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The present work seeks to investigate the ingress of chlorides during the hardening of slag-blended mor-
tars that may have been exposed to chlorides since an early age. In order to correlate chloride ingress
with the microstructure development, both the hydration reaction and chemical shrinkage of the inves-
tigated mixtures are monitored, and their microstructure is characterized through SEM observations.

Results indicate a slow hydration reaction in the presence of slag, which
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1. Introduction work connectivity, therefore accelerating the ionic diffusion
As regards structures built in a marine environment, concrete
may rapidly come into contact with seawater (i.e. through repair
materials, leaks in the formwork or its early removal). At an early
age, the hydrating cementitious matrix shows relatively high
porosity, which then gradually decreases as hydrates develop
within the hardening microstructure [1]. This high initial porosity
amplifies the risk of the chloride contamination of concrete, espe-
cially in the case of early formwork removal. In addition, during the
first few days after their fabrication, cement-based materials
undergo major volume changes, even in the absence of external
loading. Under certain structural conditions, these deformations
are severe enough to cause premature (micro)cracking of the con-
crete. This microcracking can subsequently increase porous net-
phenomena in the material.
The combination of early formwork removal and restrained

early-age deformations constitutes favorable conditions for chlo-
ride penetration into the hardening concrete microstructure [2–
4]. The corrosion of rebar and degradation of the cementitious
matrix could arise and compromise the long-term performance of
the concrete structure. This phenomenon depends heavily on the
concrete composition and curing conditions; the type of binder is
also a key parameter [5–12]. Recent advances and the emergence
of environmental considerations behind sustainable development
have highlighted the large amount of CO2 emissions generated by
the production of Portland cement. In this context, promoting alter-
native binders, in which clinker is replaced by mineral admixtures,
offers a promising solution [13–16]. Such binders are considered as
byproducts (blast furnace slag (BFS), fly ash (FA), silica fume (SF),
pozzolan) and contribute to improving the long-term performance
of concrete, in both mechanical and durability terms (i.e. against



Fig. 1. Chloride transport vs hydration progress.

Table 1
Chemical composition of cement and slag.

Compounds % (by weight)

Cement Slag

CaO 64.95 41.03
SiO2 21.25 34.49
Al2O3 3.47 13.19
Fe2O3 4.23 0.40
MgO 0.96 8.21
K2O 0.28 0.54
Na O 0.10 0.43
chloride attack) [15,16]. Blast furnace slag is extensively used in
marine environments. Due to their fineness, BFS particles further
refine the porous network, increase its tortuosity [1] and enhance
the concrete with higher compressive strength and resistance to
aggressive agents [6,17–20]. Nevertheless, their incorporation,
notably in high volumes, greatly decreases the early-age perfor-
mance of concrete. By virtue of their slow reaction, BFS particles
decelerate the hydration reaction in a blended matrix and delay
its rise in compressive strength [21–23]; moreover, the chemical
shrinkage is decreased [24]. In the presence of this mineral admix-
ture, the binder exhibits high porosity at an early age, which in turn
raises the risk of aggressive agent ingress, as reported in [4].

Although many studies have focused on the early-age proper-
ties of BFS-blended materials, since these properties govern long-
term durability, unfortunately an insufficient amount of data is
available regarding the behavior of these materials when placed
in contact with an aggressive environment at an early age. Over
the upcoming years, this topic should receive greater attention.
The stock of civil engineering structures is aging and, coupled with
economic constraints, we will be relying more extensively on
repairs in order to avoid having to dismantle these structures. This
phenomenon also applies to strategic facilities, whose closure (due
to rehabilitation works) could imperil economic activity. The mate-
rials used in such operations are typically quickly exposed to
aggressive agents in the surrounding environment. Given this con-
text, the proposed research focuses on chloride diffusion in hard-
ening slag-blended cementitious matrices exposed to a saline
solution as of their very early age (24 h). These blended matrices
could be used as structural or repair materials for structures in a
marine environment. Four mortars with different slag and sand
contents are investigated herein. The novelty of this research work
is to correlate the derived chloride profiles with the hydration pro-
gress of the mortars, their microstructure evolution and chemical
shrinkage (Fig. 1). A comparison with hardened samples is carried
out in order to quantify the effect of hydration progress on the
apparent chloride diffusion coefficient.
2

SO3 2.63 0.10

Bogue’s composition (mass percentage)
C3S 67.5 –
C2S 10.7 –
C3A 2.64 –
C4AF 12.8 –
Gypsum 3.30 –
2. Experimental program

2.1. Materials

The four mortars are prepared with calcareous sand (0/4 mm), at a water
absorption of 0.9%. All mixes are made with the same Portland cement (CEM I
52.5 N PM ES) from the Le Havre plant (France), with a specific area of 3820 cm2/
g and a bulk density of 3180 kg/m3. The first mortar contains only Portland cement,
while the others contain Portland cement and BFS at different percentages. The
blast furnace slag is from Moerdijk (the Netherlands); its specific surface area
and bulk density are 4620 cm2/g and 2890 kg/m3, respectively. Table 1 lists the
cement and slag chemical compositions and the mass fractions of the primary
cement phases.

2.2. Mixtures

To highlight the effect of slag on both microstructure and chloride diffusion at
an early age, the granular inclusion concentration is held constant (Sand/Binder = 1)
and two BFS contents are tested: the first one (30%) corresponds to the maximum
rate authorized by European Standard EN 206 [25], and the second is twice the first
(60%) for the purpose of demonstrating the effect of high BFS content on the early-
age properties of slag-blended mortars. Two granular inclusion contents are then
compared (Sand/Binder = 1 and Sand/Binder = 2) for the mixture with 30% slag.

The mortars are prepared by mixing the solid components with water in a 5-L
mixer, according to the procedures and mixing times detailed in Fig. 2. The various
mixtures investigated are summarized in Table 2; they are denoted CiBFSjSk, where
i, j and k are the mass percentage of cement in binder, mass percentage of BFS in
binder and the sand-to-binder ratio, respectively.

2.3. Testing methods

After demolding, all specimens are water-stored before testing. During this
research, all the experimental tests are conducted at room temperature, i.e.
between 19� and 21 �C. The various tests and their corresponding curing ages are
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listed in Table 3. For chloride diffusion, all hardening specimens are cured for one
day (in a mold), then demolded (after 24 h) and directly chloride-exposed for 1,
7, 14 and 28 days. Hardened mortars are water-cured for up to 28 days and then
exposed to chlorides for another 28 days.

2.3.1. Heat of hydration
The heat flow resulting from mortar hydration reactions is measured using a

TAM Air isothermal microcalorimeter. For each specimen examined, two 5 to 6 g
specimens are extracted at the end of mixing, accurately weighed (to within
0.01 g) and placed into small flasks. These flasks are then sealed and inserted into
the apparatus. Each test is performed during the first 7 days of hydration. The first
data point is acquired approx. ten minutes after the end of mixing. It is assumed
that over this time, the non-recorded heat of hydration remains low compared to
the total heat release.

Eq. (1) is used to calculate the degree of hydration:

a ¼ Q tð Þ
Q1ðBinderÞ ð1Þ

where Q(t) is the heat of reaction (J/g of binder) versus time t (s), and Q1 (Binder) the
total heat of reaction as t tends to 1.

Calculating the degree of hydration requires knowing Q1 (Binder). In this study,
Q1 (Binder) is calculated from the composition of the binder (% of cement and slag):

Q1ðBinderÞ ¼ f Cement � Q1ðCementÞ þ f BFS � Q1ðBFSÞ ð2Þ



Fig. 2. Mixing procedure.

Table 2
Mix proportions.

Constituents (g/g of binder) Cement Slag Sand Water

C100BFS00S1 1 – 1 0.48
C70BFS30S1 0.7 0.3 1 0.48
C70BFS30S2 0.7 0.3 2 0.48
C40BFS60S1 0.4 0.6 1 0.48

Table 3
Experimental program.

Tests Age of curing/ exposure time* (days)

1 7 14 28

Isothermal micro-calorimetry
Thermogravimetric Analysis + + + +
Chemical shrinkage
SEM observations + + +
Compressive strength + + + +
Chloride diffusion* + + + +

PVC holds 

Sealed and 
wrapped face

Sealed and 
wrapped face

11 cm

5 cm Specimen Stainless coast

Fig. 3. Samples in contact with chloride solution.

Fig. 4. Grinding instrument.
where fCement and fBFS are the mass fractions of cement and slag, respectively. Q1
(Cement) and Q1 (BFS) are the heat of reactions (J/g) of cement and slag, respec-
tively. For simplification, it is assumed that the total heat of reaction for the binder
is the sum of its components’ heats and no interaction is considered.

The heat of reaction of cement can be calculated from its main components and
their mass fractions [26]. For slag, the data on heat of reaction remain scarce and
depend on the material composition. The values used were proposed by Kishi and
Maekawa [27], who suggested a heat of reaction at 1 equal to 461 J/g. Conse-
quently, we have obtained a heat of reaction at 1 of 487 J/g when cement is the
only binder component. For partial substitution rates of 30% and 60% of cement
by slag, the heat of reaction of binder at 1 amounts to 479 J/g and 471 J/g,
respectively.

2.3.2. Thermo-gravimetric analysis (TGA)
TGA is used to assess the evolution of the non-evaporable water in the tested

materials. These tests are conducted on 250–300 mg samples subjected to a tem-
perature of up to 1050 �C. All samples are stored in water and after 1, 7, 14 and
28 days of hydration, a portion of the sample is crushed, ethanol-immersed (to stop
the hydration) and oven-dried. The sample is then powdered and sieved using a
315-mm sieve before proceeding with a TGA.

2.3.3. Microstructural observations
To simulate the actual microstructural evolution of cementitious materials in

their respective environments, the samples are water-cured and their microstruc-
ture investigated after 1, 14 and 28 days of curing. An environmental electron
microscope is used to avoid drying the samples, which could modify their
microstructure. The same sample is characterized for all curing periods.

Two levels of magnification were used: �90 and �10000. The former allows
observing the level of macrocracking induced by hydration reactions and then
shrinkage, while the latter pertains to the anhydrous and hydrates formed, partic-
ularly Portlandite and calcite, depending on mix composition.

2.3.4. Chemical shrinkage
In this study, chemical shrinkage measurements are carried out using a gravi-

metric method [28]. From the end of mixing, a �10-g cementitious paste sample
is introduced into a plastic flask. Then, accompanied by manual vibration, the
entrapped air bubbles are flushed out. The remaining empty flask volume is filled
with distilled and deaerated water in making sure not to disturb the sample. The
flask is then closed and a small orifice in the flask cap allows for a continuous water
supply. The flask is hung on a scale (accurate to within 0.001 g) by a nylon thread
and immersed in distilled water. Next, the experimental device is placed in a room
maintained at 20��2�C. The weighting starts 15 min after mixing and lasts 168 h
(i.e. 7 days).
3

2.3.5. Mechanical properties
The compressive strength is measured on 4 � 4 � 16 cm3 samples at 1, 7, 14

and 28 days, in accordance with EN 196-1 [29]. Samples are cast, unmolded after
1 day and stored in water until testing.

2.3.6. Chloride diffusion
After demolding, the samples with 5 cm of height and 11 cm of diameter are

placed in a basic solution (1 g/l of NaOH + 4.65 g/l of KOH) containing 30 g/l of NaCl,
up to 0.2 cm (Fig. 3). The size 5 cm was chosen as it is corresponding to concrete
cover depth for marine reinforced structures. The samples were sealed and
wrapped except on the surface, which is in contact with chloride solution to get a
one-dimensional transport and to be in accordance with the cover concrete
conditions.

After exposure (1, 7, 14 and 28 days), the cores are removed from the immer-
sion tank to be ground in several steps of 3 mm each, perpendicular to the top faces
of the cylinders, using the grinding instrument (Fig. 4) recommended by Vennes-
land et al. [30]. Lastly, the powder is collected and stored in sealed plastic bags.
The procedure recommended by RILEM Technical Committee 178-TMC [31] is fol-
lowed in order to obtain the total chloride profiles; approximately 5 g of concrete
powder is extracted from each layer and placed in a beaker with HNO3 and deion-
ized water. The mixture is stirred and heated to 80 �C for 30 min. The solution is
then filtered and the chloride concentration determined by means of potentiomet-
ric titration using an automatic titrator with 0.05 M silver nitrate (AgNO3). Based on
a recent study by Bonnet et al. [32], the standard deviation for total chloride content
equals approximately 6% (calculated from 42 measurements).



3. Results

3.1. Microstructural development

3.1.1. Hydration reaction
The hydration reaction results presented in this paper are the

average curves obtained on two specimens for each cementitious
mixture analyzed.

Fig. 5 displays the evolution in both the heat flow of hydration
and heat of reaction monitored by isothermal microcalorimetry. As
shown, the replacement of cement by BFS causes a reduction in the
magnitude of the peak heat flow. This phenomenon is directly cor-
related with the dilution effect of slag plus the fact that both
hydraulic and pozzolanic reactions release less heat than Portland
cement hydration [21,33,34]. The second peak, observed by other
authors [23], characterizes the contribution of slag to the hydration
reaction; this contribution is not readily apparent given that the
studied materials are mortars and the binder volume is small.
The curves plotted however reveal that the peak heat flow
becomes flatter as slag content rises [23,35]. Table 4 indicates both
the measured and normalized characteristic values of the isother-
mal microcalorimetry curves; the substitution of cement by 30%
and 60% slag results in a decrease of 18% and 51% of the primary
peak heat flow, respectively. The results obtained follow the same
trend as that of Mounanga et al. [21] and Ballim et al. [35].

As regards heat release, incorporating BFS decreases the mea-
sured heat at 24 h by 13% and 45%, for 30% and 60% cement substi-
tution rates respectively. These results lie close to those obtained
by Mounanga et al. [21], Wang et al. [36] and Merzouki et al. [24].

Since the degree of reaction is proportional to heat release, at
24 h a 13% and 43% decrease in the degree of reaction has been
shown (Fig. 6) when cement is substituted by BFS at rates of 30%
and 60%, respectively. From one day and up to 7 days, BFS is react-
ing slowly. Nevertheless, the difference in hydration progress and
its delay is notable between 1 and 7 days for slag blended matrices
in comparison with reference one. Indeed, from 1 to 7 days, the
degree of hydration of C100BFS00S1 doubled, while that of
C40BFS60S1 tripled.

The results obtained are in agreement with those of the TGA
tests (Fig. 7), thus indicating an increase in the bound water over
time for all tested mixtures and a decrease with respect to BFS con-
tent. The amount of bound water is an index of hydration progress
and strength development (see Section 3.1.3. on compressive
strength). A low bound water content in BFS-blended mixtures
can therefore be explained by the latent effect of BFS particles on
the hydration reaction. This same trend was found by Bouasker
[37].
Fig. 5. Reaction heat and reaction heat flow versus time for OPC and slag-blended
mortars.
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As regards the concentration of granular inclusions, hydration
reaction results display a slight acceleration as the sand content
increases (C70BFS30S2). Two reasons can explain this behavior:
i) the ‘‘site effect” promoted by the presence of fine particles in
sand (<100 mm), acting as additional nucleation sites for hydrates
[38]; and ii) the ‘‘dispersion effect” as sand particles destroy the
cement blocks, inducing a better dispersion of cement grains,
which in turn results in rapid hydration [38].

3.1.2. SEM observations
To determine the influence of BFS on the microstructure,

cement pastes with a water-to-cement ratio of 0.48 were manufac-
tured and characterized at different curing times (1, 14 and
28 days) using a Scanning Electron Microscope (SEM) so as to
observe their morphology (Fig. 8). Regarding the microstructure,
after 1 day of hydration, no significant difference is observed
between the C100BFS00 and C40BFS60 (with 60% slag) cement
pastes. At 14 days of hydration, the cement paste microstructure
when mixed with BFS is more compact than that without BFS,
and many plate-shaped calcium hydroxide crystals are noticed
throughout the sample, as opposed to the C100BFS00 cement paste
sample. The C40BFS60 sample also contains a number of unhy-
drated slag particles lying in close contact with the surrounding
cement paste [39]. At 28 days of hydration, the C40BFS60
microstructure becomes denser, and microcracking decreases as
considerably more C-S-H gel fills the pores, forming an aggregated
homogeneous gel; meanwhile, the Ca(OH)2 content decreases due
to the pozzolanic effect. This finding indicates a higher degree of
reaction on the slag particle surface [40,41], as demonstrated by
the hydration reaction results.

The SEM observations agree with the results of Whittaker et al.
[42] and those of Ogirigbo and Black [43]. The formers showed that
slags hydrate more slowly than Portland cement clinker and
observed higher porosity at an early age than in the long term.
The work explains that in the later ages, the inner product C-S-H
is more abundant, surrounding the partially hydrated larger grains.
The finer slag particles had fully reacted leaving only partially
hydrated larger ones with characteristic hydration rims. With
increasing hydration, the total pore area reduced.

3.2. Chemical shrinkage

Fig. 9 presents the evolution in chemical shrinkage for the var-
ious mixtures under investigation. Each curve depicts the average
of measurements obtained on two specimens. This section will dis-
cuss the effects of BFS content and granular inclusion concentra-
tion on the chemical shrinkage of cement- and slag-blended
mortars.

For the same S/C ratio, mortars incorporating BFS feature less
chemical shrinkage during the first few days. Subsequently as
hydration progresses, the difference between the reference mortar
and those with 30% and 60% BFS is reduced until completely disap-
pearing at 192 h. Up to 72 h, the chemical shrinkage is indeed
increasing, reaching 35 mm3/g of cement for C100BFS00S1. For
C70BFS30S1 and C40BFS60S1, the chemical shrinkage of binder
equals respectively 30 mm3/g and 25 mm3/g. After 72 h, the BFS
reaction occurs and accelerates more sharply after 7 days, leading
to additional shrinkage. As a result, the chemical shrinkage of
C70BFS30S1 equals that of the reference mortar (45 mm3/g of
cement) at 192 h. Lura et al. [44] explained this effect by the finer
pore distribution of slag-cement pastes, which increases the capil-
lary depression, thus inducing more pronounced shrinkage. A sec-
ond cause of the higher strain of the blended matrix would be the
lower Young’s modulus of a slag-cement mixture [45]: subjected to
an identical internal capillary tension, this type of mixture will
shrink more than a cement mixture. Merzouki et al. [24] observed



Table 4
Hydration characteristics of characterized mortars.

Mortars Time of maximum heat flow tmax Maximum intensity of heat flow Imax Degree of reaction at age = 24 h

Measured
value tmax (min)

Normalized
value tmax

tmaxðRef Þ ð�Þ
Measured value
Imax (mW/g of binder)

Normalized value
Imax

ImaxðRef Þ ð�Þ
Calculated value
a24h (%)

Normalized value
a24h

a24hðRef Þ ð�Þ

C100BFS00S1 (Ref) 855 1.00 2.68 1.00 30 1.00
C70BFS30S1 771 0.90 2.18 0.81 26 0.87
C70BFS30S2 711 0.83 2.05 0.76 24 0.80
C40BFS60S1 699 0.82 1.3 0.49 17 0.57

Fig. 6. Reaction degree versus time for OPC and slag-blended mortars.
this same trend for blended cement with a w/b = 0.32 and different
BFS contents.

In comparing the behavior of C70BFS30S1 with that of
C70BFS30S2, we note a sharp increase in chemical shrinkage with
the concentration of granular inclusions. Three effects give rise to
this increase: site effect, dispersion effect, and tank effect. Both
the site and dispersion effects promote the hydration of cement
particles, inducing more extensive chemical shrinkage. The tank
effect pertains to the aggregates used in their dry state; these
aggregates absorb water during mixing and after setting, with
the self-desiccation phenomenon inducing capillary forces that
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promote the transport of water from aggregates to partially satu-
rated pores of the cement matrix [38,46,47], resulting in increased
chemical shrinkage.

3.3. Compressive strength

Fig. 10 plots the compressive strength versus curing age for var-
ious sand and BFS contents. For each mixture, uncertainties are cal-
culated using 95% confidence intervals of all 6 tests. As expected,
compressive strength at an early age decreases with BFS content.
The compressive strength of C40BFS60S1 is especially low
(6.8 MPa and 28.8 MPa at 2 and 7 days, respectively). This result
is in agreement with findings from both the hydration reaction
and TGA analysis, i.e. featuring a low heat release and
chemically-bound water, which denotes a slow hydration reaction
and more limited compressive strength. Later on, the BFS reaction
is promoted by the Portlandite produced from the cement reaction.
The C-S-H formed thus fill the capillary pores and improve the
compressive strength of the blended matrix [20]. Consequently,
at 28 days, the compressive strength of C70BFS30S1 resembles that
of C100BFS00S1 (in considering the uncertainties).

As regards the effect of granular inclusions, C70BFS30S2 exhi-
bits greater compressive strength than C70BFS30S1, at every age.
This difference is more pronounced at 28 days: the compressive
strengths of C70BFS30S2 and C70BFS30S1 are respectively
60 MPa and 50 MPa. At an early age, the sand particles actually
improve the hydration reaction of cement by virtue of their site
and dispersion effects. At later ages, the sand particles act as a tank,
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C100BFS00_1 day C40BFS60_1 day 

C100BFS00_14 days C40BFS60_14 days 

C100BFS00_28 days C40BFS60_28 days

Unhydrated BFS

Ca(OH)2

Ca(OH)2Unhydrated BFS

Fig. 8. SEM observations of Portland cement and slag-blended matrices.
providing water that in turn promotes first the cement reaction
and then the BFS reaction. This mixture, with S/C = 2 and a BFS con-
tent of 30%, offers the advantages of a blended matrix at later ages,
with a compressive strength at an early age similar to that of the
Portland matrix.

3.4. Chloride transport

In this study, only total chlorides are investigated. The profiles
are plotted in Fig. 11 (a)-(d). As depicted, all profiles clearly
demonstrate that chloride ingress increases with time of exposure
6

and moreover chloride concentration decreases at greater depth
from the exposed surface.

The chloride diffusion coefficient and the concentration at the
sample surface are determined by fitting experimental data using
the solution of Fick’s second law [48], i.e.:

C ðx; tÞ ¼ Cs � 1� erf
x

2� ffiffiffiffiffiffiffiffiffiffiffiffiffi
Da � t

p
� �� �

ð3Þ

where C(x,t) is the total chloride content at depth x (m) and expo-
sure time t (s); Cs (% in g of material) the chloride content at the sur-
face and Da (m2/s) the apparent diffusion coefficient.
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Fig. 11a. Chloride profiles of C100BFS00S1.

0

0.1

0.2

0.3

0.4

0.5

0.6

0 6 12 18 24

C
hl

or
id

es
 (%

 b
y 

m
as

s 
of

 m
or

ta
r)

Depth (mm)

1 day 7 days

14 days 28 days

Threshold

Fig. 11b. Chloride profiles of C70BFS30S1.

Fig. 11c. Chloride profiles of C70BFS30S2.
This special solution of Fick’s second law of diffusion corre-
sponds to the instantaneous plane source case in a semi-infinite
medium [48]. The chloride content at the surface (Cs) and apparent
diffusion coefficient (Da), for the best fit, are summarized in
Table 5.

Exposed after one day of curing, the chloride concentration at
the surface of C100BFS00S1 rises from 0.34% to 0.52% between 1
and 28 days of exposure. In contrast, the apparent chloride diffu-
sion coefficient decreases by roughly a factor of 4 (from
50 � 10�12 m2/s to 12 � 10�12 m2/s) as hydrates develop in the
hardening microstructure. The hydration of cement generates C-
S-H and these hydrates fill the capillary pores, constituting a bar-
rier to chloride ingress. The chloride profiles are compared with
the critical chloride concentration, at a designated threshold corre-
sponding to a critical concentration that initiates steel depassiva-
tion. The threshold considered herein is that proposed by
Thomas and Bamforth [49]: 0.0005 kg/kg of mortar (0.05% by mass
of mortar).

As shown in Fig. 11, the progress of the threshold concentration
(0.05%) is decelerated as hydration progresses, i.e. from 4.5 mm to
7.5 mm between 1 and 7 days, and from 8.5 mm to 9 mm (only
0.5 mm) between Days 14 and 28. For hardened C100BFS00S1,
the chloride diffusion coefficient at 28 days is twice as small
(6.0 � 10�12 m2/s) as that of hardening C100BFS00S1.

Substituting cement with BFS greatly increases the chloride dif-
fusion coefficient at one day; 80 � 10�12 m2/s and 100 � 10�12 m2/
s for 30% and 60% BFS content, respectively. At an early age, BFS
particles react slowly and their physical role prevails over the
7

chemical role, through improving the mortar packing density. Nev-
ertheless, this effect is insufficiently effective to counter the chlo-
ride diffusion, which explains the considerable progress of the
threshold concentration in BFS-blended mortars: 8 mm and
9 mm respectively for mortars with 30% and 60% BFS content, after
7 days of chloride exposure (Fig. 11(b) and 11(d)). Subsequently,



Fig. 11d. Chloride profiles of C40BFS60S1.
BFS particles react with Portlandite, resulting from the reaction of
cement with water, to form dense hydrates that both fill pores and
refine the microstructure of the blended matrix (Fig. 8). Conse-
quently, the chloride diffusion coefficient falls to
14.2 � 10�12 m2/s and 14 � 10�12 m2/s respectively for
C70BFS30S1 and C40BFS60S1 after a 28-day period of exposure
to the chloride solution. For both mortars, the threshold concentra-
tion reaches a depth of 10 mm.

In comparing C70BFS30S1 and C70BFS30S2, we note the
decrease in the chloride diffusion coefficient as the granular inclu-
sion content rises. For the C70BFS30S2 specimen, the chloride con-
centration at the surface and the apparent diffusion coefficient
after one day equal 0.23% and 75 � 10�12 m2/s, respectively. After
28 days of chloride exposure, the apparent diffusion coefficient of
mortar containing more sand (S/C = 2) is slightly lower than that
of the mortar with S/C = 1. The threshold concentration reaches a
depth of 9.5 mm (Fig. 11(c)).
Table 5
The parameters of chloride profiles fitting for hardening and hardened mortars.

Designation Cs (%) Da (10�12 m2/s)

C100BFS00S1 Hardening
1 day 0.34 50.0
7 days 0.40 19.0
14 days 0.45 12.5
28 days 0.52 12.0

Hardened
28 days 0.82 6.0

C70BFS30S1 Hardening
1 day 0.27 80.0
7 days 0.45 21.0
14 days 0.57 15.0
28 days 0.62 14.2

Hardened
28 days 0.75 5.0

C70BFS30S2 Hardening
1 day 0.23 75.0
7 days 0.32 20.0
14 days 0.45 14.0
28 days 0.49 13.8

Hardened
28 days 0.5 4.9

C40BFS60S1 Hardening
1 day 0.30 100.0
7 days 0.45 25.0
14 days 0.47 16.0
28 days 0.56 14.0

Hardened
28 days 0.6 3.0

8

4. Cross analysis: chloride transport vs. Hydration progress

4.1. Chloride transport in Portland cement mortar

To analyze the ingress of chloride with respect to the progress
of hydration, the evolution of bound water and chloride diffusion
coefficient over time is plotted in the same figure (Fig. 12).

After one day of curing, the OPC mortar is hydrated at 30% and
shrinks rapidly as the cement reacts with water. At this age, the
mortar microstructure is extremely porous (Fig. 8) and the internal
humidity is high. Therefore, the apparent diffusion coefficient and
the depth ingress of chlorides are high, despite the short exposure
period. The process governing this ingress is pure diffusion. This
result is in accordance with that of [50]; the chloride diffusion
raises with the saturation rate.

After 7 days, chloride ingress progresses while at the same time
the cement matrix is hardening (degree of hydration = 60%), which
gradually obstructs the chloride transport pathways. The C-S-H
developed by the cement reaction fills the capillary pores and
decreases the internal humidity of the mortar. The moisture con-
tent of C100BFS00S1 is thus reduced and specimen self-
desiccation becomes more intense, which increases the relative
humidity gradient between the exposed surface and the inside of
the specimen. This phenomenon is known to accelerate chloride
penetration by capillary absorption [6,51], which in turn is coun-
terbalanced by the loss of both porous network interconnectivity
and pure diffusion.

As of 14 days, the microstructure is refined enough to constitute
a barrier against chloride ingress. Hydration products indeed fill
the pores, and the chlorides are only diffused by capillary absorp-
tion since the paths are partially saturated. Chloride ingress is thus
greatly decelerated, and its progress between 14 days and 28 days
is very slow. Fig. 13 depicts the variation in relative apparent chlo-
ride diffusion vs. testing age, which corresponds to hydration pro-
gress. The relative chloride diffusion is corresponding to the ratio
between apparent diffusion coefficient of hardening mortar at time
t and the apparent diffusion coefficient of hardened mortar at
28 days. This figure highlights an important result and clearly
shows that considering chloride diffusion measured after a long
exposure period or in hardened state is not representative when
predicting the service life of the structure since chlorides progress
rapidly over the first few days, particularly at an early age, thus
exacerbating the risk of corrosion initiation. The obtained results
feature the same trend of those of Yeih et al. [2] and Mangat
et al. [3]. The formers studied the effect of curing duration on chlo-
ride ingress into mortars and concretes using a diffusion cell. They
measured a decrease in the diffusion coefficient by a factor of 5 as
curing duration increases from 7 to 28 days. The latter compared
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three curing methods (i.e. 24 h in the mold, 28 days in air at 20 �C
and 50% RH, and 28 days in water). They showed that diffusion
coefficients for early-age materials are 3–5 times higher than for
samples conserved for 28 days before exposure to chloride
solution.

Comparing hardening and hardened C100BFS00S1 (Fig. 14)
clearly demonstrates the high risk of corrosion initiation in the
case of repair materials, since such materials are rapidly exposed
to the chloride solution. The high porosity of early-age mortar
results in a high chloride diffusion coefficient, which is twice that
of hardened mortar. For the hardening mortar the threshold con-
centration progresses up to 9 mm, while for the hardened one, it
only reaches 7.5 mm. Lastly, it is very important to keep in mind
that only total chlorides have been considered in this study. The
difference between hardened and hardening mortars would be
more pronounced if binding isotherms were also taken into
account. Binding capacity actually increases with hydrate develop-
ment. Over the first few days therefore, the amount of bound chlo-
rides remains low and increases with hydration progress.
4.2. Effect of BFS content

Substituting cement for BFS decreases the chemical shrinkage
of the blended matrix yet slows its hydration reaction, thus result-
ing in a very porous microstructure with a low content of formed
hydrates (i.e. small amount of bound water). At one day of curing,
the low hydration reaction of blended mortars (26% and 17% for
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30% and 60% of BFS content, respectively) promotes the chloride
transport process by diffusion since the medium is very permeable
and water-saturated (Fig. 12). The measured apparent diffusion
coefficients of C70BFS30S1 and C40BFS60S1, at 1 day, are respec-
tively 1.6 and 2 times that of C100BFS00S1, with threshold concen-
tration progress of up to 4.5 mm, 5 mm and 6 mm, for mortars
containing respectively 0%, 30% and 60% of BFS. For the latter, the
ingress depth increases to 13.5 mm after 7 days of exposure and
the threshold concentration reaches 9 mm. These results are in
agreement with those of Caballero et al. [4], who compared two
mortars with a 0.5 water-to-cement ratio, at one day, after one
day of exposure to chlorides. They measured a chloride diffusion
coefficient of 160 � 10�12 m2/s for a CEM I 32.5-mortar and of
310 � 10�12 m2/s for a CEM III 42.5-mortar (CEM III contains
65%–80% BFS).

After 14 days, the reaction of BFS particles with Portlandite
makes the microstructure denser, and the hydrates (C-S-A-H)
formed are known to be of high density, fill the pores, and decrease
chloride diffusion. Even if it is assumed that pore desaturation
increases capillary depression and hence the transport of chlorides
by convection, this phenomenon is however counterbalanced by
the decrease in both porous network interconnectivity and chlo-
ride transport by pure diffusion (since the pores are not water-
saturated). As a result, the diffusion coefficients of the blended
matrix decrease more rapidly than those of the OPC with hydration
underway (Figs. 12 and 13). At 28 days, the diffusion coefficients
differ slightly. Nevertheless, a tremendous difference is observed
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when comparing hardened and hardening mortars, particularly
blended ones. As presented in Table 5, the chloride diffusion coef-
ficients of hardening mortars are respectively 2, 2.8 and 4.7 times
greater than those of hardened mortars with 0%, 30% and 60% BFS
content.

4.3. Effect of granular inclusion concentration

Except at Day 1, the apparent diffusion coefficients of
C70BFS30S1 lie very close to those of C70BFS30S2 over all expo-
sure periods. As explained above, the presence of sand promotes
the early reaction of cement by both site and dispersion effects.
The formed hydrates fill pores, decrease the porosity of ITZ, make
the microstructure denser and counterbalance the more extensive
shrinkage. Hence, the mortar with higher sand content exhibits
more resistance against chlorides. The results obtained are in
agreement with those found by Gao et al. [52] and Yang and Su
[53]. The former measured a decrease in ITZ porosity with
increased sand content of mortars, while the latter carried out
migration tests on mortars with different sand contents. They mea-
sured a 19% decrease in the normalized mortar migration coeffi-
cient with sand content increasing from 20% to 40%.

This study has focused on chloride ingress in early-age blended
mortars, as compared to OPC mortars. The objective has not only
been to highlight the high diffusion coefficient of repair materials
that may come into contact with chloride solution at an early
age, but also to show the extensive ingress of chlorides by measur-
ing the maximum depth reached by the chloride threshold concen-
tration. For the sake of simplification, this concentration is
assumed to lie at 0.05%. To further this research, it would be worth-
while to recall herein the actual meaning of this concentration, i.e.
one corresponding to the depassivation of steel and the initiation
of corrosion. Moreover, it depends on the pore solution chemistry.
The recent publication by Scott and Alexander [54] has highlighted
the effect of BFS content on the binder-pore solution chemistry
[55,56]. The sulfides and thiosulfates typically found in BFS-
blended pastes seem to lower the chloride threshold concentration
and then increase the corrosion rate.

In conclusion, an investigation into the pore solution chemistry
of binders in the presence of BFS would be needed to assess the
corrosion risk in the case of blended materials.

5. Conclusion

This article has investigated the effect of slag content on chlo-
ride ingress in blended-cement mortars at an early age. The analy-
sis of results obtained leads to the following conclusions:

- The low reactivity of BFS particles delays the formation of
hydrates that fill the capillary pores and refine the microstruc-
ture of the blended matrix. Consequently, the porous network is
connected and pores are water-saturated, which together pro-
motes chloride diffusion at an early age.

- As the hydration progresses, the microstructure becomes
refined and the hydrates formed obstruct the chloride diffusion
paths. At the same time, the sample undergoes a self-
desiccation deformation due to the lower internal humidity.
This phenomenon generates capillary tension and influences
the penetration process of chlorides, which then becomes a
combination of pure diffusion and capillary absorption. Since
the measured chloride diffusion coefficient decreases over time,
it can be concluded that the hydration phenomenon is quicker
than the diffusion phenomenon. Hence, chloride ingress by
means of diffusion and capillary absorption is largely counter-
balanced by obstruction of the porous network.
10
- Increasing the granular inclusion content improves the hydra-
tion reaction of blended mixtures, while increasing their com-
pressive strength and resistance to chlorides, particularly
during the early age. Nevertheless, this resistance does not
reach that of the OPC mortar.

- At later ages, BFS-blended mortars feature a more refined
microstructure and higher binding capacity, which in turn
reduce their chloride diffusion coefficient in comparison with
the Portland cement mortar.

The results of this research work have highlighted the risk of
chloride contamination of blended materials, despite the use of
slag, which is expected to improve these properties over the long
term. These results could be used to validate models, thus offering
a better prediction of the service life of structures, in considering
the chloride diffusion coefficient to be variable over time and par-
ticularly high during the very early age and in the presence of BFS.
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