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ABSTRACT

In recent years, sustainable development has become a major concern, in particular in the
construction field. In this context, a global approach is needed, in order to meet technical,
economical, environmental and societal requirements in an optimized way for the whole life
cycle of a concrete structure. In particular, it is needed to combine improved durability and
environmentally friendly materials and structures. The recent development of performance-
based approaches makes this now easier. In this paper, it is investigated if durability
indicators (DIs), which are basic tools with regard to durability, more specifically transport
properties, can be assessed by simple and rapid methods, e.g. direct experimental methods or
indirect methods based on analytical formulas, for every type of concretes. Thus, first the
results obtained by direct measurement on a broad range of materials particularly on high-
volume SCM mixtures of electrical resistivity and apparent chloride diffusion coefficient are
discussed. Then, various methods, in particular methods based on these parameters, are
compared for the assessment of effective chloride diffusion coefficient and liquid water
permeability, including in this last case a sophisticated method based on numerical inverse
analysis. The very good agreement observed between the various methods points out that
simple and rapid methods can allow assessment of DIs with sufficient accuracy. Moreover, a
database, which includes values of electrical resistivity, effective and apparent chloride
diffusion coefficients, and liquid water permeability, is available. Furthermore, the
specificities of mixtures with high volume of SCMs have been highlighted.

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, economical, environmental and societal requirements in an optimized way for the
whole life cycle of a concrete structure [3,4]. The job of designers, engineers and structure
owners is therefore now more complex. In particular, they need to combine improved
durability and environmentally friendly materials and structures. From a 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 the present time, regarded as zero-CO, emission constituents. As a
consequence and in order to make this job easier, there is an increasing demand to include in
current concrete or design standards advanced concepts of durability and service life (SL)


cbx054
Text Box
Coventry University and  

The University of Wisconsin Milwaukee Centre for By-products Utilization,  

Second International Conference on  Sustainable Construction Materials and Technologies

 June 28 - June 30, 2010,   Università Politecnica delle Marche, Ancona, Italy. 

Web only Papers.  http://www.claisse.info/Proceedings.htm




prediction, such as performance-based and/or probabilistic approaches, in particular with
respect to the prevention of steel corrosion in reinforced concrete (RC) structures [5,6].

In this context, a general approach based on so-called durability indicators (DIs), which are
key material properties with regard to durability, has been developed [3,7,8]. 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 in comparing
the values of the measured DIs to the limits of the associated classes. Another purpose of this
approach is to design concrete mixtures capable of protecting structures against degradation
for given target structural service life (SL) and environmental conditions, thanks to
performance-based criteria (specifications) related to the DIs. Furthermore, a multi-level
modelling concept has been developed for SL prediction [8,9]. It can be applied to predict the
SL of a given new structure at the design stage or the "residual" lifetime of an existing and
possibly deteriorated structure. Since the 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 support to serviceability extension or repair decision.
Note that this is the same DI set, which is involved in the classes, specifications and as input
data for the models of SL prediction.

Consequently, it is of importance to:

e investigate if these 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,

e focus on materials with local aggregates and with high volume of supplementary
cementing materials (SCMs) such as fly ash (FA) or ground granulated blast furnace slag
(GGBS).

It is well known that the properties of a given type of SCM can be very variable (e.g. major
effects of the specific surface area, alkalinity and glass content) and that a complete
characterization of SCMs can be very complex [10]. As a consequence, for example some
properties found for one FA cannot be generalized to all the FA. However, it is possible to
take benefit of the numerous researches carried out worldwide for a long time in particular in
North America on these materials (see e.g. [11-14]).

Hence, this paper will focus on the assessment of DIs, more specifically of the transport
properties effective chloride diffusion coefficient and 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 here 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 sophisticated method based on numerical
inverse analysis will be carried out for liquid water permeability. Another aim here is to
provide a database, not only for transport properties (apparent and effective chloride diffusion
coefficients, as well as liquid water permeability) but also for electrical resistivity, able to
give an idea of the values expected for these DIs and their corresponding classes, within the
framework of the associated performance-based approach. Moreover, the specificities of
high-volume SCM mixtures will be pointed out.



MATERIALS AND EXPERIMENTS

Materials. A broad range of concretes, ranging from low-grade materials (average 28-day
cylinder compressive strength, c.s., around 20 MPa) up to very-high-performance concretes
(28-day c.s. > 90 MPa), has been tested in lab conditions at T = 21 + 1 °C. The mix-
composition and the average 28-day cylinder c.s. of some of the concretes investigated in the
paper are reported in Table 1. Various CEM I and CEM III have been used and the water-to-
binder ratio (W/B) ranges from 0.23 to 0.84. The composition of the CEM I used for the "M"
series [15] (see Table 1) and for several other concretes is given in [16]. With regard to CEM
III/A, the GGBS content is 43% (LR59-1-111) or 62% (e.g. BO-III and LR77-3-III) per unit
mass of binder. In order to complement the data, one CEM III/C concrete with 85% GGBS
has been tested (denoted B30-11I/C). Air-entraining admixture (AEA), fly ash or silica fume
(SF) were incorporated in some of the mixtures. In the materials with AEA, the air content of
the fresh concrete ranges from 2 to 8%. The SF content ranges from 6% to 11% per unit mass
of binder. In the FA-concretes, the FA content is 20% (M25FA, M25FA-EA, M50FA and
M50FA-EA), 30% (M30FA), 35% (CFA) or 39% (B50FA) per unit mass of binder. The FA
used for the various materials is the same (its composition is given in [16] and its specific
surface area is 1.73 m’.g"), except for concretes CFA [7] and B5SOFA. 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 suitable for exposure class
XA2, or LR59-2, for exposure class XS3, according to EN 206-1).

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 | LR59-1-Ill | LR77-3-llI BO-IlI
1(CEM | 2 (CEM 4 (CEM 5 (CEM 6 (CEM

Cement | 512.5) | (52.5) 3 (CEM152.5) |||//§ 42.5) |||/A(\ 52.5) |||/£ 42.5)
Gravel (G) content (kg.m-3) 949 1192 | 1007 | 986 937 | 1044 980 930 1036
(min/max grain size in mm) (6/16) | (4/20) | (5/20) | (4/20) | (5/20) | (5/20) (4120) (6.3/20) | (6.3/20)
Sand (S) content (kg.m-3) 911 744 899 879 806 877 890 800 715
(min/max grain size in mm) (0/5) (0/5) | (0/5) | (0/5) | (0/5) | (0rs) (0/4) (0/4) (0/4)
Cement (C) content (kg.m?) 260 353 | 230 | 223 | 410 | 360 385 400 342
Fly ash (FA) content (kg.m-) 140 95
Silica fume (SF) content (kg.m3) 22
Water (W) content (kg.m?3) 193 172 | 193 | 166 | 197 | 136 159 195@) 186
Plasticizer or superplasticizer 48 11 12.0 1.14 1.20
content (kg.m9)
Retarder content (kg.m9) 14 2.5
Water-to-cement ratio (W/C) 0.74 0.49 084 | 074 | 048 | 0.38
Water-to-binder ratio (W/B) 0.48 049 | 084 | 052 | 048 | 0.36 041 0.490) 0.54
SCM-to-binder ratio 0.30 0.06 0.43 0.62 0.62
Gravel-to-sand ratio (G/S) 1.0 1.6 11 11 1.2 12 1.1 12 14
Average 28-day cylinder 289 | 495 | 251 | 485 | 555 | 855 | 755 41.0 385
compressive strength (MPa)

O): efficient water

Moreover, in order to understand more precisely the FA effect, mortars with various FA
contents (0, 10, 20 and 30% per unit mass of binder), denoted FA-0, FA-10, FA-20 and FA-
30 respectively, and with a high amount of limestone filler (60% per unit mass of binder,
mainly to improve the properties of the fresh material) have also been studied. The mass
amount of binder or of powder materials, as well as W/B, are the same for all the mortars
(binder content = 511 kg.m™, W/powder = 0.28, and W/B = 0.45). Same ingredients (cement,
FA, and sand) as for the "M" concrete series, and in particular M30FA, have been used. The



amount of admixtures was selected to comply with the proper rheology properties of high-
fluidity mortars. FA-30 is regarded in Japan, within the framework of underground disposal
facilities for radioactive wastes with multicomplex artificial barriers, as a basic mortar
mixture expected to prevent for very long term diffusion of nuclide molecules emitted from
radioactive wastes [17]. Note that the possible synergic effects between FA and limestone
filler (e.g. acceleration of early hydration and formation of carboaluminate by limestone, and
later strength development and microstructure densification by fly ash pozzolanicity), likely
to enhance mechanical strength and durability, will not be considered in this paper.

Experiments. Electrical resistivity measurements, steady-state (ss) and non-steady-state (nss)
migration tests, nss diffusion tests, as well as drying experiments, have been carried out. The
test procedures are detailed in the following sections. In addition, the porosity accessible to
water (@) has been measured by means of hydrostatic weighing, and mercury intrusion
porosimetry (MIP) tests have been performed to complement the analysis (assessment of
porosity Py, pore size distribution and critical diameter d.). The test methods are described in
[18]. The MIP device used here allows one to investigate pores whose radius ranges from 1.8
nm to 60 pm (P,..x. = 400 MPa), except in some cases, which will be indicated in the paper,
where P« = 200 MPa and where consequently the pore radii range from 3.7 nm to 60 um.
"Representative" specimens (several pieces of approximately 1 cm® 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 [18].

ELECTRICAL RESISTIVITY

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 measuring the electrical resistivity (being the inverse of conductivity &) [19].
The electrical resistivity (p') can be measured on lab samples or can be used in situ as a non-
destructive test for monitoring the durability of structures [20]. Some authors suggested
hence that a resistivity test could be used for the control of the production of concretes with
pre-defined durability requirements and even for concrete acceptance purposes (see e.g.
[21,22]). In addition, the effective chloride diffusion coefficient could be calculated from a
sole resistivity measurement (see next sections and [19,22,23]). Moreover, durability
specifications (acceptance threshold values) can be based on this parameter [7], and models
involving electrical resistivity have also been developed [19,22] for SL prediction, which
include both the initiation and propagation periods according to Tuutti's definition [24].

Test method. The technique used here to measure electrical resistivity is described in [25]
(see also [21] or [22]). The resistivity test is a simple, quick, cheap and non-destructive
method, which however requires some carefulness [26]. It consists in placing a pair of
stainless steel electrodes on the parallel surfaces of a saturated sample and measuring the
alternating current I induced by the application of a potential drop AE (10 V or lower). The
electrical contact is ensured by two wet sponges. p' is then calculated by geometrical
conversion according to Ohm's law (see Eq. (1)):
,_AE A
== (D
[

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

It can be deduced from the literature that the reproducibility coefficient of variation (COV) is
9-30% (see e.g. [20,27,28]) and the repeatability COV is 11% [27].



Results and discussion. p' has been measured here on a broad range of water-cured and
water-saturated materials at various ages. Fig. 1 displays the experimental results (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
introduction) are also reported in the graph (the associated thresholds are 50, 100, 250 and
1000 Q.m [7]). Fig. 2 displays the experimental results obtained for the mortars (W/B =
0.45).

In the general case, p' depends on porosity and also on the tortuosity and connectivity of the
pore system, on the conductivity of the pore solution (o), on the surface conductivity of the
pore walls (adsorption of elements from the pore solution on C-S-H gel), and on the volume
of aggregates, ....

The effect of pozzolanic materials (FA or SF) on pore structure, and thus on transport
properties, is not only a "filler" effect (more significant with SF, which size is 100 times
smaller than that of FA), but is also the result of chemical reactions. Note that the presence of
fine particles can also induce acceleration of hydration reactions of the cement (nucleation
sites for Ca(OH), and C-S-H precipitation) and therefore earlier densification of the
microstructure [29]. Ca(OH), crystals are consumed by pozzolanic reaction, while finely
divided C-S-H hydrate gel is formed, thus yielding a denser microstructure. In addition, when
the FA (or slag) content increases, fibril-type C-S-H are progressively replaced by foil-type
ones, which are more efficient to fill capillary pores [30]. Moreover, additional C-S-H (or
other gel-type hydrate) form mainly far from the initial cement grains and from pseudoform
C-S-H [31]. These additional C-S-H thus create solid islands, between partially reacted grains
or pre-existing hydrate clusters, which increase the pore network tortuosity (pore blocking
within the range involved in chloride ion transport). 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 far later after hydration (or pozzolanic reaction
with SF [29]) has started (e.g. several months) [3,32]. In addition, this effect depends on the
Ca(OH), amount initially available, which has been formed by hydration of the portland
cement and which can be affected by early-age drying or carbonation [3,32]. Likewise,
hydration of the latent hydraulic GGBS requires a sufficient quantity of Ca(OH), released by
hydration of the portland cement, and the C-S-H formed (in the case of alkaline activation)
are denser than that formed with portland cement while their C/S is lower (closer to 1) [30].

Moreover, the presence of SCMs changes 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 [31,33-35]). For example, the presence of SF induces a significant decrease in
alkali and hydroxyl ions in the pore solution [36,37], and according to [38], when 30% of the
cement is replaced by FA, the concentration of hydroxyl ions is also reduced (see also [31]).
Since the conductivity of the pore solution oy can be estimated from the contribution of the
Na’, K" and OH" alone, o, will decrease and so the conductivity of the porous material 6 (o
is proportional to oy [39]). This will induce an increase in p'.

As a consequence of the various effects mentioned, Fig. 1 shows that the presence of FA,
GGBS or SF induces high resistivity values. For example, according to the values reported in
Fig. 1, HPCs with SF display values between 380 and 670 Q.m, thus indicating a high
"potential" durability. Fig. 3a displays MIP results obtained on concretes B80-2 and BSOSF-S
according to the procedure described in a previous section (after 14-day oven drying at T =
45%1 °C under vacuum and with silica gel). This figure confirms that the marked difference
recorded on p' between HPCs with and without SF, for a same c.s., here = 76 MPa (and even



for a similar MIP porosity, here = 7.5%, see Fig. 3a), results, in addition to the changes in the
pore solution, from the drastic refinement of the pore structure. Concretes with a high content
of fly ash (between 30% and 39% per unit mass of binder) display values between 110 and
465 Q.m, depending on the age, which mean medium or high "potential" durability. CEM
III/A concretes (with 43% or 62% GGBS per unit mass of binder) display values between
230 and 595 Q.m, depending on the age, which mean likewise medium or high "potential"
durability. In the case of CEM I1I/C with 85% GGBS, the value recorded at the age of 3 years
reaches 945 Q2.m (high "potential" durability).

In Fig. 1 the different values circled for a same c.s denote the results obtained for a same
concrete at various ages (e.g. BO-III: 28 days, 90 days, 1 year and 2 years) and point out the
significant resistivity increase with the age for FA- or CEM-III/A- concretes. Likewise, Fig. 2
shows the increase in the resistivity of the mortars with the age and with the FA content. This
is the result of the microstructural changes previously mentioned, induced by hydration in all
cases and by pozzolanic reaction in the case of FA materials. This increase is well correlated
with the evolution of the MIP pore size distribution (see Fig. 4 for FA-materials and
[3,17,32]). The resistivity of plain OPC - CEM I materials also increases with the age but in a
lesser extent (see Fig. 1), as already reported in the literature (see e.g. [40]).

As illustrated in Fig. 2, when the pozzolanic reaction with fly ash has not progressed very
much (age = 90 days), the p' 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, can be explained by the decrease in the connectivity induced by the filler effect
associated 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
concentrations of some ions in the pore solution in the presence of FA (see above).
Nevertheless, the similarity of the p' values at 90 days for the various FA contents indicates
that this last effect does not significantly affect the measurement. Therefore, comparison
between materials with and without FA by using the resistivity parameter is quite valid and
the difference recorded at later ages can mainly be explained by changes in the pore structure
(refinement). These findings tend to confirm that electrical resistivity is a good indicator of
the connectivity of the pore network for both OPC and FA concretes. Nevertheless, the
analysis is easy in the case of the mortars studied here, since the various mixtures have same
constituents.

With regard to plain OPC - CEM I mixtures, ranging from 25 MPa (M25, W/C = 0.84, see
Table 1) to 86 MPa (LR59-2, W/C = 0.38), the p' values range from 60 to 145 Q.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 Q.m in

[20]).

For a given type of binder (e.g. CEM I, CEM I + SF, CEM I + FA or CEM III/A), the
electrical resistivity does not depend a lot on the 28-day c.s. (in particular on the W/B): the
range of p' values measured is small even if the range of 28-day c.s. is very large, compared
to the variation induced on the p' value when changing the binder 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 discriminating, in particular
when the data are compared to values obtained with FA-, GGBS- or SF-concretes (see Fig.
1). This can be explained first by the fact that the pore system connectivity can be more
drastically changed by including SCM than by keeping CEM I and changing W/C (e.g.



between 0.35 and 0.50) (see Fig. 3b). Likewise, slight changes are recorded in the MIP pore
size distribution of 62%-GGBS CEM III/A concretes when changing W/B (e.g. 0.44 and
0.54) (see Fig. 3b). In addition, it has been reported in the literature that, for plain OPC -
CEM I materials, when W/C increases (in particular for W/C > 0.50), ionic concentrations
decrease in the pore solution and consequently oy decreases [41,42]. This will induce an
increase in p', which counteracts the decrease induced by the higher pore network
connectivity. Note that the (overall) p' value measured in this case does not reflect mainly the
connectivity of the pore system and cannot be directly compared to the values obtained for
other types of materials.

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

It can be concluded that electrical resistivity measurement is an easy method to characterize
the connectivity of the pore system, also for high-volume SCM mixtures. However, in
particular the ionic composition of the pore solution (which depends on the composition of
binder and aggregates, and of W/C) can significantly affect the (overall) p' value measured in
the case of high-porosity plain OPC - CEM I concretes [25]. As a consequence, electrical
resistivity is more appropriate to distinguish the binder, 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 whole set of concretes.
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Fig. 1: "Potential" durability classes and experimental mean values of electrical resistivity measured on
various water-cured and water-saturated concrete samples vs. the average 28-day cylinder c.s..



200
£ 180 { |EFAD
E_' 160 | |OFA-10
O 140 1 |mFA-20
21204 |oFA30 |
® 100
80 -
60 -
40 -
20

Vi

Electrical res

90 days 120 days 180 days

Fig. 2: Experimental mean values of electrical resistivity measured on water-cured and water-saturated
mortar samples (W/B = 0.45) with various FA-contents, as a function of the age.

80 , 140 LR59-1-11l (43% GGBS - W/B=0.41 - 75.5 MPa)| P = 12.0%
4 Bl = 7.6% B80-2 &~ | ————B50-11l (62%GGBS - WiB=0.44 - 49.7 MPa) | Puy=12.1%
©70 | T o120 —— BO-Ill (62% GGBS - WB=054 - 385 MPa) | Pyg=12.9%
p Frg=7.3% | ——BBOSF-S M ERTR B80-2 [CEM | - WIC=0.35 - 75.7 MPa) Pra = 7.6%
£ 60 E 100 LR22-1 (CEM | - WIC=048 - 45.7 MPa) Prg = 11.0%
o’ B ) i
£ 50 E 04 K
E40 - E
= = 60 4
e E;
S 2 40
210 | 2 20 e\ |
o+~ L i e 0 T |
1 10 100 1000 10000 100000 1 10 100 1000 10000 100000
Pore radius (nm) Pore radius (nm)

a) concretes B80-2 (SF/C = 0) and B80OSF-S (SF/C = b) CEM III/A concretes. Comparison with CEM 1
0.08), with W/C = 0.35 and same CEM 1 52.5 as the concretes

"M" series

Fig. 3: MIP pore size distributions measured in concretes samples at 90 days after water curing and 14-
day oven drying at T =45%1 °C under vacuum and with silica gel.

140 SRS : : _ _
E D = 16.1% 28 days —28days (water) PHg = 11.0% (Pmax = 200 MPa)
@ 120 buh = 14.0%| ——— 90 days ——— 2 years (water) P =12.2%
F"E Py =13.9% ——— 120 days ————10 years (sealed) PHg = 13.0%
c 100 - Dry = 12.6%| ——— 180 days M50 - 28 days (water)|| Prg = 12.0% (Pmax = 200 MPa)
o™
£ 80
E
—~ 60 -
>
S 40 -
g ﬁ M
RN
0 S S 0 e
1 10 100 . 1000 10000 100000 1 10 100 ~ 1000 10000 100000
Pore radius (hm) Pore radius (nm)

a) mortar FA-30 after 28-, 90-, 120- and 180-day water b) concrete M30FA after 28-day and 2-year water

curing in lab (and freeze drying) curing and after 10-year sealed curing in lab (and 14-
day oven drying at T = 45 + 1°C under vacuum and
with silica gel). Comparison with M50 at 28 days

Fig. 4: MIP pore size distributions of 30%-FA materials after various curing conditions in lab.



APPARENT CHLORIDE DIFFUSION COEFFICIENT

Direct assessment of the apparent chloride diffusion coefficient Dpsmig from nss
migration test. The colorimetric measurement (AgNO; spray test) of the average chloride
penetration depth (x4), after a nss migration test under an external electrical field, allows,
with several assumptions [43], the easy and rapid assessment of an apparent chloride
diffusion coefficient Dpymig) 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 the electrical field AE/e is large enough and the penetration depth x4 is
sufficient (xq > (AE/e):(ZF/RT)-Dygmigt), the diffusion term of the equation can also be
neglected with respect to the electrical migration one [44]. Moreover, 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, Dyymig) can be calculated by the
following widely used solution proposed by Tang and Nilsson [45] (see Eq. (2)):

D :E.i.m 2)
Y T 7 F AR t

where t denotes the test duration (s), Z the valence of chloride ion (Z = 1), F the Faraday
constant (F = 96480 J.V"'.mol™"), AE the actual electrical potential drop between the two sides
of the sample (V), R the ideal gas constant (R = 8.3144 J.mol'.K™), and T the absolute
temperature (K). a is the auxiliary term defined in [45] as a function of the test conditions.

A test based on this principle has been standardized in the Nordic countries [46]. The COV of
this test is equal at the maximum to 24% (resp. 15%) with regard to reproducibility (resp.

repeatability) for every type of concretes according to [27] and [46].

Here, nss migration tests have been carried out after vacuum saturation of the samples
(thickness: e = 50 £ 1 mm, and diameter 110 mm) with a 0.1 M NaOH solution. The samples
are epoxy-coated around their cylindrical surface and mounted between the two
compartments of a so-called migration cell [43,47]. The cell-sample interface is also coated
with epoxy, in order to insure a watertight joint. The upstream compartment (catholyte)
contains (0.5- or 1-M) NaCl + 0.1-M NaOH, while the initial downstream solution (anolyte)
is 0.1-M NaOH. The volume of each compartment solution is 1 litre. An external potential
drop is applied by electrodes at the sample boundaries and kept constant during the test. Its
value has been restricted to 30 V. Depending on the mix-composition and on the potential
drop value, the test lasted between 1 and a few days.

Results and discussion. The apparent chloride diffusion coefficient Dyymig) (average values
of three samples) measured according to the method described in the previous section 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 previously
defined, are reported in the graph. The associated thresholds between classes are 50, 10, 5
and 1, respectively [7]. The results obtained on the water-cured mortar samples are presented
in Fig. 6. The values circled for a same 28-day c.s in Fig. 5 show the decrease in Dpgmig) When
age increases (until 1 year) for a given concrete. Likewise, Fig. 6 shows the decrease in
Dismigy When age increases in the case of the FA mortars. The decrease in Dygmig) €ven after 1
year has been reported in the literature in the case of high-volume FA mortars with similar
W/B as tested here.

Fig. 5 clearly illustrates, for a 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 for SCM materials, compared to plain OPC - CEM I mixtures with same average 28-
day c.s.. For example, the presence of SF induces a shift from the H to VH class.



Furthermore, good consistence 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 Dygmig), the effect of SCM is more significant with respect to
that of W/B. For example, 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 Dpgmig = 2.4-3 - 1012 mz.s'l, and thus very similar
coefficients within this W/B range. The values recorded for the mentioned FA- and GGBS-
concretes are very close to that found for HPCs (see Fig. 5). In other words, the effect of W/B
on Dygmig) can be significantly mitigated in the presence of FA or GGBS.

Normal-strength FA concretes (from 20 to 35% FA per unit mass of binder) display a very
low coefficient and a high "potential”" durability. More precisely, concretes with 28-day c.s.
around 50 MPa, same cement, and 20-30% FA exhibit Dygmig) = 1.5-2.4 - 102 m?.s"! between
28 days and 1 year (see Fig. 5). The efficiency of FA to decrease Dygmig) 15 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 [31,33,38,48,49] and also for field data [50-53], despite
a porosity often higher in particular at early age (dilution effect) [17]. These findings result
from the refinement of the pore structure previously explained (see a previous section).
Moreover, the (apparent) chloride diffusion depends on the chemical and physical chloride
interactions with the cement matrix, as well as on electrical interactions between the ions in
the pore solution and on (C-S-H) pore surfaces (electrical double layer, see a previous
section). The physical interactions vary with the pore solution composition. And according to
the literature [31,49], the nature and quantity of cations in FA-materials increase the
resistance to diffusion of chloride anions: the higher calcium, silicium and aluminate
concentrations and the lower potassium concentration decrease chloride mobility.
Nevertheless, as shown in Fig. 6, the FA efficiency is more marked after 180 days than after
90 days. In addition, the difference between the values obtained at 90 days and at 180 days is
larger in the case of the FA-mortars compared to FA-0. Furthermore, as illustrated by the
B5OFA result in Fig. 5, 180 days can be too early to observe the beneficial effect (due to a
significant amount of additional C-S-H) of the high FA content (39%) exceeding its
detrimental effect (coarse, porous and heterogeneous microstructure). This is further pointed
out when comparing BSOFA and M50FA (20% FA) results. Same type of conclusion can be
made when comparing results on CFA (35% FA) at 4 and 7 months (see Fig. 5). Above 30%
cement replacement, the delay to record a significant beneficial FA effect on Dyymig) seems
long. This is consistent with the optimum value (30%) found in the literature [54].

CEM III/A or CEM III/C concretes display a high "potential" durability for more or less
similar reasons as FA-materials. This is in agreement with the literature, where it is reported
that chloride diffusion in GGBS concretes is much slower than in CEM-I materials and even
than in 30%-FA materials, as a result of the high tortuosity of the pore system and of
chemical interactions between aluminates and chlorides (see a previous section and [55-57]).

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
macropore network exists.

Since Dygmig) decreases as a function of the age and reaches very low values in GGBS or FA
materials, the value for old materials can be more hardly determined with accuracy according
to the resolution limit of the method (i.e. clear and accurate detection of x4), and this is
enforced by the darkness of high-volume GGBS materials [43]. Therefore, the evolution of
Dimigy as a function of the age in the medium or long term can be more hardly quantified
than that of the electrical resistivity (p' increases as a function of the age).



It is worth noting that for plain OPC - CEM I mixtures (with local aggregates) currently used
in common bridges in various areas in France, the Dyymig values (28-day - 1 year) are 6-

17-10" m’s™. For these mixtures, a medium or low "potential" durability is therefore
obtained (see Fig. 5).

Fig. 5 shows that a large range of Dyymig) values and different "potential" durabilities can be
obtained for a 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. Mechanical properties (and in particular W/B) are not sufficient to
estimate the "potential" 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 provided by SCMs (and further by the combination of SCMs).
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Fig. 5: "Potential" durability classes and experimental mean values of apparent chloride diffusion
coefficient Dyymigy measured by nss migration test under an external electrical field on saturated water-
cured concrete samples at various ages VS. the average 28-day cylinder c.s..

[
(2]

[
| 90 days

[ 180 days

S
—
~

-
N

[N
o

Apparent CI dif. coef. (10" m?s™)
E=N [e2) [ee]

N
L

0,

FA-0

FA-10

FA-20 FA-30

Fig. 6: Effect of the FA content on the apparent chloride diffusion coefficient Dyymig) measured by nss

migration test under an external electrical field on the saturated mortar samples (W/B = 0.45), after 90-
day or 180-day water curing.



EFFECTIVE CHLORIDE DIFFUSION COEFFICIENT

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 Nernst-
Planck equation, is an important parameter, since it is required for example as input data in
predictive physical models of chloride ingress and more generally of ion transport [3,7,9]. It
can be measured in saturated conditions directly by means of ss migration test. It could also
be assessed by simple analytical formulas from parameters already measured in this paper:
the electrical resistivity or the apparent chloride diffusion coefficient (see previous sections),
which both involve an easier and quicker test, compared to ss migration.

Direct assessment of the effective chloride diffusion coefficient Dgsmigy from ss migration
test. An effective chloride diffusion coefficient Dyymigy can directly be assessed by a ss
migration test from the monitoring of the chloride ion concentration vs. time by
potentiometric titration 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, Dymig 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)) [58,59]:

D _RT e Q (3)

smig) = 7 F "AE y-co.t

where the chloride concentration of the catholyte solution (upstream compartment) c, is
assumed to be a constant, v 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, is assessed
from the slope of the linear part of the plot giving the cumulative amount of chlorides vs.
time.

Note that two other techniques can be used to assess Dgymig) from ss migration test:
conductivity measurement in the downstream compartment [62] or titration in the upstream
compartment [63]. It was shown that the three techniques yield similar Dgymig) results (see
[3.8,64]). Nevertheless, it is worth noting that Dgymig) measurement can suffer from poor
accuracy in some cases as long as reproducibility is concerned: the COV was found equal to
76% with regard to reproducibility in the case of conductivity measurement, according to
[27]. The value of 22% is reported in the same reference for the repeatability COV.

Ss migration tests have been carried out on 20-mm thick samples, according to [64], by using
similar cells as that described for nss migration tests. Here, the upstream solution is 1-M
NaCl + 0.1-M NaOH, while the initial downstream solution is 0.1-M NaOH. The actual
potential drop between the surfaces of the sample is measured during the test by means of
two reference electrodes contacting the sample surfaces.

Fig. 7 displays the effective chloride diffusion coefficients Dymig) (average values of three
samples) directly assessed from ss migration tests by potentiometric titration in the
downstream compartment 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. The
associated thresholds between classes are 8, 2, 1 and 0.1, respectively [7]. Again, normal-
strength FA- or GGBS-mixtures are revealed out of the range obtained with plain OPC -



CEM I materials (i.e. significantly lower Dgmig) values), except in the case of BSOFA (age =
4 months) (see a previous section).
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Fig. 7: "Potential" durability classes and experimental mean values of effective chloride diffusion
coefficient Dgymig) measured by ss migration test under an external electrical field on saturated concrete
samples (90-day to 1-year water curing) vs. the average 28-day cylinder c.s..

Assessment of the effective chloride diffusion coefficient from nss diffusion test (Defir)
or from nss migration test (Deftmig)). Theoretical or simplified relationships exist between
the apparent and the effective coefficients assessed by means of diffusion or migration tests,
in particular by taking into account the chloride binding with the matrix. These relationships
enable to deduce one of the coefficients from the other.

In the case of diffusion, when a constant binding capacity kq is assumed (i.e. a linear binding
isotherm), where k; is the slope of the binding isotherm expressed here in mass by mass, the
effective and apparent coefficients, Defyairy and Dygiry respectively, where Dygir is directly
measured by nss diffusion test [43,47,64], are linked by the following well-known Eq. (4):

Dfrain =P+ (1 + kd)' D i) 4)

Eq. (4) is not valid in the general case for migration. However, Tang demonstrated that a
similar relationship could be written for migration tests, which involves the apparent
coefficient Dyymigy measured by nss migration test according to [46] and the constant
"intrinsic" (effective) diffusion coefficient Defimig) [44,65]. Therefore, an effective chloride
diffusion coefficient Degmig) can be calculated by means of a linear equation involving an
apparent coefficient measured in nss conditions and a constant chloride binding capacity.
Moreover, authors often assume that chloride binding can be neglected [61,66] or at least
reduced [65] during nss migration tests. As a matter of fact, during nss migration tests, the
velocity of the ions transported through the pore structure is very high and the contact time is
short (usual test duration: 10-60h). This tends to impede adsorption and chemical reactions.
Therefore, a very weak binding is expected, compared to diffusion (and also to ss migration),
and binding may even be suppressed. A non-equilibrium state is expected and the hypothesis
of instantaneous binding hence does not seem valid. Castellote et al. 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). These authors showed that equilibrium
didn't seem to be achieved unless high amounts of NaCl (> 1 M) were used in the external
solution [67]. Therefore, in a first approximation, the effective chloride diffusion coefficient



Desiimigy can be deduced from the apparent chloride diffusion coefficient Dyymigy directly
assessed by a nss migration test by applying a colorimetric method (see a previous section)
and by assuming no binding (k4 = 0). In this case, Defmig) can be calculated by Eq. (5):

Deff(mig) = Dns(mig) -0 (5)

Assessment of the effective chloride diffusion coefficient Desresistivityy from electrical
resistivity measurement. An effective chloride diffusion coefficient Degyresistiviyy Can
theoretically 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 conductivity as the main parameter [58,68], see Eq. (6)), which can be derived in

Eq. (7):
6o _ Dy
So__“0 _F 6
6 Dy (©)
D, 1
Deff(resistivity) = G_O : E (7)
0

where F is the so-called formation factor, Dy is the free diffusion coefficient of chlorides in
the pore solution, and D is the effective chloride diffusion coefficient in the porous material.
The effective chloride diffusion coefficient is thus inversely proportional to the electrical
resistivity p' of the water-saturated material and the coefficient of proportionality is
dependent of the ionic concentrations (of the pore solution).

oo should be assessed for each material tested. oy can be measured by chemical analysis after
pore solution expression [36]. Nevertheless, this requires specialized equipment and the very
small volume then extracted could induce errors in the determination of . Hence, in a first
approximation, the value oo = 11.87 Q'.m™ currently assumed for alkaline solutions similar
to pore solutions of cementitious materials will be adopted. Note that for alkaline solutions,
the value o, = 13.5 Q'.m™ is also found in the literature. In the case of a 1-M NaCl alkaline
solution, o can reach the value 14.5 Q'.m™ according to [69]. The value Dy = 1.484-10° m’
%5 will be adopted for the free diffusion coefficient of chloride ions in a 1-M solution at 25
°C [39,70]. Note that, as a result of electrical interactions between ions [61], the measured
values of Dy depend on the chloride concentration and higher values can be found in the
literature, such as 2.032:10° m™.s™ [66] or 2.1:10° m™.s™ [23]. By assuming o, = 11.87 O
"m" and Dy = 1.484-10° m™.s™, Eq. (8) is obtained:

Defrresistivity) = li_'S (in 10" m*.s™, when p' is in Q.m) (8)
Note that Eq. (8) is quite similar to the formula proposed by Andrade et al. for 1-M NacCl
external solutions [22].

According to the comments given in a previous section, Eq. (8) will not be valid for the plain
OPC - CEM I concretes tested here above a given W/C. For concretes with W/C > 0.45, the
lower oy values computed in [42], by using the ionic concentrations and the electrical charges
of the various ions present in the solution, will be adopted: 5o = 5.0 Q'.m™ (calculated with
M25) for W/C = 0.80, o= 6.7 '.m™ (calculated with a concrete with W/C = 0.62) for W/C
=0.60-0.70, and 5, = 9.8 Q'.m"! (calculated with M50) for W/C = 0.45-0.55. Note that these
computed o, values were checked by chemical analysis of synthetic solutions (see [42]). The
following equations Eq. (9) to Eq. (11) can thus be deduced for OPC - CEM I concretes (or
FA- concretes when FA have not reacted), where Degyresistivity) 15 1n 102 m%s™ when p'is in
Q.m):



Deff(resistivity) ~ F for W/C = 0.45-0.55 (9)
Deff(resistivity) ~ % for W/C = 0.60-0.70 (10)
Deff(resistivity) ~ % for W/C = 0.80 (] ])

Eq. (8) will be considered as valid for the other concretes.

Likewise, Eq. (8) will be considered as valid for the mortars tested here (W/B = 0.45), except
for the plain OPC - CEM I ones. In this last case, the average value between the results
published on heps with W/C = 0.50 (oo = 3.1 Q'.m™ [41] and 50 = 2.0 Q".m™ [69]) and the
result obtained on concrete M50 (o, = 9.8 Q'.m™) will be used, i.e. 5o = 6.2 Q'.m", and the
same Dy value as previously defined will be used, yielding Eq. (12):

Deffresistivity) = % for OPC - CEM I mortars with W/C = 0.45 (12)

Comparison of methods - Results and discussion. The simple methods proposed from
Dimig) (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 methods, the
associated results have been compared to the effective chloride diffusion coefficient Dgymig)
directly measured by means of ss migration test (see Eq. (3)) and to Desair) (see Eq. (4)),
where Dygir) has been calculated from the profiles measured after a nss diffusion test (curve-
fitting by the so-called error function "erf") and the constant binding capacity ks has been
obtained from the free and total chloride concentration profiles (see Fig. 9a for mortars FA-0
and FA-30 at 90 days, and [43,47,64]). This comparison is presented in Figs. 9b, 9c and 9d,
for a broad range of materials. Note that the concretes compared in Figs. 9c and 9d don't have
systematically the same age. Therefore, in the general case the performances of these
concretes cannot be directly compared.

Fig. 8 highlights excellent agreement between the two simple methods within the broad range
of materials investigated (from 25 to 87 MPa). This means that both nss migration test and
resistivity measurement provide exactly the same effective chloride diffusion coefficients,
provided that the effect of the pore solution on p' is taken into account. These results also
indicate that it is not possible to find a single non-empirical formula (i.e. not obtained by
curve fitting), which is valid within the whole range of materials, for the assessment of the
effective diffusion coefficient from resistivity measurement. 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 provided by the simple methods
(Defriresistivity) and Defgmig) = Das(migy © @) are in agreement with the results provided by direct
measurement (Dgymig)) and with Degair (When available) ; the differences recorded are quite
acceptable with respect to the precision of the test methods. The good agreement observed
between Deggmigy = Dnsmig) © P and the other results confirms that very limited binding occurs
during nss migration tests and that the assumption of no interaction is acceptable. These
results indicate in addition that the assessment of the average chloride penetration depth (x4)
by AgNOs spray test is accurate enough, even in the case of the SCM-concretes tested here.

The assessment via nss diffusion test is more difficult than 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 [3,47]. In particular, in the case of concretes
with SCMs (more precisely FA), the test can only be used with old enough materials.



Otherwise, as a result of the evolving feature of these materials in the medium term and of
the length of the test, Dyyair, Will correspond to a range of ages. Furthermore, the slope of the
binding isotherm (k4) has to be calculated from the experimental data for each material by the
profile method [64] 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 @ - (1+kq). This means that ky decreases when @ increases,
confirming thereby that ky is related to the C-S-H content of the material and quantifies
mainly physical adsorption on C-S-H, as indicated in [44,65]. 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 Defain. It consists in measuring one of the chloride
concentration profiles (free or total), then assessing the apparent coefficient Dyyir) from it,
and using the average fixed value 0.16 to calculate the coefficient @ - (1+k,) and hence the
effective chloride diffusion coefficient. Such calculations have been carried out here when
experimental values were not available (see hachured 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 nss diffusion test.

Whatever the method, the class of "potential” durability is the same, except of course when
the results are very close to a limit 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), illustrating again the
efficiency of such concretes in reducing chloride transport. 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. 9¢). On the other hand, at 4-7 months, the significant efficiency explains the high
"potential" durability recorded (see Fig. 9d). Moreover, concretes BO-VB, BO-I and M50,
with similar mix-compositions (in particular W/C), display similar effective chloride
diffusion coefficients. Fig. 8 points out that D.g of mortar FA-0 (W/C = 0.45) is higher than
D 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
mortars, as usually reported in the literature.

3 L 2
@ OPC - CEM | e
al A with FA
@ CEM IIl/A b
0 CEM lliC FA-0 (90 days) )
3 || # HPCs with SF L4
FA-0 (180 days) y=x

N

B454 % ® B30
M50 ‘Y
geo LR63-1-EA

‘e,

e, [ J Yo
' @\ LR69-1-EA
% ".... h

A3

0 e
° ! 2 8 12, 2.1
Deft(mig) = ®-Dns(migy (107" m=.s™)

Dest(resistivity) (1012 m2.s%)

[N
-

Fig. 8: Comparison between the effective chloride diffusion coefficients obtained from nss migration
tests and from electrical resistivity, on saturated samples of various water-cured concretes and mortars.
"Potential" durability classes.



—~ 02 ~35 @ Dss(mig) )
g ‘n = Deff{mig)=Phi*Dns(mig) [kd=0]
“— - =30 M @ Deff(dif) [cstkd from nss dif. profiles]
@ 0,15 - e e gE O Def{resistvity)
2 ot ° 25 90 days
£ )
c .0 e 4520 A
5014 el 2 3 0
= y =0,559€ +D,0396 15 180 days
% 0,05 5
g @ FA D 010 1
2 ) %)
S, mFA30 205
0 T T T [S]
Q2
0 0,05 01 0,15 02 |Foo L
[Cliree] (% by unit mass of mat.) FA-O FA-10 FA-20 FA-30| FA-0 FA-10 FA-20 FA-30
a) method of assessment of ky from concentration profiles. b) mortars with various FA contents (W/B = 0.45)
Ilustration with mortars FA-0 and FA-30 at 90 days
6 1 ..Dss(mg) ........... freesesesessnees

@ Dss(mig)
= Defi(mig)=Phi*Dns(mig) [kd=0]

O Deff(dif) [cstkd from nss dif. profiles]
O Deff{resistvity)

ol

ES

creasin

N

[

Effective CI dif. coef. (10 m%s?)

o

Effective CI dif. coef. (10 m’s?)
w

M25 CFA(1- B30 B45 BO-I BO-VB M50 \v

Q:
o
4m) ‘X A

\/

@\\\\Q \\\ \\\ <<V‘ QV‘&((
@

¢) concretes with D> 1 (L & M classes, according to  d) concretes with D < 1 (H & VH classes, according

(7D to [7])

Fig. 9: Effective chloride diffusion coefficient obtained from ss or nss migration tests, from nss
diffusion tests, and from electrical resistivity, on saturated samples, after various water curing periods.
"Potential" durability classes.

hachured bars: Deff(dif) =0.16 Dns(dif)

LIQUID WATER PERMEABILITY

Definition and significance. Among the transport properties, the liquid water permeability
ki.ky(s) of a non-saturated medium, where s is the degree of liquid water saturation, k; the
permeability of the saturated material (i.e. at s = 1) and k; the relative permeability to liquid
(ky =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 incompressible and non-reactive

fluid under a total pressure gradient and reads in a one-dimensional scheme along a Ox-axis
(see Eq (13)):

V= s)- ap‘ (13)
n

|

where v; denotes the filtration velocity of liquid water, m, its dynamic viscosity, and p, the
liquid pressure.

The permeability k;.k;(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 the protection against
chloride-induced reinforcement corrosion. As a matter of fact, chloride ingress in tidal zones
is very dependent on the liquid permeability of the material and not only on its chloride
diffusion coefficient (see [9]). Hence, k; is required as input data in physical moisture or
coupled transport models [9,42,71].

Assessment of the liquid water permeability k, by Katz-Thompson relationship - Results
and discussion. It is widely admitted that the direct measurement of k; in the case of low-
permeability materials is difficult [7,72,73] and requires advanced experimental devices (see
e.g. [74,75]). With regard to indirect methods, an important work on this topic has been
performed by Scherer (e.g. rapid methods such as beam bending or thermopermeametry, first
applied to gels and later extended to more rigid materials and recently to cement pastes [76]).

According to the literature, for some kinds of materials, k; could be estimated by the Katz-

Thompson relationship (see Eq. (14)), originally developed for sedimentary rocks and based

upon the percolation theory [77,78], when the critical (i.e. breakthrough) pore diameter d.

and the formation factor F (see Eq. (6)) of the material are known [39,73,79-82]:
d;

226-F (14
However, Eq. (14), which is a relationship between pore network parameters and transport
property, can be considered as validated only for normal-strength materials, and more
particularly for hardened cement pastes [76].

ki

Katz-Thompson relationship has been applied here to various mortars and concretes at
various ages. In Figs. 10a and 10b are compared the values of k; 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 electrical conductivities. The effective chloride diffusion
coefficient has been directly assessed by Eq. (3) (ss migration test) or by Eq. (5) (nss
migration test and porosity) when ss migration test data were not available. The critical pore
diameter d, has been assessed from MIP measurement: d. is associated with the sudden
change in slope observed on the pore volume vs. diameter curve. As illustrated in Figs. 10a
and 10b, very good agreement is observed between the k; values assessed by the two methods
of calculation of F, as theoretically expected, thus emphasizing the appropriate accuracy of
both types of measurement. Fig. 10b emphasizes that portland cement replacement by 10 to
30% FA is not efficient to decrease the liquid water permeability at 90 days, contrary to the
observations made with Dyymig) (see Fig. 6). Likewise, Hedegaard in 1992 [83] showed by
direct measurement the weak efficiency of FA at 28 and 56 days to reduce the liquid water
permeability (a single FA was tested). Conversely, the beneficial effect on k; at 180 days is
obvious (see Fig. 10b) and is in agreement with the literature (direct measurement [38]). This
results from the fact that the decrease in the void volume and the increase in the tortuosity,
due to the incorporation of SCM, affect first the zones around C-S-H clusters (outer products)
and at the paste-aggregate interface. Therefore, k; will be significantly affected only when the
larger-size (e.g. capillary) void network will be disconnected. On the other hand, the
diffusion coefficient is affected as soon as the C-S-H gel pore network is disconnected.
Contrary to Fig. 8 (D), Fig. 10 points out the efficiency of the FA-O mortar matrix to
decrease k;: the 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)).

Fig. 11 depicts the values of k; (mean values of the two methods of calculation of F, except
for LR22-1 where no resistivity value was available) assessed by Katz-Thompson relationship
vs. the average 28-day cylinder c.s.. Fig. 11 exhibits the range of k; values obtained when the



28-day c.s. of the materials ranges from 25 to 87 MPa. Whatever the age (> 90 days), normal-
strength GGBS-concretes are revealed almost as efficient as SF-HPCs to reach very low

liquid water permeabilities. These k; values are at least one order of magnitude lower than
that of plain OPC - CEM I with same c.s..
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Fig. 10: Comparison between two methods of calculation of the liquid water permeability of saturated
materials (k;) by using Katz-Thompson relationship.
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Fig. 11: Mean values of liquid water permeability of saturated concretes (ki) assessed by Katz-
Thompson relationship vs. the average 28-day cylinder c.s..

Assessment of liquid water permeability k; by numerical inverse analysis - Comparison
with Katz-Thompson relationship. In order to test the validity of the empirical Katz-
Thompson method to assess the liquid water permeability k; 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 numerical model. This
method, initially proposed by Coussy et al. [84], is based on the analysis of the relative mass
loss vs. time plot (kinetics), associated with a drying test at a given relative humidity (RH)
and at constant temperature (see the description of the experiments and computations in [47]
and [85]). 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 with respect to gas mixture governed by Fick’s first law, with non-




constant total gas pressure [71]. In addition, this method requires the assessment of a few
basic material properties ; the porosity, the gas permeability and the water vapour desorption
isotherm [85] of the material are the other main inputs of the model. Moreover, the initial
moisture state has to be known. It usually corresponds to almost saturated conditions (s = 1).
k; is hence deduced from the best fitting of the predicted drying kinetics 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 results obtained by Katz-Thompson relationship (see previous
section). In this last case, the value used for the formation factor F is the average between the
ratio of electrical conductivities and the ratio of effective chloride diffusion coefficients. Fig.
12b points out that the results provided by the simple empirical method are quite consistent
with the theoretical computations (inverse analysis) based on completely different tests for
the various types of concretes tested. This confirms the relevance and the validity of Katz-
Thompson relationship to assess the permeability of concretes, even in the presence of SCMs.
Of course, in order to further validate the method, comparison with direct permeability
measurement should be made. Note that, when the mentioned numerical model (or a
simplified one [84]) and the required input data are available, the method based on inverse
analysis has also the advantage of requiring a single simple 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. But despite its lower 28-day c.s. (see Table 1), BO-III exhibits a
lower k; value than M30FA (30% FA).
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Fig. 12: Liquid water permeability of saturated concretes (k;) assessed by numerical inverse analysis
from drying kinetics.

CONCLUSION

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




diffusion coefficient can be assessed from resistivity measurement, nss migration test, ss
migration test and nss diffusion test. Likewise, k; can be assessed from the Katz-Thompson
relationship, as well as from numerical inverse analysis from drying kinetics. Resistivity
measurement is not very discriminating 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. Nevertheless, simple and rapid test methods can allow assessment
of DIs 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 liquid permeability, in order to achieve the evaluation
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 mixed with CEM
/A (43% or 62% GGBS) or with FA (20 to 35%). The transport properties (apparent and
effective chloride diffusion coefficients, as well as liquid 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 higher and determining ageing effect
associated with these materials (more marked with FA), and this is emphasized in the case of
k. 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 to 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 k;. This confirms
the usefulness and the complementarity of these two DIs to assess the "potential" durability
related to reinforcement corrosion. Only a performance approach based on a set of DIs can in
particular account for the gain provided by SCMs. Furthermore, no improvement has been
recorded on 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 will be mitigated (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) are very sensitive to these conditions. This has been illustrated for example
within the framework of the BHP 2000 French National Project [15] in the study carried out
both in lab and in various outdoor environments on some of the concretes investigated here.
Therefore, it is particularly important to investigate the long-term behaviour both in lab and
in field conditions in the case of concretes with high volume of SCM. More precisely, first it
is of importance to perform lab tests at 90 days and even at 180 days, on the one hand to
characterize the bulk concrete properties, and on the other hand to 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 "covercrete" 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 evaluation or prediction. In particular, the database 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 to avoid long lab tests before implementation of the
model. A performance-based approach along with the simple methods discussed here to
assess the DIs can constitute a useful tool to address the durability of new materials within



the framework of sustainable development. This will contribute to the development of new
high-tech and green solutions.
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