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https://doi.org/10.18280/acsm.470603 ABSTRACT

The cement industry confronts significant environmental challenges, primarily due to
extensive raw material and energy consumption, and consequential substantial
greenhouse gas emissions such as carbon dioxide. Escalating energy expenses and
stringent environmental regulations mandate the reduction of industrial emissions
through the incorporation of industrial by-products like blast furnace slag. In this study,
a comparative analysis was conducted to evaluate the physical and transport properties
of concrete made with slag cement versus that made with Portland cement, particularly
after exposure to high-temperature conditions. Specimens, cured for 90 days at 20°C in
water, underwent a series of four heating-cooling cycles at incremental temperatures of
160, 300, 400, and 650°C, with a consistent heating rate of 1°C/min. Various durability
indicators, including mass loss, water-accessible porosity, gas permeability, capillary
water absorption coefficient, and chloride ion apparent diffusion coefficient, were
measured. It was observed that an increase in the temperature of exposure led to a
reduction in weight, porosity, permeability, diffusivity, and capillary water absorption in
both concrete types. Notably, the slag cement concrete exhibited marginally superior
durability parameters compared to the Portland cement concrete, with the exception of
porosity. Empirical correlations derived from the experimental data between porosity,
water absorption, and gas permeability facilitate the assessment of the apparent diffusion
coefficient in fire-damaged concrete incorporating blast furnace slag, up to a temperature
of 650°C.
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1. INTRODUCTION the longevity of reinforced concrete structures, as they are
capable of inflicting severe harm, especially in coastal, marine,

Investigations into the influence of high temperatures on or salt-exposed infrastructures [13]. Frequently, such

concrete's mechanical properties commenced in the early
1940s [1]. It is universally recognized that fire can inflict
damage on concrete via two primary mechanisms. Initially, the
constrained thermal expansion induces compressive stresses
parallel to the heated surface, engendering tensile stresses in
the orthogonal direction [2]. Concurrently, the increase in pore
pressure within the concrete, attributable to the vaporization of
both physically and chemically bound water, exerts a tensile
force upon the microstructure [3]. Contemporary research [4-
11] has elucidated that exposure to elevated temperatures can
precipitate a diminution in both the mechanical strength and
durability of concrete, thereby compromising the integrity of
fire-damaged structures. Notably, the manifestation of cracks
under such thermal duress could deteriorate the durability of
concrete edifices by establishing preferential channels that
expedite the ingress of deleterious agents, including liquids,
gases, and ions [12].

The presence of chloride ions is particularly detrimental to
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structures incorporate cementitious materials derived from
blast furnace slag [14], which, over time, tend to exhibit fine
capillary porosity [15-18], a reduced permeability coefficient
[17, 19], and a diminished chloride diffusion coefficient in
cement pastes [20, 21], mortars [22, 23], and concrete [24, 25].
Moreover, blast furnace slag provides multifaceted advantages,
including the wvalorization of industrial by-products, the
mitigation of CO, emissions during the clinkerization process
[26, 27], the augmentation of workability [28-30], and the
enhancement of compressive strength over extended durations
[29-32].

Blast furnace slag, a by-product of the steel industry, is
produced during the smelting of iron ore, coke, and fluxes,
which is essential for cast iron preparation. Harvested from the
blast furnace at temperatures between 1300°C and 1600°C
[33], it is estimated that the production of one ton of cast iron
may yield approximately 300 kg of slag [34]. The chemical
composition of slag, predominantly consisting of CaO, SiO»,
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Al,O3, MgO, and FeO, shares similarities with the oxides
found in ordinary Portland cement, albeit in differing ratios
[34]. These compositional traits bestow upon slag certain
hydraulic characteristics, although its hydration necessitates
activation by either calcium or alkalis. Such activation is
commonly achieved through portlandite from hydrated clinker
or by calcium sulfate from gypsum, especially in the presence
of Portland cement [35, 36]. Slag cement (CEM III) is
produced in cement plants by substituting a significant portion
of clinker—ranging from 36% to 95%—with slag [37].

In recent years, the scholarly focus has been placed on the
impact of blast furnace slag on the diffusion of chloride ions
within cementitious materials [4, 38-40] prior to fire exposure.
Despite these efforts, the post-fire behavior of chloride ion
diffusion in such materials remains underexplored. In response
to this research void, the present study endeavors to critically
evaluate and contrast the durability, gas permeability, and
chloride ion diffusivity of CEMIII and CEMI concretes
subsequent to fire exposure.

2. EXPERIMENTAL PROTOCOLS
2.1 Materials used

The present study was carried out on two distinct concretes
prepared with two different types of cement. The first concrete
(BI) was based on Portland cement (CEM 1 52.5 N), and the
second one (BIII) contained blast furnace cement (CEM III /
A 52.5 N). In addition, the Blaine fineness of the two types of
cement was respectively equal to 3650 cm?/g and 4263 cm?/g.
And their specific gravity was 3.15 and 2.98, respectively.
Moreover, their respective physicochemical compositions and
mineralogical are given in Tables 1 and 2.

Table 1. Elemental chemical composition of the cements (%)

CEMI CEMIII
CaO  64.53 49.90
Si02  20.12 29.10
AOs  05.03 08.50
FexO3  03.12 01.00
SO3 00.98 05.00
K20 0098 00.32
Na2O  00.16 00.40
MgO  03.34 02.67

Table 2. Mineralogical composition of the cements (%)

CsS Ca:S C3A C4AF
CEM 1 6390 12.60 08.09 09.80
CEMIII 6200 14.00 12.00 06.00

Table 3. Formulation of ordinary concrete (Kg/m?)

BI BIII

Sand 0/4 710 685
Gravel 6.3/10 365 360
Gravel 1020 725 715
Cement 400 400
Water 200 200

The granular skeleton was composed of fine aggregates
(sand) which generally contain quartz, and coarse aggregates
(gravel) which is mainly composed of silica and quartz. In
addition, it should also be noted that, before mixing, the sand
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and gravel were previously dried in an oven at 60°C, for two
days, in order to remove excess water. Then, this sand was
screened according to a sieving process to obtain a particle
gradation of 0/4 with a density of 2.6 and a water absorption
coefficient of 1.2%. Likewise, the aggregates were sieved
separately in order to obtain two more granular classes (6.3/10
and 10/20) with a density of 2.66 and a water absorption
coefficient of 0.5%. Table 3 shows the compositions of the
concretes used, for water-to-cement (W/C) ratio equal to 0.5
and a sand-to-cement (S/C) ratio equal to 1.775.

Once the concrete was mixed, it was poured into waxed
cardboard cylinder molds 11 cm in diameter and 22 cm in
height. After 24 hours, the test pieces were removed from the
molds and stored in water for 90 days in a humid room.

2.2 Heat treatment

Once they were hardened for 90 days in a humid chamber
the specimens of dimensions (110 x220) mm? were sawn into
cylindrical slices of diameter 110 mm and thickness 60 mm;
they were then dried in an oven at 60°C until mass stabilization.
It should be mentioned that 60°C was chosen as the initial
reference temperature for all the performed tests, in order to
characterize the undamaged or healthy material. Afterwards,
the concrete samples were heated in a Nabertherm electric
furnace that was successively set to the temperatures of 160,
300, 400 and 650°C. The heating rate was set at 1°C/min., and
each temperature was kept constant for 1 hour in order to reach
a thermally stable state. The temperature rises and fall rates
were chosen in accordance with the recommendations of the
RILEM technical committee TC-129 [41].

2.3 Porosity test

The porosity accessible to water was determined in
accordance with the recommendations of the AFREM group
[42]=which predicts the saturation of the samples in single-
phase mode (under vacuum). The tests were carried out on=
cylindrical samples 40 mm in diameter and 60 mm in height=
which were cored on specimens of dimensions (110 x 60)=
mm?. The samples were then placed under a vacuum bell for=
24 hours. Afterwards, they were immersed in water, and then=
kept under vacuum for 48 hours. It is worth indicating that the=
sample volume was determined by weighing it in air and then=
in water using a hydrostatic weighing device. Then, in order to=
obtain the dry mass, the samples were dried at 60°C until a=
constant mass was reached. The porosity accessible to water=
could then be calculated using the following formula:

Mair - Mdry

&= Pwater
Mair - Mwater

(1
where, M,;- is the mass of the sample saturated in air, Mgz 1S
the mass of the sample saturated in water, and Mg, is the mass
of the sample at the end of drying.

2.4 Gas permeability test

The gas permeability measurements were carried out using
a permeameter at constant load, in accordance with the
recommendations of RILEM [43] and in conformity with the
method of Cembureau [44]. The gas used in this study was
helium. The principle of the test was to maintain a constant gas
pressure difference between the two ends of the sample, and



to measure the resulting flow when steady state was reached.
The experimental setup is shown in Figure 1.

The sample of dimensions (110 %60) mm? was then placed
in the cell for measuring the permeability of concrete to gas.
In this test, a toric airchamber was inflated to a pressure of 8
bars and compressed the sample holder to ensure lateral
sealing. The percolation gas P, (absolute pressure of 2 bars)
was then injected through the upper face of the cell. At the cell
outlet, the gas flow was measured using a mass flow meter that
was placed in direct contact with the outlet pressure Py that is
equal to the atmospheric pressure (absolute pressure of 1 bar).

Furthermore, the apparent permeability coefficient (K,) was
calculated for the laminar flow of a viscous compressible fluid
through a porous material applying the Hagen-Poiseuille
relationship [44].

2uQP; L
R @
A(P? —Fy)
where, Q is the measured gas flow rate (m?/s), u is the dynamic
viscosity of helium (Ns/m?), L is the thickness of the sample
(m), Py the atmospheric pressure (Pa), 4 the cross section of
the sample (m?), and P, the applied absolute pressure (Pa).

Sample 110 % 60 mm

Figure 1. Experimental device for measuring the
permeability

2.5 Water absorption test

Figure 2. Capillary water absorption tests

With regard to the capillary water absorption assessment, it
was decided to adopt a test that is generally applied to mortar.
This test was indeed conducted on cylindrical concrete
samples 40 mm in diameter and 60 mm in height. Its principle
consisted of placing one end face of the sample at a depth of 1
cm in a body of water maintained at a constant level, and then
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measuring the weight gain values of the sample at well-defined
time intervals. The side faces were waterproofed by molten
paraffin wax beforechand [45], which forced water to adopt a
uniaxial path and to prevent the evaporation of water from
these faces. Obviously, the sheet of water retained on the
underside of the sample had to be carefully removed before
each weighing using absorbent paper. Figure 2 illustrates the
experimental setup.

The amount of water absorbed per unit area after one hour
was used as a quantity that represents the volume of the largest
capillaries present in the skin area [46].

2.6 Chloride ion diffusion test

The cylindrical concrete specimens, 110 mm in diameter
and 60 mm in height, were saturated with 0.1 M NaOH
solution under vacuum, for 24 hours, before starting the
diffusion test. This solution was selected because the higher
the pH of the solution, the less the chloride ions were fixed
[47], which maximized the penetration of free chlorides into
concrete. The surfaces of the samples were covered with an
adhesive aluminum foil, except for the sawn surface that was
intended for contact with the NaCl solution (a mixture of
0.51M NaCl and 0.1M NaOH). The test pieces were then
partially immersed into the above-mentioned solution for 60
days, as illustrated in Figure 3. It should be noted that, during
the test, the test pieces and the solution were kept in a closed
tank in order to limit the evaporation of water.

The depth of penetration of the chloride ions could then be
obtained by spraying a 0.1 M silver nitrate solution on the
faces obtained after splitting the specimen [48]. The AgNO3
solution revealed, by color difference, the interface between
the healthy zone and the zone containing chloride ions. The
values of chloride penetration depth could then be used to
calculate the apparent diffusion coefficient in accordance with
the formula proposed by Baroghel-Bouny et al. [49] as given
below:

X3
Dpsaify = =+ 3)
ns(dif) At
where, D@y 1s the apparent diffusion coefficient of chloride
ions under saturation conditions (m?/s), X, is the penetration
depth of chloride ions (m), and ¢ is the immersion time of test
pieces into the solution (s).

Adhesive Alummium foil

Sample

Na(l
Solution

T 15 mam

Figure 3. Chloride ion diffusion test in transient regime

3. RESULTS AND INTERPRETATION
3.1 Loss of mass

The mass loss of the concrete specimens, following their
exposure to high temperatures, was evaluated by measuring
the mass of these specimens before and after exposure to fire.
The percentage changes in mass, at different temperatures,



were calculated and are presented in Figure 4. It is worth
specifying that the average experimental results obtained for
each sample as well as the error bars are simultaneously
presented in order to make a visual comparison between the
uncertainties in the measurements performed. It was therefore
found that the mass loss of all concretes (BI and BIII)
gradually increased from 3.16 % to 8.72 % when the
temperature increased from 160 to 650°C. According to Kalifa
[50], the loss of mass of concrete before 600°C was mainly
attributed to the departure of water. In addition, it was also
noticed that the mass losses of concretes containing blast
furnace slag cement (BIII) were slightly greater than those of
Portland cement concretes (BI), except for the heating
temperature equal to 160°C.
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Figure 4. Mass loss of concrete samples under the effect of
temperature

It is worth mentioning that between room temperature and
160°C, a small loss of mass, due to the departure of free water,
capillary water [51] and to the decomposition of ettringite [52],
was recorded. It should also be noted that the mass loss of
concrete BIII (3.16 %) was lower than that of concrete BI
(3.40 %), which could be explained by the pozzolanic reaction,
in the presence of blast furnace slag in cement CEM III. This
reaction consumes Portlandite as well as free water to form
additional calcium silicate hydrates (CSHs) [53]. Therefore,
there will be less free water to evaporate from the structure of
concrete BIII than from that of concrete BI. Another
explanation is due to the low ettringite content after cement
hydration in the presence of blast furnace slag, in accordance
with the Lothenbach model [54].

Furthermore, at the temperatures of 300°C, 400°C and
650°C, the mass losses increased rapidly. This was mainly due,
firstly, to the departure of water initially contained in the
calcium silicate hydrates (CSHs), to the decomposition of
these hydrates [55] and portlandite Ca(OH),, between
temperatures 450°C and 550°C, to give calcium oxide (CaO)
and water (H,O) [51] that evaporate, and secondly to the
dehydration of the CSHs between the temperatures 600°C and
700°C [56]. When subjected to the temperatures of 300, 400
and 650°C, the mass losses of concretes BIII were found
respectively equal to 6.7 %, 7.31 % and 8.72 %. As is seen,
these results are slightly greater than those observed for
concrete BI for which they were respectively equal to 5.9 %,
6.14 % and 7.61 %. This can certainly be assigned to the higher
CSH content of slag concretes (BIII). Similar results were
reported by Khan and Abbas [39] who concluded that the loss
of mass from concrete to blast furnace slags increases sharply
with increasing temperature up to 700°C.

With regard to Li et al. [38], they indicated that the mass
losses of blast furnace slag concretes exposed to high
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temperatures, between 150°C and 700°C, were less than 8 %
for temperatures below 700°C, while they were slightly higher
than those of Portland cement concretes.

3.2 Porosity

Concrete is a two-phase porous material; it has a solid phase
and a porous phase. It is well known that it is possible to
characterize the porous network of concretes subjected to high
temperatures by measuring their porosity. Figure 5 shows the
evolution of the porosity accessible to water of concrete
samples (BI) containing Portland cement and concrete samples
(BI) including blast furnace slag cement as a function of
temperature. It was noted that at the reference temperature
(60°C) the porosity of concrete (BIII) was slightly higher than
that of concrete (BI). This increase in porosity was probably
due to blast furnace slag consuming the non-porous portlandite
to produce porous calcium silicate hydrates. Similar results
were also observed in concrete in the study previously
conducted by Divet and Roy [57] and in mortars in the work
antecedently carried out by Bur [16].

It is worth indicating that when the temperature rises, the
porosity of concrete (BI) increased by 3.5 % and 19.8 %,
respectively, for the temperatures 160°C and 650°C. On the
other hand, it decreased by 1.4 % and 4.3 % for the
temperatures 300°C and 400°C, respectively. According to
Kalifa [50] who studied ordinary concrete, and Piasta [58],
who investigated cement pastes, the decrease in porosity
within the temperature interval [300 - 400°C], was associated
with densification that was due to the additional hydration and
carbonation of portlandite under internal autoclaving
conditions. In this case, the pressure is greater than the
atmospheric pressure.

One could clearly see that for concretes (BIII), the variation
of porosity with temperature followed a linear curve. Indeed,
the porosity increased by 4.2 %, 6.6 %, 10.5 % and 20.3 %,
respectively, for the temperatures 160°C, 300°C, 400°C and
650°C. The porosity increase was mainly due to the departure
of the adsorbed water in the capillary pores and the bound
water of hydrates present in the cement paste [51-53, 55, 56],
as well as to the microcracking caused by the differential
expansion occurring between paste and aggregates [7, 59].

Unlike in concrete (BI), hydrate densification was not
observable in the case of concrete (BIII) which contains very
little portlandite that was consumed during the pozzolanic
reaction in the presence of blast furnace slag [4].

In addition, it was also noted that for each temperature, the
porosity of concretes (BIII) was slightly higher than that of
concretes (BI).
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Figure 5. Effect of temperature on the porosity of concrete



3.3 Permeability

Permeability is defined as the ability of a material to pass a
fluid. It generally reflects the significance, connectivity and
tortuosity of the porous network. Figures 6 and 7 illustrate,
respectively, the effects of temperature on the apparent
permeability and relative permeability (ratio between
reference permeability and initial permeability) of concretes
(BI) and (BIII). Figure 6 clearly indicates that the apparent
permeability of concrete increases with temperature in an
exponential manner. A similar behavior has previously been
found by Sliwinski [60] in the study he conducted on concrete
including basalt aggregates heated at a rate of 1°C/min and
cooled to room temperature.

I
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Apparent permeability (10717 m?)
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200 300 400 o0

Temperature (°C)

0 100

Figure 6. Effect of temperature on the apparent permeability
of concrete

It should be noted that for both types of concrete (BI and
BIII), the apparent permeability increased slightly when the
temperature went from 60 to 160°C. Then, it continued to
increase but more rapidly when the temperature increased
from 160 to 300°C; this increase was even more significant
between 300 and 400°C. These apparent permeability changes
could be attributed to several factors [59, 61], namely the
withdrawal of capillary water through drying, thermal
microcracking caused by the dehydration of calcium-silicate-
hydrates, and finally the incompatibility of thermal
deformation between cement paste and the aggregates. The
mass flow meter available in the laboratory (of capacity
limited to 500 ml/min) could not measure the flow rate of the
flow gas released in the samples of concrete heated to 650°C,
the reason why the results of the apparent permeability and
relative permeability have not shown, respectively, in Figures
6 and 7.
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Figure 7. Effect of temperature on the relative permeability
of concrete
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Figure 7 explicitly shows that the change rate in concrete
permeability with temperature is lower in the case of concrete
including blast furnace slag cement (CEMIII) in comparison
with that of concrete incorporating Portland cement (CEMI).
Indeed, at the temperatures 160, 300 and 400°C, concretes
(BIII) exhibited, respectively, the permeability growth rates of
1.04 %, 4.14 % and 16.94 % with respect to those observed in
reference concrete (60°C). However, these permeability
growth rates were respectively equal to 1.56 %, 5.47 % and
19.17 % for concrete (BI).

At the reference temperature (60°C), the apparent
permeability of concrete (BIII) was slightly higher than that of
concrete (BI). It was revealed that the permeability of concrete
depends mainly on its capillary porosity. In addition, the
previously found porosity data support well the permeability
results obtained. Similar results on the gas permeability of
concrete, for a replacement rate of 60 % of cement by blast
furnace slag, have previously been reported by Hui-Sheng [62].

However, for the other temperatures (160, 300 and 400°C),
the apparent permeabilities of concretes (BIII) were always
lower than that of concrete (BI).

Furthermore, between 30°C and 120°C, the free water and
part of the adsorbed water escaped from concrete, thus
creating the passage for the percolating fluid. It was also
revealed that the presence of blast furnace slag in CEM 111
cement promoted the pozzolanic reaction, which decreased the
proportion of Portlandite and free water, to eventually form
additional calcium silicate hydrates (CSHs) [4]. The amount
of free water in the structure of concrete (BIII) was smaller
than that in concrete (BI). Moreover, the dehydration of
ettringite took place between 80°C and 150°C [52].

Moreover, according to Lothenbach's model [55], the higher
the proportion of blast furnace slag in the cement mixture, the
lower the quantity of ettringite in cement after hydration.

The first step in the dehydration process of the CSH gel
occurred between the temperatures 180°C and 300°C [55].

As aresult of the loss of bound water, the hydrated products
turned into anhydrous products. It should be noted that the
dehydration of the system leads to higher porosity and
permeability. In addition, it was shown that the amount of
evaporable water depends on the content of CSH gels present
in the system. According to Richardson [63, 64], the amount
of this water depends directly on its calcium-to-silica (C/S)
ratio. Indeed, this quantity decreases with the (C/S) ratio. It
should be noted that the pozzolanic reaction, due to the
presence of blast furnace slag in CEMIII cement, produces
CSH phases that give lower (C/S) ratios than in CEMI
Portland cement. As a result, concrete (BIII) has less bound
water in each CSH phase, and will therefore have less water to
lose between 180°C and 300°C in comparison with concrete
(BI).

Furthermore, microcracks are also responsible for
increasing the permeability of concrete. In this context, Piasta
[65] showed that the first microcracks appear in Ca(OH),
concentration zones at temperatures around 300°C. Once again,
according to Lothenbach's model [54], the higher the
proportion of blast furnace slag in the cement mixture, the
lower the quantity of Ca(OH); in cement after hydration.

Likewise, from the temperature of 400°C, the
decomposition of calcium silicate hydrate (CSH) was
relatively continuous up to 600°C [56]. It is useful to recall that
the dehydration of portlandite Ca(OH), generally starts at that
temperature [66]. During cooling, the cracking in the
cementitious material may get worse due to the modification



of the microstructure of the cementitious materials [55].
Noumowé [67] noticed that quicklime expansion occurred
during its hydration, which regenerated part of portlandite.
This expansion plays a major role in the formation of cracks
during cooling. Cooling-dominated cracking was significantly
weakened in the case of concrete (BIII) which contained less
portlandite as a result of the pozzolanic reaction. This explains
the higher permeability rate in concrete (BI) in comparison
with that in concrete (BIII).

The inconsistency between porosity and permeability
results can be attributed to the fact that the permeability of
concretes does not only depend on porosity; it also depends on
tortuosity, specific surface area, pore size distribution, and
pore connectivity [68]. According to Delhomme [69], the
pores that appear in mortars based on Portland cement, when
exposed to high temperatures, are larger than those found in
mortars made with blast furnace slag cement. In addition, it
must be emphasized that enlarged pores are also a definite
cause of increased permeability. Indeed, the sliding of gas
molecules along the pore walls tends to be attenuated as the
mean radius of pores becomes larger [70].

3.4 Capillary water absorption

Measuring capillary water absorption is a simple and easy
technique to perform. This technique can be used to efficiently
characterize the absorption kinetics of materials. It should also
be noted that the higher the capillary absorption, the more
quickly the material will be invaded by the liquids in contact.
With regard to durability characterization, the most
predominant element to be considered is of course the
representative initial capillary water absorption. This is the
amount of water absorbed per unit area, after one hour [46].

Figure 8 clearly illustrates the effect of temperature on the
initial absorption, for the two types of cement used. It can be
seen that the initial absorption increased as the temperature
went up, for both types of concretes (BI and BIII).
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Tempearure (°C)

630

Figure 8. Effect of temperature on the initial water
absorption of concrete

However, the increase rates in the initial absorption were
greater in concretes (BIII) than in concretes (BI). For example,
for concretes (BIII), the increase rates in the initial absorption
were respectively equal to 10.20, 14.53, 24.19, and 162.77 %
for the temperatures 160, 300, 400 and 650°C, against 4.19,
6.35, 8.25 and 254.09 % for concrete (BI), for the same
temperatures.

Furthermore, it was also found that, for all the temperatures
under consideration, the initial absorption of concretes (BIII)
was always lower than that of concrete (BI). For example, at
the reference temperature (60°C), the initial absorption of
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concrete (BIII) was equal to 12.85 g/cm?, while it was 16.63
g/cm? for concrete (BI). Moreover, it was also shown that the
decline in capillary water absorption was mainly due to the
capillary porosity reduction, which contradicts the results
about concrete porosity at this same temperature. It is widely
admitted that water absorption capacity does not only depend
on capillary porosity, but also on capillary pressure which is
related to pore size, according to Jurin's law [71]. Obviously,
the filling of a capillary pore is faster the larger its diameter
[72]. In addition, the larger the diameter of a capillary pore,
the faster it fills up. According to Jiang Shi-Ping and Grandet
[73], the volume of large pores, for the same total porosity, is
lower in blast furnace slag cement mortars than in Portland
cement mortars. The positive effect of slag on reducing the
water absorption of concrete has widely been mentioned in the
literature [19, 32]. Several authors justified this improvement
by the presence of calcium silicate hydrate (CSH) gel that is
produced by the pozzolanic reaction of slag and also by the
modification of the size distribution of the capillary pores [4].

For the other temperatures, the increase in initial absorption
was generally attributed to the increase of porosity with
temperature. In addition, between the temperatures 160°C and
300°C, the main factor causing the increase in pore sizes was
the expansion of large capillaries as a result of the destruction
of paste particles which served as walls of pores, and also the
fusion of small pores [67, 74]. Beyond the temperature of
400°C, and particularly above 650°C, the change in porosity
was due to the expansion of pores or to the formation of micro
cracks [67, 74].

3.5 Diffusion of chloride ions

The binding capacity of chloride ions by the cement matrix
constituents is an essential factor in transport kinetics. Indeed,
in addition to their ability to modify the microstructure of the
cement paste, the chemically and physically bound chlorides
can retard the diffusion of chloride ions and decrease the
quantity of free chlorides in the interstitial solution of pores. It
was found that free chloride ions are the most harmful as they
are responsible for the corrosion of concrete reinforcements.

The apparent diffusion coefficients of chloride ions for both
types of concrete and for the different heating temperatures are
clearly reported in Table 4 and Figure 9. Indeed, one can easily
notice that, for both concretes (BI and BIII), the apparent
diffusion coefficient (ADC) increased as the temperature
augmented. This ADC increase may be explained by the
chloride ion movement through the microcracks that
developed on the surface of concrete as a result of the
dehydration of cement paste and the decomposition of the
hydration products of the cement after exposure to high
temperatures and by the increase in capillary water absorption
with increasing temperature, as previously suggested. Indeed,
the penetration of chlorides into concrete is the result of
complex physicochemical processes, in some cases coupling
diffusion with capillary absorption or convection. We notice
that for a mild increase in temperature, the ADC increases by
47 % and 34 %, respectively, for BI and BIIIl. However, for a
more drastic increase in temperature, the ADC increases by
183 % and 126 %, respectively, for BI and BIII.

It can be said that, the ADCs do not increase with the same
intensity. The rates of change in the apparent diffusion
coefficient as a function of temperature were lower in concrete
containing blast furnace slag cement (BIII) than in concrete
including Portland cement (BI).



Furthermore, it is noted that for each temperature, the
apparent diffusion coefficients of chloride ions in concretes
(BIII) were significantly lower than those observed in concrete
(BI), despite an often greater porosity. In addition, it should be
noted that the water porosity, investigated in this study,
remains a macroscopic parameter that does not give sufficient
information on the structure of pores, unlike mercury
porosimetry [75]. According to Shafikhani and Chidiac [76],
in addition to porosity, the diffusion coefficient of chlorides
depends on the tortuosity of hydrated cementitious materials
which becomes more complex and longer. It is important to
note that this decrease in diffusion coefficients of chloride ions
is mainly due to the great tortuosity observed in the slag
cement paste. According to Ortega et al. [77] and Hatanaka et
al. [78], the tortuosity of slag-blended cement paste is higher
than that of Portland cement-based paste. Therefore, the ion
diffusion path would become longer after partial replacement
of cement with slag. Li and Roy [79] also proposed an
explanation concerning the reduction of chloride diffusivity in
concrete due to the introduction of mineral admixture. They
stated that since the potential hydraulicity and pozzolanic
reaction not only fill up large pores but also reducethe pore
connectivity and increase the tortuosity of pore, mineral
admixtures lengthen the diffusion path of chloride.

The improved resistance to chloride ion diffusion in blast
furnace slag concretes can also be attributed to the chemical
and / or physical binding capacity of chlorides. Some chlorides
can bond chemically with anhydrous products (C3A) which
have not reacted during the ripening phase to form new
chloride-based compounds (hydrated calcium monochloro-
aluminates such as Friedel's salt or hydrated calcium
trichloroaluminate) [80]. According to Suryavanshi and
Scantlebury [81], Friedel salts are formed by two distinct
mechanisms: adsorption or ion exchange. In the latter case, the
formation of the new chloride-based compound is explained
by an exchange mechanism between a chloride ion (CI") from
the interstitial solution and a hydroxide ion (OH") intercalated
in the AFm sheets (C4AH;3). The hydroxide ion (OH") being
free to move easily, the chloride ion (Cl") then replaces the
hydroxide ion (OH") in the intersheet spaces thus ensuring the
electroneutrality of the system. In the case of adsorption,
chlorides from the interstitial solution bind to the structure of
the AFm phase ([Ca;Al(OH)s.2H>O]") to rebalance the
system's charges, which have been modified by the
replacement of a calcium ion (Ca"), by an aluminum ion
(APP"). In this context, Byfors [82] and Arya et al. [83]
indicated that the C3A content has very little influence on the
binding capacity of the hydrated cement paste.
Rasheeduzzafar et al. [84] suggested that this is certainly due
to the reaction of C3A with all the sulphates available during
hydration. In this case, the major part of the C3A will have
already reacted with the sulphates and there will hardly be any
C3A left to react with the chlorides.

Table 4. Apparent diffusion coefficient of chloride ions as a
function of temperature

Temperature Apparent Diffusion Coefficient [10-'m?/s]
[°C] BI BIII
60 2.66 2.36
160 3.92 3.17
300 4.61 3.56
400 5.71 3.94
650 7.55 5.35
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Consequently, this hypothesis should be rejected. Some
researchers [85, 86] claimed that in addition to their chemical
bonding with the aluminous phase of concrete, a significant
amount of chlorides bind to the CSH gel which exists in large
proportion in cement materials containing blast furnace slag.
For example, Baroghel-Bouny [86] showed that the proportion
of fixed chlorides can be quite high even in materials
containing very little C3A and C4AF. These same researchers
indicated that these ions can be physically adsorbed onto the
surface of hydration products if there are positive adsorption
sites on the negatively charged hydrates. They can also be
incorporated into the structure of CSH clusters as calcium
silicate hydrates are found in the form of sheets where chloride
ions could be trapped [85]. To this end, Richardson [87]
indicated that the calcium silicate hydrates that have an
acicular (directional) morphology are gradually replaced by
those exhibiting a sheet-like morphology when cement is
partially replaced by blast furnace slag, which could justify the
decrease in the diffusion coefficient in concrete incorporating
blast furnace slag.
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Figure 9. Effect of temperature on the diffusion coefficient
of chloride ions in concrete

3.6 Correlation

It was deemed important to study the correlation between
the apparent diffusion coefficient of chloride ions and the
porosity accessible to water, initial water absorption, and gas
permeability of concrete specimens, with and without blast
furnace slag, for the purpose of better understanding the
relationships between concrete properties that were measured
in this study. Figure 10 clearly illustrates the relationships
between the apparent diffusion coefficient and porosity (a),
water absorption (b) and gas permeability (c).

Based on the results of the correlation coefficients and the
correlation trends shown in Figure 10, it appears that the
interrelationships between the apparent diffusion coefficient
and sustainability indicators are influenced by the type of
cement used. For example, a linear correlation was observed
between the apparent diffusion coefficient and porosity
(Figure 10(a)). However, the correlation coefficient measured
on Portland cement-based concretes (BI) was relatively low
(R? = 0.42) given that the results obtained showed a greater
dispersion. However, the correlation coefficient measured on
concrete (BIII) including blast furnace slag was closer to unity
(R%2=0.99), which suggests the existence of a good correlation
between the diffusion coefficient and porosity in the case of
concrete (BIII). Further, Figure 10(b) shows the relationship
between the initial water absorption and the chloride ion
diffusion coefficient. It can clearly be observed that the
chloride ion diffusion coefficient increased linearly with water



absorption for both types of concrete (BI and BIII). It is worth
indicating that the concrete sample with the lowest absorption
showed better resistance to chloride ion diffusion. In addition,
the correlation coefficients (R?) were found to be equal to 0.96
and 0.97, respectively, for concrete with Portland cement (BI)
and for that containing blast furnace slag cement (BIII), which
implies that a good correlation exists between water
absorption and chloride ion diffusion coefficient, regardless of
the type of cement used. Regarding the relationship between
the apparent chloride ion diffusion coefficient and gas
permeability (Figure 10(c)), unlike the other two durability
indicators, a logarithmic correlation was observed between
permeability and diffusivity. However, the correlation
between the apparent chloride ion diffusion coefficient and gas
permeability was better in Portland cement-based concrete
(BD); the correlation coefficient was closer to unity (R* = 0.92).
However, this correlation in concrete (BIII) containing blast
furnace slag cement was lower; its correlation coefficient was
found equal to R? = 0.74.
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Figure 10. Correlations between the apparent diffusion
coefficient and porosity (a), initial water absorption (b), and
gas permeability (c)

4. CONCLUSION

The effects of elevated temperatures on the physical and
transfer properties of concrete containing blast furnace slag as
a cementitious material were investigated in this study. The
mass loss, porosity, capillary water absorption coefficient,
permeability coefficient and chloride ion diffusion coefficient
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of concrete were studied. In view of the results obtained in this

study, the following conclusions can be drawn:

e The loss of mass increases progressively as the
temperature augmented in both types of concrete (BI and
BIII). However, the mass loss of concrete (BIII)
incorporating blast furnace slag was higher than that of
concrete (BI) containing Portland cement.

e At the temperatures 160°C and 650°C, the porosity of
concrete (BI) increased, respectively, by 3.5 % and 19.8 %,
while it decreased by 1.4 % and 4.3 %, respectively, at the
temperatures 300°C and 400°C. On the other hand,
porosity showed a linear increase in concrete (BIII).
Indeed, the porosity of this type of concrete increased by
4.2 %, 6.6 %, 10.5 % and 20.3 %, respectively, for
temperatures 160°C, 300°C, 400°C and 650°C.

e An exponential increase in the apparent permeability
coefficient, and a linear increase in the apparent diffusion
coefficient, were recorded for both types of concrete (BI
and BIII) as the temperature was raised.

e The rate of change of gas permeability coefficient and
diffusion of chloride ion coefficient with temperature was
lower in concrete (BIII) than in concrete (BI).

e The initial water absorption increased when both types of

concrete (BI and BIII) were exposed to high temperatures.

However, it should be noted that the rates of increase of

water absorption in concrete (BIII) were higher than those

in concrete (BI).

The initial water absorption of concretes (BIII) was lower

than that of concrete (BI) for all the temperatures

considered in this study.

e The apparent diffusion coefficient exhibited linear
correlations with porosity and water absorption. However,
there was a logarithmic relationship between the apparent
diffusion coefficient and permeability.

This investigation developed some important data on the
properties of concrete exposed to elevated temperatures up to
650°C. Indeed, based on the aforementioned point, there are
benefits of replacing Ordinary Portland Cement with slag
cement, such as improved resistance to the diffusion of
chloride ions, capillary water absorption capacity, and gas
permeability reduced.

We suggest that slag cement should be used to be a way of
improving the durability of structures submitted to high
temperatures or fire during their service life.
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