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ABSTRACT. The durability of concrete is strongly associated with its ability to resist 
chloride ingress. Today, the corresponding migration coefficient appears associated to the 
standardization of concrete specification not only in Portugal, through the specifications of 
the National Laboratory of Civil Engineering (LNEC), but also at the European level with the 
DuraCrete Project (probabilistic performance based durability design of concrete structures), 
for example. 
From the different testing methods available, the Rapid Chloride Migration (RCM), even 
though with some well-known limitations, emerges as the simplest and fastest test and has an 
acceptable precision considering the level of repetitiveness. Therefore, this was the method 
used in this work. 
Based on that test, this article intends to evaluate the chloride migration coefficient, from 
non-steady-state migration experiments (according to the LNEC specification E 463 based on 
the norm NT BUILD 492), of SCC produced with binary and ternary combinations of fly ash 
(FA) and limestone filler (LF). 
For that purpose, a total of 13 self-compacting mixes were produced: one with cement only 
(C); three with C+FA in 30%, 60% and 70% substitution; three with C+LF in 30%, 60% and 
70% substitution; four with C+FA+LF in combinations of 10-20%, 20-10%, 20-40% and 40-
20% substitution; and finally two mixes according to the LNEC specifications E 464 in 
reference to the standard NP EN 206-1. 
 
Keywords: Self-compacting concrete, fly ash, limestone filler, durability, chloride migration 
coefficient. 
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INTRODUCTION 
 
Concrete, as it is known nowadays, has been used for thousands of years. Concrete is 
constituted by a composite of coarse aggregate kept together by a paste of hydraulic binder, 
which was already used by the Romans in the construction of part of their structures, some of 
which survived to the present days. 
 
With the invention of normal Portland cement (NPC) in the first half of the 19th century, 
modern concrete appeared. It became, in modern times, the most important construction 
material in the world. Nevertheless, and despite the popularity of its use, concrete is 
associated with several anomalies observed in infra-structures currently in use, usually linked 
to problems related to the mixes, poor casting at the construction site or inadequate or even 
inexistent maintenance, which may lead to permanent deterioration of the structures and to 
the consequent loss of in-service conditions. 
 
In that context, Professor Okamura from the Tokyo University initiates, in 1986, the 
development of a concrete (self-compactable) that would not require human intervention in 
the casting phase [1]. In the beginning of the 90s, in Japan, this technology was already 
developed to the point of being used both in bridge construction or buildings infrastructures. 
That concrete can fill the moulds completely, passing through densely reinforced areas, 
without particles flocculation or segregation, simply by the effect of its own weight and 
without resorting to any compacting method. The use of SCC in Europe initiates in the 90s, 
very much through the influence of the pre-casting industry but also with the use of ready-
mixing in bridges and buildings among other infrastructures. 
 
The use of SCC answers the need for improvement in the structures durability, independently 
of the quality of the construction work and therefore the labour force intervention at the 
casting stage, since it is a material that goes without any compacting method. Due to the 
changes necessary to obtain the required self-compactability (with fluidity and segregation 
and bleeding resistance), that is, necessary to eliminate the vibration process, the impact of 
SCC use is essentially related to the production process and with the placing. The main 
changes are related to the constituent materials, namely: 
 
 Decrease of the relation between the quantities of course aggregate and mortar; 
 Consequent increase of the mortar volume (more ultra-fine material like cement and 

additions); 
 Adequate control of the aggregates’ maximum dimension; 
 Use of chemical admixture of the superplasticizers’ and/or viscosity modifying agents’ type. 
 
One should also highlight the changes, at the productivity level, of the structure’s execution 
process, the improvement of the working conditions as well as the conditions around the 
working site (reduction of the level of noise), the potential improvement of its properties in the 
hardened state (e.g. mechanical strength, durability and the final aspect of the finished surface). 
 
Regardless of the impacts mentioned and despite the fact that the requirements of the SCC, 
regarding the hardened state properties, are the same as those of the conventional concrete 
(CC), the quantities used in the mix, as well as the proportions in which the different 
components combine are different. Therefore, it is fair to say that its properties in the 
hardened state regarding durability can vary and are still a little uncertain [2][3]. 
 



Like what happens with CC, to obtain a higher durability, SCC will have to make it more 
difficult for the aggressive agents to penetrate it. The corrosion process of reinforcing steel 
induced by the penetration of chlorides can be one of the determining factors for durability, 
mainly in situations of exposure to sea water or de-icing salts, making the knowledge of that 
process extremely important. Nevertheless, the penetration of chlorides is a complex process 
that involves several phenomena such as diffusion, capillary absorption and permeation (that 
may occur in isolation or simultaneously) [4][5]. That said, the concrete durability study, 
namely the effect of the chloride penetration, has an increased importance not only from the 
point of view of the concrete structures’ service life conditions through the corresponding 
maintenance and reparation costs but also from the dimensioning point of view and the 
capacity to predict its useful life span (prediction models of the long-term concrete behaviour 
in function of the chlorides action). 
 
There are several methods (laboratorial and in-situ) to determine the depth of the chloride 
penetration, its concentration or the corresponding diffusion coefficient. In-situ measurements 
allow for the preparation of maintenance and reparation of structures in use. However, for the 
prediction at the design phase, it is necessary to resort to theoretical models normally based 
on results obtained from experimental mixes in laboratory. For these cases, there are also 
different types of laboratory testing methods with more or less lengthy procedures, of which 
the Rapid Chloride Migration test (RCM) is the most commonly used. Initially developed by 
Tang and Nilsson [6], then transformed into norm through the NT Build 492 [7] and in 
Portugal through the specification E 463 [8], it is also mentioned in the European DuraCrete 
project [9] (through the use of its diffusion coefficient in the service life model for concrete) 
as well as, more recently, in the European project chlorotest [10]. 
 
Despite some controversy associated with the use of this method [4][5][11][12][13][14], 
essentially due to the differences observed between the theoretical models (which were its 
foundation) related to the chloride ions concentration profile caused by an electrical potential 
and the experimental profiles obtained, it continues to be a much used laboratory testing 
method allowing for the comparison of the results obtained not only with the SCC produced 
but also with those of other authors. 
 
Therefore, this paper intends to evaluate the influence of the use of FA and LF in the 
chlorides diffusion coefficient in binary and ternary SCC mixtures at three ages (28, 91 and 
182 days) resorting to the rapid chloride migration test according to the NT Build 492 norm 
[7] and the E 463 [8] specification. 
 
For that purpose, a total of 13 self-compacting mixes were produced: one with cement only 
(C); three with C+FA in 30%, 60% and 70% substitution; three with C+LF in 30%, 60% and 
70% substitution; four with C+FA+LF in substitution combinations of 10-20%, 20-10%, 20-
40% and 40-20%; and finally two mixes according to the LNEC specifications E 464 [15] in 
reference to the standard NP EN 206-1 [25]. 
 
 

EXPERIMENTAL PROGRAMME 
 
Materials 
 
The materials used in this study were selected taking into consideration their availability in 
Portugal and the concrete under analysis (SCC). The following materials were therefore used: 



 
 One type of cement complying with NP EN 197-1 [16] (NPC type I-42.5 R with specific 

gravity of 3.14); 
 
 Two mineral additions: fly ash (FA) complying with NP EN 450-1 [17] and NP EN 450-2 

[18] with specific gravity of 2.30 and limestone filler (LF) complying with LNEC 
specification E 466 [19] with specific gravity of 2.72; 

 
 Two limestone-based coarse aggregates complying with NP EN 12620 [20], 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 [20], 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 concrete high-range/strong water-reducing admixture complying with 

NP EN 934-1 [21] and NP EN 934-2 [22] (a modified polycarboxylic high-range water-
reducing admixture in liquid form with a density of 1.07); 

 
 Tap water complying with NP EN 1008 [23]. 
 
Concrete mixes used 
 
With the goal of including the different variations of the quantities used for the mixes and the 
corresponding analysis of the binary and ternary mixtures of FA and LF, 11 SCC mixes were 
produced according to the NP EN 206-9 [24] and 2 reference concretes according to the NP 
EN 206-1 [25]. This data is showed in Table 1. 
 
The mix quantities used were obtained according to the method presented by Nepomuceno 
[26] and already used in several publications [27]. Summarising, the method mentioned 
proposes a new methodology for calculation of the SCC mix quantities based on the methods 
of Okamura et al. [28] and of JSCE [29] through the introduction of new parameters that will 
be more adequate for the control, not only of the SCC’s mechanical resistance but also of 
other properties in the fresh state. The referred method is properly explained in the author’s 
PhD thesis [26]. Several practical applications of it also exist, namely the verification of its 
applicability in the work presented by Silva and de Brito [27]. 
 
Regarding the establishment of the mix quantities presented in Table 1, one should mention 
the procedure to determine the proportions between the aggregates used, as well as the 
establishment of the different mix parameters considered. In that way, the proportions 
between the coarse aggregates (coarse aggregate 1 + coarse aggregate 2) and between the 
sands (sand 0/1 + sand 0/4) were established with the goal of obtaining the maximum 
compacity possible through the analysis of the reference mixes as well as the corresponding 
fine aggregate modules. In this way, it was intended to minimize the empty spaces between 
the particles and optimize the proportions among them. 
 
As for the fixation of the parameters of the studied mixes’ proportions in way to be able to 
only evaluate the change in the unitary substitution percentages of the cement by the mineral 
additives, it depended on the following conditions: 
 
 the volume ratio between the mortar and coarse aggregate content (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 maintained constant; 
 for the purpose of the calculations, a value of the void volumes (Vv=0.03 m3/m3) was 

considered constant; 
 the volume ratio between the total powder content, cement and mineral additions, and fine 

aggregates in the mixture (Vp/Vs=0.80), was maintained constant; 
 the volume ratio between the water and fine material content in the mixture (Vw/Vp), as 

well as the percentile ratio in mass between the high-range water reducing admixture (Sp) 
and fine material content in the (Sp/p%), will vary depending on the need for water and Sp 
of each mixture in order to obtain the self-compacity parameters. 

 
Table 1   Mixes design and basic properties of SCC and reference concretes 

 

 
 
To establish the parameters Vw/Vp and Sp/p%, experimental mixes of self-compacting 
mortars produced according to the work presented by Nepomuceno [26] and by Silva and de 
Brito [27] were used. 
 
The composition of 2 mixes produced according to the specifications in E 464 [15] is shown 
in Table 1 with references BR.XS1&2 and BR.XS3. With the two mixes presented and 
described according to the specification mentioned, the intention is to verify the framework 
for the remaining SCC mixes studied considering the environmental exposure classes, namely 
in the case of chloride action, as well as evaluate the suitability of the mixes’ proportions 



parameters presented in E 464 [15] in the particular case of the SCC in order to fulfil the 
timing of a 50 year service life of a project. 
 
The reference mixes were established according to Table 7 of the E 464 [15], namely in terms 
of the maximum W/C ratio, minimum cement content and minimum strength class. The 
calculation of mortars’ quantities followed, as far as possible, the methodology used for the 
remaining mixes, having maintained the aggregates proportions. The cement type I 42.5 R 
was used as supplied by the producer, while the type IV/A for the reference mixes was 
combined respecting what is prescribed in the NP EN 197-1 [16], according to the following 
percentages per mass unit: 80% CEM I 42,5 R + 20% FA. 
 
Test method and sample preparation 
 
As mentioned above, the test procedure used to determine the chloride diffusion coefficient 
was the one described in the NT Build 492 norm [7] and the E 463 specification [8]. 
 
For that purpose, cylindrical moulds with 100 mm in diameter and 200 mm in height were 
used. From those moulds, 3 φ100 x 50 mm moulds were cut (eliminating approximately 20 to 
25 mm from each end). After the adequate time of humid cure (climate room at 20 ºC ± 2 ºC 
and more than 90 % RH), the moulds cut were pre-conditioned in vacuum and immerged in a 
saturated calcium hydroxide (Ca(OH)2) solution in distilled water. 
 
Afterwards, the φ100 x 50 mm moulds were connected to a rubber sleeve in order to contain 
the anodic solution, without chlorides, of sodium hydroxide in distilled water (NaOH 0,3N). 
 
The rubber sleeve, with the mould properly sealed according to the illustration in Figure 1, is 
inserted in the sodium chloride catholyte solution (at 10% in NaCl mass in tap water). 
 
Then, through the stainless steel plaques situated on the mould’s tops according to the 
representation in Figure 1, an electric potential (according to the specification in point 6.4.4 
of the NT Build 492 [7] or E 463 [8]) is applied, that will force, by migration, the 
transportation of the chloride ions through the mould. 
 
After a certain test period, the mould is broken by being axially split and the rectangular 
sections obtained are sprayed with a silver nitrate solution (AgNO3 0.1 N). From the visible 
white silver chloride precipitation, the penetration depth is measured. 
 

  
Figure 1   Migration test setup [7][8] 



 
 

  
Figure 2   Slip open concrete specimen sprayed with AgNO3 

 
Based on the penetration depth measurement performed as well as in other parameters, it is 
possible to calculate the chloride (Dnssm) diffusion coefficient in non stationary regime from 
the equation (1): 
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Dnssm = non-steady-state migration coefficient (m²/s); 
z = absolute value of ion valence, for chloride, z=1; 
F = Faraday constant (9,648 × 104 J/(V·mol)); 
U = absolute value of applied voltage (V); 
R = gas constant (8,314 J/(K·mol); 
T = average value of the initial and final temperatures in the anolyte solution (K); 
L = thickness of the specimen (m); 
xd = average value of penetration depths (m); 
t = test duration (s); 
erf-1 = inverse of error function; 
cd = chloride concentration at which the colour changes (~ 0.07 N for CEM I concrete); 
c0 = chloride concentration in the catholyte solution (~ 2 N). 
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Dnssm = non-steady-state migration coefficient (x 10-12 m²/s); 
U = absolute value of the applied voltage (V); 
T = average value of the initial and final temperatures in the anolyte solution (°C); 
L = thickness of the specimen (mm); 
xd = average value of the penetration depths (mm); 
t = test duration (hours). 
 
 

TEST RESULTS AND DISCUSSION 
 
Table 2 shows the average values of the results obtained for chlorides Dnssm at the three ages 
studied (28, 91 and 182 days), their standard deviation (S) and the corresponding variation 



coefficient (CV), as well as some data to aid the interpretation of the data provided. For each of 
the studied mixes and for each age, three moulds of φ100 x 50 mm were tested. The average 
values are also shown graphically in Figure 3, to facilitate its reading and interpretation. 
 

Table 2   Results of non-steady-state migration coefficient 
 

Applied 
voltage

Test 
duration

xd average CV D nssm S CV

[days] [V] [hour] [mm] [%] [X10-12m2/s] [X10-12m2/s] [%]

28 30 24 16,75 1,16 6,94 7,51 0,34 4,53

91 30 24 14,71 0,51 3,43 6,52 0,50 7,66

182 30 24 12,11 0,45 3,75 5,37 0,56 10,42

28 30 24 27,50 0,30 1,10 12,70 0,21 1,67

91 30 24 18,32 0,25 1,38 8,53 0,13 1,49

182 15 24 9,93 1,45 14,60 8,21 1,34 16,27

28 10 24 20,60 0,61 2,95 29,02 1,23 4,25

91 10 24 18,17 1,68 9,22 22,45 2,36 10,53

182 10 24 16,18 0,15 0,94 21,74 0,27 1,24

28 10 24 33,29 0,40 1,21 48,51 0,49 1,02

91 10 24 29,05 2,31 7,95 42,51 4,35 10,23

182 10 24 25,63 0,28 1,08 37,49 0,43 1,15

28 30 24 15,52 0,36 2,32 7,07 0,23 3,31

91 30 24 10,43 0,20 1,94 4,50 0,10 2,23

182 30 24 3,90 0,68 17,29 1,46 0,32 21,53

28 30 24 25,76 1,01 3,93 12,10 0,53 4,37

91 30 24 6,43 0,61 9,43 2,62 0,25 9,51

182 30 24 5,86 0,65 11,18 2,33 0,32 13,80

28 20 24 33,57 0,61 1,81 23,96 0,88 3,68

91 25 24 14,39 1,36 9,47 7,36 1,05 14,32

182 30 24 15,32 0,45 2,97 6,99 0,33 4,77

28 30 24 23,64 0,30 1,28 11,26 0,12 1,10

91 30 24 14,18 1,46 10,33 6,20 0,70 11,20

182 15 24 7,71 0,10 1,31 6,08 0,11 1,84

28 30 24 15,59 0,42 2,72 7,31 0,19 2,64

91 30 24 8,12 1,11 13,70 3,32 0,47 14,28

182 30 24 7,50 --- --- 3,07 --- ---

28 25 24 25,40 0,44 1,72 14,72 0,11 0,73

91 30 24 18,24 1,11 6,08 8,41 0,63 7,45

182 30 24 11,93 --- --- 5,14 --- ---

28 30 24 23,79 1,86 7,83 8,76 0,72 8,20

91 30 24 13,02 0,68 5,18 5,66 0,32 5,57

182 30 24 8,39 0,35 4,21 3,46 0,12 3,40

28 10 24 13,68 1,26 9,23 18,61 1,84 9,89

182 20 24 11,04 0,76 6,87 6,80 0,44 6,42

28 10 24 12,52 0,48 3,80 16,60 0,76 4,57

182 20 24 10,18 1,87 18,36 6,39 1,33 20,79

SCC1.100C

SCC2.30LF

SCC4.10FA20LF

SCC4.20FA10LF

SCC5.20FA40LF

SCC5.40FA20LF

BR.XS3

BR.XS1&2

SCC2.60LF

SCC2.70LF

SCC3.30FA

SCC3.70FA

SCC3.60FA

Non-steady-state migration coefficient
specimen 

age
Mixture

S

Test conditions Penetration depth

 
 
In a first analysis of the results obtained, it is seen that chlorides penetration resistance is 
strongly conditioned by the use of mineral admixtures in the SCC production and by their 
type. This can be observed in the values for SCC3 with FA, which are significantly lower 
when compared to those for SCC2 with LF. 
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Figure 3   Results of non-steady-state migration coefficient 

 
These results confirm the ones obtained, for example, by Zhu and Bartos [2][30] and 
Audenaert et al. [4]. Comparing the results obtained with those of the authors mentioned, one 
should highlight that the use of FA may result in a higher resistance to chlorides penetration 
when compared to the concrete produced only with CEM I or to concrete produced with C + 
LF. Zhu and Bartos [2][30] state that the increase of resistance to chloride penetration due to 
the incorporation of FA observed may be the result of the chloride ions passage by diffusion 
being more difficult or even blocked, since the FA particles, which are more round, 
significantly contribute to a higher compacity of the particles, both of the SCC pasta matrix 
and of the ITZ itself around the coarser aggregates. 
 
For the mixes analysed, and considering the practically constant pasta volume, it is possible 
to observe a Dnssm decrease with the increase in the cement quantity and the decrease in LF 
(Figure 4), which can be explained by the decrease in the corresponding porosity. 
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Figure 4   Influence of type and amount of powder in binary mixtures 

 
Regarding the Dnssm variation with the age and the percentage of substitution (fad), it is 
observed in Figure 4 that those differences are minimal and decrease significantly with age, 
i.e. for all the values of fad, the variation from 91 days to 182 days is minimal. 
 



The same is not true for the SCC3 with FA. For these mixes, a small decrease is observed in the 
value of Dnssm with the increase of fad to 60% at the age of 91 days. That value tends to stabilize, 
mainly for values of fad of 60% at the age of 182 days. For fad of 70 %, the value of Dnssm tends to 
increase despite being still significantly below the value obtained for the SCC2 with LF. 
 
Despite the fact that, in this work, the influence of the variation in volume of the fine 
materials (cement and additions) in Dnssm was not evaluated, one should mention the work of 
Audenaert et al. [4], which describes the value of the referred coefficient increasing with the 
volume of fine material, for constant W/C ratio. Audenaert et al. [4] also mention that the use 
of LF finely grounded can cause an improvement in Dnssm. 
 
Interpreting the data in figure 3, it is seen that the results obtained show a consistent 
coherence when compared to the variation of the Dnssm with the ages’ tests as well as with the 
fad used. One should also mention its coherence with the results obtained by the other authors 
mentioned. The best behaviour is that of the mix with 30% of FA (SCC3 30FA) at all ages 
when compared to all the mixes produced (except for SCC2 60FA which at 91 days shows a 
slightly lower Dnssm). 
 
From the joint analysis of Table 2 and Figures 3 and 5, it is observed that the ternary mixtures 
show a very satisfactory behaviour when compared to the remaining mixtures. One should 
highlight the behaviour shown at the first ages by the SCC5 40FA20LF with a Dnssm lower by 
27.6% than the SCC3 60FA (both with total fad of 60%). That difference vanishes in the more 
advanced ages, maintaining, nevertheless, reduced values for the migration coefficients for both 
SCC. The ternary mix SCC4 20FA10LF (with total fad of 30%) shows, at 28 days, a value for 
Dnssm very close to that of SCC3 30FA, with a difference between them of approximately 3.3%. 
At 182 days of age, the difference mentioned increases to approximately 50%, remaining, 
nevertheless, with still the lowest value of the ternary mixtures at that age. 
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Figure 5   Influence of type and amount of powder in ternary mixtures 

 
It is also observed that, in general, the ternary mixtures, in terms of their behaviour towards 
chlorides’ penetration, follow the same trend as the binary mixtures, i.e. the addition of FA 
represents a significant advantage relatively to LF. The behaviour of the SCC4 20FA10LF 
mixture should be highlighted as the best of the ternary at all ages, even when compared to 
the remaining mixtures with a Dnssm only higher to that of the mixtures of FA with fad of 30% 
at all ages and of 60% at 91 and 182 days. 
 



Regarding the mixes corresponding to the composition limits established for the XS 
environmental exposure classes of the E 464 specification [15] in reference to the NP EN 
206-1 [25] and shown in Table 2 and Figure 3, one can say that the value of their Dnssm is in 
the range of the values obtained, under identical circumstances, for this type of concrete by 
other authors such as McNally et al. [32]. Comparing the results just mentioned with those 
obtained for the SCC produced, it can be stated that, with the exception of SCC2 with LF and 
of SCC3 70FA, all the SCC produced are within the specified limits, both for the XS1 and 2 
classes and for the XS3. One has to highlight that, like for the SCC mixes, the migration 
coefficients decreased significantly with age. 
 
Several authors, namely Marušić et al. [31] and McNally et al. [32], argue that the definition 
of the environmental exposure classes related to the chlorides’ penetration through the 
concrete’s composition parameters is not sufficient to guarantee their resistance to chlorides. 
The establishment of those limits should be made based on the precise values of the 
migration coefficient. The same authors also put forward some doubts about the 
establishment of the testing age, given the big change of the coefficient mentioned with the 
age change, as can be observed in the results shown in the work. 
 
 

CONCLUDING REMARKS 
 
Based on the results showed, the following conclusions can be drawn. 
 
The chloride migration coefficient is strongly influenced by the quantity and type of additions 
used, as well as by the age of the tested concrete. 
 
The use of FA in partial substitution of the NCP reduces the chloride migration coefficient 
essentially due to the improvement of the concrete’s permeability. If, in a way, the use of FA 
causes an increase in the concrete’s porosity in the hardened state at younger ages, it also causes a 
reduction in the average pores diameter with consequences such as a decrease in the concrete’s 
permeability and a denser ITZ, making it less susceptible to the penetration of chlorides. 
 
The migration coefficient increases considerably with the partial substitution of cement with 
LF. According to the results obtained with the ternary mixtures and consulting some work 
produced on the use of LF, namely Ramezanianpour et al. [33], it is argued that the optimal 
substitution percentage ranges between 10% and 15%. 
 
The ternary mixtures show very satisfactory results when compared to the remaining 
mixtures. The behaviour of the mixture with fad of 20% FA and 10% of LF should be 
highlighted. The incorporation of FA in the ternary mixtures turned to be very beneficial to 
the behaviour of those concretes towards the penetration of chlorides. 
 
With the exception of the mixes with LF and with 70% of FA, all SCC produced show lower 
values than those of the reference concrete produced according to LNEC’s specification. 
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