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Abstract.

This paper discusses some aspects of corrosioeqgiat that fly ash and

GGBFS offer to steel reinforcement in concretdodtises on the formation of two types of
Layered Double Hydroxides (LDH'’s). These are Frimdsalt and Hydrotalcite. While
Friedel's salt is known to form in fly ash blendke authors support the evidence of
hydrotalcite formation in GGBFS blends as a restithe magnesium content in the slag.
The paper discusses the corrosion protection pedoce of GGBFS concrete and
compares it to that of fly ash concrete. The papemvs the superior advantage of including
GGBFS for corrosion protection. The authors exmlothe probable reasons for this
significant advantage and relate it to the formmatib hydrotalcite in GGBFS concretes.

1 Introduction

Extensive research has been done on the ability of
Friedel's salt to bind chlorides and thus proteetek
reinforcement from corrosion. However, another
compound that has been only scarcely mentionelen t
context of cementitious hydration products is
hydrotalcite. Hydrotalcite is a naturally occurring
carbonate mineral. It was found in magnesite dépasi
Norway, and was first reported in 1842 by Carl
Christian Hochstetter who gave it its name becaf#s
high water content and its resemblance to talclfi$ a
layered double hydroxide and is often expressed@s
Al,CO3(OH).¢4(H,0O) and has been described as
anionic clay [2]. This compound was first syntheslian
1942 [3]. It has attracted special attention beeafsts
anionic exchange capability and applications in the
industry [4] and medicine [5].

The structure of hydrotalcite constitutes layers of
magnesium and aluminium hydroxides that carry net
positive charge, and interlayers that are occupigd
water and anions with negative charge. The typical
cation is M@" but is replaceable by other cations,
especially by Al and Fé&" [6]. The anions can be OH
CO%, HCOy, SQF, CI, etc. [7] and they also, are
interchangeable [6].

However, hydrotalcite assumes a prominent presence
slag cements [8]. The formation of this hydration
product is influenced mainly by the presence of
magnesium oxide. The quantity of this oxide in Rowd
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cement should be kept below a maximum of 2% [9].
This is because the magnesium oxide in portlanceoém
is in the form of periclase which is ‘dead burnt’
crystalline MgO [9] that causes severe unsoundf&lss
On the other hand, blast furnace slag cement cataico

as much as 20% MgO without causing unsoundness.
This is due to the fact that MgO in GGBFS is vitisp
which upon hydration forms a solid solution sel&g]
with its end members Baq and MAaq that provides
stability to the hydrated GGBFS cement [8].

The formation of hydrotalcite in GGBFS cement paste
was first reported in 1972 by Kuhle and Ludwig [11]
This finding was confirmed by Taylor in 1973 [12].
Quite recently, Taylor et al. identified its preserin 20
year old, as well as 14 month old GGBFS cement
blends, but did not report any presence of it iairpl
Portland cement pastes of the same age [13]. lin the
paper, it is interesting that they noted the abseoic
carbonation in the GGBFS pastes while carbonatias w
observed in normal cement pastes.

This paper is mainly concerned with the chloride-
induced corrosion of steel reinforcement in coreret
The discussion focuses on, and compares the pimtect
that the two pozzolanic materials; fly ash and GGBF
offer. It further relates this protection to theotayered
Double Hydroxides types, namely Friedel's salt and
hydrotalcite.

2 The role of Friedel’s salt

Typical GA content in Portland cements ranges from 2 -
11 % and for GAF, the typical content ranges from 7 -
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17%. In the presence of chlorides, calcium chloro
aluminate hydrate forms. This salt is expressed as
3Ca0-A}O;-CaCh-10HO or, if iron is present;
3Ca0- A}O;- Fe0,.CaClh- 10HO and is called Friedel’s
salt (after G. Friedel who discovered it) [14].

This compound also belongs to the Layered Double
Hydroxides (LDHs) [15] because it consists of
positively charged hydroxide layers such as
[CaAI(OH)g]" or [Ca(Al,Fe)(OH)]" with the water
molecules and negatively charged ions occupying the
interlayer spaces.

Talero et al [16] found that Friedel's salt thatides its
origin from the aluminium oxides of a pozzolanagtsu
as fly ash, is fast forming. In contrast, Friedelt that
derives its origin from the £ of the Portland cement is
slow forming.

This type of LDH, accommodates dbns within its
interlayers and has been thought to be insolubf. [1
Friedel's salt being of the LDH category, possesbes
capability of exchanging the anions. It is claintbdt it

has the capability of binding chlorides through two
mechanisms; the first is by adsorption and the rs¢é®

by exchanging the OHwith CI ions [18]. Many
researchers, e.g. [19-21] have postulated thadé&lrge
salt is a main, if not the most important factor
responsible for the improved performance of fly ash
blended concrete in chloride rich environments.

3 Effect of fly ash on chloride initiated
corrosion

In a prolonged chloride ponding test, Ahmed [22{ an
recently, Kayali and Ahmed [23] showed that a 25%
class F fly ash replacement has reduced corrosion
current of steel bar reinforcement in concrete skabm
0.1 pA /cnf in plain Portland cement concrete, to 0.055
pA/cnf. They also showed that the improvement in
corrosion resistance of the 50% blend is only nmeigi
compared to that of the 25% blend (Figures 1 and 2)
This led to the postulation that there must be lzaot
level of replacement between 25% and 50% where an
optimum improvement may be achieved. Hence,
increasing the fly ash content above an apparently
optimum level positioned somewhere between 25% and
50%, must have steadily increased (in the negative
direction) the corrosion potential as well as thee rof
corrosion. It would have been thought that increg$iy
ash beyond that range would significantly incretse
binding of chloride ions and thus decrease theosion
current rate. Yet, the opposite was observed. Iy ma
therefore, be reasonably argued that the increysadh
content beyond an optimum level, may have increased
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the permeability to chloride and this may have ¢eun
affected the binding of chloride by the increadgdash.
However, the evidence in [24] showed that with the
exception of the 70% fly ash replacement level,26%&
and the 50% replacement levels did not signifigantl
increase the total chloride permeability. Thisdedo
conclude that what must have started the increatieei
rate of corrosion is an increase in the free chbori
available in the pore solution. That is; there musta
certain limit by which the capacity of fly ash tind
chloride would be exhausted.
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Fig. 1. Corrosion potentials for plain and fly ash blend
reinforced concrete slabs ponded with 3% sodiunoridé
solution for over two years
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Fig. 2. Corrosion current rate for plain and fly ash blend
reinforced concrete slabs ponded with 3% sodiunoridé
solution for over 2 years

Kouloumbi and Batis [25] have shown that the ratio
free chloride to total chloride after 5 months inmgien

in 3.5% NacCl solution reduced from 0.077 for cotere
without fly ash to 0.052 and 0.032 for concretehwit
15% and 30% fly ash replacement respectively. &te r
of reinforcement corrosion in the two fly ash cartes
was also reduced by 25% and 30% compared to the
reinforcement corrosion in the plain OPC concréf.|
Their work supports the above postulation that an
optimum level, probably in the 30% fly ash replaesin
vicinity must exist.
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Since it is well established that fly ash pozzatani
reactions consume the calcium hydroxide formed as a
product of Portland cement hydration [26], it mag b
inferred that Friedel's salt formation is closeilykied to

the pozzolanic reactions. Thus, the exhaustion of
calcium hydroxide results in a limitation to the
pozzolanic reactions and hence a limitation to the
production of Friedel's salt. Subsequently, anéase in

the fly ash replacement level beyond a certainnayotn
value may only increase porosity and permeabilithe
concrete and any little increase in the porosityl an
permeability would adversely affect the corrosiater

4 Effect of carbonation on chloride
binding in fly ash blended concretes

Kayyali and Haque [27, 28] have reported that ia th
presence of accelerated carbonation of mortarsseho
cementitious material comprised 30% fly ash and 70%
Portland cement, free chloride ions were releas¢al i
the pore solution after they had been initially bdu
They reported furthermore, that with prolonged mgri

of fly ash mortars, the situation related to thkeased
chloride in the presence of carbonation became far
worse. Prolonged initial curing helped to retairuhd
chlorides in the case of Portland cement mortar
subjected to carbonation. However in the case ef th
prolonged initial curing of mortars with fly ash,
carbonation resulted in significant release ofdhleride

that was initially bound. Kayyali and Haque atttia
this effect to the fact that prolonging the init@iring in

fly ash blends, results, through the pozzolanictieas,

in the consumption of free calcium hydroxide tonfor
more complex products of hydration. The consequence
of the depletion of Ca(OH)s that any further COwill

only have the opportunity to react with the complex
hydration products to produce carbonates and water,
thus making it more possible for the chloride ibmde
released in the pore solution [27]. The presenhast
suggest that in the case of carbonation, the patiedr
carbon dioxide quickly forms carbonic acid [29] and
thus creates a conducive environment for the disisol

of Friedel's salt.

Goni and Guerrero have produced evidence of the
disappearance of Friedel’s salt in the case oflated
carbonation and the resulting reduction of the ptue
from about 12 before carbonation to just 6.3 after
carbonation [30].

Thus, Friedel's salt, although generally known amg
insoluble, has been acknowledged to decomposeein th
presence of carbonation [19]. The decomposition of
Friedel's salt has been clearly attributed to théuced
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pH [31]. This further confirmed the observationPgge
and Vennesland that Friedel’s salt solubility irges as

a result of reduced alkalinity as they demonstratbdn
silica fume [32] was incorporated.

The authors suggest that since Friedel's salt wénrloh

in the presence of chlorides in fly ash blends B3, it
follows that if the concrete is then subjected to
carbonation, the production of calcium bicarboniste
readily ionised in the solution. The negatively rcfeal
bicarbonate ion replaces the chloride ion as the
carbonates are preferably selected by LDH-like
compounds [7].

5 Comparison of fly ash with GGBFS
blended concretes

5.1 Effect on carbonation

More recently, Ahmed [22] conducted extensive testi
on high volume fly ash subjected to carbonatiothat
average rate of 0.3% which is expected in a laiye ¢
environment [9]. He tested carbonation depth uf® to
years of exposure on two grades of concrete; oresavh
w/binder ratio was 0.38 while the other had w/binde
ratio of 0.48. The results are shown in Figurea®@ 4 It
can be seen from these two Figures that in botbscas
w/binder ratio, the concrete made with GGBFS has
performed far better in carbonation resistance tign
counterpart in which fly ash was used. At this paifi
the discussion, the authors point out to the faihgw
relevant observations:

1. If the replacement level is taken as the coterof
comparison, then it can be concluded that for filg,aa
replacement of 50% or larger would cause deep
carbonation in a relatively very short time. Thetiheof
carbonation after 2 years would approach steel
reinforcement location and thus make corrosion lgigh
probable, even if caused only by carbonation. i t
other hand, replacing Portland cement by GGBFS as
high as 70% did not cause alarming carbonation
penetration depth. Thus, according to this criterii
may seem obvious that GGBFS performs far bettar tha
fly ash as a safe replacement for cement.

2. One must consider the fact that fly ash replasgm
has to be limited to approximately 25-30% of thedeir
quantity in order to match higher replacement
proportions of GGBFS without compromising the
strength.
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Fig. 3. Depth of carbonation in OPC, fly ash-OPC and
GGBFS-OPC concretes, all at 0.38 w/bindl@rmeans 25% fly
ash replacement of OPC, F5 means 50% replaceméit7ameans
70% replacemenB2 means 25% GGBFS replacement of OPC, B5
means 50% replacement and B7 means 70% replacelngedr
strength; OPC: 77 MPa, F2: 59 MPa, F5: 35 MPalbM™MPa, B2: 69
MPa, B5: 56 MPa and B7: 59 MPa

5.2 Effect on corrosion performance

From the durability aspects, and in particular tieddted

to reinforcement corrosion, it has been establighed

fly ash is beneficial in causing significant prdien to
steel reinforcement [34]. In the case where coorosi
initiation was related to chlorides, this protentio
capability has been related to the decrease in the
permeability of concrete to chloride ion penetnatd5]

and to the formation of chloroaluminates [36].
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Fig. 4. Depth of carbonation in OPC, fly ash-OPC and
GGBFS-OPC concretes, all at 0.48 w/binder.

1 year strength values; OPC: 56 MPa, F2: 46 MPa28BPa, F7: 11
MPa, B2: 56 MPa, B5: 43 MPa and B7: 37MPa

Comparison of the performance based on the pozzolan
material replacement level, it can be seen in Eigur
that comparing the corrosion potentials of OPC oetiec
slabs with fly ash blends slabs (F2, F5 and Fif)ay be
concluded that fly ash reduced corrosion potentaly
slightly when the replacement levels were 25% and
50%. However, at 70% replacement level, corrosion
potentials were significantly higher than in OPC
concrete slab and indeed much more negative thean th
300 mV considered by ASTM as the indicator for 95%
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probability of corrosion occurrence [37]. In comtra
effectively, all the reinforced slabs in which ttencrete
was a blend of OPC and GGBFS, gave results that are
less negative than OPC concrete and fly ash-OPC
concretes. In fact, all the corrosion potential G&8BFS
blends did not approach the most conservative hbids

of -200 mV for corrosion probability occurrence [38

More importantly it is observed that the GGBFS Hken
showed less potential to reinforcement corrosiormwh
the slag replacement level increased from 25% & 50
and 70%.

The results of corrosion current measurement shown
Figure 6 indicate a generally better performancealin
blended concretes compared with the Portland cement
concrete.
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M 450days -202 -151/-257/-412 -133/-123/-123
2yrs -246 -224-215/-428 -138/-117/-113

Fig. 5. Corrosion potential values for reinforced concsttds
with plain, fly ash blends, and slag blends, pond&t 3%
sodium chloride solution (Note: nomenclature isghme as
for Fig. 3)

The corrosion current measurements for the fly s

the slag concretes did not follow their trend shamvthe
potentials measurements. Therefore the reinforcemen
meshes of selected slabs were exposed and insgected
corrosion. Their corrosion rate was measured by éhm
[22] in terms of mass loss per unit area of reicéonent
per year, after 2 years of exposure. Ahmed fourad th
the mass losses in the reinforcement due to comosi
were 3.9% and 15.9% for fly ash blend concreteO&t 5
and 70% replacement levels respectively. The nusss |
for the 70% GGBFS blend was only 0.63%. Although
these results are not conclusive and did not calehe
slabs involved, yet they were, together with thsusi
inspection, indicative enough of the negligiblerogion
occurring in GGBFS slabs and the significant camos
occurring in the fly ash of 70% replacement slab.
Furthermore it was observed that:

1. The corrosion potentials for GGBFS concretes, at
70% replacement level were lower than those offlg
concretes at 50% and 70% replacement, without
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reducing the compressive strength level below that
obtained with the 25% fly ash concrete blend.

2. Measurements carried out on the active corrosion
current gave slightly different results from thaggeen

by potential values. This is expected because paten
values are only indicative of the probability ofcsion
occurrence rather than of active corrosion. Fig@re
shows that the reinforcement in the slabs with OPC
concrete had a current density value associatdd tivt
start of low corrosion activity [39]. The resultsosved
that the 25% fly ash blend and the 25% GGBFS blend
both produced very low corrosion activity while thlab

of 70% GGBFS blend resulted in negligible corrosion
current in its reinforcement mesh.

0.14
0.12

0.1
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0.02

0

Corrosion current rate (LA/cm?)

FS | F7 B2 | BS | B7

OoPC F2
¥ 270 days 0.093 0.0460.0310.059 0.055/0.052/0.044
u1yr 0.116 0.057 0.03 0.034 0.049/0.054
2yrs 0.101 0.0550.0530.092 0.066/0.063/0.032

Fig. 6. Corrosion current rate values for reinforced ceter
slabs with plain, fly ash blends, and slag blepdsded with
3% sodium chloride solution (Note: nomenclaturthes same
as for Fig. 3)

5.3 The ability of hydrotalcite to bind chlorides
in concrete

Hydrotalcite’s ability to bind anions has been kmow
and very much utilised in the past in numerous ,uges
removing contaminants in water [40], neutralisirida

in the stomach [5] and as a corrosion protectiV@ fi
applied on metals [41]. Moreover, the ability of BIES

to bind chlorides and reduce steel corrosion habe
reported. For example Arya and Xu [42] have foumat t
GGBFS performed better than fly ash blends and OPC
concrete in binding chloride. They also found thgt
ash concrete blends performed poorly as far astiegi
corrosion is concerned. They attributed that poor
performance to fly ash’s lower chloride binding aeipy
[42]. Dhir et al [43] reported a high chloride bind
capacity in GGBFS concrete. They attributed this
behaviour to the high aluminate content of GGBFS
which they believed that it leads to an increas¢him
production of Friedel’s salt [43].

In a very interesting paper, Page et al reportecstidr
reduction in free chloride ions as a result of gsin
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GGBFS in cement paste [19]. In their paper, they
reported comparison of the capacity to bind chiarid
between several cement paste blends includingsfiyaa
well as GGBFS blends. They found that the proportio
of the free chloride ions remaining in the poreutioh

of fly ash-OPC paste blend was 0.47 of the
corresponding value for plain OPC paste. Howeves, t
proportion of remaining free chloride in the
corresponding GGBFS paste was 0.34 that in the OPC
paste. They also found that the proportion of thd O
concentration in the pore solution of fly ash-OP&3tp
was reduced to 0.62 of its value in OPC paste,thad
the OH concentration in GGBFS paste was reduced to
the same value as in the fly ash case. This isequit
interesting as it resulted in the ratio of/OH to be
0.085 in fly ash blend while it was 0.061 in the BFS
blend. This ratio has been claimed to be a sigmitic
criterion defining the onset of chloride initiated
corrosion in reinforced concrete [19, 20]. Thisuteies
well with the observation that GGBFS-OPC concrete
offers better corrosion resistance than fly ash-OPC
concrete. It is also significant to note, that lfreding of
OH ions has occurred, and to the same extent, as a
result of fly ash or GGBFS inclusion. However, iayn

be inferred from their results that on the presuompbf
Friedel's salt being the LDH type formed in thecad

fly ash, while hydrotalcite being the type formedthe
GGBFS case, there does not appear that there is an
indication of preference of binding Oldver that of Cl

in the interlayers of either type of the LDH'sThis
observation is of particular importance and needthér
confirmation in cases of high alkalinity internal
environment, such as when using high molarity
activators, in concretes that may be subjectedhlmride
ingress.

However, until quite recently, and to the best loé t
authors’ knowledge, there has been no attemptnto li
the phenomena of good corrosion performance arfd hig
chloride binding, to mainly hydrotalcite formatiotit.
was not until 2012 when such linkage appeared in a
study by Kayali et al. [44] on the role of hydraiée in
chloride binding in concrete and its beneficialeeffon
corrosion protection. This has been followed by two
other papers by Yang et al [45, 46] in which they
supported the findings in [44] and presented s\gitieel
modified hydrotalcites as additives for anti coroos
application in reinforced concrete.

Kayali et al [44] Found out that synthetic calcined
hydrotalcite could remove more than 70% of chloride
ions from 3% NaCl solution. Using XRD they wereebl
to identify the formation of hydrotalcite in paste$
GGBFS contaminated with chlorides. Using Rietveld
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method [47] together with Rietica software [48] for
quantification of the crystalline material, theyfa that
hydrotalcite comprised more than 50% of the criistal
phases in hydrated GGBFS paste. Thus hydrotalcite
constitutes the highest proportion of the crystalli
phases in hardened GGBFS. In a very recent study,
Khan et al [49] were able to quantify both Friededalt

and hydrotalcite formations in GGBFS pastes. They
found that in those pastes, hydrotalcite consstubere
than five times the amount of Friedel's salt. Thayher
found that the presence of Portland cement togetitar
GGBFS helped maintaining the supply of hydrotalcite

6 Conclusions

In this paper, two types of layered double hydresid
(LDH’s) were presented from the point of view oéith
effect in protecting reinforcement from chloride-
initiated corrosion. The first LDH is Friedel's sand
the second is hydrotalcite.

It has been known that Friedel's salt was formed in
concretes in which fly ash is used to replace éigroof
Portland cement (OPC). Several advantages could be
reaped as a result of such replacement. Howevee the
are also certain drawbacks and precautions that beus
known and taken, especially when using fly ash in
excess of 50% replacement and in polluted or alderi
laden environments. In this context, the followpants
may be drawn:

1. There is a limit to which chloride may be bouadly
ash as a result of the Friedel’s salt effect. tasy likely
that an optimum replacement exists between 30% and
50%. Exceeding such optimum may result in
accumulation of chloride ions in the pore solution.

2. There has been reasonable evidence to conttiatie
Friedel's salt formation is associated with the zmanic
reactions between fly ash and calcium hydroxidausTh
the depletion of calcium hydroxide is expected to
severely limit the formation of Friedel's salt and
subsequently limit the binding of chlorides.

3. There is now compelling evidence that carbomnaitio
the presence of chloride in fly ash blended cemeats
lead to accelerated corrosion. This is caused maiyl
the drastic reduction of alkalinity in the pore wga@n
surrounding the steel bars, the release of chlands
from Friedel's salt in favour of carbonate and
bicarbonate ions and the dissolution of Friededik m
low pH media.

4. There is sufficient evidence that hydrotalcdenis as

a result of magnesia’s presence in ground grardilate
blast furnace slag (GGBFS) in the cement. This gpe
the LDH'’s family possesses a high capability ofdig
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chloride ions in solutions. Thus the use of GGBBS
replace large proportions of OPC may result in the
following effects:

a) It has been observed that there is a much wider
tolerance for a high GGBFS replacement than there i
for fly ash replacement. It has been clear thatrzes

of comparable workability and mixture proportionsrey
more resistant to carbonation if they containedhhig
volume GGBFS rather than high volume fly ash.

b) There is growing evidence that the tolerance to
carbonation is larger in GGBFS concrete than iih ily

ash concrete. This tolerance is believed to beechby
the greater capacity of hydrotalcite to bind large
amounts of chlorides within its interlayers. This
observation however, is in need for further congtis
confirmation.

c) There has been strong evidence that corrosion
potentials, corrosion current density and mass #&ss
far less in GGBFS concrete than in OPC or high mau
fly ash-OPC concrete in chloride-laden environment.
The observed remarkable improvement in this
performance has been linked to the formation of
hydrotalcite, which is believed to be unique to G&sB
concrete. More importantly it has been found thnet t
more GGBFS replacement to OPC, the less corrosion
occurred. This observation has been linked to exide
that hydrotalcite formation has increased with the
increase in the proportion of added GGBFS. Thus it
believed that the capacity of hydrotalcite to bind
chloride ions is not impeded by very high GGBFS
replacement to OPC. This may be considered a pbint
superior performance compared to that of fly ash
concretes in as far as chloride induced corros®n i
concerned.
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