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Abstract: Chloride-induced corrosion has been one of the main causes of reinforced concrete deterio-
ration. One of the most used methods in assessing the chloride penetration resistance of concrete is
the rapid chloride migration test (RCMT). This is an expeditious and simple method but may not be
representative of the chloride transport behaviour of concrete in real environment. Other methods,
like immersion (IT) and wetting–drying tests (WDT), allow for a more accurate approach to reality,
but are laborious and very time-consuming. This paper aims to analyse the capacity of RCMT in
assessing the chloride penetration resistance of common concrete produced with different types of
aggregate (normal and lightweight) and paste composition (variable type of binder and water/binder
ratio). To this end, the RCMT results were compared with those obtained from the same concretes
under long-term IT and WDT. A reasonable correlation between the RCMT and diffusion tests was
found, when slow-reactive supplementary materials or porous lightweight aggregates surrounded
by weak pastes were not considered. A poorer correlation was found when concrete was exposed
under wetting–drying conditions. Nevertheless, the RCMT was able to sort concretes in different
classes of chloride penetration resistance under distinct exposure conditions, regardless of the type
of aggregate and water/binder ratio.

Keywords: chloride diffusion; chloride migration; rapid chloride migration test; immersion test;
wetting–drying test; normal weight concrete; lightweight concrete

1. Introduction

Reinforcement steel corrosion is widely acknowledged as the main degradation mech-
anism of reinforced concrete structures. This phenomenon occurs after the depassivation
of the steel reinforcement, which, among others, can originate from chloride attack [1].

For a reliable and accurate prediction of the service life of concrete structures in marine
exposure environments, the chloride-ion penetration needs to be perfectly understood and
well simulated by representative expeditious methods for accessing the concrete resistance
to chloride attack. However, the chloride-ion penetration in concrete is a complex phe-
nomenon that involves a diverse set of transport mechanisms, namely diffusion, capillary
absorption and permeation. Moreover, the chloride-ion penetration can also involve more
than one of these mechanisms, besides physical and chemical interactions with the hy-
drated cement paste [2,3]. In general, this is simplified by assuming that diffusion is the
predominant mechanism, thus motivating the characterisation of this transport property
by most existing tests.

Current methods to access the concrete resistance to chloride attack may be classified
as steady-state or non-steady-state, regarding the change in chloride-ion concentration in
concrete, and as diffusion or migration tests, regarding the predominant driving transport
mechanism [4]. Additionally, other tests based on indirect measurements of resistivity
or conductivity can also be adopted [5–7]. In stationary tests, the diffusion coefficient is
calculated by applying Fick’s first law [8]. These tests do not consider the binding capacity
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of the cement paste and are affected by various factors, such as the specimen thickness,
solution concentration, temperature and presence of other ions. Moreover, the time required
to reach the steady-state can go from a few weeks to several months, depending on the
depth of penetration and thickness of the specimens [2]. In non-stationary tests, the
diffusion coefficient is calculated by considering Fick’s second law [8]. In these tests, the
chloride penetration can be evaluated by colorimetric methods, applying a solution of
silver nitrate (AgNO3), or more rigorously, by extracting samples at different depths and
building chloride profiles [2,9]. In real exposure conditions, the penetration of chloride ions
is affected by the chemical and physical interaction with the hydrated cement paste. Thus,
the calculated diffusion coefficient is referred to as “apparent”, given that it considers the
total chloride concentration gradient as a driving force, even though the diffusion process
only involves the flow of free chlorides in the pore solution. The major drawback of these
tests is the fact that they require long exposure periods to obtain representative chloride
profiles [3].

Among the existing non-stationary diffusion methods, the immersion test (IT) and
the wetting and drying test (WDT) are those that better simulate the chloride ingress
in submerged zone and tidal zone, respectively. In fact, the main advantage of these
methods is their more accurate simulation of the chloride-ion penetration mechanism
in natural environment, namely the diffusion mechanism in submerged conditions and
the diffusion/absorption mechanisms in tidal regions (intermittent wetting and drying,
leading to chloride penetration governed by absorption and diffusion mechanisms [10,11]),
respectively. Besides the long duration, the change of the pore structure throughout the
test, as a consequence of the hydration process, affects the chloride diffusion coefficient
calculation, conflicting with the assumptions of Fick’s second law [12]. In addition, the
complex procedure for the determination of the chloride-ion concentration also introduces
further difficulty regarding this less expeditious method [1,13,14].

The long-lasting and laborious nature of common stationary or non-stationary diffu-
sion tests shifted the focus towards accelerated migration methods, based on the induction
of an electrical potential difference. In this case, the diffusion coefficient is estimated
considering the similarity between diffusion and migration, by introducing the notion of
ionic mobility [7,10,15]. Due to its simplicity and celerity, these methods are preferable in
approximately characterising the chloride penetration resistance of concrete.

Whiting [16] proposed the rapid chloride permeability test (RCPT), which measures
the amount of electrical current that passes through a specimen for a given time period.
This test, adopted by AASHTO T 277 [17] and ASTM C 1202 [18], can provide an idea
of the permeability of the concrete in just a few hours. However, various limitations
have been pointed out in this test [6,19–21]. On the one hand, this test does not allow
the direct assessment of chloride diffusion coefficients, establishing only a qualitative
relationship between the chloride penetration resistance and the electrical current that
passes through a concrete specimen [3,22]. On the other hand, for concrete with different
types of cementitious materials, the pore composition is altered, affecting the passing
charge and the microstructure differently. In fact, the RCPT only provides a measure of the
concrete electrical conductivity that depends on the porous structure and composition of
the pore solution, altered by mineral admixtures. In addition, the ion mobility is affected
by the significant temperature increase during testing [2,22].

Alternatively, the rapid chloride migration test (RCMT), first proposed by Tang [23],
and standardised through NT Build 492 [24], is a short-term non-steady-state method
allowing the expeditious determination of the chloride migration coefficient (Dcl,RCMT) of
concrete [25]. This methodology is essentially based on the migration of chloride ions into
previously lime-saturated concrete specimens by applying an external electrical voltage,
which is adjusted according to the electrical current in the system [9,26–28]. The chloride
ions are forced towards a downstream solution, and, after a short period, the chloride
penetration depth is determined by a colorimetric indicator (AgNO3) that changes colour
at nearly 0.07 mol/dm3 [24,26]. Owing to its simplicity, short test duration (from 6 to 96 h)
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and high repeatability, this method has been increasingly considered for the determination
of chloride penetration resistance of concrete [26,28].

The penetration of chloride ions in the RCMT involves the combined mechanisms of
diffusion and migration, where the flux follows the Nernst–Plank law [26,28,29]. Based on
this, Equation (1) may be derived by simply assuming that the electrical field is constant
across the specimen, that the chemical reactions with the hydrated paste are neglected,
that there is no interaction with other ions and that the convection mechanisms are not
significant [2,5,22,30].

∂c
∂t
= Dcl,RCMT

(
∂2c
∂x2 −

zFU
RTL
· ∂c
∂x

)
(1)

Dcl,RCMT =
RTL
zFE
·
xd−α

√
xd

t
, where E =

U − 2
L

and α = 2·
√

RTL
zFE
·erf−1

(
1−2cd

c0

)
(2)

From the analytical solution of Equation (1), Tang [23] derived Equation (2) that
determines the non-steady migration coefficient Dcl,RCMT, where z is the absolute value of
ion valence for chloride (z = 1), F is the Faraday constant, U stands for the absolute value
of the applied voltage, R is the gas constant, T is the average value of the initial and final
temperature in the anolyte solution, L is the thickness of the specimen, xd is the average
value of the penetration parameters, t is the test duration, erf−1 is the inverse of error
function, cd = 0.07 N (chloride concentration at which the colour changes), and c0 = 2N
(chloride concentration of catholyte solution).

The wide acceptance of the RCMT led to the development of service life models based
on this test, namely Duracrete [27], fib 34 [31] and LNEC E 465 [32]. Gjørv [33] suggested
a classification for the chloride penetration resistance of concrete, according to different
ranges of measured Dcl,RCMT (Table 1).

Table 1. Chloride penetration resistance of concrete based on the RCMT (based on the results of
Gjørv [33]).

Chloride Penetration Resistance of Concrete Dcl,RCMT (×10−12 m2/s)

Low >15
Moderate 10–15

High 5–10
Very high 2.5–5

Extremely high <2.5

However, some limitations are attributed to the current RCMT. Regarding the theo-
retical background of the RCMT model, various authors have reported that real chloride
concentration profiles from the RCMT greatly deviate from those theoretically predicted
from the analytical solution of Equation (1), characterised by a sharp front [3,26,28,29].
Actually, the RCMT chloride profiles follow the same shape of long-term diffusion tests in
saturated concrete [28,29]. According to Spiesz et al. [26], the equation to determine the
Dcl,RCMT fails in not considering the non-linearity of the chloride binding isotherm and
non-equilibrium condition between free and bound chlorides. Regarding the free to bound
chloride concentration, the equilibrium should not be attained during the short RCMT
period [26]. This equilibrium is reported to be achieved only over 7–14 days [1,33]. For this
reason, the diffusion coefficient determined in common long-term IT is not comparable to
the RCMT. Therefore, Dcl,RCMT tends to be overestimated, since it cannot explore the real
chloride binding capacity of concrete [26].

Other simplification is related to the non-consideration of the interaction of other
ionic species during migration. In fact, the pore solution is a multicomponent electrolyte
with other ions participating in the process, such as Na+, K+, Ca2+ and OH-, with a given
activity and diffusivity in different directions [3,15,26,29]. Spiesz et al. [26] showed that,
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during the RCMT, the resistivity of the sample increased, which was attributed to the
densification of the pore system caused by chloride binding and the partial change of OH-

ions by free chloride ions in the pore solution. These factors make the modelling of the
RCMT migration a complex process. Some more accurate models have been proposed, but
their complexity is barely compatible with their simple practical application [15,29].

The RCMT is also affected by the test conditions. The calculation of the Dcl,RCMT
requires the exact value of the electrical field across the concrete specimen. However,
this value can be affected by the polarisation effect of the electrodes, causing a difference
between the potential applied by the power source and the potential applied across the
concrete specimen [25,34]. Moreover, the test conditions, namely the electrical current and
temperature, are not constant during testing [28]. In addition, the hypothesis of constant
electrical field across the specimen is only approximate [22]. However, Spiesz et al. [28]
found that the Dcl,RCMT is not significantly affected by the applied voltage, for the usual
range considered in this test. According to Andrade [6], the RCMT resolution increases
with the penetration depth. Spiesz et al. [26] also reported an increase of the sample mass
during the RCMT related to further water uptake, which also affects the RCMT model.

As underlined in NTBuild 492 [24], the Dcl,RCMT cannot be directly compared with
the chloride diffusion coefficient obtained from diffusion tests, since it involves different
mechanisms. However, to assess the validity of the RCMT, some authors have related this
test with others, such as the long-term IT, which, as mentioned may be more representative
of real exposure conditions [1,8,10,11,26]. A reasonable correlation has been found between
the chloride diffusion from non-steady-state diffusion tests and the Dcl,RCMT, although the
later tends to be higher [1,8,10,11,26]. This is attributed to the different chloride binding
capacity and ionic interaction and activity in both tests [10,35]. According to Jen et al. [36]
and Junior et al. [9], the RCMT may be less conservative than the IT from NT Build 443 [37],
since the chloride binding capacity may be reduced. The Chlortest project [5], involving the
collaboration of various European countries, found that the RCMT could be correlated with
the IT from NT Build 443 [37]. The tests were carried out for different concrete compositions,
with distinct water/binder ratios (w/b) (0.40, 0.45) and types of binder (ordinary Portland
cement (CEM I), silica fume (SF), fly ash (FA) and blast furnace slag (BFS)). In addition,
a higher repeatability and reproducibility in the RCMT than in NTBuild 443 [37] was
reported [5]. Frederiksen et al. [38] reported a high correlation between the RCMT and the
IT (35 days in 165 g/dm3 NaCl), for 28 days-cured concrete with w/b ranging from 0.30
to 0.70. Similarly, Tang et al. [35] found a high correlation between the RCMT and the IT
results for concrete with 100% CEM I, with 8 weight percentage (wt%) replacement of SF,
or with 70 wt% replacement of BFS. Bogas et al. [10] found a poor correlation between the
Dcl,RCMT and the diffusion coefficients of concretes with FA immersed in a NaCl solution
for 28 and 225 days. This was related to the early age testing of RCMT that did not allow
the sufficient reaction of FA. A reasonable relationship between the RCMT and NTBuild
443 [37] was found by Junior et al. [9], considering concrete with 12% and 27% FA, tested
at 90 days, to allow a more efficient contribution of this addition.

The influence of the type of aggregate in the relation between the RCMT and other
tests has been barely studied. Noteworthy is the study of Bogas et al. [10], involving a
narrow set of lightweight aggregate concrete (LWAC) and normal weight concrete (NWC)
compositions. The authors reported the same trend for the diffusion coefficients in the
RCMT and the long-term IT, up to 225 days. However, the participation of lightweight
aggregates (LWA) is known to depend on the exposure conditions and concrete composi-
tion, which may affect the validity of the RCMT [10,39,40]. Further research is needed in
this domain.

Despite involving different chloride penetration mechanisms, the RCMT is also
adopted for service life models involving other exposure conditions [27,41]. However, the
capacity of the RCMT in assessing the chloride penetration resistance of concrete under
different environments, such as in wetting and drying conditions, still needs to be explored,
especially, taking into account different concrete compositions. Therefore, although few
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studies have been conducted regarding the comparison of different chloride penetration
tests in conventional concretes, a comparison with a wider and diverse set of concrete
compositions is needed to further evaluate the relationship between the RCMT and the
long-term tests, simulating real chloride environments, namely the IT and the WDT. In
this study, the sensitivity of the RCMT to assess the chloride penetration resistance of most
common NWC and LWAC used in the construction industry is analysed, by comparing the
results with the performance of the same concretes under long-term chloride penetration
tests. To this end, RCMT, IT and WDT were carried out for a wide range of concretes with
different w/b, types and amounts of binder and types of aggregate.

2. Experimental Programme
2.1. Materials

The NWC were produced with three types of coarse crushed limestone normal weight
aggregates (NWA) of different grain sizes (fine gravel, coarse gravels 1 and 2) and two
types of natural siliceous sand. In LWAC, the coarse NWA were replaced by LWA with
distinct porosities, namely one expanded clay aggregate from Portugal (Leca) and one
expanded slate aggregate from the USA (Stalite). The main properties of these aggregates
are listed in Table 2.

Table 2. Aggregate properties.

Property Normal Weight Aggregates Lightweight
Aggregates

Fine
Gravel

Coarse
Gravel 1

Coarse
Gravel 2

Fine
Sand

Coarse
Sand Leca Stalite

Oven-dried particle density (kg/m3) 2646 2683 2618 2605 2617 969 1483
Loose bulk density (kg/m3) 1309 1346 1325 1569 1708 632 760

Absorption at 24 h (%) 0.7 0.4 1.1 0.2 0.3 16.3 3.6
Granulometric fraction (d/D) 0/8 4/11.2 11.2/20 0/1 0/4 4/10 8/16

Open porosity (%) - - - - - 40.7 14.9

Cement type I 42.5 R (CEM I), lime filler (LF) with 38.6% residue on the 45 µm sieve,
class F FA with 13.8% residue on the 45 µm sieve and an activity index of 75% at 28 days
and SF with 94.3% of SiO2 and an activity index of 80% at 28 days, were considered for the
binder phase (Table 3). A polycarboxylate based superplasticizer (SP) was also used for
concretes with low w/b.

Table 3. Cement and mineral admixture properties.

Property Cement I 42.5R
(CEM I) Silica Fume (SF) Fly Ash (FA) Lime Filler (LF)

Density (g/cm3) 3.08 2.21 2.32 2.69
Specific surface (cm2/g) 4388 2730 3320 7430

Loss on ignition (%) 3.64 2.68 5.80 40.68
SiO2 + Al2O3 + Fe2O3 (%) 18.49 + 4.95 + 3.61 94.31 + ND + 0.03 50.16 + 25.62 + 7.14 5.05 + 1.34 + 0.82

CaO + MgO (%) 63.11 + 1.62 4.29 + 0.91 2.13 + 0.41 50.89 + 0.57

2.2. Mixture Composition and Concrete Production

The mixture compositions are indicated in Table 4. The concretes were produced with
w/b of 0.35–0.55 and distinct types and amounts of binder, in order to cover a wide range
of common concrete used in the construction industry.
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Table 4. Concrete mixture compositions for NWC and SLWAC produced with different types of binder and of aggregate.

Type of
Aggregate

Type of Binder
Mineral

Addition (wt%
of Binder)

w/b Mbinder
(kg/m3)

Vcoarse aggregate
(L/m3)

Vsand (L/m3)
Vwater,eff
(L/m3)Fine

Sand
Coarse
Sand

NWA

CEM I -

0.35 450

436 80 154

157.5

CEM II/A-D 6% SF 433 80 153
CEM II/A-V 15% FA 431 80 152
CEM II/B-V 30% FA 419 72 164
CEM II/A-L 15% LF 427 87 153
CEM II/B-L 30% LF 424 80 159

CEM I -

0.45 400

412 106 146

180

CEM II/A-D 6% SF 411 106 146
CEM II/A-V 15% FA 408 105 145
CEM II/B-V 30% FA 406 104 144
CEM II/A-L 15% LF 411 104 146
CEM II/B-L 30% LF 409 106 145

CEM I -

0.55 350

401 114 154

192.5

CEM II/A-D 6% SF 400 113 153
CEM II/A-V 15% FA 399 106 159
CEM II/B-V 30% FA 395 105 158
CEM II/A-L 15% LF 400 107 160
CEM II/B-L 30% LF 399 106 159

Leca CEM I -
0.35 450 355 201 114 157.5
0.45 400 353 186 126 180
0.55 350 355 181 134 192.5

Stalite CEM I -
0.35 450 355 214 100 157.5
0.45 400 353 213 100 180
0.55 350 355 201 114 192.5

The type of binder involves the reference cement Type I (CEM I), as well as represen-
tative Portland-composite cements Type II/A and II/B, according to EN 197-1 [42]. LWAC
of equal composition, but with only CEM I was produced to assess the influence of the
type of aggregate. The volume of water (Vwater,eff) refers to the effective water used. The
SP was used in concrete with w/b of 0.35 and 0.45. The concrete mixtures were designed
for a 12 cm slump.

The concretes were produced in a vertical shaft mixer with bottom discharge. First,
the aggregates were placed in the mixer with about 50% of the mixing water. After mixing
for 2 min, the mixture was left to rest for 1 min before adding the binder and the rest of the
water. When used, the SP was slowly added with 10% of water, after another minute. The
total mixing time was 7 min. For LWAC, the LWA were previously soaked for 24 h and
surface dried to ensure a better control of the workability and the effective water content
of concrete.

2.3. Specimen Preparation and Test Methods

The following specimens were produced for each mixture: two 100 mm cubic speci-
mens to determine the dry density of concrete, according to EN 12390-7 [43]; three 150 mm
cubic specimens for compressive strength at 28 days, according to EN 12390-3 [44]; three
sawn φ100× 50 mm specimens, for the RCMT, according to NT Build 492 [24]; one 150 mm
cube for the IT, according to LNEC E 390 [45]; one 150 mm cube for the non-standard WDT.

2.3.1. Curing Procedure

After demoulding at 24 h, two curing procedures were adopted, depending on each
test. For the density and compressive strength tests, the specimens were kept in water
until testing at 28 days. For the RCMT, the specimens were kept in water for 7 days, cut to
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specifications and placed in a chamber at 20 ◦C and 50% relative humidity. In the IT and
the WDT, the specimens were kept in water until 21 days. After 21 days, all surfaces of
the cubic specimens adopted in the IT and the WDT were protected with a waterproofing
paint to ensure uniaxial chloride penetration, except the one perpendicular to the casting
direction. Then, the cubes were immersed in a calcium hydroxide (CaOH)2) saturated
water solution until constant mass, before testing.

2.3.2. Rapid Chloride Migration Test

The chloride penetration resistance was assessed by means of the non-steady-state
RCMT specified in NT Build 492 [24]. The test consisted of applying an external electrical
potential for a certain amount of time, forcing the chloride ions in the sodium chloride
(NaCl) solution to migrate into the specimen. The time of the test depended on the applied
voltage. Then, the specimen was split into two halves and sprayed with an AgNO3 solution.
The chloride penetration depth corresponded to the visible limit of the white silver chloride
precipitation. The non-steady-state chloride migration coefficient, Dcl,RCMT, was calculated
according to Equation (2). One day before testing, the specimens were vacuum saturated
with a Ca(OH)2 solution. The tests were carried out at 28 days.

2.3.3. Immersion Test

The IT was based on LNEC specification E 390 [45]. The specimens were immersed
in a tank (Figure 1) filled with a solution composed of Ca(OH)2 saturated water and 15%
NaCl, which was renewed every month.
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After 3 months, 6 samples were collected from each specimen at different depths (5, 10,
15, 20, 25 and 30 mm), obtained from two 25 mm drill holes, following the recommendation
of Kropp [46].

2.3.4. Wetting–Drying Test

The WDT is not a standardised test, although it has been performed by various
authors [47–49], in order to simulate tidal conditions (Figure 2). The test consisted of
3-days wetting and 4-days drying cycles at laboratory temperature, as also adopted by
Otieno et al. [45,47]. The same saline solution used in the IT was adopted for this test and
was renewed every month. Similarly to IT, after 3 months, 6 samples were collected from
two 25 mm drill holes in each specimen, at different depths (5,10, 15, 20, 25 and 30 mm).
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2.3.5. Chloride Profiles and Parameter Determination

Before the IT and the WDT, reference samples were collected from the cubic specimens
to determine the initial chloride content (Ci). This parameter ranged from 0.04 to 0.16 wt%
of binder, which was lower than the maximum 0.2 wt% of binder, recommended in EN
206 [50], for reinforced concrete under XS classes.

After the sample collection from the IT and WDT specimens, the total chloride concen-
tration was determined through potentiometric titration, by resorting to a pH/ISE meter
and an electrode, similarly to the method suggested in ASHTOO T260 [51], as described in
Real and Bogas [52]. Knowing the measured chloride content at different depths, a chloride
profile was built for each type of concrete. Using non-linear regression (NLR) with the
assistance of the software R Studio (Version 1.1.442), the apparent diffusion coefficient, Dcl
(m2/s), and the surface chloride content, Cs (wt% of binder), were obtained by curve fitting
to Equation (3), where Ci is the initial chloride content (wt% of binder), xcl is the depth
of chloride penetration (m) at exposure time t (s), and erf is the error function, originated
from solving Fick’s second law of diffusion. In this case, since the diffusion coefficient
is time-dependent, the Dcl actually represents an average diffusion coefficient during the
exposure time.

C(x, t) = Ci + (Cs − Ci)×
[

1− er f
(

xcl

2×
√

Dcl × t

)]
(3)

In addition, the penetration parameter, Kcr, was determined through Equation (4),
according to LNEC E-390 [45]. This parameter is useful for comparison purposes and
represents the one-year penetration depth of a reference chloride content, Cr, if Dcl is
constant. A reference Cr of 0.5 wt% of binder was considered [53].

Kcr = 2
√

Dcl ∗ er f−1
(

Cs − Cr

Cs − Ci

)
(4)

3. Results and Discussion

Table 5 presents the results of the 28 days chloride migration coefficient (Dcl,RCMT)
from the RCMT, and the 90 days chloride diffusion coefficient (Dcl,IT and Dcl,WDT), surface
chloride content (Cs,IT and Cs,WDT) and penetration parameter (Kcr,IT and Kcr,WDT) from the
IT and WDT. The coefficient of variation (CV) of the RCMT was lower than 9%, which is
within the maximum of 15% indicated in literature [5].
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Table 5. Chloride ingress results from the three test methods.

Type of
Aggregate

Type of
Binder

w/b

Compressive
Strength at

28 Days
(MPa)

Dry
Density
(kg/m3)

Rapid Chloride Migration Test Immersion Test Wetting–Drying Test

Dcl,RCMT
(×10−12 m2/s) CV (%) Gjørv [33]

Classification
Dcl,IT

(×10−12 m2/s)
Cs,IT (wt%

Binder)
Kcr,IT

(mm/y0.5)
Dcl,WDT

(×10−12 m2/s)

Cs,WDT
(wt%

Binder)

Kcr,WDT
(mm/y0.5)

NWA

CEM I
0.35 77.0 2330 10.0 6 Moderate 2.3 2.3 14.9 2.9 2.3 16.7
0.45 58.1 2270 13.5 0 Moderate 4.2 2.4 20.6 5.3 2.9 25.0
0.55 47.7 2230 17.0 3 Low 5.9 3.4 27.9 6.9 3.7 31.2

CEM
II/A-D

0.35 78.0 2290 5.9 0 Very High 1.3 1.6 9.4 1.2 2.5 11.2
0.45 51.5 2220 9.0 2 High 2.7 3.3 18.6 2.5 2.7 16.5
0.55 44.5 2200 14.2 4 Moderate 5.2 3.8 27.4 8.6 5.2 38.6

CEM
II/A-V

0.35 63.2 2300 9.7 3 High 1.3 3.1 12.6 1.4 3.4 13.6
0.45 49.6 2250 16.7 9 Low 2.8 4.0 20.5 2.0 5.3 18.9
0.55 38.6 2230 23.3 3 Low 5.8 4.4 30.2 3.5 4.0 22.7

CEM
II/B-V

0.35 56.0 2270 9.7 6 High 1.2 4.3 13.5 0.9 7.6 14.1
0.45 44.6 2250 18.5 3 Low 1.3 4.4 14.1 1.5 5.3 16.3
0.55 30.7 2200 25.2 5 Low 2.2 5.1 19.4 1.6 5.6 17.2

CEM
II/A-L 0.35 62.0 2310 12.0 4 Moderate 3.7 2.3 18.6 2.6 1.6 12.8

CEM
II/B-L 0.35 53.2 2280 15.1 1 Low 15.4 1.7 33.3 6.7 2.8 27.7

Stalite CEM I
0.35 66.1 1920 10.6 2 Moderate 2.6 2.7 16.9 1.8 3.7 16.1
0.45 51.1 1820 11.8 3 Moderate 4.1 2.2 19.6 4.4 3.1 23.2
0.55 41.1 1800 16.3 7 Low 4.9 3.6 25.9 6.1 4.1 30.3

Leca CEM I
0.35 35.9 1660 12.0 3 Moderate 3.8 2.4 19.7 1.9 1.7 11.7
0.45 30.3 1620 13.6 4 Moderate 5.9 4.6 31.0 6.6 3.1 28.7
0.55 26.1 1600 19.5 4 Low 10.1 5.8 43.2 10.4 6.1 44.6
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The 28 days dry density and compressive strength are also presented in Table 5.
Depending on the type of binder and w/b, the compressive strength of NWC varied
between 30.7 and 78.0 MPa, within the strength classes C20/25-C60/75, according to EN
206 [50]. The dry density and compressive strength of LWAC varied between 1600 and
1920 kg/m3 and 26.1 and 66.1 MPa, ranging from density classes D1.6-2.0 and strength
classes LC20/22 to LC60/66, according to EN 206 [50], respectively. Moreover, the Dcl,RCMT
varied between 5.9× 10−12 and 25.2× 10−12 m2/s, covering concrete of high to low quality,
according to the classification of Gjørv [33] (Table 1). Thus, it was possible to cover a wide
range of common structural concretes, broadening the scope and validation of this study.

3.1. Influence of the Type of Binder on the Chloride Penetration Resistance

Figure 3 presents the variation of Dcl,RCMT with the w/b, according to the results of the
present study and of other authors [10,31,54,55]. The Dcl,RCMT was essentially dependent
on the concrete microstructure, thus having increased with the w/b, regardless of the type
of binder and aggregate (Figures 3 and 4, Table 5), similarly to the literature [10,31,54,55].
Furthermore, the results obtained in this study as a function of the w/b for CEM I were in
the same range as those reported by other authors [10,31,54,55] (Figure 3).
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Figure 4 presents the variation of Dcl,RCMT with the type and replacement percentage
of binder in NWC with different w/b. As reported in literature, for the same w/b, the
Dcl,RCMT was affected by the type and amount of mineral admixture [54,56,57].

The incorporation of 6% SF led to a significant reduction of Dcl,RCMT, of 41%, 33.3%
and 16.5%, for w/b of 0.35, 0.45 and 0.55, respectively. According to the classification of
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Gjørv [33], the chloride penetration resistance of concrete increased one level with the
addition of 6% SF (Table 5). This significant improvement is not only attributed to a possible
refinement of the porous structure, but also to the alteration of the pore solution composi-
tion [54,58], which may affect the interaction of ionic species and chloride migration. This
is in line with the insignificant contribution of the SF found in the compressive strength
(Table 5). One reason for the unexpectedly low contribution of SF to the microstructure
refinement and strength improvement should be related to the poor dispersion of this
high-fineness addition, which was supplied in an agglomerated state (Table 3).

As indicated, the efficiency of this pozzolanic addition was higher in low w/b concrete.
Contrarily, Khayat et al. [59] found that the effect of SF on the pore refinement tended to
decrease with the reduction of w/b. This opposite trend may be related to the use of SP
in low w/b concrete, helping the better dispersion of mineral additions. Another reason
may be related to a greater influence of these admixtures on the pore solution and ionic
interaction of low w/b concrete.

The influence of the incorporation of FA on the Dcl,RCMT depended on the w/b. Once
more, the FA was more effective in low w/b concrete, showing similar Dcl,RCMT to those
of reference concrete with only CEM I, regardless of the replacement percentage. The
Dcl,RCMT increased up to 27% and 33% with the incorporation of FA, for w/b of 0.45 and
0.55, respectively. This is related to the reduced wet curing period (7 days), early testing age
(28 days) and low activity index of FA (Section 2.1) [54,60–63]. Thomas and Bamforth [57]
also documented a lower influence of FA at early age. A greater contribution of this
slow-reactive addition is thus expected to occur at later ages [64,65]. A correspondent
reduction of the compressive strength was also found with the incorporation of FA, having
been 27%, 23% and 36% lower than those of reference concrete with w/b of 0.35, 0.45 and
0.55, respectively. This confirms the lower volume of hydration products formed in FA
concrete at 28 days. The results also suggest that the incorporation of FA led to a less dense
microstructure in low w/b concrete, supporting the idea that other factors contribute to
the reduction of Dcl,RCMT in these concretes.

A significant reduction of the Dcl,RCMT over 28 days is documented by Liu et al. [62]
and Real et al. [54]. Junior et al. [9] reported the reduction of porosity and pore refinement
in concrete with 27% FA water cured for 90 days, suggesting a greater chloride binding
capacity of concrete with FA compared to concrete with CEM I [20]. In fact, the high
alumina content of FA may contribute to the chemical binding of chloride ions [2–5,9,56].

Moreover, the extra C-S-H content helps to reduce the concrete permeability and
increase the chloride binding by physical adsorption [26]. However, a low chloride binding
capacity is expected in the short-term RCMT [23]. According to Chlortest [5], the binding
properties in the RCMT should be low, due to its short duration and high voltage. Nev-
ertheless, Spiesz et al. [26] showed that, in the RCMT, the ionic transport rate and test
duration are not fast enough to avoid the chloride binding, confirming its presence. From
MIP and SEM analysis, Junior et al. [9] also reported evidence of the formation of Friedel’s
salt, demonstrating the occurrence of chloride binding during the RCMT. The authors also
found that the amount of Friedel’s salt increased with the FA content. However, according
to Spiesz et al. [26], the binding is not complete, because it is not an instantaneous process.
In this case, less chloride ions are bound, and thus more free chloride ions penetrate further
and, consequently, a larger Dcl,RCMT tends to be conservatively obtained. The movement
of other ions, such as OH- (different content in FA concrete) also alters the pH of pore
solution, which is known to affect the chloride binding properties [1,20,23,26], besides the
ionic interactions.

The substitution of CEM I with LF diluted the amount of hydration products, con-
tributing to a respective reduction on both compressive strength and chloride penetration
resistance (Figure 4). For the same amount of binder, the reduction was higher in concrete
with LF than with FA. Due to its high specific surface (Table 3), LF would be expected to
contribute to the microstructure refinement by filler and nucleation effects [53,66]. However,
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these phenomena did not compensate the reduction of CEM I content. The incorporation of
LF led to a reduction of the classification level of chloride penetration resistance (Table 5).

The chloride diffusion coefficients of the IT, Dcl,IT, and the WDT, Dcl,WDT, after
3 months are presented in Figure 5 In general, the Dcl,IT and the Dcl,WDT were up to about
4 times lower than that of Dcl,RCMT. On one hand, as reported in various studies, the Dcl
tends to reduce over time [10,56]. Therefore, the obtained Dcl,IT and Dcl,WDT are apparent
values that correspond to the average time-dependent variation of this parameter over time,
which is lower in the IT and the WDT, up to 120 days age, than in the almost instantaneous
RCMT performed at 28 days. On the other hand, as mentioned, the RCMT leads to more
conservative values of Dcl, due to the simplifications discussed in Section 1 and because
chloride binding is less effective during this test. In general, for a given w/b, comparable
Dcl were obtained in the IT and the WDT for concrete with w/b of 0.35 and 0.45. In these
cases, a clear variation of the Dcl with the type of test was not observed. As presented in
Figure 6, the chloride profiles displayed the same shape in the IT and the WDT, with the
predominant development of the diffusion mechanism and absence of a clear convection
region. In fact, the saturation level of low w/b concretes in the WDT should be high, given
the imposed short drying periods during this test (Section 2.3.4). However, for high w/b
concrete, some cases revealed a tendency for higher Dcl in the WDT than in the IT (Table 5).
This should be related to the easier drying in these high w/b concretes, where convection
was more relevant.
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As expected, in long-term tests, the Dcl increased with the w/b, regardless of the
concrete composition, which demonstrates the major relevance of this parameter in the
concrete microstructure. Therefore, the RCMT and the long-term tests showed to be
sensitive to significant alterations in concrete microstructure, following the same trend
regarding the classification of concrete quality.

Similarly to the RCMT, the incorporation of 6% SF led to the reduction of the Dcl,IT and
the Dcl,WDT, respectively. Comparing to the RCMT, the reduction was of the same order of
magnitude in the IT (43.5%, 35.7% and 11.9% for w/b of 0.35, 0.45 and 0.55, respectively),
confirming a greater contribution of SF in low w/b concrete. In the WDT, where penetration
may also be affected by absorption mechanisms, the incorporation of SF led to different
reductions (59%, 53% and 5.4% at w/b of 0.35, 0.45 and 0.55, respectively), although also
higher in low w/b concrete. In particular, concrete with high w/b showed an abnormally
high Dcl, which was even higher than that of concrete with only CEM I, indicating the low
efficiency of the poorly dispersed SF.

Regarding the lower reactivity of FA, the long-term test results indicate an opposite
trend than that of the RCMT. The increase of the incorporation percentage of FA led to a
progressive reduction of the Dcl,IT and the Dcl,WDT, confirming the greater efficiency of these
additions at later ages. As mentioned, after 28 days, the slow pozzolanic reactions are more
effective, creating a microstructure densification by capillary pore filling with additional
hydration products. Moreover, the above-mentioned chloride binding properties are more
significant in long-term tests. In these tests, the Dcl tended to be lower in FA concrete than
in SF concrete, especially for high w/b, which should be related with the poor dispersion
and low chemical binding capacity of SF.

In general, as in the RCMT, the Dcl,IT and Dcl,WDT increased with the incorporation
percentage of LF. The replacement of CEM I with this quasi-inert addition led to a reduction
on both hydration products and aluminate content, coarsening the microstructure and
reducing the chloride binding capacity. However, up to 15%LF incorporation in low w/b
concrete, the variation of Dcl was not significant, for both the IT and the WDT. In this case,
the filler and nucleation effects of LF could have partly compensated the slight reduction
in hydration products and chloride binding capacity. For 30%LF incorporation, Dcl,IT
presented an unexpectedly high value, which was not considered in further analysis.

The Kcr as a function of w/b and type of binder is presented in Figure 7, for the IT,
Kcr,IT, and the WDT, Kcr,WDT. This parameter may provide a more detailed comparison of
the concrete performance, since it also takes the surface chloride content, Cs, into account.
However, the Cs may vary between specimens due to variations in exposure conditions,
justifying why Kcr should not be analysed by itself.
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In general, the Cs,IT was of the same order of magnitude of the Cs,WDT, although the
latter tended to be slightly higher (Table 5). This may be related with the enhanced enrich-
ment of chloride ions at the concrete surface caused by wetting–drying cycles [39,57,67–69].
This is in line with the higher Cs usually reported in tidal zone than in submerged condi-
tions [39,52,70,71]. However, as mentioned, in this study the WDT involved short drying
periods, approximating the exposure conditions to those of IT. Additionally, note that the
values of Cs indicated in Table 5 are theoretically obtained from chloride profiles, which
may deviate from the real Cs, especially in the WDT.

The Cs increased with the w/b, as suggested in the literature [53,72,73], since the
porous surface structure may accommodate a higher chloride content [52,70]. Moreover,
a systematic increase of Cs with the incorporation percentage of FA was also observed
(Table 5). This is related with the higher binding capacity of FA [39,52,70]. It is possible that
the reduction of Dcl in FA concrete also contribute to the greater retention of chloride ions
at the concrete surface, as well as to the slightly higher volume of binder achieved after
the weight replacement of CEM I with FA [52]. The minor variation of Cs in SF concrete
confirms the lower chloride binding capacity of these concretes compared to those with FA.
In LF concrete, the trend was not clear, because the coarser microstructure and the lower
chloride binding capacity have an opposite effect on Cs.

Due to the above mentioned aspects, the Kcr increased with the w/b, since a coarser
pore structure both contributed to the increase of the Cs and the Dcl (Figure 7). In general,
the Kcr followed the same trend of Dcl in the IT and the WDT. However, the difference
between these tests was higher in Kcr, because the Cs tended to increase in the WDT.

Regarding the influence of the type of binder, the higher reduction of Dcl was offset by
the higher Cs in FA concrete. Therefore, the evolution of Kcr with the FA content was closer
to that found in the RCMT. Nevertheless, the chloride penetration resistance increased with
the incorporation percentage of FA. Since Cs was less affected by SF and LF, in general, the
same trend found in the Dcl was maintained in the Kcr.
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The comparisons between the Dcl,IT and the Dcl,RCMT, as well as the Dcl,WDT and the
Dcl,RCMT are presented in Figure 8. In general, a poor correlation was observed between tests
when all compositions were considered, regardless of the type of binder. As mentioned, the
contribution of FA in the short duration RCMT was not as significant as in the long-term IT
and WDT.
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the same trend of the Dcl,RCMT. Similar conclusions are reported in literature, when com-
paring the RCMT and the IT [5,35]. Despite the different test conditions the obtained cor-
relation coefficient (R2) was as high as 0.88 for the IT (Figure 8). However, for the WDT, 
the correlation was poorer, because for high w/b, the chloride penetration was more af-
fected by the convection phenomenon. Therefore, when comparing these methods with 
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However, when concretes with FA were excluded, the Dcl,IT and the Dcl,WDT followed
the same trend of the Dcl,RCMT. Similar conclusions are reported in literature, when com-
paring the RCMT and the IT [5,35]. Despite the different test conditions the obtained
correlation coefficient (R2) was as high as 0.88 for the IT (Figure 8). However, for the
WDT, the correlation was poorer, because for high w/b, the chloride penetration was
more affected by the convection phenomenon. Therefore, when comparing these methods
with distinct transport mechanisms, the correlation tends to be lower. Note that, for all
correlations, the regression line was forced to cross the origin, maintaining the physical
meaning of the analysis, which reduced the R2. Moreover, in Figure 8, the concrete with FA
appears to be clustered in the bottom of the plot, both for the IT and the WDT. This result
emphasises the high efficiency of FA in increasing the chloride penetration resistance, as
well as its slower reaction, only contributing to this property at later ages.

The relations between Kcr,IT or Kcr,WDT and Dcl,RCMT are presented in Figure 9, taking
into account all concretes with or without FA. As discussed, the mentioned impact of
slower FA reactivity is mitigated when Kcr is considered instead of Dcl. Therefore, the
difference between concrete with and without FA becomes smaller (Figure 9). Thus,
the penetration parameter related better with Dcl,RCMT, especially when time-dependent
additions were considered.
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Overall, results indicate that for NWC with distinct binders, the RCMT could reason-
ably characterise the chloride penetration resistance, having been able to sort concretes
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of different quality, in a wide range of low to high strength concrete. Although more
time-consuming, the RCMT performed at 90 days would be more appropriate for concretes
with slow reactive additions.

3.2. Influence of the Type of Aggregate on the Chloride Penetration Resistance

The variation of the Dcl,RCMT with the w/b for NWC and LWAC is presented in
Figure 10. Although aggregates with very distinct porosities were considered, the Dcl,RCMT
was affected little by the type of aggregate. For concretes with similar composition, the
maximum variability was lower than 15%, which is under the maximum variability re-
ported for this test [5]. The low influence of the type of LWA was also found by other
authors, concluding that the chloride penetration resistance is mainly influenced by the
paste quality [10,54–56]. However, LWAC with more porous LWA (Leca) showed slightly
higher Dcl,RCMT for all w/b. This may be related with the greater participation of LWA
when saturated concrete is tested and chloride ions are allowed to migrate through con-
tinuous passes [39,74]. On the other hand, when concretes are allowed to dry and LWA
are emptied by internal curing, their participation in chloride migration is decreased, es-
pecially in low w/b concrete, where the aggregates are protected by a denser paste [54].
However, since the RCMT is performed in cut specimens, aggregates near the surface
are more easily accessed and penetration becomes more relevant. In fact, in Figure 11,
the participation of Leca in high w/b concrete seems to have been slightly higher than in
low w/b concrete. Nevertheless, according to the classification of Gjørv [33] (Table 1), the
chloride penetration resistance of LWAC was comparable to that of NWC, being considered
as concrete of moderate quality for w/b up to 0.45. The classification of Gjørv [33] was not
able to distinguish the worse quality of LWAC with more porous aggregates in high w/b
concretes (Table 5). However, concretes with w/b over 0.55 are not common in chloride
exposure environments.
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The results of the Dcl,IT and the Dcl,WDT taking into account different types of aggre-
gates are presented in Figure 11. Contrary to other studies [52–54], the Dcl was affected
by the type of aggregate. In this case, LWAC with porous LWA always led to higher Dcl,
confirming the trend of the RCMT.

This behaviour was more markedly observed in the IT (Figure 11a), because as dis-
cussed, if concretes are saturated the participation of porous aggregates becomes more
evident, especially in high w/b concrete. In fact, in these IT, concrete was kept saturated
since their production, reducing the opportunity of LWA to release their water by internal
curing. In this case, the high w/b imply less dense pastes surrounding LWA and also
a lower relevance of self-desiccation, and, hence, of the activation of the internal curing
mechanism. Moreover, in high w/b concretes, LWA near the concrete surface are easily
saturated by water permeability, which allow their participation in chloride diffusion. This
phenomenon is more relevant in the present study, because penetration occurred perpen-
dicular to the casting surface, where surface LWA were less protected by a mortar layer.
The obtained results corroborate the study of Real et al. [39], concerning the monitorisation
of different types of concrete exposed to real marine environment for 5 years. The authors
found a lower chloride penetration resistance of LWAC than of NWC, during the first
months of exposure, but the difference tended to be diluted over time, when inner concrete
at greater depths were progressively involved. This is also in line with the results reported
by Thomas and Bremner [73], indicating that LWAC and NWC presented similar chloride
resistance, after 25 years of exposure to harsh marine environment.

In opposition, during the WDT, the concrete surface was allowed to dry, which
promoted the partial emptying of the LWA. Then, the re-saturation of LWA and their
effective participation in chloride penetration is more prone to occur in high w/b matrixes
with coarser microstructure and less protection capacity. Therefore, the differences between
LWAC with more porous LWA and NWC were less noticeable in low w/b concrete, up to
w/b of 0.45 (Figure 11b), but relevant in concrete with a w/b of 0.55. Thus, the influence of
the type of aggregate depended on the exposure conditions and paste composition.

Nevertheless, LWAC with denser LWA performed similarly to NWC, both in the IT
and the WDT, regardless of the concrete composition. A slightly better behaviour of these
concretes was even observed, for high w/b concrete. One reason may be attributed to the
improved interfacial transition zone (ITZ) usually observed in LWAC [55,75].

The Kcr of concrete with different types of aggregates is presented in Figure 12, for the
IT and the WDT. The Cs tended to be higher in LWAC with more porous LWA than in NWC
and LWAC with denser aggregates (Stalite), both in the IT and the WDT (Table 5). The same
behaviour was reported by other authors [4,5,18,26,39]. This is essentially attributed to the
saturation of LWA at the concrete surface, retaining chlorides [76]. This contributed to a
higher chloride penetration, increasing the Kcr in LWAC with more porous LWA. For the
same reasons mentioned above, this difference was more relevant in high w/b concrete. In
general, the increase of Dcl, combined with the higher Cs, led to a more significant influence
of the type of aggregate on the Kcr, at least for short-term exposure tests, in which the
influence of the concrete surface is more relevant. The lower value of Kcr in LWAC with
Leca and a w/b of 0.35 is explained by the unexpectedly low value of Cs in this concrete
(Table 5). In this case, the self-dissection could have partly emptied LWA, reducing both
the Dcl and the Cs.
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of aggregate).

Regarding LWAC with denser LWA, the influence on the Dcl and on the Cs was not
significant and the Kcr was similar to that of NWC, regardless of the w/b. The lowest
values of the Kcr,WDT in LWAC with denser LWA and high w/b were motivated by the
lowest Dcl,WDT obtained in this concrete.

A reasonable trend was obtained between the Dcl,IT and the Dcl,RCMT (Figure 13),
showing that the RCMT was able to adequately distinguish the Dcl of concretes with
different types of aggregate under long-term immersion exposure conditions. This is
explained by the fact that both tests were performed in saturated exposure conditions.
However, for the mentioned reasons, the greater participation of porous LWA in high w/b
concrete under IT reduced the correlation between tests. These differences were accentuated
in the WDT, being justified, as mentioned, by the different exposure conditions that may
promote a distinct participation of LWA near the concrete surface, affecting chloride
penetration. As previously mentioned, R2 would be significantly higher, if regressions were
not forced to cross the origin, but the physical meaning of the analysis would be distorted.
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3.3. Overview and Chloride Penetration Resistance Classification

The comparisons between the Dcl,IT and the Dcl,WDT with the Dcl,RCMT for all the
concrete compositions considered in this study are presented in Figure 14. As discussed,
regarding the influence of the type of binder (Section 3.1), a higher R2 was obtained between
the Dcl from different tests when concretes with FA incorporation were not considered
(Figure 14). This confirms the slow-reactive nature of FA. Therefore, excluding concrete
with FA, the RCMT performed at 28 days was able to sort concrete with distinct long-
term chloride penetration behaviour, for concretes with different types of binder and
aggregate. For concretes with high w/b and porous LWA, the trend is diverted from the
linear regression line (Figure 14). Therefore, the relation between tests was more adequate
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for concrete with w/b up to 0.45. Additionally, the Dcl,RCMT varied through a wider range
(about 25 × 10−12 m2/s) than both Dcl,IT and Dcl,WDT (about 10 × 10−12 m2/s), indicating
a higher sensibility of the RCMT to diffusion coefficient variations caused by different
concrete compositions than the IT or the WDT.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 18 of 25 
 

  
(a) (b) 

Figure 13. Comparison between Dcl,IT (a) and Dcl,WDT (b) with Dcl,RCMT (different types of aggregate). 

3.3. Overview and Chloride Penetration Resistance Classification 
The comparisons between the Dcl,IT and the Dcl,WDT with the Dcl,RCMT for all the concrete 

compositions considered in this study are presented in Figure 14. As discussed, regarding 
the influence of the type of binder (Section 3.1), a higher R2 was obtained between the Dcl 
from different tests when concretes with FA incorporation were not considered (Figure 
14). This confirms the slow-reactive nature of FA. Therefore, excluding concrete with FA, 
the RCMT performed at 28 days was able to sort concrete with distinct long-term chloride 
penetration behaviour, for concretes with different types of binder and aggregate. For 
concretes with high w/b and porous LWA, the trend is diverted from the linear regression 
line (Figure 14). Therefore, the relation between tests was more adequate for concrete with 
w/b up to 0.45. Additionally, the Dcl,RCMT varied through a wider range (about 25 × 10−12 
m2/s) than both Dcl,IT and Dcl,WDT (about 10 × 10−12 m2/s), indicating a higher sensibility of the 
RCMT to diffusion coefficient variations caused by different concrete compositions than 
the IT or the WDT. 

  
(a) (b) 

Figure 14. Comparison between Dcl,IT (a) or Dcl,WDT (b) and Dcl,RCMT for all concrete compositions, 
except those with FA incorporation. 

A higher R2 was found when the Dcl,RCMT was correlated with the Kcr,IT and the Kcr,WDT, 
as shown in Figure 15. This means that the RCMT was able to distinguish the chloride 
penetration resistance of concretes with different w/b, types of binder and types of aggre-
gate of very distinct porosity. Comparing Figure 15 with Figure 9, in general, the type of 
aggregate had less influence on the relation between tests than the type of binder, since 
the R2 remained similar. 

Figure 14. Comparison between Dcl,IT (a) or Dcl,WDT (b) and Dcl,RCMT for all concrete compositions,
except those with FA incorporation.

A higher R2 was found when the Dcl,RCMT was correlated with the Kcr,IT and the
Kcr,WDT, as shown in Figure 15. This means that the RCMT was able to distinguish the
chloride penetration resistance of concretes with different w/b, types of binder and types
of aggregate of very distinct porosity. Comparing Figure 15 with Figure 9, in general, the
type of aggregate had less influence on the relation between tests than the type of binder,
since the R2 remained similar.
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Contrarily to the comparison made with the Dcl,IT and the Dcl,WDT (Figure 14), the
Dcl,RCMT varied in a narrower range than the Kcr,IT and the Kcr,WDT. Therefore, a small
variation of the Dcl,RCMT results in a more relevant change of the Kcr. However, as shown in
Figure 16a, in a small range, the variability between tests hinders a precise differentiation
of concrete performance from the Dcl,RCMT. Indeed, despite the reasonable correlation
between tests, the concrete performance did not always follow the same trend. For example,
concrete with 6%SF and a w/b of 0.55 presented a lower Dcl,RCMT but a higher Kcr,WDT and
Dcl,WDT than concrete with a w/b of 0.35 and 30% LF. This is explained by the different
exposure and test conditions. Nevertheless, Figure 16b shows a reasonable correlation
between the Kcr,IT and the Kcr,WDT, which, as mentioned, can be justified by the similar
exposure test conditions.
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Figure 16. Comparison between the Kcr and Dcl,RCMT (a) and between Kcr,WDT and Kcr,IT (b).

Based on the results obtained in this study, concretes with different levels of Dcl,RCMT
fell within the ranges of Kcr,IT and Kcr,WDT indicated in Figure 17. As a small variation of
the Dcl,RCMT may lead to a relevant change of the Kcr, compared to the classification of
Gjørv [33], narrower ranges stepped by 2.5 × 10−12 m2/s were considered in ranking the
concrete chloride penetration resistance. The classification classes were extended to cover a
wider set of low to high quality concretes.
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Kcr,WDT (b).

As discussed, a small variation of Dcl,RCMT may correspond to a relevant change of
the Kcr. Therefore, the defined classes overlap in some ranges, so that concretes of different
grades may present similar or even an opposite chloride penetration resistance to that
suggested from RCMT classes (Figure 17). Nevertheless, the division in various RCMT
classes was able to distinguish concretes with significant differences of chloride penetration
resistance, based on Kcr. Except for FA concrete, the same ranking of concrete chloride
penetration resistance obtained from RCMT was generally maintained after performing
long-term tests simulating real exposure conditions. The high quality class includes
concrete with SF and w/b up to 0.45. On the other hand, concretes with high incorporation
of LF or high w/b (0.55) are within the low quality class. The classification was affected
little by the type of aggregate. A significant overlapping between RCMT classes is observed
in the ranges 7.5–12.5 and 12.5–17.5 (×10−12 m2/s), suggesting that these classes may
be merged, both in the IT and the WDT. Therefore, taking into account Figure 17, and
comparing to the classification of Gjørv [33] (Table 1), a clearer distinction between concrete
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performance is obtained for the following classes (×10−12 m2/s): 5–7.5; 7.5–12.5; 12.5–17.5;
>17.5. However, further research is needed to cover a wider sample, especially in the range
of high quality concretes, up to 10 × 10−12 m2/s.

The same procedure was carried out regarding the analysis of the Dcl,IT and Dcl,WDT
ranges within the same RCMT classes (Figure 18). For the above-mentioned reasons,
concrete with 30% LF was excluded from the IT results. Overlapping is also observed
in concretes of different RCMT grades. However, the RCMT could reasonably sort con-
crete with different chloride diffusion properties when the classes 7.5–10 and 10–12.5
(×10−12 m2/s), as well as 12.5–15 and 15–17.5 (×10−12 m2/s), were merged. The same
classes suggested based on the Kcr showed to be also adequate when based on the Dcl.
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Overall, from the results obtained in this study, covering low to high strength concrete
produced with different types of binder and aggregate, despite some identified differences,
the RCMT could follow the same trend of the long-term IT and WDT, regarding the
classification of the chloride penetration resistance of concrete.

4. Conclusions

In this paper, the efficiency of the RCMT in assessing the chloride penetration resis-
tance of concrete under submerged or wetting and drying conditions was analysed for a
wide range of concretes with different w/b, types of aggregate and types and amounts of
binder. To this end, the RCMT results were compared to those from the long-term IT and
WDT, simulating real exposure conditions. This study covered a wide range of common
NWC and LWAC for strength classes C20/25-C60/75 and LC20/22-LC60/66, respectively,
which presented Dcl,RCMT of 6–25 × 10−12 m2/s, representative of low to high chloride
penetration resistance.

The w/b was the most influential parameter in the chloride penetration resistance,
regardless of the type of binder and aggregate. The RCMT and long-term tests were able to
distinguish in the same manner significant alterations introduced by w/b in the concrete
microstructure, following the same trend in the classification of concrete quality.

Regarding the influence of the type of binder, a reasonable relation between the RCMT
and the long-term tests was only achieved when concrete with FA was not considered.
The incorporation of SF improved the chloride penetration resistance significantly from
an early age, especially in low w/b concretes. The opposite behaviour was found with
the incorporation of the quasi-inert LF. The same trends were found in both the RCMT
and the long-term tests. However, the incorporation of FA was only effective in increasing
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the chloride penetration resistance of concrete under long-term tests, where the chloride
binding effect and the slow pozzolanic reactions were more relevant. Regarding the long-
term tests, the reduction of Dcl was partly offset by the higher Cs in FA concrete. The
RCMT carried out at 28 days showed to be inadequate in assessing the contribution of this
addition in natural exposure conditions. Although more time-consuming, the RCMT at
90 days are recommended for FA concrete.

In general, the Dcl was affected little by the type of aggregate. However, for LWAC
with porous LWA and high w/b, the Dcl was higher, both in the RCMT and the long-
term tests. The saturation conditions of surface LWA in long-term tests allowed their
greater participation in chloride penetration. This participation was higher in the IT than
in the WDT, because concretes were not allowed to dry since their production date. The
differences between NWC and LWAC with porous LWA tended to be higher when the
RCMT was related with Kcr, because the Cs increased with the aggregate porosity in high
w/b concrete. This confirmed the lower chloride penetration resistance of LWA with
porous aggregates under short-exposure conditions. Noteworthy was the similar to better
performance of LWAC with dense LWA compared to NWC, regardless of the concrete
composition and exposure conditions.

Similarly to the IT, for low w/b concrete, the Dcl was the predominant mechanism in
the WDT. The WDT involved short-drying cycles, approximating to the exposure conditions
of the IT. However, in high w/b concrete, the convection phenomenon was more relevant
and the calculated Dcl tended to be higher in the WDT than in the IT. The difference
between these tests was higher in Kcr, because the Cs tended to increase in WDT.

At least under the different exposure conditions considered in this study, reasonable
correlations were obtained between the Dcl,RCMT and the Dcl or the Kcr from long-term tests,
except for NWC with FA or LWAC with porous LWA and a w/b over 0.45. The correlation
was higher between the Dcl,RCMT and the Kcr which is directly related with the chloride
penetration resistance of concrete. The type of aggregate had less influence on the relation
between tests than the type of binder. The RCMT and the WDT, which involved different
penetration mechanisms, showed a poorer correlation.

Based on the results of this study the chloride penetration resistance of concrete was
sorted into recommended RCMT classes, which are able to distinguish concretes of different
quality. In general, the same ranking of chloride penetration resistance suggested from
Dcl,RCMT was valid for Dcl and Kcr, from both long-term tests considered in this study.
However, further research is needed, especially in the range of high quality concretes.

In general, the RCMT was a reasonable indicator of the chloride penetration resistance
of concrete, having been able to distinguish concrete produced with different types of
aggregate and paste compositions, under distinct long-term exposure conditions.
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