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a b s t r a c t

This paper presents an investigation into the extent and reasons of the observed improvement in perfor-
mance that ground granulated blast furnace slag (GGBFS) contributes against chloride initiated corrosion.
Tests conducted on concretes with blended cement included Rapid Chloride Permeability Test (RCPT),
long term ponding, corrosion current monitoring, pore size distribution and X-ray diffraction analyses.
Values of the RCPT and corrosion current were significantly reduced as the proportion of GGBFS
increased. The results showed only small refinements in pore size distribution, as well as indications
of the formation of Friedel’s salt. The tests however, revealed the formation of hydrotalcite as a significant
hydration product in GGBFS blends. The results further demonstrated the efficiency of hydrotalcite in
binding chloride ions. The authors attribute the reduction in corrosion current to the efficient binding
of chloride ions by the hydrotalcite that forms in GGBFS hydration products.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction especially in aggressive chloride and/or sulphate rich environ-
The recent thrust for creating sustainable concrete structures
has brought particular attention to the many advantages that the
concrete industry can gain from including industrial by-products
that possess pozzolanic properties in their mixtures [1]. High
strength-high performance concrete has become somewhat synon-
ymous with the inclusion of silica fume at a proportion that has
been optimised at around slightly less than 10% of the total binder
content on a mass basis [2–4]. Quite recently, ternary blends con-
taining combinations of OPC, silica fume, fly ash and GGBFS have
started to become more thoroughly investigated [5,6]. Clearly,
the purpose of such binary or ternary mixture is to harness the
most desirable properties suitable for the intended construction.
Evidence of better corrosion performance of concretes with binary
and ternary blends has recently been supported by various inves-
tigators [6,7]. Naturally, attention has been directed towards the
performance of the pozzolanic industrial by-product materials in
environments conducive to the corrosion of embedded steel. Hence
the effects of such materials on the microstructural, chemical and
physical properties are of paramount importance. The use of mate-
rials such as fly ash, silica fume or GGBFS, has been shown to sig-
nificantly affect the pore solution chemistry and consequently, the
electrical conductivity [8–10]. The beneficial effects of GGBFS,
ll rights reserved.
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ments, have been well documented and GGBFS is therefore, re-
garded as an effective means in producing high performance
concrete [1,11,12]. Dhir et al. [13] investigated the chloride binding
capacity of paste containing GGBFS at different replacement levels
and concluded that it increased with the increase of GGBFS con-
tent. They also found that the binding capacity of the paste at
66.7% GGBFS content was about five times that of plain Portland
cement paste. Dhir et al. as well as Luo et al. attributed this capa-
bility to increased formation of Friedel’s salt [13,14].

However, the chemical constituents of GGBFS differ consider-
ably from that of Portland cement, fly ash and silica fume, and nota-
bly in the amount of magnesia [15]. Subsequently, magnesia
contributes to form hydrotalcite in significant amounts during
hydration [16,17]. Hydrotalcite is one of the most representative
minerals of the Layered Double Hydroxides (LDHs) group. It occurs
both naturally and synthetically and has the chemical formula of
Mg6Al2(OH)16CO3�4H2O. However, the chemical formula of hydro-
talcite may change depending on the molar ratio Al3+/(Mg2+ + Al3+)
which varies from 0.2 to 0.33 [18]. Hydrotalcite consists of divalent
and trivalent cations dispersed amongst the octahedral layers to
form positively charged layers. The negatively charged anions are
housed in the interlayer between the positively charged layers
[19]. A distinctive and valuable characteristic of hydrotalcite lies
in its anion exchange property by which the interlayer anions can
be replaced with a wide range of inorganic and organic anions
[20]. Hydrotalcite’s anion exchange property has been effectively
used to neutralise acids in the stomach [21] or to resist corrosion
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on metal surfaces [22,23]. Hybrid sol-gel coatings with hydrotalcite
are effective in improving mechanical and physical properties of
metal surfaces, including resistance against corrosion. When the
coated surface is exposed to salt attack, the attacking chloride ion
is adsorbed by hydrotalcite and thus the surface gets protection
against corrosion [24,25]. Based on the reported evidence on the
properties of hydrotalcite and in particular, its ion exchange capa-
bility, the authors decided to examine this capability in GGBFS con-
crete. In particular, the authors aimed to examine the apparent
capability of GGBFS to bind chloride ions, and investigate whether
formation of hydrotalcite is involved in making a significant drop
in the free chloride ion content in concrete. First, the paper presents
the effects of binary and ternary blends of Portland cement, silica
fume and GGBFS on the chloride penetration and the chloride initi-
ated corrosion. The study employed the RCPT, the salt solution
long-term ponding test, corrosion current measurement and pore
size distribution analysis in order to determine whether there is a
correlation between results of these indicators. The authors subse-
quently discuss the possible reasons causing the enhanced binding
of chloride ions in such concretes and resulting in lower corrosion
currents. X-ray diffraction (XRD) was employed to analyse qualita-
tively and quantitatively the extent of hydrotalcite formation in
GGBFS hydration products. Furthermore, pure hydrotalcite was ex-
posed to chloride solutions and its capability to bind chloride ions
was investigated using chemical and XRD analyses. These methods
helped to shed light on an important role that hydrotalcite may play
in protection against corrosion in reinforced concrete.
2. Materials and testing

2.1. Materials

Crushed dacite coarse aggregates of 9.5 mm maximum size,
complying with ASTM C 33, were used. The aggregates were
Table 2
Mix quantities* and fresh and mature properties of mixes; w/b: 0.38.

Materials and properties OPC CS

Cement (kg/m3) 450 405
Silica fume (kg/m3) – 45
Blast furnace slag (kg/m3) – –
Total cementitious content (kg/m3) 450 450
Coarse aggregate (kg/m3) – (oven dried) 1110 1101
Fine aggregate (kg/m3) – (oven dried) 680 675
Superplasticizer L/100 kg binder 1.14 1.3
Water-effective (kg) – (free) 171 171
Slump (mm) 65 85
Air content (%) 1.65 0.9
Hardened concrete density (kg/m3) – 365 days 2360 2344
Compressive strength (MPa) 365 days 76.8 73.4

* Aggregates quantities are in the oven dry condition, while the shown water quantity

Table 1
Chemical and physical properties of OPC, SF, GGBFS and hydrotalcite.

Chemical and physical
properties

Cement
(%)

SF
(%)

GGBFS
(%)

Hydrotalcite
(%)

SiO2 21.1 >90 34.1 0.15
Al2O3 5.2 <0.9 13.2 19.19
Fe2O3 4.3 <1.5 0.7 –
CaO 64.2 <0.4 41.8 0.09
MgO 1.2 <0.1 6.3 34.32
Na2O, K2O 0.05,

0.47
<0.4,
<0.9

0.27,
0.34

–

SO3 2.6 <0.03 2.4 –
Loss of ignition 0.8 – 0.5 46.05
Specific gravity 3.13 2.24 2.86 2
Fineness index (m2/kg) 350 23,500 425 –
washed and dried before casting. Washed river bed sand was used
as fine aggregates. Concrete mixtures were cast with a total cemen-
titious materials content of 450 kg/m3. The OPC was replaced with
low, medium, and high percentages of GGBFS at the replacement
levels of 25%, 50%, and 70% by mass. Silica fume was used at 10%
replacement of the total cementitious materials content in all the
ternary mixes. Pure hydrotalcite was obtained from Sigma–Aldrich
chemical company. Its chemical analysis, as well as the chemical
analyses of OPC, silica fume, and GGBFS used in this series, is shown
in Table 1. The hydrotalcite needed for making the mixes used for
measuring chloride adsorbing capacity as well as XRD testing,
was calcined according to the method of Lv et al. [26], by which
the hydrotalcite was placed in a furnace for 3 h at 500 �C before
cooling down to room temperature. It was then kept in a sealed
container until testing, to prevent any contamination.

2.2. Concrete mixes

A total of 8 types of mixes were cast using constant water to
binder (w/b) mass ratio of 0.38 and varying the dosage of superp-
lasticizer to obtain similar workability characteristics reflected in
slump values in the range of 80–120 mm. A polycarboxylic ether
superplasticizer usually used in producing high performance con-
crete was used in this series. The mixes were designated as fol-
lows: The letters C, S, and B stand for OPC, silica fume, and
GGBFS, respectively. For example, in the mix CB7S, C represents
ordinary Portland cement, B7 represents 70% replacement of the
total binder by GGBFS, and S represents 10% replacement of the to-
tal binder by silica fume. Likewise, in CB2S, B2 represents 25%
replacement of the binder by GGBFS. The fresh and hardened con-
crete properties of all mixes are reported in Table 2.
2.3. Slab specimens

A reinforced concrete slab panel of size 500 � 500 � 60 mm was
cast for each mix. The concrete cover at the top and bottom were 30
and 15 mm, respectively. The slabs were air dried in the laboratory
for a period of 28 days after one week of fog curing. On the 29th day,
the slabs were ponded with 3% sodium chloride solution (chloride
ion concentration of 18,198 ppm) placed on the top of the slab with
an average depth of 10 mm. The slabs were placed in a room where
the ambient temperature and RH were 23 �C and 40%, respectively.
Marine grade aluminium was used to enclose the sodium chloride
solution on top of the slabs. The sodium chloride solution was com-
pletely removed on a weekly basis and was replenished with
freshly prepared solution. The solution was continually stirred to
avoid stratification. The ponding period lasted for 710 days, after
which concrete powder specimens were extracted from the range
of 25–45 mm depth, which represents the reinforcement vicinity.
CB2 CB2S CB5 CB5S CB7 CB7S

337.5 292.5 225 180 135 90
– 45 – 45 – 45
112.5 112.5 225 225 315 315
450 450 450 450 450 450
1105 1096 1100 1091 1111 1102
677 672 674 669 681 675
1.3 1.31 1.2 1.3 0.94 1.3
171 171 171 171 171 171
200 90 35 130 155 110
0.35 1.4 0.7 1.15 0.75 1.15
2357 2330 2341 2318 2361 2324
68.5 64.3 55.6 53.2 58.6 56.9

is the free water after absorption has occurred.



Fig. 1. Details of the reinforced concrete slab.
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The samples were analysed for acid soluble chlorides following the
AASHTO-T260 method [27]. Details of slab and reinforcement are
shown in Fig. 1.

2.4. RCPT specimens

The Rapid Chloride Permeability Test (RCPT) has been used as a
standard test to evaluate the susceptibility of certain concretes to
chloride initiated reinforcement corrosion [28,29]. It was however,
argued that the RCPT is more a measure of resistivity to electric
current rather than a chloride ion permeability test [30,31].
Researchers have advocated the use where appropriate, of the long
term ponding test [32] as a better representation of chloride pen-
etration [33]. Indeed, the latter test presents a reliable method
for quantifying total chloride ingress, as well as being suitable for
measuring corrosion current in ponded reinforced slabs [34]. For
each mix, 8 disc specimens (with the exception of the control
mix which had seven specimens) of 100 mm diameter and
50 mm thickness were cast. The specimens were demoulded 24 h
after casting and were fog cured for a period of 7 days. They were
then exposed in an environmental room maintained at 23 �C and
50% RH. The test was performed after 350 days, following the pro-
cedures outlined in AASHTO-T277.

2.5. Pore size distribution analysis

Pore size distribution analysis was performed on samples col-
lected from the central core of compressive strength cylinders
crushed after one year of casting. The specimens were kept in vac-
uum desiccators over silica gel. Pore size distribution determina-
tion was performed using the nitrogen adsorption porosimetry
method.

2.6. Measurement of hydrotalcite’s chloride adsorbing capacity

For this purpose, a procedure proposed by Wajima et al. was
adopted [35]. Accordingly, calcined hydrotalcite was added to
80 mL NaCl solution containing 3% NaCl by mass (representing
average content in sea water). The mixture was stirred for several
hours to allow for the reaction between chlorides and hydrotalcite.
The mixture was then filtered and the concentration of chloride in
the filtrate solution was determined using a chloride ion selective
electrode. The reduction in the concentration of the original solu-
tion is due to hydrotalcite adsorption of chloride ions. The adsorp-
tion capacity was determined in two steps. The first step is done in
order to determine the optimum length of time needed for the
reaction. For this purpose, 8 g of calcined hydrotalcite were added
to 80 mL NaCl solution and the reaction time was varied from 1 h
to 24 h. In the second step, the dose of calcined hydrotalcite was
varied while keeping a constant reaction time as obtained in the
first step.

2.7. Investigation using X-ray diffraction

X-ray diffraction (XRD) investigation was carried out to:

(1) Identify hydrotalcite formation during hydration of plain
GGBFS. For this purpose, plain GGBFS was activated with
4 M NaOH to accelerate hydration reactions. This mixture
is referred to here as 4M_GGBFS.

(2) Investigate whether Friedel’s salt is also formed as a result of
activating plain GGBFS and subsequent contact with chlo-
rides. For this purpose, NaCl constituting 2.47% by dry mass
of GGBFS (to make 1.5% of Cl� ion by GGBFS mass) was dis-
solved into the quantity of 4 M NaOH solution required for
making the GGBFS paste.

(3) Identify whether there is hydrotalcite formation in hardened
binary blend paste of ordinary Portland cement and GGBFS.
For this purpose, a paste consisting of 50% GGBFS by mass of
cementitious material was cast. This mixture is referred to
here as 4M_GGBFS50. The mixture was also activated with
4M NaOH.

All types of GGBFS pastes in 1, 2 and 3 above were cast in plastic
vials with sealing caps and using a liquid to binder (w/b) ratio of
0.35. The samples were demoulded after 24 h and subsequently
placed in a controlled environment room at 50% relative humidity
and 23 �C until testing.

(4) Investigate whether other identifiable crystalline compounds
form as a result of interaction between the hydrotalcite and
NaCl. For this purpose, NaCl was added to plain calcined
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hydrotalcite. The method applied by Wajima et al. [35] to
measure the chloride binding ability of hydrotalcite, as out-
lined in Section 2.6, was also adopted here. In this procedure,
16 g of calcined hydrotalcite were added to 80 mL of NaCl
solution containing 3% NaCl by mass. The mix was stirred
for 24 h then filtered. The residual solids were dried in an oven
at 105 �C for 24 h. The dried solids were then ground to a
powder and kept in sealed condition until XRD testing.

(5) Quantify the relative proportion of the hydrotalcite phase.
This was done using the computer program Rietica [36] that
is based on the Rietveld method [37]. This method has been
successfully used in the quantification of cement clinker [38]
minerals as well as cement hydration products [39]. The
software’s algorithm performs the analysis and calculations
of the proportions of the minerals that are present in crystal-
line form.

At the time of analysis, the samples were crushed to fine pow-
der. The diffraction conditions were: 40 kV, 25 mA, CuKa radiation
with wavelength 0.15418 nm, scan range 5�–65�, 0.1� 2h step size
with speed of 1�/min.
2.8. Corrosion measurement

The corrosion evaluation was performed using a ‘‘GECOR6’’ cor-
rosion rate metre developed by GEOCISA in collaboration with two
leading Spanish research centres. The apparatus works on the prin-
ciple of linear polarization [40]. The corrosion rate is measured in
terms of the corrosion current density, Icorr and is expressed in mic-
roamperes per square centimetre (lA/cm2). Values between (0.1
and 1 lA/cm2) are the most frequently observed. A corrosion cur-
rent density less than 0.1 lA/cm2 is associated with passivity or
negligible corrosion activity [41]. The corrosion rate for all slab
reinforcement was monitored for the total exposure period of
710 days. The results presented here are those recorded at the con-
clusion of the testing period. Each result represents the average of
12 measured values.
3. Results and discussion

3.1. Effect on induced electrical charge

The results plotted in Fig. 2 shows that replacing cement with
increasing proportions of GGBFS up to 50% of the binding material
has decreased the electric charge passed in RCPT evaluations. How-
ever, when the proportion of GGBFS was 70% there appears to be a
reversal of the trend. This is not surprising because it is expected
that such a high replacement level may produce less overall reac-
tion, resulting in a less dense internal structure and more intercon-
nected pores that would facilitate ion mobility. Thus, the ability of
GGBFS concrete to resist passing of electric charge may start to
become increasingly counterbalanced by any increase in the
interconnected porosity. Nevertheless, even at the 70% replace-
ment level, the GGBFS concrete was more resistant to the passing
of current than plain OPC concrete. In the binary blends of OPC
and GGBFS, a maximum reduction of 36% in electric charge was ob-
tained (compared to the OPC control) when the GGBFS constituted
50% of the total binder. The 10% replacement of Portland cement by
silica fume has also decreased the charge. It is observed that
replacing 10% of cement by silica fume has resulted in a 50% reduc-
tion in charge compared to plain OPC concrete. In ternary blends
with both GGBFS and silica fume, it is observed that silica fume
could further decrease the charge passed even below the level ob-
tained with binary blends with GGBFS. Ternary blends where
GGBFS proportion was 25%, have also showed lower charge than
in binary blends of OPC and silica fume. A maximum reduction
of 58% has occurred in the ternary blend where the GGBFS and sil-
ica fume constituted 25% and 10% of the binder, respectively. The
above discussed results and observations clearly indicate that the
charge passed in the RCPT may be strongly affected by changes
that would occur in the pore solution’s chemical composition as
a result of the inclusion of pozzolanic materials. The availability
of mobile ions in the pore solution that is present in interconnected
pores is expected to facilitate the passing of electrical current. It is
therefore reasonable to expect that the less the quantity of mobile
Cl� ions is, the lower would the conductivity be. Indeed, if the poz-
zolanic materials could bind, and thus immobilise such ions, a less
quantity of free Cl� ions would be present in the pore solution, thus
resulting in lower conductivity. In the sections to follow, this
hypothesis is examined through investigating the ability of GGBFS
to bind chloride as a consequence of hydrotalcite formation being
one of its main hydration products.

It is interesting, that such an indication of high performance is
not accompanied by an increase in strength. On the contrary, it
can be seen (Table 2) that the strength of the OPC control has been
the highest and has progressively decreased as the pozzolanic
material replacement increased. Yet, the compressive strength of
the binary blend with only 30% OPC was around 59 MPa compared
to around 77 MPa for the 100% OPC. Although this is not exactly
the subject of this paper, the authors see it appropriate to draw
attention to the benefits of being able to so significantly reduce
the amount of Portland cement and at the same time improve
the quality of concrete through better durability performance,
while still keeping an acceptable high strength level. Nevertheless,
it is important to note that at the level of silica fume replacement
being 10% of the total cementitious materials’ content, there has
been an observed consistent decrease in strength in all the tested
combinations (Table 2). This has been the case despite an equally
consistent reduction in the passed electrical charge, evidently
resulting from micro-silica presence as can be seen in Fig. 2.

3.2. Effect on total Cl� content near the reinforcement

Results of total chloride content analysis are shown in Fig. 3.
The results for the slabs within the depth of 25–45 mm, ponded
under chloride solution showed that the total chloride content in
all the concretes ranged between 0.21% and 0.28% of the binder
mass. Fig. 3 shows a trend of slightly decreasing chloride content
as the GGBFS replacement proportion increases. It should be noted
that this measured chloride is the total chloride that managed to
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permeate to this particular depth. This includes both the free and
the bound chlorides. It may therefore be concluded that it is the to-
tal chloride content that reflects the chloride permeability of the
concrete and is mainly affected by its porosity characteristics. Nev-
ertheless, the pore size distribution shown in Fig. 4 does not indi-
cate a consistent or conclusive trend although the curves of all the
mixtures seem to be in close proximity. Moreover, it must be noted
that keeping a constant w/b mass ratio while also keeping a con-
stant total binder mass, results in alteration to the initial water
filled porosity of the different mixtures. This is mainly due to the
lower density values of the pozzolanic materials which in turn re-
sults in these materials occupying a slightly larger solid volume
than in the case of plain Portland cement. This may well affect
the pores distribution characteristics. The authors therefore, attri-
bute the slightly decreasing trend in the total chloride content in
the pozzolanic blends, as illustrated in Fig. 3, to a reduction in
general permeability owing to a reduction in the volume of avail-
able pores.

It is also worth noting that previous studies of the pore solu-
tion chemistry of silica fume as well as GGBFS cement blends
showed that the free chloride concentration increases significantly
as a result of silica fume addition [42] and decreases steeply as a
result of GGBFS blending [43]. On the other hand, the free chloride
concentration reflects the capability of the pozzolanic material to
bind chloride ions, in the case of GGBFS, or its capability to disso-
ciate the already bound chloride as seems to be the case with sil-
ica fume blends. Indeed, there has been plenty of evidence that
the addition of silica fume results in the decomposition of Fri-
edel’s salt [10,42].
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Fig. 3. Total chloride content at 25–45 mm depth after 2 year ponding.
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3.3. Effect on the OH� concentration

There is overwhelming evidence that the OH� concentration
substantially decreases in the pore solution of concretes with
GGBFS, fly ash or microsilica [10,43–48]. Vedalakshmi et al. [43]
have found that OH� ion concentration in GGBFS concrete de-
creases to about half its value in plain OPC concrete. Rasheeduzza-
far and Ehtesham Hussain concluded that GGBFS acts as an alkali
diluent and that 60% slag cement is equivalent in its alkali removal
to 10% microsilica cement [49]. Rasheeduzzafar et al. [42] have also
shown that 10% substitution of cement by microsilica resulted in
doubling the free chloride ion concentration in the pore solution.
The increase in Cl� concentration was accompanied by a large de-
crease in the concentration of OH�. Subsequently a very high value
of Cl�/OH� ratio resulted. It has been known that Cl� ions get
bound in cement paste as a result of the C3A and C4AF presence.
C3A and C4AF hydrates bind chloride ions in Friedel’s salt
(3CaO�Al2O3�CaCl2�10H2O) [42,50–52] and its ferrite phase form
(3CaO�Fe2O3�CaCl2�10H2O) [42,51]. Such binding is thought to be
dissociated as a consequence of silica fume addition and hence
resulting in the increase of free Cl� concentration [10,42]. The in-
crease in free Cl� concentration in microsilica cement has been
attributed to the lower alkalinity in microsilica cement blends
[10], although this issue is still quite controversial [42,53]. The
expectation was that such an environment would result in high
activity of chloride initiated corrosion. Nevertheless, results of
those researchers, as well as the present authors, have shown that
in the cases of binary and ternary blends involving silica fume and
GGBFS, corrosion current was far less in the blended cement con-
cretes than it was in the plain concrete.

Vedalakshmi et al. [43] have found that concrete with GGBFS
blended cement exhibited a large reduction in the free chloride
content. The reduction exceeded 50% compared to plain OPC con-
crete. Vedalakshmi et al. [43] have also found a substantial reduc-
tion in the OH� ion concentration. However they reported that
such a reduction in the OH� ion concentration did not adversely af-
fect corrosion of reinforcing steel. Several researchers have also
demonstrated that the inclusion of GGBFS results in reduced chlo-
ride ion concentrations [13,14,54–56]. Thus, there is consistent
evidence that GGBFS reduces both the free chloride and the OH�

concentrations. This effect is not similar in silica fume blends
where the Cl� concentration was observed to steeply increase.

3.4. Effect on corrosion current

The superior corrosion resistance performance in the GGBFS con-
cretes in chloride environments and where calcium hydroxide is
very little or totally depleted is of great interest. Rasheeduzzafar
et al. [42] have observed the superior corrosion performance of
microsilica blends compared to OPC pastes, despite the fact that
the Cl�/OH� ratio in the silica fume blends has been four to five times
its value for plain OPC paste. They attributed this improvement to
the densification of the matrix due to the pozzolanic reactions.
Nevertheless, the present authors believe that the refinement in
the pore structure as shown in Fig. 4 is too small to account for the
increased resistance of the blended concrete to chloride initiated
corrosion. Results for the corrosion current rate at the depth of
30 mm below the chloride solution, after 2 year ponding, are shown
in Fig. 5. The results clearly demonstrate the consistent reduction in
corrosion current rate as the GGBFS replacement increases. The 10%
inclusion of silica fume in a ternary blend with GGBFS is shown to
have resulted in a further reduction in corrosion rate. The reduction
recorded for the binary blend that contained 70% GGBFS was 68%
compared to the plain OPC concrete. The reduction obtained in the
case of the ternary blend with 10% silica fume and 70% GGBFS was
84%. It is important to note here that in contrast to these differences
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in corrosion current as affected by the inclusion of GGBFS and/or sil-
ica fume, the results of total chloride content at the level of reinforce-
ment were hardly different for the different concretes tested here.
The fact that total chloride is nearly the same for all concretes at that
particular depth, which is in the range of the cover to the reinforce-
ment, indicates that permeability through these concretes is more or
less similar. Yet, it is likely that the free chloride availability in these
concretes, as indirectly indicated by the RCPT and the corrosion cur-
rent values, are different and have been clearly affected by the inclu-
sion of GGBFS and/or silica fume. This observation further
emphasises that it is not total chloride that matters, as far as chloride
induced corrosion is concerned. It is rather the free chlorides avail-
able in the pore solution. If ingressing chloride ions are bound, then
that is how protection against this type of corrosion may be
achieved.

It is also of considerable interest to observe that the fall in cor-
rosion current has occurred while the environment surrounding
the steel has undergone a large reduction in OH� ions. It could
be argued that in the case of GGBFS blends, the reduction in free
Cl� ions may have matched or exceeded the reduction in OH�

and thus the ratio of Cl�/OH� may have ended up too low to initi-
ate or maintain an appreciable corrosion current. This result fur-
ther supports previous findings [9,57] that it is the Cl�/OH� ratio
that is of paramount importance when it comes to the chloride ini-
tiated corrosion. Page et al. examined GGBFS–OPC pastes with ad-
mixed chloride solution and found that the free chloride content
was drastically reduced as a result of GGBFS presence [9]. They also
found that OH� ion was nearly halved. The Cl�/OH� ratios obtained
in their testing were 0.112 and 0.061 for OPC and OPC–GGBFS
pastes respectively. These results were reflected in the corrosion
performance where the OPC–GGBFS paste performed significantly
better than plain OPC paste [9]. It also could be inferred from their
work that the difference in alumina content had a decisive role in
the effect on corrosion resistance. GGBFS composition in the Page
et al. series contained 10.8% Al2O3 compared to 5.1% in the OPC
referred to above in their test. It is well established that alumina
has a decisive effect in binding chlorides into Friedel’s salt and thus
reducing their presence as free ions.

3.5. Role of hydrotalcite

It may be concluded that while silica fume helped to refine the
pore structure, the GGBFS effect was to effectively bind the free
chlorides. The mechanisms through which the binding of chloride
in GGBFS blends occurs, have not been fully explored. One mecha-
nism of chloride binding is known to be the formation of Friedel’s
salt as a result of a relatively large Al2O3 content in the GGBFS, cou-
pled with the availability of calcium and iron oxides. However, it is
questionable whether the formation of Friedel’s salt and fine pore
microstructure are really sufficient for the remarkable improve-
ment in chloride binding in GGBFS concrete. This question be-
comes of greater importance when it is noticed that this
conclusion is supported by the superior performance of high pro-
portion replacement GGBFS concretes compared to fly ash blended
concretes of similar proportions [15].

GGBFS contains a significant proportion of magnesia which can
be as high as 12% [58]. Magnesia contributes to form hydrotalcite
during hydration [16,17] and it can adsorb chloride ions by its dis-
tinct anion exchange property [20]. Therefore, the authors believe
that hydrotalcite is the hydration product which is responsible for
the remarkable improvement in chloride binding by concrete con-
taining GGBFS. In order to verify this hypothesis, the authors con-
ducted a five phase investigation. The preliminary phase has been
to measure the chloride adsorbing ability when plain calcined
hydrotalcite is subjected to chloride solution. The chloride removal
ability of calcined hydrotalcite as a function of time is illustrated in
Fig. 6. The chloride ion removal ratio was 40% after 1 h of contact
and gradually increased with time. However, the incremental in-
crease in chloride removal ratio was not large. At 24 h reaction
time, the chloride removal ratio was about 54%. This duration
was then selected as the appropriate time needed for comparing
the effect of varying the quantity of hydrotalcite. Fig. 7 displays
the chloride removal ratio as a function of added hydrotalcite
while keeping the reaction time constant at 24 h. Increasing the
quantity of calcined hydrotalcite resulted in increasing the chloride
removal ratio. The value of 72% chloride ion removal was recorded
when the dose of plain calcined hydrotalcite was 16 g in 80 mL
solution. This reflects the high efficiency of hydrotalcite in binding
chloride ions in saline solutions. This result strongly supports the
argument that if hydrotalcite is produced during the hydration of
GGBFS concrete, it would play an important role in binding the
otherwise free chloride when the concrete structures are exposed
to chloride laden environments.

The second phase has been the identification of hydrotalcite
mineral formation in pure GGBFS pastes using X-ray diffraction
(XRD). The XRD patterns for a paste activated with 4M NaOH at
different ages are shown in Fig. 8a. The highest peak at around
29.5� could be easily identified to indicate the formation of calcium
silicate hydrate, and a poorly crystalline calcium silicate hydrate
was also observed at around 50�. As expected and reported in the
literature, the highest peak observed for hydrotalcite was at 11.5�
[59,60]. The second highest peak appeared at 22.9o while the other
minor peaks were at 34.7o, 39.1o, 46.4o, 60.6o and 61.9�. Further-
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Fig. 7. Chloride ion removal ratio as a function of quantity of calcined hydrotalcite.

Fig. 8a. XRD patterns of GGBFS pastes activated with 4M NaOH (Note: in order to
distinguish the four XRD traces, the traces of the 14, 28 and 56 days pastes were
shifted upward by 50, 225 and 350 units, respectively).

Fig. 8b. Enlarged section of Fig. 8a showing the relative intensity count values.

Fig. 9. XRD patterns of calcined hydrotalcite mixed with chlorides.

Fig. 10a. XRD patterns of GGBFS pastes mixed with 1.5% Cl� (Note: in order to
distinguish the four XRD traces, the traces of the 14, 28 and 56 days pastes were
shifted upward by 100, 430 and 500 units, respectively).

Fig. 10b. Enlarged section of Fig. 10a showing the relative intensity count values.
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more, aluminium rich gehlenite was also formed as indicated at 31�.
It is noticeable that no calcium hydroxide formation is recorded as a
hydration product of GGBFS. This is expected as calcium hydroxide
would have been consumed by pozzolanic reactions to produce
additional calcium silicate hydrate gel.

In the third phase, chloride was added to pure calcined hydro-
talcite in order to investigate whether other crystal formations
could be observed during the reaction between calcined hydrotal-
cite and chlorides. Fig. 9 reveals that the XRD pattern for calcined
hydrotalcite with chlorides is identical with the pattern reported
by Narayanan and Krishna for calcined hydrotalcite without chlo-
rides [60]. This result confirmed that the structure of hydrotalcite
remained unchanged after adsorbing chlorides by replacing inter-
layer anions.

In the fourth phase, chloride solution was added with GGBFS
during mixing to observe whether Friedel’s salt formed in addition



Table 3
Relative quantities of the crystalline phases formed in hardened plain GGBFS paste and cement-50% GGBFS paste, both activated by 4M NaOH.

Sample type Hydrotalcite (%) Tobermorite (%) Gehlenite (%) Portlandite (%) Hatrurite (%) Quartz (%)

4M_GGBFS 53.94 37.26 8.39 – – 0.41
4M_GGBFS50 20.17 51.65 – 9.08 19.10 –

O. Kayali et al. / Cement & Concrete Composites 34 (2012) 936–945 943
to hydrotalcite during the reaction between tri-calcium aluminate
phases (C3A) and chlorides. Fig. 10a presents the XRD patterns of
GGBFS pastes activated by 4 M NaOH and with 1.5% chloride con-
tent added by mass of GGBFS. The highest peak was observed at
29.5� identifying the formation of calcium silicate hydrate similar
to the case of GGBFS pastes activated by 4M NaOH without any
chloride. It is however, very difficult to identify Friedel’s salt in this
case, as the XRD pattern for Friedel’s salt coincides with that of
hydrotalcite at about 11.5�, 22.9� and 39.1� [61]. However, the
peaks in these three positions were higher than the peaks for
hydrotalcite in pastes without chloride. This observation is further
illustrated in Figs. 8b and 10b where the portion of the graphs
between 2h = 8� and 2h = 25� is enlarged and thus allowing to show
and compare the heights of the relevant peaks. This indicates that
formation of Friedel’s salt is also likely to occur during hydration of
GGBFS in the presence of chloride and calcium oxide. Furthermore,
hydrotalcite was also identified in Fig. 10a at 34.7�, 60.6� and 61.9�
as it was also shown in Figs. 9 and 8a. For these latter peaks, the
peak heights in Figs. 8a and 10a are similar.

In the fifth phase, quantification of hydrotalcite in hydrated
GGBFS paste was performed. XRD analysis was conducted at the
age of 56 days, on hardened GGBFS which was activated by 4M
NaOH. The quantification obtained using the method described
earlier in this paper (Section 2.7), is summarised in Table 3. In this
Table, it can be seen that hydrotalcite comprised 53.94% of the
crystallised phases. Thus, hydrotalcite makes the highest propor-
tion of the crystalline phases in hardened GGBFS paste. Its propor-
tion is followed by the crystalline phase of C–S–H which makes
37.26% of the total crystalline phases. Furthermore, XRD analysis
and quantification of the crystalline phases were carried out on
56 day old 50% GGBFS-Portland cement blend, referred to as
4M_GGBFS50. The XRD analysis for this blend is depicted in
Fig. 11 which clearly shows that hydrotalcite is formed in binary
blend pastes. The quantification presented in Table 3 shows that
the 50% GGBFS replacement of Portland cement resulted in hydro-
talcite proportion becoming 20.17% compared to the tobermorite
crystalline phase being 51.65%. It however, needs to be emphasised
that the quantification presented here accounts only for the crys-
talline phases and their proportions within the total crystalline
material excluding the amorphous products.
Fig. 11. XRD pattern of 4M_GGBFS50 paste at 56 days.
From the above discussion, it may be seen that hydrotalcite pos-
sesses a strong capability to adsorb chloride ions. It has also been
shown that hydrotalcite is the largest crystalline formation
amongst the crystalline phases of the products of plain GGBFS
hydration reactions. Thus, it may be concluded that hydrotalcite
must be a significant factor in binding free chloride ions as they
penetrate into GGBFS concrete.

4. Conclusions

(1) High volume replacements of Portland cement by ground
granulated blast furnace slag resulted in significant reduc-
tions in the conductivity of the concrete (measured as electric
charge passed) as indicated by the RCPT. Ternary blends that
contain 10% silica fume together with GGBFS have resulted in
further reductions in the electrical conductivity of concrete.
Although the reduction in conductivity has been accompa-
nied by a slight reduction in total chloride content due to dif-
fusion, the reduction in total chloride diffusivity is considered
too small to be the cause of the significant improvement in
corrosion protection. The reduction of electrical conductivity
has been quite well reflected in a significant reduction in the
corrosion current in embedded steel reinforcement. As chlo-
ride initiated corrosion is dependent on the availability of free
chlorides in the pore solution adjacent to steel reinforcement,
it may be concluded that the RCPT is more indicative of the
free chloride availability as well as the pore solution compo-
sition and the Cl�-OH� relationship.

(2) The silica fume substitution level of 10% by mass of total
cementitious materials has been shown to result in consistent
reductions in the induced electrical charge, as well as in the
measured corrosion current. This however, has occurred
despite the equally consistent and rather unexpected obser-
vation that this proportion resulted in a reduced strength. It
is most likely that this proportion has just exceeded the max-
imum necessary for strength enhancement. Nonetheless, this
did not adversely affect the contribution of silica fume
towards reducing corrosion current.

(3) The ability of GGBFS to protect against chloride induced cor-
rosion is attributed to the effective binding of free chloride
ions. This binding is likely to be achieved by the action of
two mechanisms. The first is the formation of hydrotalcite
during hydration. This is largely due to the presence of sig-
nificant amount of magnesia in GGBFS. The second is the for-
mation of Friedel’s salt as a result of the alumina present in
the slag. The analysis of hydrotalcite effects revealed that
hydrotalcite adsorbs a large amount of chloride ions. Fur-
thermore, the XRD analysis has provided evidence that
hydrotalcite is formed in GGBFS pastes and its structure
remains unchanged when it adsorbs chloride ions. More-
over, quantification of the hydrotalcite formation has shown
that it comprises about 54% of the crystallised phase in hard-
ened pure GGBFS paste and thus it possesses the largest pro-
portion of its crystalline formations compared to the
crystalline C–S–H at 37%. It is therefore concluded that
hydrotalcite is responsible for superior chloride binding abil-
ity of GGBFS concrete. The ion exchange property that is
already utilised in other engineering and pharmaceutical
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applications is thus shown to offer another important
advantage in the ability to bind chloride ions and thus pro-
tect against reinforcement corrosion in concrete structures.

(4) Compounds of mixed metal layered hydroxides (MMLH)
that are hydrotalcite-like are believed to be a major cause
of the binding of chloride, as well as hydroxide ions and thus
preventing such ions from being available in the pore solu-
tion. It is likely that the binding of the hydrotalcite-like com-
pounds is more efficient in binding chlorides than it is in
binding OH� and thus the net result of a lower Cl�/OH� ratio
is expected to be obtained in the case of GGBFS blended
cements than in the case of straight ordinary Portland
cement. It may be further inferred that natural or synthetic
hydrotalcite may also be used to protect concrete reinforce-
ment from corrosion. Furthermore, the use of GGBFS, which
is essentially an industrial by-product and, as has been
shown here to produce hydrotalcite when used in concrete,
may add an environmental benefit to its contribution to con-
crete durability.

(5) The mechanism referred to in the previous paragraph
explains the action of ground granulated blast furnace slag
and is supported by previously reported evidence of a reduc-
tion in the Cl�/OH� ratio in the pore solution of OPC-slag
blends. However, the action of silica fume in similar condi-
tions needs further research. This is because the presence
of silica fume results in a large increase in free chloride ions,
associated with a large decrease in free OH� ions, and thus a
very large increase in the Cl�/OH� ratio. While it is true that
limited silica fume presence decreases porosity and hinders
ion mobility, it is considered insufficient to counterbalance
the increase of the Cl�/OH� ratio. Further research in this
area is, therefore needed.
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