes of SCM. First it is
of importance to perform lab tests at 90 days and even at 180 days,
in order to, on the one hand characterize the bulk concrete proper-
ties, and on the other hand avoid errors and variability associated
with lab tests due to ageing effects. In addition, it is necessary to
account for early-age behaviour, which will characterize the ‘‘cov-
ercrete’’ of the structure.

The methods and the corresponding results on various types of
materials presented in this paper can be useful to assist engineers
in selecting a reliable methodology to assess DIs and carry out
durability assessment or prediction. In particular, the data
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displayed in the paper can provide helpful references when testing
new materials or searching to meet durability criteria. The values
can also be used as input data in predictive models for similar
mixtures as those tested in this study, thus allowing one to avoid
long lab tests before implementation of the model. A perfor-
mance-based approach using a set of relevant and complementary
DIs, along with the simple methods discussed here to assess these
DIs, can constitute a useful tool to address the durability of new
materials, to quantify the actual benefit of SCMs on medium-term
and long-term durability, and more generally to perform concrete
mix-design for a predefined durability. This will help in the devel-
opment of new (high-tech) and green solutions within the frame-
work of sustainable development.
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