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a b s t r a c t

Self-compacting concrete (SCC) can soon be expected to replace conventional concrete due to its many
advantages. Its main characteristics in the fresh state are achieved essentially by a higher volume of mor-
tar (more ultrafine material) and a decrease of the coarse-aggregates. The use of over-large volumes of
additions such as fly ash (FA) and/or limestone filler (LF) can substantially affect the concrete’s pore struc-
ture and consequently its durability.

In this context, an experimental programme was conducted to evaluate the effect on the concrete’s
porosity and microstructure of incorporating FA and LF in binary and ternary mixes of SCC. For this, a
total of 11 SCC mixes were produced: 1 with cement only (C); 3 with C + FA in 30%, 60% and 70%
substitution (fad); 3 with C + LF in 30%, 60% and 70% fad; 4 with C + FA + LF in combinations of 10–20%,
20–10%, 20–40% and 40–20% fad, respectively.

The results enabled conclusions to be established regarding the SCC’s durability, based on its
permeability and the microstructure of its pore structure. The properties studied are strongly affected
by the type and quantity of additions. The use of ternary mixes also proves to be extremely favourable,
confirming the beneficial effect of the synergy between these additions.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Self-compacting concrete (SCC) can be defined as a concrete
that can flow under its own weight and the kinetic energy resulting
from its application without segregating, and fill every space
regardless of the presence of reinforcement and the formwork
geometry, which are important obstacles.

Many people regard it as the most revolutionary development
in the construction sector in recent decades, essentially thanks to
the new production and casting process. Since this is based on
the elimination of vibration, the final product is of higher quality,
with the additional benefit that the overall cost of casting is lower.

Because many of the problems of current structural concrete are
related to execution quality issues during casting, a concrete that
does not need manual labour at this stage is much less likely to suf-
fer such problems.

An SCC is composed essentially of the same materials as a con-
ventional concrete (CC). However, it is still possible to increase the
amount of additions used, both in binary mixes of cement and one
addition and in ternary mixes of cement and two additions.

Much work has been done studying SCC in the fresh state, the
methods for calculating the mix quantities, the processes for place-
ment at the work site and the evaluation of its mechanical charac-
teristics. Nevertheless, few works have studied the optimisation of
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Table 2
Grading of raw materials.

Particle size, in micronsa Passing %

CEM I FA LF

1000 100 100 100
100 98 96 60
10 38 45 20
1 5 2 0
0.1 0 0 0
Specific surface area (Blaine) cm2/g 3470 3210 4950

a The data in this table correspond to indicative values provided by the
producers.
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SCC regarding its porosity and microstructure, particularly resort-
ing to binary and ternary mixes of fly ash (FA) and/or limestone fil-
ler (LF), of which one should highlight the works of Lothenbach
et al. [1], Schutter [2], Zhu and Gibbs [3], Ye et al. [4], Dinakar
et al. [5], Mounanga et al. [6] and Ramezanianpour et al. [7].

There is still room for further studying. One can combine the
need to have a greater volume of ultrafine material in the SCC with
the benefit of decreasing the total consumption of cement, which
in the short term can be achieved by replacing the clinker and/or
the cement itself with other materials, such as LF and FA.
However, its applicability in higher amounts in binary and ternary
mixes still remains to be demonstrated.

Since the conditions for the transport processes involved in con-
crete’s degradation mechanism strongly depend on its pore struc-
ture it is important to study, in particular, the porosity, capillarity
and the permeability of the microstructure of SCC produced with
various combinations of additions, namely FA and LF.

Therefore an experimental programme to assess the porosity
and microstructure of SCC produced with binary and ternary mixes
with significant content of LF and FA was devised. Eleven self-com-
pacting mixes were produced using a mixer with a vertical axis: 1
with cement (C) only; 3 with C + FA in 30%, 60% and 70% replace-
ment by volume (fad); 3 with C + LF in 30%, 60% and 70% fad; and
finally 4 mixes with C + FA + LF in combinations of 10–20%,
20–10%, 20–40% and 40–20% fad.

The porosity and microstructure of the mixes produced was
evaluated using the permeability coefficient (from the water pene-
tration under pressure test), water absorption by immersion, capil-
lary water absorption, mercury intrusion porosimetry and the
interpretation of images obtained by scanning electron
microscopy.
2. Experimental programme

2.1. Materials and mix proportions

The following materials were used: one type of cement complying with NP EN
197-1 [8] (cement type I-42.5 R with specific gravity of 3.14) whose chemical
composition and grading are provided in Tables 1 and 2, respectively; two mineral
admixtures: fly ash (FA) complying with NP EN 450-1 [9] and NP EN 450-2 [10]
with specific gravity of 2.30 and limestone filler (LF) complying with specification
LNEC-E466 [11] with specific gravity of 2.72, whose chemical composition and
grading are given in Tables 1 and 2, respectively; two limestone coarse aggregates
complying with NP EN 12620 [12], gravel 1 with specific gravity of 2.59, Dmax of
11 mm and water absorption of 1.46% and gravel 2 with specific gravity of 2.64,
Dmax of 20 mm and water absorption of 0.78%; two siliceous sands complying with
NP EN 12620 [12], one coarse (0/4) with specific gravity of 2.55, fineness modulus of
3.70 and water absorption of 1.10% and one fine (0/1) with specific gravity of 2.58,
fineness modulus of 2.03 and water absorption of 0.70%; a third-generation high-
range/strong water-reducing admixture (Sp) complying with NP EN 934-1 [13]
Table 1
Chemical composition of raw materials.

Chemical composition of raw materials [%]a CEM I FA LF

Al2O3 5.24 24.7 0.13
CaCO3 – – 98.35
CaO 62.71 2.63 55.10
Cl� 0.01 <0.01 –
Fe2O3 3.17 5.40 0.03
K2O – 1.112 0.016
MgO 2.23 1.01 0.40
Na2O – 0.89 –
SiO2 19.59 54.70 0.30
SO3 3.13 1.38 –
TiO2 – – 0.007
Insoluble residue 1.37 – –
Loss on ignition 2.94 5.10 43.80

a The data in this table correspond to indicative values provided by the
producers.
and NP EN 934-2 [14] (a modified polycarboxylic high-range water-reducing
admixture in liquid form with a density of 1.07) and tap water complying with
NP EN 1008 [15].

To cover all the content alternatives used in the mixes, and the analysis of the
binary and ternary mixes of FA and LF, 11 SCC mixes were produced according to
the NP EN 206-9 [16]. These data are shown in Table 3.

The change in the unit substitution ratios of cement by including mineral
admixtures (fad by volume) was evaluated with the following conditions being
taken into account: the volumetric ratio between mortar and coarse aggregate con-
tent (Vm/Vg = 2.625), as well as the absolute volumes of coarse aggregate
(Vg = 0.268 m3/m3) and mortar (Vm = 0.702 m3/m3), were kept constant; the volu-
metric ratio between the total powder content, cement and mineral admixtures,
and fine aggregates in the mix (Vp/Vs = 0.80) was kept constant; the volumetric ratio
between water and fine material content in the mix (Vw/Vp) and the percentile ratio
in mass between the high-range water reducing admixture (Sp) and the fine mate-
rial content (Sp/p%) both varied depending on the water and Sp needed by each mix
to achieve the self-compacity parameters specified by Nepomuceno and Oliveira
[17] and Silva et al. [18].

To ensure that the W/C (water/cement) and W/FM (water/fine materials) ratios
remain as initially established, the properties (water absorption and moisture con-
tent) of the aggregates were controlled and, when necessary, the content of water
and aggregates in the mix was corrected.
2.2. Test methods and sample preparation

The water absorption (total volume of penetrable pores) was determined
according to the procedure described in LNEC E 394 [19], in three cubic moulds,
100 � 100 � 100 mm, at 28 and 91 days. The values were obtained from three
masses: apparent mass of saturated samples after immersion to constant weight
until the increase in mass was less than 0.1%, mass in the air while they were still
saturated, and mass of dry samples (oven dried at 105 ± 5 �C to constant weight
until the increase in mass was less than 0.1%).

Mercury intrusion porosimetry tests were conducted using an AutoPore IV 9500
(Micrometrics) porosimeter capable of producing up to 33 � 103 psia. The pores
were modelled as cylindrical channels and the test pressure was linked to their
radius by the Washburn equation [20]. This test was performed at 91 days on sam-
ples produced specifically for that purpose, i.e. without including coarse aggregate.

Scanning electron microscopy (SEM) with backscattered electron imaging (BSE)
of highly polished concrete surfaces allows pores and anhydrous cement particles
to be differentiated from the other phases present by their extreme grey levels
(Fig. 1). ImageJ was used to obtain a grey level histogram (Fig. 2) for each sample,
from which porosity was determined by establishing an arbitrary pore threshold,
from the inflection point of the cumulative brightness histogram of the BSE image
in the magnification of 500� [21]. This test was performed at 91 days.

The capillary absorption coefficient was calculated as the first derivative of the
equation for the linear regression of the values corresponding to the first 6 h of
capillary water absorption, as a function of the square root of time, determined
according to the specification LNEC E 393 [22], at 28, 91 and 182 days, in three
cylindrical moulds, 150 mm diameter and 100 mm high, for each reference and
age. After a period of wet curing (at 20 ± 2 �C and RH P 95%), the moulds were
stored in a dry chamber at a temperature of 40 ± 5 �C for 14 days until the test date.
The moulds were then placed in a tray with water (5 ± 1 mm), duly supported. The
water inflow was measured at pre-set times for the specific duration of the test
(72 h).

The permeability coefficients were determined by the Valenta equation [23],
using the values for water penetration depth under pressure determined according
to NP EN 12390-8 [24], at 28 and 91 days. Three saturated 150 mm cubic moulds
were used for each mix, and water was applied at 5 bar pressure for approximately
72 h. At the end, the moulds were split into two halves, the water penetration front
was marked and the maximum depth of penetration measured.

Due to the extent of the experimental campaign, all parameters related to dura-
bility performance and mechanical properties are presented in detail in Silva and de
Brito [25,26].
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3. Test results and discussion

3.1. Water absorption

The water absorption by immersion test, performed as
described in Section 2.2, essentially evaluates the concrete’s poros-
ity. However, this test has some limitations, one being that it mea-
sures only the volume of accessible pores, usually called open
porosity, but this value does not represent the absolute porosity
of concrete since it does not consider the volume of closed pores
[27,28].

Figs. 3 and 4 and Table 3 show that the W/C ratio has a signifi-
cant influence on the variation of the water absorption (total vol-
ume of penetrable pores), confirmed by similar results of the
binary mixes with LF and FA. The same analogy can be made for
the results of the binary and ternary mixes. Similarly, Assié [29]
mentions that concrete’s open porosity, evaluated by water
absorption by immersion, is a parameter that is directly linked to
its mechanical resistance and necessarily to its W/C ratio.

The influence mentioned may be associated with the fact that
concrete’s porosity increases with the W/C ratio, i.e. the higher
the W/C ratio the greater the volume of the cement matrix’s pores,
thereby increasing the volume of accessible pores.

Similar results to ours were obtained by Dinakar et al. [5] in bin-
ary mixes with replacement ratios of cement by FA up to 70%. This
occurs even though the test procedure used is slightly different (it
complies with standard ASTM C 642) and therefore the values pre-
sented by these authors refer to water absorption after 72 h of
immersion and not until constant mass. The authors emphasise
the increased water absorption by immersion following the
increase of the replacement ratio of cement by additions.

As observed by Khatib [30] in his work on the transport mecha-
nisms in SCC with high FA content, there are no significant differ-
ences between 28 and 90 day water absorption by immersion
results. This finding stresses the low sensitivity of this test to
changes in the porous structure that occur between those ages.
Khatib reports that the main changes in water absorption occur
before 28 days and that from then on the changes are negligible.
3.2. Mercury intrusion porosimetry (MIP)

Fig. 5 presents the cumulative plots of intrusion and extrusion
of Hg for each of the SCC mixes, as a function of the estimated aver-
age pore diameter (left graphs), which can be related to the total
porosity of the samples. These plots are transformed into fre-
quency curves by differentiation (right graphs, where only the
intrusion related data were used), since the cumulative plot gradi-
ent provides the frequency found for each pore diameter. The fre-
quency distribution curves of the pores according to their diameter
are thus obtained.

According to expectations, it is observed that with the increase
in fad value and consequent increase in the W/C ratio, both the
intrusion volume and the corresponding average value of the pore
size also increase, for all mixes. These figures show that the SCC1
mix, i.e. with cement only and a lower W/C ratio than the others,
has the lowest porosity values. The intrusion volume of the
SCC2.LF binary mixes is lower than that of the corresponding
SCC3.FA mixes. This difference between binary mixes increases
for higher fad values (70%). The Hg intrusion volumes of the ternary
mixes are consistent with those of the binary mixes, i.e. for all fad

values the ternary mixes’ volume lies between the values of the
corresponding binary mixes.

The figures also show that the incidence of the pore size dis-
tribution does not follow the same trend as the intrusion volume.
In fact, the mixes that have the smallest pores size are: SCC1.100C,



Fig. 1. Histogram peaks of cement hydration phases, adapted from [45].

Fig. 3. Water absorption values for all mixes.
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SCC3.FA and ternary SCC5.40FA20LF. Conversely, SCC2.LF mixes
have the maximum pore size for fad values of 60% and 70%. The
pore size distribution curves (right graphs) show a strongly
marked incidence on a relatively narrow range of pore diameters,
from 0.01 lm to 0.1 lm, for all mixes.

The left graphs, relating to the cumulative intrusion and extru-
sion volumes, show that there is a significant Hg volume retained
in the samples after each intrusion–extrusion cycle. This may indi-
cate the presence of a more significant volume of larger pores, in
contact with the exterior via smaller ones (micro pores or capillary
pores). This effect may be confirmed by the big difference between
the cumulative extrusion and intrusion volumes associated with a
concentration of pores whose diameters are in the 0.01–0.1 lm
range and the virtual non-existence of larger pores.

Notwithstanding this concentration of pore diameters, relevant
data can be obtained from MIP for the analysis of the porosity of
the mixes analysed. Fig. 6 therefore presents a survey of the total
intrusion volume, the pores’ specific surface area, their average
diameter, and their critical size.

The total intrusion volume can be correlated with the sample’s
total porosity and corresponds to the maximum value, represented
in the plot of cumulative Hg volumes. As initially stated, it is found
that for the same fad values the mixes with FA have a slightly
higher porosity than the others, including the ternary mixes.
Fig. 7 shows the correlation between the total volume of Hg
Fig. 2. Example of a grey level histogram of the backscattered image from mix
SCC2.30LF.
intrusion and porosity obtained by immersion. Notwithstanding
the obvious differences between the procedures involved in the
water absorption and mercury intrusion tests, a reasonable cor-
relation is found between them. However, there is a bigger discrep-
ancy between the Hg intrusion test results of binary mixes with fad

of 30% and that of mixes with fad of 60% and 70%, as well as
between the ternary mixes with fad of 30% and those with fad of
60%.

The pores’ specific surface area values follow a trend identical to
that observed for the total intrusion volume, i.e. the mixes with FA
have higher values than the others. According to Boel et al. [31] and
as Figs. 6 and 7 show, as the total intrusion volume increases so
does the specific surface area. The authors state that for two mixes
of equivalent porosity the one with the highest specific surface will
have a denser microstructure. Similarly, Wong et al. [35] state that
for two materials with the same porosity but different specific sur-
faces the one with the highest specific surface area will have a lar-
ger number of fine pores and/or a more irregular surface. The
authors also say that it is expected that the transportation capacity
of fluid into the concrete’s core increases with higher porosity but
decreases with higher specific surface area.

The average pore diameter here refers to the point that corre-
sponds to 50% of the pore size distribution. Analysis of the average
diameters shows that SCC3.FA and ternary SCC5.40FA20LF, are the
mixes with the smallest pores. These differences in pore size can be
confirmed by the capillarity and permeability results, where the
direct correlation between pore size and the values of these trans-
port properties is given.

Finally, the values of the pores’ critical size, which correspond
to the highest gradient of the plot of cumulative volume of Hg
intrusion or the maximum point of the pores size distribution
curve, should also be mentioned. The critical size physically is
the diameter beyond which a continuous Hg intrusion takes place,
i.e. every space capable of being filled is found and no other Hg
intrusion path is formed [32,33,35,36]. Cui and Cahyadi [31] say
that the smaller the critical diameter the finer the pore system
microstructure. The analysis of Fig. 6 shows that the critical diame-
ter of the SCC has a similar evolution to the corresponding average
diameter, i.e. it gradually increases as the fad value and (conse-
quently) the W/C ratio increase. As found with the average diame-
ter, the SCC3.FA binary mixes have lower critical diameters than



Fig. 4. Water absorption variation with fad values.

Fig. 5. Cumulative pore volume and log differential intrusion for all mixes.
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the SCC2.LF mixes. The critical diameter of ternary mixes shows an
evolution similar to that of the average diameter. It is observed
generally, for all mixes, that the critical diameter is higher than
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Fig. 7. Comparison between the total intrusion volume and the porosity obtained in the
Hg total intrusion.
the average diameter, with the exception of the SCC3.FA mixes
with fad of 30% and 60%. An average diameter lower than the criti-
cal diameter may indicate that, after the pressure relative to the
critical diameter is reached only a few pores remain to be filled
with Hg. The opposite situation may sign that after the pressure
relative to the critical diameter is reached there will still be a
few pores to be filled with Hg, even though the pores’ maximum
diameter has been reached. This may indicate a less dense
microstructure.
3.3. SEM image analysis

The porosity results obtained (Fig. 8) show a scatter that can be
considered acceptable for this method. It is possible to observe an
average standard deviation of 0.8% and a corresponding average
variation coefficient of 11%. The higher values of the standard
deviation compared with other methods for determining the
porosity can be explained by the specificity associated to image
analysis. As mentioned in Section 2.2, the selection of the images
and its corresponding treatment depends on the number of pho-
tograms collected during the samples visualisation with the elec-
tronic microscopic and mainly on its quality for ulterior treatment.

The evaluation of the porosity by image analysis (Fig. 8), consid-
ers both open and closed pores. Comparing the porosity deter-
mined by water immersion with that obtained by BSE analysis, it
is clear that the second method produces consistently lower val-
ues. This can be explained by the fact that the BSE analysis only
evaluates a relatively small range of pore diameters. This method
essentially measures the porosity related to pores larger than
0.2 lm, possibly even also leaving aside larger pores often because
the sample is unsuited to the magnification used. As for the water
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Fig. 8. Pore volume fraction by BSE image analysis for all mixes.
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immersion method, it covers a broader range of pore diameters,
from micro pores to empty spaces measuring several millimetres,
even with the known limitations associated with the difficulty of
water penetration at atmospheric pressure in concrete samples
with a denser and more compact microstructure.

Figs. 8 and 9 show that porosity increases with fad and thus with
the W/C ratio. It is found that the binary mixes with SCC2.LF have
slightly lower values than binary mixes with SCC3.FA. As seen in
Fig. 9, the variation in porosity is practically linear with the
increase of fad. However, the SCC3.70FA mixes value is highlighted
since it presents a significant variation relative to the other mixes
with FA and to the mixes with LF.

On the right graph in Fig. 9, we can see that the ternary mixes
with global fad of 30% have porosity values that perfectly match
those obtained for the binary mixes with equivalent fad.
However, the ternary mixes with global fad of 60% have higher val-
ues than binary mixes with equivalent fad.

Even though there are few works on SCC in which this tech-
nique has been used, the porosity values presented here can be
compared with the results of the same technique reported by other
authors, where some discrepancy can be seen, mostly in the scale
of the values. Wong et al. [21] give porosity values of 17.6%, mea-
sured at 28 days, in conventional mortars with W/C of 0.7 and of
8.9% for W/C of 0.35, under pre-conditioning conditions of 20 �C
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Fig. 9. Pore volume fraction by BSE imag
and 55% RH. Ye et al. [4] studied the influence of LF on the hydra-
tion and microstructure of SCC pastes and mention porosity values
of 9.32% at 28 days for mixes with W/C of 0.41 (with 400 kg/m3 of
CEM I 52.5 and 200 kg/m3 of LF); for mixes with W/C of 0.48 (with
400 kg/m3 of CEM I 52.5 and 300 kg/m3 of LF) this value rises to
11.96%. Finally, Wong et al. [35] studied the permeability of CC
mortars through image analysis and obtained porosity values of
14.8%, at 90 days for mixes with W/C of 0.5 and 40% of sand, while
for mixes with the same W/C ratio but 60% of sand this value
decreased to 10.8%. The same authors [35] report that when the
W/C ratio is 0.3 and with 40% of sand, the porosity decreases to
9%, even though the lowest porosity value (5.8%) was obtained
for the same mix (W/C = 0.3) but with 60% of sand.

Comparing these values with those from our work, the variation
of the porosity with W/C and fad is similar, even though the range
of values is slightly lower than those of Wong et al. [21]. With
respect to the other authors and despite differences in terms of
composition and testing age, the results can be considered
equivalent.

At this stage it is interesting to compare the porosity values
obtained through this methodology with the results from water
absorption by immersion and total volume of Hg intrusion.
Fig. 10 compares the porosity obtained by image analysis in BSE
with that found by water immersion and the total volume if Hg
intrusion, for each of the SCC mixes produced.

This figure shows a reasonable correlation between these
parameters and it can be stated that, for all the mixes produced,
the evolution of the porosity is the same in all the methods studied,
notwithstanding the different scale ranges used. It is found that the
porosity values obtained by image analysis in BSE are consistently
lower than the corresponding values determined by water
immersion.
3.4. Capillary absorption

Figs. 11–13 show the average values of the results obtained for
capillary absorption for the three ages studied (28, 91 and
182 days). Based on the capillary absorption values, the
corresponding absorption coefficients were determined and are
presented in Fig. 14.

An analysis of the results obtained shows that capillarity is
influenced by the use of additions and their type, in the production
of SCC. This is highlighted by the level of the lowest values of the
SCC3.FA mixes, by comparison to those of the SCC2.LF mixes, as
well as by the differences obtained as age increases.

For all the mixes studied, capillarity decreases the longer the
curing period and increases for higher values of fad. As seen in these
figures, there is no significant difference in the mixes with fad of
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Fig. 10. Comparison between the pore volume fraction by BSE image analysis, the water absorption and the Hg total intrusion volume.
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30% (in those with LF and with FA) when compared to the SCC
without additions. The same happens with the ternary mixes, in
which the trend mentioned extends to the mixes with fad of 60%,
showing, from this point of view, a very favourable behaviour at
all ages.

The ternary mixes show an excellent behaviour at all ages
tested, in terms of both capillarity water absorption and the
corresponding absorption coefficient. Attention is drawn to the
absorption coefficient results obtained for these mixes at 28 days.
The main cause of these results is the synergy effect between FA
and LF and the consequent refinement of the microstructure or,
as mentioned by Mounanga et al. [6], the substitution of FA by LF
that accelerates the setting process. The results reported by
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Mounanga et al. [6] in their work on the improvement of the
early-age reactivity of fly ash and blast furnace slag cementitious
systems using LF confirm the values mentioned, i.e. the mixture
of cement with LF and FA leads to ternary mixes with a better per-
formance than binary mixes containing only cement and FA. The
reactivity of the SCC4 and SCC5 mixes was the best, which can lar-
gely be explained by the acceleration of the cement hydration,
which was related to the presence of LF through a nucleation site
effect. Mounanga et al. [6] claim that this accelerated hydration
involves a faster production of Ca(OH)2 and thus an increase in
the pozzolanic reaction rate.

The results of the mixes with LF confirm those obtained by
Ramezanianpour et al. [7], and others. These authors state that
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the use of LF can only be competitive in terms of permeability for
low values of fad, of the order of 10–20%. Similar results can be
found in the work of Assié et al. [34], which compares SCC and
CC of various mechanical strengths and fad values. Zhu and
Bartos [37] present a comparative study where they use FA and
LF in the production of SCC and CC of strength classes from
40 MPa to 60 MPa. They observed that, as in our work, SCC with
admixtures shows slightly lower capillary absorption values than
its CC equivalent and that the differences between SCC with FA
and SCC with LF are minimal, though the SCC with FA have slightly
more favourable results.

3.5. Permeability

The analysis of Fig. 15 leads to some observations regarding the
variability of the results obtained in the permeability test using
water penetration depth under pressure. The variation coefficient
for the individual readings of the maximum penetration depth
obtained for the tested samples, for each age, varied, at 28 days,
from 3.46% to 19.52% (with an average value of 12.81%), and at
91 days, from 0.00% to 21.65% (with an average value of 12.60%).
Analysing the results separately, for each mix, one can see a dis-
tribution of the individual results of the variation coefficient which
is not so uniform. NP EN 12390-8 [24] does not have a reference to
the accuracy or the variability of the results obtained with this test.
Nevertheless, it is possible that the values for the variation coeffi-
cient, in some cases high and with distribution not so homogenous,
are due to some difficulties faced during the test, namely the diffi-
culty to maintain, throughout the procedure mentioned in NP EN
12390-8 [24], an uniform quality of the sample’s contacting surface
with the water. The difficulty of the identification itself and the
measurement of the water penetration line, as well as the aggre-
gates distribution near the surface of the test, can equally con-
tribute to the dispersion observed. The variability of the results
obtained is confirmed by Coutinho and Gonçalves [25] that state
that the extreme dispersion of these results, as well as by Bogas
[38] through the results obtained in their work.
Fig. 15 shows the low permeability of all the mixes analysed.
Mixes SCC1.100C, SCC2.30LF and SCC3.30FA, and all the ternary
mixes have maximum penetration depth values of less than
12 mm at both ages; furthermore, half of these values are below
5 mm, even at 28 days. At both ages, the values of the binary mixes
with fad of 60% are always less than 20 mm. The values of the bin-
ary mixes with fad of 70% at 28 days are higher than 20 mm
(between 21 mm and 28 mm), and decrease at 91 days. Neville
[39] reports values below 50 mm for water penetration under
pressure, corresponding to impermeable concrete, and values less
than 30 mm, corresponding to impermeable concrete, for aggres-
sive environmental exposure conditions.

No significant differences were found between the results of the
binary mixes with LF and FA. However, at 91 days the binary mixes
with FA and fad of 30% and 60% have slightly lower penetration val-
ues than those observed in binary mixes with LF and the same fad

values.
Generally, it is found that the water permeability results

obtained through the water penetration under pressure test agree
with the results from the water absorption, both by immersion and
by capillarity, at all ages.

Water permeability and capillarity are more closely related to the
size and type of pores than to total porosity [40]. The better results of
the mixes with FA and the ternary ones may be attributed to the
refinement of the microstructure of the cement paste, because of
the filling of the porous structure by the hydration products, making
it less interconnected and therefore less accessible [41].

Núñez et al. [42] report slightly higher results of maximum water
penetration under pressure than we found, even though their results
were rather low. These authors studied the permeability of SCC with
various types of cement and additions, and determined a maximum
water penetration depth of 13.5 mm in mixes with CEM I 42.5 R and
fad of approximately 45% of FA at 91 days. At the same age, in mixes
with CEM I 42.5 R and fad of approximately 45% of LF, the penetration
depth is 19 mm. The relative position of the FA and LF mixes of the
values presented by Núñez et al. [42] is similar to the one obtained
in our work, even though their values are slightly higher. However,
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there are differences in the compositions of the SCC analysed in the
two works, since those of Núñez et al. [42] had a higher W/C ratio and
a lower total volume of fines (cement and additions). As noted by
Tsivilis et al. [40] and Sonebi and Nanukuttan [41], Núñez et al.
[42] stress the fact that their results confirm that the use of FA allows
the creation of nucleation points in the pores, thus increasing the
compacity of the paste matrix and hindering penetration by and
aggressive agents.

Also noteworthy are the results of Uysal et al. [43], obtained at
28 days in binary mixes with LF and with FA, CEM I 42.5 N and fad

values between approximately 10% and 30%. For fad of 30%, with LF
and with FA, the authors report maximum penetration depth val-
ues almost the same as those of our work, at the same test age.
For binary mixes with LF, the Uysal et al. [43] results increase from
fad of 0% to fad of 30% (around 6–12 mm), while for binary mixes
with FA and the same fad values the maximum penetration values
are lower (around 5–8 mm). In the latter case the minimum water
penetration value corresponds to between 10% and 20% of fad. The
authors note that the use of FA leads to a denser microstructure,
with lower diameter pores and organised in a discontinuous mesh,
which hinders water penetration even under pressure.

Fig. 16 shows that the smaller values of the permeability coeffi-
cient are obtained in the mixes SCC1.100C, SCC2.30LF and
SCC3.30FA and all the ternary mixes, whose results are always lower
than 10�13 m/s. The remaining mixes have higher permeability
coefficients but still with very small absolute values, always lower
than 10�12 m/s. The results shown indicate a high compacity of
the paste matrix and a pore system that is hardly interlinked. In gen-
eral, the water permeability results confirm the water absorption
and the capillarity coefficient results and, as observed for capillarity,
the ternary mixes show extremely favourable permeability results.
Considering the concrete’s quality criteria as a function of its
permeability, presented in CEB [44], it is stressed that all the mixes
produced in our work can be considered of good quality, i.e. they
have a permeability coefficient of less than 10�12 m/s.

According to expectations, Fig. 16 shows that, as the fad value
increases so, too, do total porosity and the corresponding average
pore size, for all the mixes studied.
4. Concluding remarks

The results obtained indicate that porosity generally increases
gradually with increasing fad (cement replacement by volume)
and, therefore, W/C ratio and does so in much the same way for
all the mixes, regardless of the type of admixture used or even
the way they are combined (binary or ternary mixes).

Nonetheless, from the elements shown, it is possible to state
that the SCC produced with LF have lower total porosity but larger
pores, while the opposite is true of the SCC with FA, i.e. higher
porosity but smaller pores. The results obtained in the ternary
mixes are in the same range as those obtained in the binary mixes
with equivalent values of fad but nevertheless with very low water
permeability levels. In general, they demonstrate an extremely
favourable behaviour by the mechanisms studied.

These conclusions can also be confirmed by the analysis of the
capillary absorption coefficients where it is expected that the
mixes with higher absorption coefficients (indicating a faster
absorption) will have more capillary pores of greater size (binary
mixes with LF). As for the mixes with lower absorption coefficients
(indicating a slower absorption), more capillary pores of smaller
size are expected, i.e. as initially mentioned, the SCC3.FA mixes’
pore network is characterised by a larger number of macropores
linked both to the exterior and to one another by a network of
micropores or smaller capillary pores, relative to the SCC2.LF
mixes.

The water penetration under pressure depth results and the
corresponding permeability coefficients were globally very low in
all the SCC mixes. These results indicate a high compacity of the
paste matrix and a poorly interconnected pore system.

Generally, it is found that the water permeability results agree
with the water absorption by immersion and the capillarity results.
As seen for capillarity and even the microstructure, the ternary
mixes had extremely favourable permeability results, even at
28 days. This is due to the water permeability and capillarity being
more related to the size and type of pores than to total porosity.
The better results of the mixes with FA and the ternary ones may
be attributed to the refinement of the microstructure of the cement
paste matrix, through the filling of the porous structure by the
hydration products, making it less interconnected and therefore
less accessible.

As for the global development of the mixes studied, one can
conclude that, for the binary mixes, the replacement of cement
in percentages up to 30% of LF or 60% of FA did not significatively
affect the behaviour of the SCC studied by comparison with the
control SCC with cement only. The applications with values of fad

higher than 30% (of LF) or 60% (of FA) are viable but special atten-
tion should be paid to the exposure conditions to severe degrada-
tion actions. With the results obtained, it is still possible to
conclude that the optimal performance of the mixes with LF should
correspond to values of fad between 0% and 30% and mixes with FA
between 30% and 60%.

The results obtained by the ternary mixes made it possible to
conclude that the synergy between LF and FA is extremely favour-
able, allowing the production of SCC with very interesting perfor-
mances right at the early ages, overcoming, in some cases, the
results obtained both by the control SCC and by the binary mixes
with FA. Nevertheless, given the few ternary variations studied, it
is considered possible to optimise the synergy between these addi-
tions to global values of fad higher than the 60% studied.
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