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The rapid chloride migration test (RCM) is a commonly used accelerated test for the determination of the chlo-
ride diffusion coefficient in concrete. Nevertheless, the initial development and further experience with the RCM
test concern mainly the ordinary Portland cement system. Therefore, the objective of this work is to analyse the
application of this test method for other types of binders, by performing and analysing the RCM test results for
mortars prepared with additions of supplementary cementitious materials. A comparison is given between the
total chloride concentration profiles measured in concrete after the RCM test and the colourimetric test results.
The presented results show that the accuracy of the silver nitrate colourimetric technique is sufficient for the de-
termination of the chloride penetration front and that the RCM test is a suitable method also for the determina-
tion of chloride diffusion coefficient in mortars with blended cements.

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

The key performance requirements for the design, construction and
maintenance of concrete structures are related to safety, serviceability
and durability. The highly alkaline environment of concrete forms a pas-
sive film on the surface of steel bars, which normally prevents the steel
from corrosion. However, under chloride attack, the passive film van-
ishes and the steel spontaneously corrodes. Chloride-induced corrosion
of reinforcing steel occurs in chloride-bearing environments (e.g. sea
water, de-icing salts) and is directly related to the shortened service
life of concrete structures/elements. In order to quantify the chloride in-
gress speed in concrete, the chloride diffusion coefficient is used, be-
cause the diffusion controls the ingress of chlorides at a certain depth
in concrete, while the capillary suction is only significant in the surface
layers [1,2].

Several laboratory testmethods are being commonly used for deter-
mining the chloride diffusion coefficient. The bulk immersion tests, de-
scribed e.g. in NT Build 443 [3] or ASTM C1556–03 [4], are long term
diffusion tests in which concrete samples are exposed to a chloride so-
lution for a relatively long period of time. However, the long term
methods are often not preferred in practice because they are time con-
suming and laborious. The rapid chloride migration (RCM) test devel-
oped by Tang [5], described in the guideline NT Build 492 [6], is one of
the accelerated test methods in which chlorides penetrate the concrete
at high rates due to the applied electric field. The output of the test is the
chloride diffusion coefficient DRCM (often called the migration
+31 0 40 243 8595.
a).
coefficient — to distinguish it from immersion tests). This method is
concluded by some researchers to be the most suitable of all the
reviewed accelerated chloride tests, on the basis of its simplicity, short
duration and often is assumed to have a clear theoretical basis [7]. In
the RCM test, after a period of the application of electric field to con-
crete, the chloride penetration depth in a split concrete sample is mea-
sured by an easy and quick AgNO3 colourimetric method (0.1
mol·dm−3 AgNO3 solution sprayed onto the fractured concrete sur-
face). The AgNO3 colourimetric method involves two parameters —
the indicated chloride penetration depth xd and the free-chloride con-
centration cd at which the colour change occurs in concrete. Both
these values are used to calculate the non-steady-state diffusion coeffi-
cient of chloride (DRCM). The DRCM is obtained from the followingmath-
ematical model [5]:
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A solution of this model is presented in [5] and yields the following
equation for the DRCM:

DRCM ¼ RT
zFE
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ffiffiffiffiffi
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p
t

ð2Þ

where: c — concentration of free-chlorides in pore solution, t — time,
Jx — total flux of chlorides in x direction, x — distance, D0 — intrinsic
chloride diffusion coefficient in pore solution of concrete, cb —
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Table 1
Specific densities (ρs) of used materials.

Material ρs [g · cm−3]

CEM I 52.5 N 3.19
GGBS 2.91
FA 2.36
SF 2.25
Sand 0–4 mm 2.65
SP 1.10
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concentration of bound chlorides, E — electric field, equal to (U − 2)/L,
where U — applied electrical voltage and L — thickness of sample
(0.05 m), R — gas constant (8.314 J·mol−1·K−1), T — temperature
(293 K), z — ion valence (−1 for Cl−), F — Faraday constant
(96,485 C·mol−1), xd — chloride penetration depth indicated by the
colourimetric indicator AgNO3, α — laboratory constant defined as [5]:

α ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RT
zFE

� er f−1 1−
2cd
c0

� �s
ð3Þ

where: cd — free-chloride concentration at colour change boundary
(0.07molCl/dm3

solution) and c0— concentration of chlorides in the exter-
nal bulk solution (64.95 gCl/dm3

solution = 1.83 molCl/dm3
solution).

As previously stated, the free chloride penetration depth xd is used
for the calculation of the DRCM according to Eq. (2) and it is determined
using the AgNO3 solution. Spraying the silver nitrate solution onto a
freshly fractured concrete cross-section leads to a chemical reaction
which results in a clear colour change boundary between the chloride-
contaminated and chloride free-zones. This is due to the fact
that in the regions not containing chloride ions, AgNO3 reacts with
OH− to form a mixture of precipitates of silver hydroxide, according
to Eq. (5). The precipitates of AgOH formed on the surface are unstable
and quickly decompose to a brownish precipitate (Ag2O) [8–10]. The
zone containing chlorides is indicated by a white precipitate resulting
from formation of silver chloride (AgCl), as Eq. (4) shows. The chemical
reactions can be expressed as follows [9]:

Agþ þ Cl−→AgCl↓ silvery white colour ¼ 100% AgCl þ 0% Ag2Oð Þ ð4Þ

Agþ þ OH−→AgOH→Ag2O↓ browncolour ¼ 0% AgCl þ 100% Ag2Oð Þ
ð5Þ

Otsuki et al. [10] found that 0.1 M AgNO3 solution is themost appro-
priate concentration for giving the visually clearest boundary between
the chloride- and chloride-free zones in the case of OPC. From the data
reported in the literature [8–13] it is known that the total chloride con-
tent at the colour change boundary detected by silver nitrate varies in a
wide range, from 0.19% [14] to 1.41% [11] by the mass of ordinary
Portland cement, and from 0.02% [11] to 0.5% [10] by mass of concrete,
depending on the sample preparation and themeasurement technique.
Nevertheless, this concentration of AgNO3 may be different for other
binders due to the differences in chloride binding, hydration products,
or pore solution chemical composition and therefore, may not be suit-
able for all types of concrete [5,8–13,15,16]. Yuan [14] reported some
difficulties with the accuracy of the chloride penetration depth mea-
surement in concrete after using the AgNO3 solution as a chloride indi-
cator. Moreover, the free-chloride concentration at the colour change
boundary of 0.07 mol·dm−3 was questioned in [14]. Such value was
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Fig. 1. Particle size distribution of the used materials.
proposed by Tang [5,17], based on the experiments of Otsuki et al.
[10], and applied for the DRCM calculation. Otsuki et al. [10] found a
free chloride concentration at the colour change boundary of approxi-
mately 0.14 mol·dm−3. Tang [5,17] used value of 0.07 mol·dm−3 con-
sidering a chloride condensation factor of 2 due to the pore solution
extraction technique. However, this concentration may be different for
blended cements, which has been experimentally confirmed by Maes
et al. [15], who reported the chloride concentration at the colour change
boundary of 0.35 mol·dm−3 for concretes based on OPC–GGBS blends.
This is in linewith [18,19], which suggest thatmineral additionsmay in-
fluence the chloride concentration at the colour change boundary.

Many researchers have shown that the chloride profiles determined
experimentally after performing the RCM test have significantly differ-
ent shape compared to the theoretical profile shape predicted from
Eq. (1) [14,16,20]. The difference between the theory and experimental
measurements gives an evidence that the basic chloride transport
model for the RCM test unsatisfactorily describes the real process.
Tang [5] suggested the possible explanations for the differences be-
tween the theoretical and experimental chloride concentration profiles,
such as (a) different pore distribution resulting in different penetration
front; (b) reaction kinetics which changes the shape of the profile with-
out changing the penetration depth or (c) influence of other ions on the
chloride binding [5]. Recently, Šavija et al. [21] attributed the discrepan-
cy between the theoretical and experimental chloride profiles to the
tortuosity of the pore structure and heterogenity of concrete, yet with-
out considering chloride binding in the simulations. As explained in
[16,20,22] the oversimplification of chloride binding in the transport
model can explain the observed discrepancies. Eq. (1) assumes a con-
stant ∂cb/∂c term, which implicitly implies that either no binding or an
instantaneous linear chloride binding in equilibrium is present in con-
crete. For the linear chloride binding in instantaneous equilibrium, the
free-chloride concentration would be reduced in concrete by binding,
but the shape of the free-chloride concentration profile would remain
unaffected (i.e. the abrupt chloride profile, instead of the gradual profile,
as experimentally determined after the test). Therefore, Spiesz et al. [16,
23] presented an extended chloride transport model which considers
chloride bindingmore properly, assuming a non-linear chloride binding
isotherm (represented by Freundlich isotherm Cb = Kb ⋅ cn) and non-
equilibrium conditions between the free and bound chlorides. This
Table 2
Chemical composition of OPC, GGBS, FA and SF.

Chemical composition [%] OPC GGBS FA SF

CaO 64.60 38.89 4.46 0.28
SiO2 20.08 34.18 55.32 94.25
Al2O3 4.98 13.63 22.45 0.96
Fe2O3 3.24 0.51 8.52 0.14
K2O 0.53 0.43 2.26 0.95
Na2O 0.27 0.33 1.65 0.18
SO3 3.13 1.41 1.39 –
MgO 1.98 10.62 1.89 0.40
TiO2 0.30 – 1.17 0.01
Mn3O4 0.10 – 0.11 –
P2O5 0.74 – 0.76 0.08

Image of Fig. 1


Table 3
Composition of the developed mortar mixtures.

Name of mix M1-OPC M2-GGBS M3-FA M4-SF

Material Volume [dm3] Mass [kg·m−3] Volume [dm3] Mass [kg·m−3] Volume [dm3] Mass [kg·m−3] Volume [dm3] Mass [kg·m−3]

CEM I 52.5 N 163.2 520.6 97.9 312.3 138.7 442.5 146.9 468.5
GGBS 0.0 0.0 71.6 208.2 0.0 0.0 0.0 0.0
FA 0.0 0.0 0.0 0.0 33.1 78.1 0.0 0.0
SF 0.0 0.0 0.0 0.0 0.0 0.0 23.1 52.1
Sand 0–4 mm 594.0 1574.1 594.0 1574.1 594.0 1574.1 594.0 1574.1
Water 208.3 208.3 208.3 208.3 208.3 208.3 208.3 208.3
SP (% bwob) – 0.4% – 0.2% – 0.4% – 0.4%
Estimated air content 30.0 3.0% 30.0 3.0% 30.0 3.0% 30.0 3.0%
Total 995.5 2303.0 1001.8 2303.0 1004.2 2303.0 1002.4 2303.0
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model is based on the simplified Nernst–Planck equation in transient
conditions, coupled with a reaction term, and reads as follows [16]:

ϕ
∂c
∂t

−Deff
∂2c
∂x2

−
zFU
RTL

� ∂c
∂x

 !
¼ −k c−

Cb

Kb

� �1=n

" #
ð6Þ

1−ϕð Þρs
∂Cb
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Cb

Kb

� �1=n

" #
ð7Þ

with the following boundary and initial conditions:

c x ¼ 0; tð Þ ¼ c0 ð8Þ

Cb x; t ¼ 0ð Þ ¼ Cbi

where: Deff — effective chloride diffusion coefficient, k — mass transfer
coefficient, Kb — binding capacity of concrete, n— binding intensity pa-
rameter, Cb— bound chloride concentration expressed per mass of con-
crete, φ — water-permeable porosity concrete, ρs — specific density of
concrete and Cbi — initial bound chloride concentration in concrete.

The study of Spiesz and Brouwers [23] has shown that the DRCM, as
determined from Eqs. (1)–(3) for OPC-based concretes is not affected
by chloride binding and therefore the test output is correct for OPC-
based concretes. It is owed to fact that AgNO3 colourimetric method
was found reliable the detection of the free chloride penetration front
in the OPC-based concrete. It has been demonstrated that the chloride
binding capacity is very low at low free-chloride concentrations during
migration test (∂cb/∂c≈ 0 in Eq. (1)) andhence, theprogress of the free-
chloride penetration front through the concrete sample is not retarded
by chloride binding. Therefore, since in the migration tests chloride
binding can be neglected at very low free chloride concentrations, the
DRCM calculated from the detected free chloride penetration front re-
mains unaffected in the OPC-based systems. Thus, the DRCM formula
Fig. 2. Rapid chloride migration test
shown in Eq. (1) can bemodified by neglecting the chloride binding ca-
pacity and an equation has been suggested in [22], based on the equa-
tion presented by Atkinson and Nickerson [24]:

DRCM ¼ D0

1þ ∂cb
∂c

¼ Deff

ϕ 1þ ∂cb
∂c

� �≈
Deff

ϕ
: ð9Þ

Nevertheless, for blended cements the validity of Eq. (9) and of the
DRCM (Eq. (2)) has not been analysed yet and hence, the suitability of
the AgNO3 colourimetric method to accurately detect the free-chloride
penetration front in concrete based on different types of binder should
be verified.

Therefore, the purpose of this study is to analyse the accuracy of the
determination of the chloride diffusion coefficient in the RCM test for
various blended cementmortars. The diffusion coefficients are obtained
by two approaches: the basic RCM test model (Eqs. (1)–(3)) [5,6] and
the extended model presented by Spiesz et al. (Eqs. (6)–(8)) [16,23].
Firstly, the total concentrations of chlorides at the AgNO3 colour change
boundary are determined in mortars with different binders. Then, the
DRCM obtained from the basic model is compared to the one derived
from the extendedmodel. Furthermore, the apparent chloride diffusion
coefficient obtained in long-term immersion test is estimated in order
to demonstrate the influence of blended cements on the chloride trans-
port properties of mortars and the RCM test reliability.

2. Materials and methods

2.1. Materials and mix design

In this study four mortars based on different binder blends were pre-
pared and tested. For a better results' clarity mortars were chosen instead
of concrete as they did not contain coarse aggregates, which are
set-up (a) and scheme [28] (b).

Image of Fig. 2


Table 5
Hardened state properties of mortar mixes after 28 days; Rt,28 — flexural strength, Rc,28 —
compressive strength, ϕ28 — porosity, ρd — density of mortar in dry state.

Mixture ρd [kg · m−3] Rt,28 [N · mm−2] Rc,28 [N ·mm−2] ϕ28 [%]

Average StDev Average StDev Average StDev Average StDev

M1-OPC 1830 0.13 9.2 0.17 60.4 3.46 14.64 0.28
M2-GGBS 1960 0.06 7.8 0.01 51.9 1.68 14.67 0.24
M3-FA 2000 0.52 7.3 0.15 54.0 1.18 17.42 0.46
M4-SF 1930 0.37 7.9 0.02 59.3 2.22 17.85 0.70

Table 4
Fresh state properties of mortar mixes; ρf — density of mortar in fresh state, Vair,calc —
calculated entrapped air volume.

Mixture ρf
[kg·m−3]

Slump
[mm]

Flow
[mm]

Vair,calc

[%]

M1-OPC 2210 20 155.0 7.7
M2-GGBS 2160 10 132.5 9.8
M3-FA 2200 20 155.0 7.6
M4-SF 2150 20 145.0 10.2
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impermeable to chlorides and therefore disturb the chloride penetration
front. The reference mortar consisted of ordinary Portland cement (CEM
I 52.5 N) as a binder. The other mixtures included OPC replaced at differ-
ent levels by supplementary cementitious materials (SCM) — ground
granulated blast-furnace slag (GGBS), fly ash (FA) and silica fume (SF).
The binders were prepared by blending OPC with GGBS, FA and SF to
achieve the same composition as specified for CEM III/A, CEM II/A–V
and CEM II/A–D in EN 197-1 [26]. The water/binder ratio was kept con-
stant for all the prepared mixes (w/b = 0.4). Sand 0–4 mmwas used as
aggregate. The workability of the mortars was adjusted with
superplasticizer (Glenium 51 (BASF)). The granulometric properties are
shown in Fig. 1 anddensities and chemical compositions of usedmaterials
are shown in Tables 1 and 2, respectively. Themixture proportions of the
prepared mortars are shown in Table 3.

Fresh mortars were cast in cubes (150 mm side length) and prisms
(40 × 40 × 160 mm3). One day after casting, the specimens were
demolded and cured in water until the age of 27 days, when the RCM
test samples and long-term diffusion test samples were extracted
from the cubes by drilling and cutting. At the age of 28 days the RCM
test (NT Build 492) and long-term diffusion test (NT Build 443) began.
Mortar prisms were used for the determination of flexural and com-
pressive strengths according to EN 196–1 [27], after 7, 28 and 91 days
of water curing.

2.2. Rapid chloride migration test (RCM)

The cylinders were firstly drilled from cubes and cut to the required
thicknesses. Cylindrical samples of 100mmdiameter and 50mm thick-
ness were used in the tests. The test samples were saturated with lime-
water under vacuum conditions, following the procedure specified in
[6]. A pressure of about 20 mbar was applied to the samples in the des-
iccator for three hours, and then, with the vacuum pump still running,
the desiccator was filled with limewater. The vacuum was maintained
for an additional hour before allowing air to slowly re-enter the desicca-
tor. The specimens were stored in the solution for 18 ± 2 h prior to the
test RCM test. Subsequently, the sampleswere placed in tightly clamped
rubber sleeves, as is shown in Fig. 2 [28]. The catholyte was a 10% NaCl
solution and the anolyte 0.3MNaOH solution. The test duration and ap-
plied voltageswere determined based on the initial currentmeasured at
30 V [6]. The RCM test duration for all the investigated mortar mixes
was 24 h and the applied voltages are shown in Table 6. The RCM test
was carried out on six cylindrical samples per each mortar type. At the
end of the test, three cylinders were split and sprayed with 0.1 M
AgNO3 solution in order to determine the penetration depth of chlo-
rides, while the total chloride concentration profiles were measured in
the other three samples as it is explained in Section 2.4. Finally, the
DRCM was calculated from Eqs. (2) and (3). The measured profiles
were then used to estimate the chloride diffusion coefficient based on
the extended chloride migration model presented in Eqs. (6) and (7).

2.3. Chloride diffusion test

The chloride diffusion coefficient was also determined here using
the long-termbulk immersion tests (NT Build 443 [3]). The testwas car-
ried out on triplicate specimens. Cylindrical specimens (drilled from
150 mm cubes) with a diameter of 100 mm and a thickness of 50 mm
were used. At the age of 28 days, all faces of the cylinders except the
one exposed to chloride solution were coated with an epoxy resin and
immersed in limewater until the mass of the samples stabilized. Subse-
quently, the saline solution was prepared, 165 g of NaCl per dm3, and
the samples were exposed to this environment. The containers with
the samples were shaken once every week. After each five weeks, the
exposure liquid was replaced with a fresh solution. After the immersion
period of 120 days, the specimenswere removed from the solution. One
specimen was split for the determination of the chloride penetration
depth by spraying AgNO3 solution. The chloride concentration profiles
were measured in the two remaining specimens immediately after the
exposure period, by grinding off material layers and determining their
total chloride content. The powder collected from each layer was
dried at 105 °C until a constant mass was reached. Subsequently, the
total chloride concentration was determined by the potentiometric ti-
tration method as will be presented in Section 2.4. The diffusion coeffi-
cient was obtained by fitting themeasured profile to the solution of the
2nd Fick's law, as described in NT Build 443 [3].

2.4. Determination of the total chloride concentration

After performing the RCM test and long-termdiffusion test, themor-
tar specimens were ground to powder in layers. A surface layer of
0.5 mm was ground first and then 1.0 mm layers were ground subse-
quently, until a depth was achieved approximately 4 mm deeper than
the chloride penetration depth measured previously on sister samples
(by AgNO3 colorimetric method). The powder collected from each
layer was dried at 105 °C until a constant mass was reached. The total
chloride concentration was determined by boiling 2 g of the powder
in 35 ml distilled water acidified with 2 ml of 1.0M HNO3. After boiling,
the solution was cooled down and then filtered. Subsequently, the vol-
ume of the filtered solution was adjusted to 100 ml by adding distilled
water. Samples of 10 ml were analysed for the chloride concentration
by using an automatic potentiometric titration unit and a 0.01 M
AgNO3 solution as a titrant. The measured concentration is expressed
as the mass of chlorides in 100 g of dry mortar (% mCl/msample).

2.5. Additional measurements

The water-permeable porosity of mortar samples was measured on
five cylindrical samples for each mixture, extracted from 150 mm cubes.
The discs of 100 mm diameter and about 15 mm height were firstly
water-saturated under vacuumconditions at the age of 28 days, following
the same procedure as described earlier in Section 2.2. After completing
the saturation, the mass of the discs was measured hydrostatically and
in air. Subsequently, the samples were oven-dried at 105 °C until a con-
stant mass was reached. Finally, the water-permeable porosity ϕ is calcu-
lated as follows [29]:

ϕ ¼ ms−md

ms−mw
� 100 %½ �; ð10Þ

wherems—mass of saturated samplemeasured in air, mw—mass of sat-
urated sample measured hydrostatically and md —mass of dried sample.



a) b)

0.0

2.0

4.0

6.0

8.0

10.0

12.0

7 28 91

R
f
[N

·m
m

-2
]

Curing period

M1-OPC M2-GGBS M3-FA M4-SF

0.0

20.0

40.0

60.0

80.0

7 28 91

R
c

[N
·m

m
-2

]

Curing period

M1-OPC M2-GGBS M3-FA M4-SF

Fig. 3. Development of flexural (a) and compressive (b) strengths of mortars mixes after 7, 28 and 91 days.

194 V. Elfmarkova et al. / Cement and Concrete Research 78 (2015) 190–199
3. Results and discussion

3.1. Fresh state properties

The slump of mortars was measured with a small Abrams cone and
theflowabilitywith aHägermann cone. The target slump for all themix-
tures was set to 10–20 mm and the flowability N 130 mm and adjusted
by adding superplasticizer. Table 4 presents the fresh state properties of
the mortars. The entrapped air volume in the mortars was estimated
from the difference between the designed and measured density. It
can be observed that the mortar M4-SF has a higher air content com-
pared to the other mixtures. This can be attributed to a higher
viscosity of mortar resulting from the application of silica fume, which
has a high specific surface area [30,31]. The increased air content in
mortar M2-GGBS can be attributed to its lower workability, caused by
a lower SP dosage compared to the other mixtures (see Table 3).
3.2. Hardened state properties

Table 5 gives an overview of the determined hardened properties of
the prepared mortars. The compressive and flexural strengths develop-
ment (up to 91 days of curing) is presented in Fig. 3, from which it can
Fig. 4. Examples of the chloride penetration depth indicated by AgNO3 solution sprayed onto f
d) M4-SF2.
be noticed that the OPC-based mortar develops the highest strengths
among the prepared mortars. The results show that the mortar M4-SF
has the highest permeable porosity (17.85%) compared to the other
mortars. The measured water-permeable porosity accounts for the
closed pores (entrapped air) and the capillary porosity. The capillary po-
rosity is normally reduced when pozzolanic materials are added [32].
Nevertheless, the air entrapped in the fresh mix influences the total po-
rosity, so that it does not necessarily decreasewhen SCMare incorporat-
ed, even though the capillary porosity can be reduced. This has been
demonstrated by Quercia et al. [30] who found that nano-silica addi-
tions into concrete can even increase the total concrete porosity com-
pared to the reference samples, but at the same time reduce the
capillary porosity, i.e. hinder the chloride transport in concrete.
3.3. Chloride penetration depth and DRCM

After performing the RCM test, the colourimetric indicator for chlo-
rides (AgNO3 solution) is sprayed onto freshly split mortar samples to
determine the chloride penetration depth. The colourimetric boundary
between the regions with and without chlorides is clearly visible due
to the chemical reaction of Ag+ with Cl− or OH− and formation of
white or dark precipitate regions as illustrated in Fig. 4. The difficulty
reshly split mortar samples after the RCM test — a) M1-OPC1; b) M2-GGBS1; c) M3-FA2;

Image of Fig. 4
Image of Fig. 3


Table 6
RCM test conditions and results.

Mortar mixture Sample Applied voltage [V] Initial current (30 V) [mA] Test duration [h] xd
[mm]

DRCM

[·10−12 m2 · s−1]

M1-OPC 1 25 66.5 24 15.9 8.71
2 14.8 8.03
3 16.3 8.94

M2-GGBS 1 30 40.3 24 11.7 5.15
2 12.4 5.47
3 10.9 4.76

M3-FA 1 25 69.8 24 20.9 11.50
2 20.0 10.96
3 20.9 10.99

M4-SF 1 50 15.2 24 10.3 2.72
2 8.3 2.17
3 9.8 2.58
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with detecting the colour change boundary, and hence evaluating the
penetration depth xd, increases when the penetration depth is low or
when the original colour of concrete is dark [13] (especially for the ad-
dition of GGBS). The pictures presented in Fig. 4 were taken with an ar-
tificial light source (flash light), in order to improve the contrast and
consequently to improve the accuracy of the measurement. As can be
observed in Fig. 4, the obtained chloride penetration fronts are with a
clear colour change boundaries for all the analysed samples, relatively
straight and not distorted. Subsequently, an average chloride penetra-
tion depth xd is measured and used for the calculation of DRCM

(Eq. (2)), as reported in Table 6. Itmay be observed that the chloride dif-
fusion coefficients for mortars M2-GGBS and M4-SF are reduced com-
pared to the two other mortars, and this can be attributed to the
microstructural changes induced by the filler effect and pozzolanic reac-
tion. Thus, the permeability of these mortars is greatly reduced and the
chloride ingress resistance is improved. The efficiency of pozzolanic ad-
ditions to reduce the chloride ingress is also indicated in the total chlo-
ride concentration profile, as presented in Fig. 5. The results show that
the chloride penetration depth xd inmortarM3-FA is greater in compar-
ison to M1-OPC mortar (for these two mixtures the same voltage was
applied). This may be presumably related to the slower course of the
pozzolanic reaction of FA in comparison with mortars containing
GGBS and SF. Therefore, further reduction of chloride diffusion coeffi-
cient DRCM is expected for M3-FA mortar in the course of the time.

The literature shows that the initial current value measured in the
RCM test (at 30 V) may be correlated with the DRCM values [14,33].
The initial current depends mainly on the chemistry of pore solution
and pore structure of concrete [14]. The initial current measured at
0.0

0.2

0.4

0.6

0.8

1.0

0 5 10 15 20 25

C
t [

g C
l/1

00
g m

or
ta

r]

xd[mm]

M1-OPC

M2-GGBS

M3-FA

M4-SF

Average chloride 
penetration depths 
indicated by AgNO3

Fig. 5. Total chloride concentration profiles measured after the RCM test.
30 V was 69.8 mA for M3-FA mortar, 40.3 mA for M2-GGBS mortar
and only 15.2 mA for M4-SF mortar. When the DRCM is plotted
against the initial current, a linear relationship can be found, as is pre-
sented in Fig. 6. In the investigated range of voltages, this linear relation-
ship is clear (R2 = 0.9092).

3.4. Total chloride concentration at the AgNO3 colour change boundary

The chloride content at the colour change boundary is often
expressed as % by the mass of concrete or as % by the mass of cement
[5,8,10–13,15,18] because it is difficult to reliablymeasure the free chlo-
ride concentration profile in concrete. Theoretically, for a chloride con-
taminated concrete, only the chloride in pore solution can react with
silver ions and yield the white precipitation. Nevertheless, for compari-
son purposes, the chloride content obtained in this study is expressed as
% by the mass of mortar. This value multiplied by a dry density (see
Table 5) over the binder volume in 1 m3 (see Table 3) yields the total
chloride content expressed as % by themass of binder.Many researchers
have measured the chloride concentration at the colour change bound-
ary with OPC, but obtained very different results. Several factors such as
the alkalinity of mortar, sprayed volume and concentration of AgNO3

solution, pore solution volume, sampling method and methods used
for measuring the free chloride concentration in concrete, as well as
mix composition can be responsible for the high variability [19].

The total chloride concentrations at the chloride penetration depths
xd have been determined here from the experimental profiles, as shown
in Fig. 5. The depths, at which the colourimetric indicator displays the
colour change, have been also plotted in Fig. 5, indicated as vertical
lines. Fig. 5 shows that all the chloride concentration profiles in mortars
after the RCM test decrease gradually from high values at the exposed
surface to zero in deeper layers. The GGBS- and FA-mortars display a
lower total chloride concentration in comparison to the OPC-mortar.
This finding is in agreement with the fact that OPC-FA blends are
known for a higher binding capacity in comparison to OPC based mate-
rials [34]. A higher binding capacity has been observed as well in mixes
including GGBS [35]. The values of the total chloride concentration in
concrete corresponding to the AgNO3 detection boundary are summa-
rized in Table 7 for all the samples analysed in this study. Table 7
shows that the total chloride concentration values range from 0.01 to
0.18% by the mass of concrete. Based on the work of Andrade et al.
[12], the SF-based mortar should have the lowest chloride concentra-
tion at the colour change boundary and OPC-based mortar the highest
concentration. This is confirmed in Table 7. The comparison between
the total chloride concentrations at the colour change boundary for
OPC-mortar obtained in this study and published in the literature is pre-
sented in Table 8. Otsuki et al. [10] proposed to use silver nitrate solute
to determine the chloride penetration depth and quantified the chloride
concentration at the colour change boundary. They found the total chlo-
ride content at the colour change boundary 0.15% by mass of cement

Image of Fig. 5


Table 7
Total chloride concentration at the AgNO3 colour change boundary.

Mortar mixture Total chloride concentration
by mass of concrete [%]

M1-OPC 0.17–0.18
M2-GGBS 0.01–0.02
M3-FA 0.03–0.04
M4-SF 0.10–0.11
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(which is equal to 0.08% by mass of concrete calculated from Otsuki's
data). Baroghel-Bouny et al. [13] reported that the total chloride content
for OPC concrete varied from 0.037–0.104% by the mass of concrete.
Yuan et al. [8] reported the range between 0.028 and 0.207% by mass
of concrete and Meck et al. [11] showed the range of the total chloride
content at the colour change boundary for OPC concretes from 0.02 to
0.23%. Andrade et al. [12] found the average total chloride concentration
at the colour change boundary of 0.18% for concretemadewith different
types of binders, which is very comparable to the data reported else-
where [10–13,18].

From Figs. 4, 5 and Table 7 it can be found that the AgNO3 method
allows the detection of the chloride penetration front for mortars with
SCM and the total chloride concentration, but the colour change bound-
ary is different for the investigated binders. The results presented in
Table 7 show that AgNO3 colourimetric method is even more accurate
in detecting the chloride penetration depth for mixtures incorporating
SCM, compared to the OPC-based mortar, as the total chloride concen-
trations at the colour change boundary are much lower. Therefore, the
DRCM for blended cementmortars is calculated for the accurate chloride
penetration front, which is not affected by chloride binding. Therefore,
Eq. (9) holds also for mortars based on the supplementary cementitious
materials, as will be explained in the following section.
3.5. Extended chloride transport model

Based on the experimental total chloride concentration profiles ob-
tained after performing the RCM test (Fig. 5), the values of the chloride
effective coefficient Deff, the mass transfer coefficient k, the binding ca-
pacity Kb and the intensity of binding n are optimized using a similar
routine as presented by Spiesz et al. [16]. In such optimization process,
the difference between the experimentally determined chloride con-
centration profile and the chloride profile computed from Eqs. (6) and
(7) is minimized by adjusting the values of the above mentioned pa-
rameters. The values of the optimized parameters for OPC and blended
cement mortars are shown in Table 9. Examples of the simulated total
chloride concentration profiles for the investigated mortars are shown
in Fig. 7. All the optimized chloride profiles are presented in the Appen-
dix. From the presented results it can be seen that when replacing ce-
ment with 40% of GGBS (M2-GGBS), the binding capacity Kb is
increased. This indicates that the hydration products of M2-GGBS mor-
tar are capable of binding more chlorides compared to the plain OPC-
mortar (either chemically or physically, by the finer CSH gel). The
same trend can be seen in the case of the 15% replacement of OPC by
fly ash (M3-FA). On the other hand, when 10% of cement is replaced
with silica fume (M4-SF), the binding capacity is slightly reduced, as is
R² = 0.9092

0

2

4

6

8

10

12

0 10 20 30 40 50 60 70 80

D
R

C
M

 [·
10

12
 m

2 ·s
-1

]

Initial current [mA]

M1-OPC

M2-GGBS

M3-FA

M4-SF

R² = 0.9092

0

2

4

6

8

10

12

0 10 20 30 40 50 60 70 80

Initial current [mA]

M1-OPC

M2-GGBS

M3-FA

M4-SF

Fig. 6. Relationship between initial current and chloride diffusion coefficient DRCM.
shown in Table 9. The optimized values of binding intensity n are
found in the range 0.49–0.53 for blended cementmortars. For OPCmor-
tar (M1-OPC) the value of n equals to 0.52–0.53, which is in line with
the experimental values presented in [5] for an OPC mortar. In order
to account for free and bound chloride concentration non-equilibrium,
the mass transfer coefficient k is introduced. The mass transfer coeffi-
cient k is a parameter that plays a decisive role on the shape of the pro-
file. When chlorides are bound faster (higher values of k), they do not
have much freedom to penetrate deeper in to themortar, which results
in more abrupt chloride profile, as shown in the case of GGBS- and SF-
based mortars (Fig. 7). The more gradual shape can be seen in M1-
OPC and M3-FA mortar (Fig. 7), which is reflected by lower k values,
as found in Table 9.

Table 9 shows that the values of the DRCM calculated from the basic
RCMmodel (from the measured chloride penetration front) are similar
to the values of the DRCM* obtained from the extendedmodel, following
Eq. (9). It can be stated that the DRCM* equals to theDeff/ϕ, as there is no
chloride binding at the location of the chloride penetration front (∂cb/
∂c ≈ 0) detected by AgNO3 colourimetric method. A clear correlation
between the chloride diffusion coefficients obtained from the
colourimetric method and extended model can be seen also in Fig. 8.
The good correlation demonstrates that the chloride penetration front
in blended cement mortars can be accurately detected by using the
spraying AgNO3 colourimetric method and the chloride diffusion coeffi-
cient can be reliably obtained with the RCM test.

3.6. Relation between the chloride diffusion coefficients obtained from ac-
celerated and non-accelerated tests

From Fig. 10 it can be seen that the total chloride concentration pro-
files are very similar for the three mortars (M1-OPC, M2-GGBS, M4-SF)
after the natural chloride diffusion test, whereas a higher chloride pen-
etration depth is observed inmortar M3-FA. Table 10 presents the chlo-
ride diffusion coefficients obtained following the accelerated RCM test
(DRCM) and the long-term diffusion test (Dapp). It can be seen that the
results obtained from the RCM test are generally higher than the results
from the diffusion test, and they are well correlated linearly, as is pre-
sented in Fig. 9 for the individual results. This is consistent with the re-
sults obtained by other researchers [13,14]. The DRCM coefficients found
in this study are about 35% higher than the Dapp obtained in the long-
term diffusion test and both follow the same trend. Similar differences
Table 8
Total chloride concentration at the AgNO3 colour change boundary for
OPC-based concrete reported in the literature.

Reference Total chloride concentration
by mass of concrete [%]

This study ~0.18
Yuan et al. [14] 0.028–0.207
Meck et al. [11] 0.02–0.23
Andrade et al. [12] 0.06–0.17
Otsuki et al. [10] ~0.08a

Baroghel-Bouny et al. [13] 0.037–0.104

a Calculated from Otsuki's data.
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Table 9
Parameters optimized from the extended model.

Mortar
mixture

k
[·106 l · s−1]

Kb

[·104

dm3n/gn]

n
[–]

Deff

[·1012 m2 · s−1]
xd
[mm]

DRCM

[·1012 m2 · s−1]
DRCM*
[·1012 m2 · s−1]

M1-OPC1 1.50 6.30 0.52 1.41 15.9 8.71 9.52
M1-OPC2 1.63 6.35 0.53 1.37 14.8 8.03 9.55
M1-OPC3 1.55 6.30 0.53 1.39 16.3 8.94 9.62
M2-GGBS1 3.99 8.40 0.49 0.88 11.7 5.15 5.89
M2-GGBS2 3.97 8.20 0.50 0.87 12.4 5.47 6.05
M2-GGBS3 4.09 8.40 0.49 0.86 10.9 4.76 5.84
M3-FA1 1.40 6.50 0.52 1.83 20.9 11.50 10.47
M3-FA2 1.35 6.35 0.51 1.70 20.0 10.96 9.43
M3-FA3 1.53 6.55 0.51 1.59 20.0 10.99 9.47
M4-SF1 2.30 6.05 0.53 0.51 10.3 2.73 2.87
M4-SF2 1.73 6.25 0.53 0.45 8.3 2.17 2.49
M4-SF3 2.06 6.00 0.50 0.46 9.8 2.58 2.70
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were presented in [14,33] who obtained the DRCM about 30% higher
thenDapp. TheDapp lower thanDRCM can be explained by the age of sam-
ples upon the test period, i.e. 28 days for the RCM test and a period be-
tween 28–120 days for the long-term diffusion test. Therefore, a further
microstructural densification of the mortars in that period is expected.
R² = 0.9213
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4. Conclusions

Based on the presented investigations, the following conclusions can
be drawn:

1. The reliability of the AgNO3 colourimetric method to determine the
chloride penetration depth is good for mortars based on different
types of binders used in this study (GGBS, FA and SF). For the mix-
tures containing SCM additions, the total chloride concentration
measured at the colour change boundary is even lower compared
to the plain OPC mortar.

2. As the AgNO3 colourimetric indicator allows reliable free-chloride
penetration detection for mortars based on alternative binders, the
DRCM calculated based on the true free-chloride penetration front is
also correct. At the very low free-chloride concentration (i.e. the
chloride penetration front) chloride binding is very limited during
migration tests, so the DRCM remains unaffected by binding, which
is reflected by a good correlation between the DRCM calculated from
both, the basic and extended chloride transport models.

3. A linear correlation between the chloride diffusion coefficients ob-
tained in accelerated and long-term diffusion tests is observed.
Table 10
Average chloride diffusion coefficients obtained from NT Build 492 and NT Build 443.

Mortar mixture DRCM

[·1012 m2 · s−1]
Dapp

[·1012 m2 · s−1]

M1-OPC 8.56 5.94
M2-GGBS 5.13 3.66
M3-FA 11.15 7.21
M4-SF 2.49 1.96

R² = 0.9851
Dapp = 0.67 xDRCM
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Fig. 10. Chloride profiles in blended cementmortars obtained after 120 days of bulk diffu-
sion test (NT Build 443).

Fig. 11. Total chloride concentration profiles for mortars M1-OPC2, M1-OPC3.

Fig. 12. Total chloride concentration profiles for mortars M2-GGBS2, M2-GGBS3.

Appendix A

Fig. 13. Total chloride concentration profiles for mortars M3-FA1, M3-FA3.

Fig. 14. Total chloride concentration profiles for mortars M4-SF1, M4-SF3.
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