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HIGHLIGHTS

* Discusses the ingress and distribution of chloride ions in concretes subjected to carbonation.

Influence of carbonation and its extent on both the ingressedistiribution of chlorides.

Interactions between carbonation and chloride ingress for different types of binders.

Relevance of combined effects of carbonation and chloride ingress to service life prediction.

Abstract:

In majority of exposure environments for concrete structures, there is a high probability of the cyclic
occurance of both chloride ingress and carbonation. This paper reports a detailed investigation on the
influence of carbonation on both the ingress and distribution of chlorides in three different types of
concretes, by comparing results from exposure to chlorides, chlorides before carbonation and chlorides
after carbonation. Concretes studied were of 0.55 water-binder ratio with 100% Portland Cement (PC),
70% PC + 30% pulverized fuel ash (PFA) and 85% PC + 10% PFA + 5% microsilica (MS) as binders.
Chloride profiles were compared to assess the effects of all variables studied in this resear@ttThe eff

of carbonation was quantified by measuring the consumption of hydroxyl ionys @hbermeability

and chloride migration coefficient. The results indicated that carbonation of concrete increases chloride
transport, but the precise nature of this is dependent on the combined regime as well asothe type
binder. In general, it was found that carbonation of chloride contaminated concretes results in a
decrease of their chloride binding capacity, that is it releases the bouimdcGhcretes and pushes

chlorides inwardsas has been established previously by other researtlosvsver, it is established



in this research that treombined regimes detrimentally affect the service life of concrete structures,

particularly when chloride induced corrosion is a concern.
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1. Introduction

Corrosion of steel in reinforced concrete structures is initiated either by carbonation of the cover
concrete or chloride ingress, both of which are known to depassivate the carbon steel and make it
susceptible to electrochemical corrosion. For certain types of structures, such as those exposed to the
atmospheric zonm marine environments® both carbonation and chloride ingress may occur either
simultaneously or in successidosta and Appletdth have reported that concrete in tidal zone, where

the internal moisture content could be relative high, also suffer from severe carbonation and chloride
penetrationCarbonation and chloride ingress in succession can also ocgbmtimers of bridges’

or concrete tunnel liningwhich are constructed in cold regions, where rock salt is usually used in
winter to melt ice and contains significant amount of chloride ion$. (Tiere is some evidence that

the corrosion of reinforcement is accelerated when it is under the simultaneous effect of carbonation
andCI®19, [Although sulphate also is present in both seawater and rock salt, the combined effect of
chlorides, sulphates and carbonation is considered to be beyond the scope of the current study.
Nevertheless, the combined effects of chlorides and sulphates with or without carbonation need to be
studied in order to understand fully the durability behaviour of concretes in marine environments.

Some related publications exist in the literadfdré! but these are not sufficient to propose changes to



practice for designing concrete structures in these combined exposure envirdnments.

During the carbonation of concrete, £f@acts with cement hydration products and leads to a
decrease in alkalinity (pH), which is responsible for the initiation of corrosion. At the same time, as
the products of carbonation (primarily calcium carbonate) occupy more space than that of the cement
hydration products that are affected by the carbonation, there is a reported decreaseatiqre
properties of concreteé$’4. On the other hand, carbonation may cause shrinkage of hydrated cement
paste (hcp) in concrété, which is likely to increase the permeation properties. As a result of both
these effects, further ingress@, into concrete is changed and the rate of ©Qress becomes not
a simple function of initial permeation properties of the concrete. For the chloride ingress in concrete,
the main physical effect is a reduction in porosity and permeation properties due to the pore filling
effect of newly formed calcium chloro-aluminate, or Friedel Salt, where@tts with the aluminate
phase in hép?. It is also known that carbonation can release the bound chlorides, leading to a
redistribution of chlorides in the concréted. Therefore, when there is the simultaneous or successive
carbonation and chloride ingress, their combined effects on initiation of corrosion is less than clear due

to the complex interactions between chemical and physical effects of carbonation and chi@sde ing

Studies on the ingress of @@nd Cl into concretes in the past have been primarily based on their
independent effects and most of them introduced a time-dependent factor to describe the changes in
the rate of carbonation or chloride ingté8s?9. In the case of combined carbonation and chloride
ingress, for both situations when they act in succession or simultaneously, reactioa®pfOC@ith
cement hydration products and their further reactions with previously formed products of carbonation
and chloride ingress are complicated. It is considered that a study on the distribution ofHi@nd

concrete under the combined effects is a necessary first step to understand this complex mechanisn
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and such studies are relatively limited.

Previous investigations on the combined ingress of @@l Cl into concrete have primarily
focused on obtaining relationships between the exposure duration and the depth of carbonation and
chloride ingres§!1. Furthermore, some researchérs! reported chemical reactions in the hcp during
the combined process. However, these results are not sufficient to establish the physical and chemical
effects of the combined processes, particularly the changes in alkalinity and ingress of chlorides in
concretes. Therefore, an investigation was carried out to determine the effect of the doetimes
of carbonation and chloride ingress on the distribution of chlorides in different types of concrete as a

first step to understand the implications of this on the service life of reinforced concrete structures.

2. Experimental programme
Details of the experimental programme of this study are summarised below:

a) Table 1 gives detal mix proportions of the different concrete mixes used in this stiidyhe

mixes were selectedccording to BS EN 208 for concrete exposed to XC2, XD2 and XS2
environments and for an expected service life of 50 {darcherefore, they had a w/b of 0.55 and

a total binder content of 320kginThree types of binders were used, viz. Portland cement (PC),
Pulverised Fuel Ash (PFA) and microsilica (MS). Based on the w/b and type of binder used, the
three mixes are denoted as 0.55PC, 0.55PFA and 0.55PFARM$nix proportions are reported

in Table 1, which take account of the changes in specific gravity of the cementitious materials
while calculating the aggregate conteAtpolycarboxylate based superplasticiser was used to
achieve a slump of 50 to 90 mm (S2 class in BS EN?2p@efore mixing, all the aggregates

were dried in an oveat 105 (+5YC for 24 hours and allowed to cool down to the room temperature
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(20 = 2C) for at least another 24 hours. The water needed for the aggregate to attain the saturated
surface dry (SSD) state from the totally dry state was taken into account in the total amount of

water used during the manufacture of the concrete (reported in Table 1).

b) Threetypes of concrete blocks were cast:
(i) Blocks of size 1515k80mmwith four embedded PVC tubes of different lengths (10, 20, 30
and 40mm)were cast(Fig. 1) for monitoring the relative humidity (RH) of concrete during

conditioning and carbonation, as described by Russell%t;al.

Rubber bungsin
PV C holes for
sealing the holes
between RH
measurements

Bolt for fixing the
aluminium rod

Aluminium rod

PVC pipe

Fig. 1. Concrete blocks of size 150x150x80mm along with PVC inserts and various attachments

used to create holes for monitoring the internal RH values

(ii) Blocks of size 50&60x80mm were cast for coring 75mm diameterx80mm long cylindrical
specimens. After each exposure regime, two replicate cylinders were used to determinetthe exten
of carbonation and degree of chloride ingregsusing methods described in steps (g) and (h)

below and their average values are presented in the paper;

(i) Blocks of size 230x230x80mm were cast for detecting permeation properties of the concretes

under the effects from different exposure regimes.



Table 1. Mix proportions of the concretes

. Quantities (kg/rf)
. Type of binder anc
Mixes w/b ) 10mm- | 20mm- Super-
their content (%) | PC | PFA | MS | Sand . Water
Agg Agg plasticiser
0.55PC | 0.55 PC(100) 320 0 0 683 663 663 1.60 176
0.55PFA | 0.55 PC(70)+PFA(30) | 224 96 0 677 658 658 1.68 176
0.55PFA PC(85)+PFA(10)+
0.55 272 32 16 679 659 659 2.18 176
+MS MS(5)

c) All types of specimens were cast in marine plywood moulds, and then they were covered with
polythene sheet and placed in a room at a temperature of 2Q (@24 hours. The samples were
then demoulded and were subjected to another period of 55 days of curing, which included a period
of water curing of the hardened concrete for 6 days and storage in a room afQ@&(el$0 (+5)%
RH for 49 daysBefore the specimens were subjected to carbonation or chloride ingress as per the
procedure described in step (f) below, they were cured and conditioned for a duration of

approximately 4 months. Figure 2 presents the flowabfattie experimental process applied in

this study.

Concrete mixes yCO; + xCI regime
. 0.55PC
. 0.55PFA
v GSSERARNG RH Conditioning: ‘ yCO4: Water saturation: xCl;
P Drying = 5%C02, 20°C, P [ncremental = 2.8mol/L NaCl,
¢ Redistribution ‘ 65%RH immersion 20°C
Initial curing:
56 days
Water saturation: xCI: RI1 Conditioning: yCO-:
Incremental 2.8mol/L NaCl, P Drying 5%C02, 20°C,
immersion ‘ 20°C Redistribution 65%RH
xCI =5 yCO, regime

Fig. 2. Flowchart of the experimental processes



d) Theindependent and combined carbonation and chloride ingress regimes are denoteg&SxCl
yCO+xCl and xCi+yCO,, where x and y indicate respectively the duration of exposure of the
samples to chlorides and carbon dioxide. For examplez ST indicates that the concretes were
exposed to a combined carbonation and chloride ingress exposure regime, startiyigwattths
of carbonation and a subsequent immersion in chloride solutior’foronths. xClindicates that

these samples were exposedxomonths of chloride ingress.

e) Samples which were subjected to carbonation first (i.e.,y@@ yCQ + xCI) were all
conditioned to a consistent RH of 65 (£2)% before exposing toze@@onment by following
the procedure described by Russell ef&lAs per this procedure, the 150x150x80mm test
specimens (Fig. 1) were firstly dried in an oven at 40°@2) let the moisture evaporate from the
expodsurface. The internal RH value was measured at 10mm, 20mm, 30mm and 40mm depths
by inserting a capacitance based RH probe in the cavities made using the PVC inserts (Fig. 1)
Once the average RH value in the 0-40mm deep concrete reached a value of 60-®846, all
samples were taken out of the oven and each one was sealed air tight using polythene sheet anc
parcel tape. Subsequently, the sealed blocks were transferred to a’800{#) for redistributing
their inner RH until a consistent RH of 65 (+2)% was reached at the four depths of 10, 20, 30 and
40mm. Afterthe samples were carbonategusing the procedure described in section (f) below
those for the yC®+ xCI study were water saturated by incrementally immersing them over a
period of 9 days, whcih weribsequently immersed in the chloride solution. Similarly,” %Cl
yCO, samples were water saturated first prior to the chloride exposure and after x months of
chloride exposure the samples were removed and conditioned to an RH of 65 (+2)% before starting

the carbonation exposure, which lasted for y months.



f)

9)

For carbonation, the exposure environment was kept at 28C0(#3§+0.1)% CQ and 65(x2)%

RH; for chloride ingress, the chloride exposure solution was 165g/l (2a&hol/L), as identified

in NT Build 443%°1, and controlled at a temperature of 201°C. In both the independent and
combined regimes, maximum duration for the carbonation and chloride ingress processes was three
months.After each designated test regime, two cylinderical samples ofreixclvere taken out

from the exposure environment. Subsequently, powder samples were extracted by progressively
profile grinding from the exposure surface in layers up to a depth of approximately 30mm. In the
region that was close to the exposure surfacen®), the degree of carbonation and the chloride
concentration were relatively high. Therefore, powder samples were extraced frotin af@xery

1mm to determine the extent of change. At the inner depths (beyond 5mm), the degree of
carbonation as well as the chloride concentration were relevantly small and hence dust samples
were collected from 2 to 3mm deep layer of concrete. The exact location of the depth at which the

powder samples were collected was measured by using the vernier callipers.

The pHof the solution that was obtained by digesting the driledder samples deionised
waterwas determined. It indicates the alkalinity of conéfétevhichis referred to as apparent
pH7 in this paperFor this purpose, 1(+0.001)g of powder sample from each layer was digested
with 20ml of deionised wateBy further analysis of the results, the amount of consumeda®©H
different depths of the samples were ascertained using Equation 1, where th@lghe pklare

the apparent pH results measured before and after the exposure.

Consumed OH™ = Initial OH™ — Remained OH™ = 10PHo~14 — 1pPHx~14 (Eq. 1)

(h) Acid soluble chloride content of the powder samples extracted from the different depths of the test



specimens was analysed in accordance with RILEM TC 178-TMC recommendtions

(i) During the exposure, concrete permeability was measured by using the Autoclam permeability

systen’? and the ‘Permit’ chloride ion migration test!*? on three of the 230x230x80mm blocks.

3. Presentation and discussion of results

3.1 Concretes exposed to the chloride immer sion followed by carbonation regime (xCl+yCQO>)

As samples used in the study were exposed to the two aggressive environments successively. In this
regime, the progress of carbonation in concretes is influenced not only by properties of thesconcrete
but also by theCl in them. Therefore, in this section, results from the independent chloride ingress

regime are discussed first, followed by those from the carbonation stage.

Distribution of CI" in concretes during the initial xGéxposure regime is presented in FigResults

in Fig. 3(a) shows that at any given depth, the chlordie concentration increased from 1 month to 3
months, which indicates that @ontinuously penetrated into the 0.55PC during the three months of
immersion. In contrast, the ingress of @kinly took place in the first month in both 0.55PFA (Fig.
3(b)) and 0.55PFA+MS samples (F&{c)) and prolonging the duration of immersion did not lead to

ary obvious increase in the chloride ingress. Additionally, the results in Table 2 show that for the three
concretes the chloride content at the surface lay8r1lmm (referred to in this paper g did not

change at any large extent with increased duration of immersion and the values for the three concrete
were close (about 0.8% by mass of concrete). Thedat& somewhat contradict some other published

data (obtained from the regression analysis of chloride profilkes) concretes containing
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supplementary cementitious materi&lsin which it is reported that thes@alue increases with time
but the values for different mixes in that study were very close after a period of 18 months siammer

in the chloride solutionconcentration 0.51mol/NaCl solution; w/b ratio of concretes = 0.5).
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Fig. 3. Distribution of CI- in concretes during the xCI- regime

Table 2. Development of €during the xClregime

1CI- 2CI- 3Cl-
0.55PC 0.81 (0.01)| 0.75 (0.09)| 0.67 (0.01)
0.55PFA 0.47 (0.02)| 0.78 (0.30)| 0.75 (0.01)
0.55PFA+MS | 063 (0.16)| 0.73 (0.01)| 0.82 (0.01)

*Values in bracket indicate standard deviation of tested results from two individual cylinderical samples

Comparedo PC concretes, pores in PFA and MS concretes are known to have relatively smaller
diameterdue to their continued hydratiowhich would lead to a slower diffusion 6f1°2°3, Further,
it is reported that some cement hydration products, such as aluminate phases and CSH gel, which are
enriched in PFA and MS concretes respectively, can bin@r@ the binding process can further
decrease the pore diamétei*?d. Thus, negligible ingress of Th the two types of concrete
containing supplementary cementitious materials (S&¥ter the first month of immersioa seen in

Figs. Ib) and3(c). In contrastsuch an effect waess obvious for the PC concrete in ().

The accumulation d€l” on concrete surface is a complex process and is governed by many factors,
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including the chloride binding capacity of cement hydration proft¢ienic exchange between Cl

and other ions that exists in concretes, e.gl®®H, and diffusion ofCI" in pore solution due to the
concentration gradienfThese processes relate to physical characteristics of capillary pores and
chemical properties of the hydrated binders, viz. the CH content and the chloride binding capacity. Ba
et all*¥ have indicated that the type of binder has limited influence ondtal@ when the chloride
ingress is stabilised at the surface layer (exposédtomoll NaCl). This normally takes more than

a year in concretes containing SCMs. It is somewhat surprising to observe in this research that the
surface chloride content stabilised very fast, almost within a month of starting the immersien
2.82mol/LNaCl solution. As the exposure was not continued beyond 3 months in this research, it is

not appropriate to make any further remarks on this observation.

In the 3CiH+yCO, regime, before the chloride exposed samples were subjected to accelerated
carbonation, they were conditioned in an oven to achieve a uniform RH of)8b. @2the movement

of moisture during this preconditioning stage may lead to movement tifalexisted in concretes,
distribution of Clin the three concretes before and after the RH conditioning process was tested and
the results are presented in FIgAs can be seen in this figure, the differemcéhe Ct distributions

due to aforementioned preconditioning is negligible. Therefore, it can be inferred that the RH

conditioning regime used in this study did not lead to any noticeable redistributionrofi@lsamples.
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Fig. 4. Distribution of Ci before and after the condition of RH

The distribution ofCI" after subjecting to 3GtyCO; regime (i.e. 3 months in chloride solution

followed by up to 3 months of carbonation) is presented in ¥ig-he G values obtained are

summarised in Table[3. The following observations can be made from the results: @)vélaeC

decreased due to carbonatian), ¢arbonation resulted in redistribution of chlorides to greater depths;
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and {ii) the location of the peak chloride contepipeared to havaoved inward.

Chloride concentration

Chloride concentration

(% by mass of concrete)
o o o o - -
N AN ® ©® o

o
o

(% by mass of concrete)
o o o o |l -
N N ®» ® o N

o
o

X 3Cl-
¢ 3Cl-+1C0O2
03Cl-+2C02
X A3CIl-+3C0O2
X N A A
AU ﬁ’m A
A
. % e A A .
O &‘DQDQ A A
Lo O
0 10 20 30
Depth (mm)
(a) 0.55PC
X 3ClI-
¢ 3Cl-+1C0O2
03Cl-+2C02
X XX A3CIl-+3C02
A A
L Y O A
A O ¢ O A
& X e O A,
x ¢ 0D 0O A
* o
0 1 20 30

0
Depth (mm)

(b) 0.55PFA

16



=
(N

X 3Cl-

¢ 3CI-+1CO2
O03CI-+2C02
X A 3CI-+3C02

=
o

o
o
X

o

N

&
X

Chloride concentration
(% by mass of concrete)
o
. . o
X

o
N
A&
X
.
O
D>
>
>

o
o
il

Depth (mm)

() 0.55PFA+M S

Fig. 5. Distribution ofCI" in concretes exposed to the 3@ICO, regime

Table 3. G of the concretes under the 36ICO; regimé

3Cl- 3CI'+1CO, 3CI'+2CO, 3CI'+3CO,
0.55PC 0.67 (0.01) 0.43 (0.04) 0.32 (0.01) 0.50 (0.02)
0.55PFA 0.75 (0.01) 0.39 (0.05) 0.36 (0.06) 0.44 (0.02)
0.55PFA+M S 0.82 (0.01) 0.25 (0.04) 0.24 (0.01) 0.43 (0.04)

*Values in bracket indicate standard deviation of tested results from two individual cylinderical samples

The redistribution oCl" due to carbonation of chloride contaminated concrete is considered to be
due to the release of Ghat was previously bound in hydration products and the changes to concrete
microstructure, as has already been reported by Tang and Nifsand Nevillé"@. The movement of
the released Cto greater depths can be considered to be due to the following reasons: (i) to maintain
the equilibrium of free Clat different depths (i.e. diffusion process) of the concrei¢dp(maintain
theelectrical chargbalance between cations and anions, more specifically the balance b&tteen
and Ci; (iii) carbonation leads to a densification of microstructure for the surface concretes and forces

the released Chmoving inward and (v) water generated during the carbonation and the subsequent
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redistribution of moisture carry free chlorides to a new location inward.

As can be seen from Figand Table 3, the decrease in thev&@lue occured during the first month
of carbonation and further continued carbonation did not have any similar &ffextplain this, the
profile of the consumed Okt presented in Figh. The results in this figure show that during the latter
two months of carbonation the amount of consumed &Hkhe near-surface zone (0-3mm) of each
mix did not have any noticeable increaAs the chloride binding capacity is pH relatédit can be
stated alsdhat concretes in this region did not have any obvious chantjesir chloride binding
capacity. The previolls bound chloride ions in the near-surface region were released by the
carbonation (during the first month) and thesen@ire free to move inwards, leading to a decrease of
the total Clin the near-surface region and the increase at greater depthsy the latter two months
of carbonation, further decrease in pH occurred at inner depths (>3mm) which resulted in a continuous
release of the bound Th this region. Thereforehe location of the maximum chloride content

continuously moved inwards.
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The distribution of Clin concretes exposed to three different durations of chloride exposure followed

by three months of accelerated carbonation ¢8O, regime) is presented in Fig. For
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demonstrating the effect of carbonation on chloride profiles, thec®@iride profile (i.e. chloride

profile after 3 months of immersion in chloride solution without subjecting to any carbonation) is also
plottedin the fiugresFor each of the three mixes, similar findings have been observed, fiz:each

type of concrete, carbonation for three months after immersing in chlorides resulted in further inward
penetration of chloridegii) whilst comparing with the data in Fi§.for the three different durations

of immersion in chloride solution, there was an increase in concentration aifr@bst inner depths

in Fig. 7when the concretes were subjected carbonation after the three different duration of immersion
in chloride solution;i{i) the G value for the three mixes was relatively close and the values are
comparable to 3C#+3CQregime; {v) the peak values of the chloride content and their locations were

different for the three mixes.

Given that there was not much of a difference between the three profiles for both 0.55PFA and
0.55PFA+MS mixes in Fig3, the data in FigZ7 showing further penetration of chlorides in these
concretes due to the 3 months of carbonation is unexpected. This could be an artifact of the
experimental procedures or a chemical behaviour that cannot be explained without carrying out further

microstructural analysis. Therefore, further investigation is solicited.
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Fig. 7. Distribution of Ci in concrete exposed to th€k+3CO; regime

As in the case of 3GlyCO; regime presented in Fi@, there was a decrease i Galues
compared to the Ckoncentrations within the concretes in these cases as well. As before, this is
considered to be due to the release of boundfr@mn binders as a result of carbonation and

consequential physico-chemical changes, as explained previously.

A comparison of the location of the peak chloride concentration between the three concretes would
indicate that the peak is at a greater depth for 0.55PFA compared to the other two concretes. This is
indicative of a comparatively faster progress of carbonation in the chloride contaminated 0.55PFA
concrete, which has been reported by Dhir é&%alresulting in chlorides being pushed inward more

rapidly than the other two concretes.
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In reality, for most types of concretes carbonation is slower compared to chloride penetration.
Therefore, the experimental data reported in this section are relevant to most concretes exposed to
service environments. The data indicated that if there was no carbonation, chlorides would continually
penetrate into concretesdifferent rates of ingresdepending on the type of binder. In contrast, when
these concretes are subjected to carbonation after a period of chloride exposure, the effectden chlori
distribution within the concretes are obviously dependent on both the duratit®e afnd chloride
exposure and the type of binder. In general, carbonation of chloride contaminated concretes results in
the release of bound chlorides, which pushes chlorides inwards and, hence, could be detrimental to the
corrosion of steel reinforcement. Further, as the degree of carbonation could be different foit differe
types of binders, the above effect could be more severe in some types of concretes, such as PFA, whel
compared to others. Therefore, it is essential to consider the combined effects of chlorides and

carbonation in the design of concrete structures in marine and similar exposure conditions.

3.2 Concretes exposed to carbonation followed by chloride immersion (yCO2+xCl")

In the previous section, the effect of carbonation of chloride contaminated concretes was established.
In this section, the influence of carbonation on subsequnt ingressotiScussed based on the results

obtained from the yC&xCI regimes.
3.2.1 Influence of carbonation on consumed OH-

Before discussing the effect of chloride immersion of carbonated concretes on the distrubtion of

chlorides within the concretes, the effect of different durations of carbonation itself is discussed. This
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is done by comparing the effect of duration of carbonation on air permeability, chloride migration

coefficient and the consumed OH

To quantify the influence of carbonation on permeation properties of the near-surfaceinegion,
situ air and chloride permeability tests were carried out and the results are presented.iiiliege
was a significant increase in the chloride migration coefficieistto prolonged carbonatiovhereas
the influence was rather subdued on air permeability, except for the microsilica comtrste.
differences in behaviour between air permeability and chloride migration depend on the nature and
extent of influence of the changes to the pore structure due to carbonation in the near surface region of
these concreted~or the carbonation process, conventional understanding ist tbatises calcite
precipitation in the pores and therefore should densify the microstructure. However, carbonation is
also known to induce cracking due to shrinkage, particularly when accelerated carbonation of CSH
occud***4, This can explain the prominent increase in the air permeability for the microsilica concrete.
The results in Fig8, particularly the chloride migration coefficients, wouldggesthe presence of

carbonation-induced cracks in all the three concretesell

i Before 3CO2 O After 3CO2

. 4

0.55PC 0.55PFA 0.55PFA+MS

o
(V)
a

o
N
o

Air Permeability Index (In(bar)/min)

N
N

(a) Air Permeability Index
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Fig. 8. Influence of carbonation on permeation properties of concretes

The amount of consumé&dH" calculated using Eqg. 1 is plotted in Figas an indicator of the pH
change due to carbonatiosther than using the traditional phenolphathalein test due to its limitation
in distinguishing pH variations at different degrees of carbonation of concretes containing
supplementary cementitious materi&lsFor the three types of concretes the change in consumed OH
is obviously slowed down after 1 month of carbonation, indicating that microstructural changes during
the first month of carbonation had retarded further penetration of carbon dioxide into the concrete.
This may appear to contradict the permeation results reported i, Fignch shows an increase in
permeability due to carbonation, presumably due to the formation of microcrdukieg the

carbonation process.

The highest consumption of OHue to carbonation was found for PC concretes, presumably due
to the availability of sufficient quantities of Ca(GHY buffer the pH reduction due to carbonation.
Due to the low PC content in 0.55PFA concretes, there was relatively a lower consumptiorabf OH

all depths. However, the consumption of Qttas almost constant up to 20-30mm for the 0.55PFA
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concretes, indicating that these concretes carbonated much deeper than their PC counterparts. Th
results in Fig9c shows that for 0.55PFA+MS concretes, there is a sudden decrease in the consumption

of OH at a depth of around 7mm. This concrete has only 85% PC and consequently it has a lower

availability of OH to carbonate compared to the PC counterpart. This was reflected in the rather low

value of OH consumption nearer to the surface.
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Fig. 9. Consumed OHduring the three months of carbonation

Figure10shows that 3 months of carbonation had severely affected the subsequent ingress of chlorides.
so much that the chloride profile is more or less flat in all cases. These results confirm that carbonation
had detrimental effect on chloride transport in all the three concretes, as concluded in the previous
section. It may also be noted that prolonging the duration of exposure hawgbiegiffect on the

chloride profile for the first 30mm. The reduction in pH due to carbonation also affects the flow of
chlorides as well as the binding capacity to an extent. Unlike the previous caseis, ibdreedek

salt that can decompose during carbonation. As the pH is low in carbonated cdnediEs salt is

not expected to have been formed during the chloride immersion after the carbdratiefre, the
relatively higher chloride concentration at the near-surface layer than that of the inner depths might be
due to an increased quantity of chloride salts deposited in the carbonation induced cracks in the near

surface region
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Figurell presents the distribution &fi in concretes subjected to the y&GCI regime. Theeresults

show that compared to non-carbonated samples exposed to chlorides for three months, immersion of
carbonated concretes in the chloride solution lealdecrease in chloride concentration at the near-
surface area (but did not have an associated decrease invalei€s in all cases) arath increase at

greater depths. For all carbonated specimens subjected to three months of chloride immersion, a flat-
shaped chloride profile can be seen. As discussed in the previous section, this shape indicates a highly
diffusive chloride flow. That is, the chloride profiles in Fig. would suggest that chlorides could

reach the level of reinforcement in carbonated concretes much faster than that in uncarbonated
concretes. It can also be noted that prolonging the carbonation duration beyond a month has led to only

a slight increase in the Qloncentration across the samples.
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The discussion in this section is relavent to concretes which are in shelted environment (such as bridge
abutment or bridge deck) or protected with surface treatments. In the former case, carbonation may
proceed initially and then leaking of expansion joints may well admit chlorides into the concrete. In
the latter case, the surface treatmaatuld prevent chloride ingress but allow breathing of concrete.

In such cases, carbonation may well progress initially, but with continuous influence of ultraviolet
radiation, the protective properties of surface treatments against chloride penetration may deminish
with time. In both these casgthere is a serious issue because chlorides can penetrate deep and at
higher quantities due to the presence of carbonation induced shrinkage cracks in the neaegiafac

This combination, as seen in this section, could be much more severe than the previous more realistic

situation, particularly for certain types of concretes.

Finally, the results in both combination regimes studied in this research would indicate that service
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life models which do not take account of these interactive effects on different types of binders are

likely to underestimate the life of concrete structures in such environments,nnel linings

4. Conclusion

Based on the experimental results presented in this paper, the following conclusions have been drawn:

1.

3.

4.

During the immersion of concretes in chloride solution for three months, the ingressroth@l
PC concrete took place during the entire duration. However, for the two concretes containing PFA
and MS, the ingress of Clvas mainly in the first month, confirming the already established

benefits of these cementitious materials to reduce the chloride penetration in concretes.

Chloride content at the near-surface layer of concrete is sensitive to the exposureAéigime.
immersion in chloride solution for three months, thev@lue for the three concretes was about
0.8% by mass of concrete. When exposed to the subsequent carbonation processaline C

decreased to values in the range 0.2-0.5%.

The influence of carboantion on chloride ingress is found to be dependent on their sequence of
occurance. When concretes are subjected to chloride exposure fobgveadbonation, Clare
redistribued during the carbonation stage and the extent of this redistribisticrlated to the
degree of carbonation of the samples. However, when carbonated concretes are exposed to
chlorides, there is an increased penetration of chlorides much deeper into the concrete due to

possible presence of carbonation induced microcracking in the near-surface region.

The results reported and discussed in this paper illustrates the complex interactions that could upset

any service life model which does not take account of these interactive effects and the differing
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nature of them for different types of concretes.
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