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Abstract

Deterioration of reinforced concrete is often studied in idealised scenarios where only one
exposure environment is dominant. For example, to study concrete structures exposed to de-icing
salt environments, the effect of a cyclic wetting and drying regime is considered, but deterioration
by carbonation is not given any emphasis. However, some studies have shown that carbonation
could result in the release of bound chlorides and this could lead to an increase in chloride content
near steel in reinforced concrete. Through an investigation on the influence of carbonation on the
bound chlorides in different cementitious pastes, this paper highlights the positive initial effects
that carbonation has on the chloride binding behaviour and later the changes that occur in both
the pH of concrete and the bound chloride content for both low and high w/b mixes. Two
mathematical expressions are put forward for mapping: (i) the changes in apparent pH as a
function of the duration of carbonation and mix ingredients; and (ii) the reduction in the bound
chlorides with a proportional reduction in apparent pH. The latter is valuable in quantifying the
changes to binding capacity in service life models due to carbonation, with the help of a simple

pH measurement.
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1. Introduction

The deterioration caused by steel corrosion is one of the major causes of failure of steel
reinforced concrete structures. This is generally initiated by chlorides in structures exposed to the
marine and/or de-icing salt environments [1-3]. Corrosion can also be initiated by carbonation of
the concrete, in which the protective passive layer on the steel reinforcement is destroyed due to
the reduction in alkalinity of the concrete [4]. Although a large volume of work exists on corrosion
caused by both chlorides [5, 6] and carbonation [7, 8], the combined effects of chlorides and
carbonation on corrosion of steel in concrete, the microstructural changes during the initial phase
of their transport as well the physical and chemical mechanisms causing different degrees of
corrosion are not clearly documented. This is discussed further in the following sections.

Carbon dioxide (COg) travels much faster than chloride ions in relatively dry hardened
concrete. The transport of CO: is influenced by the relative humidity in the micro pores and the
way CO:2 reacts with the mineral phases in the hydrated cement paste [9]. During the ingress of
chlorides, they can chemically react with the AFm phase in hydrated Portland cement to form
Friedel’s salt (FS) or be physically absorbed by the C-S-H gel [10, 11]. It is considered that only
the free chloride ions, which can move into the vicinity of the steel bars, can contribute to their
corrosion [12]. Some researchers [13, 14] have found that carbonation could promote further
chloride ingress due to two reasons: firstly, the decomposition of the hydrated phases (such as
C-S-H gel and FS) containing chlorides could release the bound chlorides into the pore solution;
secondly, the near surface concrete becomes less porous due to the formation of calcium
carbonate, hence the released chlorides can only move inward.

The influence of carbonation on chloride ingress was found to depend on several
parameters, such as w/b, type of supplementary cementitious material (SCM) and degree of
carbonation. Liu et al. [15] studied the combined effects of chlorides and carbonation on normal
Portland cement concrete with different w/b (0.38, 0.47, 0.53). They found that the samples with
higher w/b have higher chloride binding capacity before carbonation. The chloride binding
capacity of all samples with different w/b decreased with the influence of carbonation.
Comparatively speaking, the degree of decrease of chloride binding capacity was greater in lower
w/b (0.38). Saillio et al. [16] compared the influence of different types of SCMs, including ground
granulated blast slag (GGBS), pulverised fuel ash (PFA) and metakaolin (MK) on the chloride
binding capacity of concrete with the same w/b before and after carbonation. Their results showed

that the carbonated concrete bound less chlorides than the non-carbonated ones. Meanwhile,

Khan et al. [17] found that the chloride binding capacity of the hydrotalcite (layered double



hydroxide), which occupied a significant proportion of the GGBS paste, was not impaired by the
carbonation. Wang et al. [13] found that the chloride binding capacity as well as the amount of
chlorides released from the bound form are influenced by the degree of carbonation. Chang et al.
[18] compared the chloride binding capacity of hardened cement pastes under three different
conditions: (i) carbonated first and then immersed in the chloride solution; (ii) immersed in the
chloride solution first then carbonated; and (iii) carbonation of cement paste prepared with NaCl
solution. The results showed that the paste prepared with NaCl solution had a higher chloride
binding capacity. However, after carbonation almost all bound chloride ions were released, and
no chloride binding was detected after carbonation.

From the above discussion, it is clear that, despite a global interest on the effect of
carbonation on chloride binding and establishing the influence of w/b, nature of supplementary
cementitious material and the extent of carbonation on the rate of chloride binding, there is no
clarity on how the results of these studies could be used for specifying concrete for these
combined exposures. Further, it is not clear whether it is possible to predict the influence of
carbonation on chloride binding in combined exposure regimes from a knowledge of the
properties of concrete. The research reported in this paper aims to address these scientific
queries. Therefore, in this paper an investigation on the influence of water-to-binder (w/b) ratio
and different pozzolanic materials on the bound chloride content, both before and after
carbonation is reported, with an emphasis on deriving a mathematical relationship between
carbonation (represented by a change in apparent pH) and the quantity of bound chlorides for
different cementitious systems. It is anticipated that such a relationship will transform most
chloride transport models to adopt a dynamic binding behaviour that evolves with carbonation.

2. Factorial experimental design

According to BS 8500 (BS 8500-1- Table A.4) [19] the binder for concrete structures
exposed to XS1 and XS3 exposure environments should normally contain no more than 35% PFA
and 10% SF. Thus, the factorial design for paste composition used in this study considered three
factors, viz. PFA content (0-15%), SF content (0-15%) and w/b (0.3-0.6). Four levels were
considered for each independent variable, as reported in Table 1. PFA and SF were considered
at four equal levels (despite BS 8500 not recommending more than 10% SF) so that a comparison

of the relative effect of these two variables could be studied. In the case of w/b, 0.3, 0.4, 0.5 and



0.6 were the four levels. As there are 3 factors, and each factor was considered at 4 different
levels, there should be a total of 64 (4*4*4) treatment combinations for full factorial design. Doing
this research with 64 different treatment combinations is both time-consuming and resource-
intensive. Therefore, the orthogonal experimental design was used in this research. It requires a
minimum number of experimental units (treatment combinations) to examine the influence of both

single and combined representative factors [20, 21]. According to the number of factors and levels

from Table 1, 16 experimental units obtained from L(1463) were chosen in this research[22]. These
16 experimental units are shown in an imaginary cube in Figure 1 and the different treatment
combinations are reported in Table 2. Each point satisfies that [23]: i) for each factor, the treatment
combinations have been repeated 4 times. For example, as can be seen from Table 2 the levels
1 to 4 of PFA content, SF content and w/b occurred 4 times; ii) For each pair of factors, all
combinations of factor levels occur once. i.e. the combinations of PFA content and SF content
are (1,1), (1,2), (1,3), (1,4), (2,1), (2,2), (2,3), (2,4), (3,1), (3,2), (3,3), (3,4), and (4,1), (4,2), (4,3),
(4,4); iii) the scalar product of each pair of factors is zero in a combinatoric sense. For example,
if levels 1, 2, 3 and 4 of both PFA content and SF content are assigned value of -2, -1, 1, 2, the
sum of these combinations is 0 (i.e.—2X—-2+4+-2X—-1+-2X1+-2%x2+ —-1x-2+
—IX-1+-1X1+-1X241X-24+1X-14+1X1+1X2+2X—-2+4+2X-1+2X1+2X

2 = 0). By using the orthogonal design, the parameter space is sampling uniformly[24]. .

Table 1. Factors and levels for the factorial experimental design

Factor Level 1 Level 2 Level 3 Level 4
PFA content 0 5% 10% 15%
SF content 0 5% 10% 15%
w/b 0.3 0.4 0.5 0.6
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Figure 1. The mixes represented as sides of an imaginary cube.

Table 2. Mix composition of the cement pastes

B, SF

Mix no. Mixture Notations PFA content SF content w/b
1 0.3 100%PC 0% 0% 0.3
2 0.4 5%SF 0% 5% 0.4
3 0.5 10%SF 0% 10% 0.5
4 0.6 15%SF 0% 15% 0.6
5 0.4 5%PFA 5% 0% 0.4
6 0.3 5%PFA5%SF 5% 5% 0.3
7 0.6 5%PFA10%SF 5% 10% 0.6
8 0.5 5%PFA15%SF 5% 15% 0.5
9 0.5 10%PFA 10% 0% 0.5
10 0.6 10%PFA5%SF 10% 5% 0.6
11 0.3 10%PFA10%SF 10% 10% 0.3
12 0.4 10%PFA15%SF 10% 15% 0.4
13 0.6 15%PFA 15% 0% 0.6
14 0.5 15%PFA5%SF 15% 5% 0.5
15 0.4 15%PFA10%SF 15% 10% 0.4
16 0.3 15%PFA15%SF 15% 15% 0.3




To examine the influence of each factor on the properties of the pastes, in addition to the
analysis of variance (ANOVA), the following additional analyses were performed:

(i) The F-test [25] was used to examine the significance of these factors on the properties
of binders. It is calculated by dividing the mean square of certain factor by the mean square of
the error. A bigger F value indicates larger influence of the factor.

(i) Sig. refers to the significance of a parameter on the results. A smaller Sig. value
indicates larger influence of the factor.

(iii) The mean value of four values of samples with the same level was calculated. For
example, the mean value of results for 0.3 w/b is obtained by averaging results of Mix 1, Mix 6,
Mix 11 and Mix 16.

The inferences achieved using the statistical parameters are further elaborated in section
4.1,

3. Materials and methods

3.1 Materials

In this study, Class 52.5 CEM | Normal Portland Cement (PC), category C PFA (as defined
in BS EN 450-1:2012 [26], supplied by AES Kilroot Powder Ltd), and SF slurry with a water content
of 40%, supplied by Elkem company, were used as the cementitious materials. The chemical
composition and physical properties of the materials are reported in Table 3. Tap water complying
with BS EN 1008:2002 [27] was used to prepare the cement pastes. A reagent-grade sodium
chloride (NaCl) was used as the source of the chlorides in the cement pastes.

As the chemical composition of the cementitious materials are important for the discussion
on chemical changes due to carbonation and chloride ingress, the XRD spectra of the
cementitious materials used in this study are presented in Figure 2. The presence of cement
clinker minerals as well as calcium carbonate (CaCOs) and calcium sulfate hemihydrate
(CaS04.0.5H20) can be seen in the spectrum of PC. Mullite (AleSi2O13), magnetite (FesO4) and
quartz (SiOz2) are identified on the XRD trace for PFA. There is only a wide diffused peak in the
XRD trace of SF, indicating the presence of amorphous SiO-[28].



Table 3. Chemical composition and physical properties of the cementitious materials

Chemical oxides and physical CEM I PFA SF
properties
SiOz 19.53 52.85 94.23
Al2O3 4.68 22.68 0.85
Fex0s3 2.92 6.92 0.65
CaO 64.22 3.02 0.48
MgO 2.11 1.60 0.59
K20 0.54 1.84 0.98
Na:0 0.29 0.54 0.34
SO3 1.76 0.13 0.05
L.O.I. 2.5 8.08 1.56
Specific gravity 3.18 2.22 2.1
380 340 20000

Specific surface area (m?/kg)

M: Mullite
Q: Quart Q
Ma: Magnetite

C: Calcium

C,S: Dicalcium silicate
C;S:Tricalcium silicate
CS: gypsum

amorphous SiO, C,S/C,S

2 theta

Figure 2. XRD spectra of PC, PFA and SF.



3.2 Paste composition and sample preparation

All pastes were prepared by mixing the binders with NaCl solution (NaCl content was 3.5%
by the total mass of the binder) in line with previous binding capacity studies [18]. The water
content was determined according to the designed w/b in Error! Reference source not found..
Three 50mm size cement paste cubes were cast for each treatment combination, demoulded

after 24 hours and then stored for 27 days in a curing room at 20(x2) °C [29]. The specimens were

wrapped with plastic film to avoid carbonation during the curing period.

After curing, three cubes for each treatment combination were crushed and placed in an
oven at 60(x1) °C for 24 hours. After this, the crushed sample without pieces from the surface
was collected and ground into powder (passing through 300 um sieve). Powder samples of mass
30(x0.01) g from each mix were then placed in a chamber filled with 4 (£0.1) % CO; at 65 (1) %
relative humidity and 17 (£1)°C. After 2, 5, 7, 10, 14, and 28 days of carbonation, about 5 grams
of powder for each treatment were taken out for testing.

3.3 Test methods

3.3.1 Compressive strength
After curing, the compressive strength of the paste specimens (50mm x 50mm X 50mm

cube) was determined by following the guidelines set out in BS EN 12390-3:2009 [30] for concrete.

3.3.2 Apparent pH

The apparent pH is defined as the pH of the infusion solution of the powdered samples. It
is reported that the apparent pH is comparable to the pH value of the pore fluid, derived through
pore fluid extraction [31]. Powder of 1(+0.001)g was mixed with 20 ml of de-ionized water, then
placed in a rotator for 24 hours at rate of 50 rpm. After that, the pH of the suspension was
measured using a pH probe (JENWAY 4330, Conductivity & pH meter).

3.3.3 Free and bound chloride content

The free chloride content in the pastes was measured according to RILEM TC 178-TMC
[32]. Powder of 1(£0.001) g was mixed with 50 ml deionized water, shaken for 3 minutes, and
then filtered by manual filtration. The filtered solution was analyzed by lon Chromatography. The
free chloride content was calculated by measuring the chloride concentration in the solution and
expressed as % by mass of binder. The bound chloride content in the pastes was calculated by

using the total chloride content (i.e. 3.5% by mass of binder) minus the free chloride content.



3.3.4 X-Ray Diffraction test
X-Ray Diffraction (XRD) analysis was conducted on the cement powder samples using a
PANalytical X’pert Pro MPD diffractometer in the 20 range 5° to 70° with a step size of 0.016°.

3.3.5 Thermogravimetric analysis

Thermogravimetric (TG) analysis was conducted using a NETZSCH STA 449C to
determine the phase changes in the pastes before and after the carbonation. The powder samples
were tested in the temperature range from 25°C to 1000°C by heating the samples at the rate of

20°C/min in an inert N2 environment.

4. Results and discussion

4.1 Compressive strength

The 28-day compressive strength of the paste samples is reported in Figure 3. These
results are reported only for appreciating the trends in their compressive strength, as ideally the
compressive strength of cementitious materials should be determined using standard mortar
cubes, which was not done here.

Figure 4 shows the mean value of the four compressive strength results, for the mixes in
one of sides of the imaginary cube (Figure 1). For example, the mean value of the strength results
for 0.6 w/b is calculated by averaging the results of Mixes 4, 7, 10 and 13 (i.e. 0.6 15%SF, 0.6
5%PFA10%SF, 0.6 10%PFA5%SF and 0.6 15%PFA). These four mixes are represented in top
face of the imaginary cube in Figure 1. The interaction effects are negated by mixing 5% PFA with
10% SF and then again with 10% PFA with 5% SF. Therefore, the mean value of strength for the
four mixes adequately represents the main effect of 0.6 w/b on the compressive strength [33].
This principle has been used for all the data reported in this paper.

As shown in Figure 4, the compressive strength of the pastes was obviously influenced
by the w/b. Decreasing the w/b causes a reduction in the gel/space ratio and the porosity of
cement-based materials, thereby significantly increasing the compressive strength [34]

The compressive strength values are also influenced by the addition of PFA and SF. SF
has a much smaller particle size (Table 1) and a faster pozzolanic reaction [35] than PFA. Further,
it is known that PFA requires a longer period of curing than 28 days to benefit from its pozzolanic
effect on microstructure of concrete. Therefore, any direct comparison of PFA with SF in this
research should be made with caution. Nevertheless, it can be seen from Figure 4 that SF has a

marginally better effect on compressive strength of paste cubes than PFA. Statistical analysis



reported in Table 4 confirms this and places SF to be the next most influencing factor (higher F-

value and lower Sig. value), however at a much lower level than w/b.
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Figure 3. Effect of different parameters on compressive strength of the cement pastes at 28
days before carbonation.
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Figure 4. Main effect of different mix variables on the compressive strength of the pastes prior to
carbonation.

Table 4. Parameters of the factorial analysis of the compressive strength data

Sum of
Source  Squares dof Mean Square  F-value* Sig*.
PFA 65.34 3 21.78 3.32 0.098
SF 111.68 3 37.23 5.67 0.035
w/b 6633.36 3 2211.12  336.00 0.000
Error 39.38 6 6.56

* Note: Higher F-value and lower Sig. indicate the factor to be significant.

4.2 Chloride binding capacity and apparent pH value of the pastes before carbonation

The bound chloride content and apparent pH value of the non-carbonated specimens are
presented in Figure . The main effects are shown in Figure and 7 and the results of the factor
analysis are reported in Table 5 and 6. The data of the mineralogical analysis are shown in Figure
and 9.

Influence of w/b on chloride binding: As can be seen from Figure , the bound chloride
content is higher in pastes with a lower w/b. When the w/b is 0.3, the mean bound chloride content
is 0.724 % by mass of the binder. When the w/b was increased to 0.6, the mean bound chloride

11



content decreased to 0.521 % mass of the binder. However, Figure 5 shows that the effect of w/b
depended on the content of both PFA and SF. The independent influence of both PFA and SF on
chloride binding is discussed separately, hence the effect of w/b is discussed here. The amount
of bound chlorides in the pastes is known to be related to the concentration of the total chlorides
in the mixing water (hence that in the pore solution for a given degree of porosity) and the degree
of hydration of the binder in the paste [5]. It is reported that the degree of hydration is better at
higher w/b [35]. Further, as chlorides were added at 3.5% by the mass of the total binder, the
chloride concentration in the mixing water was 11.5% and 5.8% respectively for 0.3 and 0.6 w/b.
However, in this research, as the w/b was increased there was lesser quantity of binder, hence
the effect of improved degree of hydration on better binding cannot be confirmed. Therefore, it is
considered that higher concentration of total chlorides in the pore solution primarily contributed to
the higher bound chlorides in the lower w/b cement paste [5]. In addition, the hydration products
in the system with lower w/b contain less bound water, which might have also provided some
locations for chloride ions to bind [36].

As expected, the parameter analysis presented in Table 5 shows a very low Sig. value of
w/b is 0.004, confirming the obvious large influence of this parameter on chloride binding in
comparison with that of both PFA and SF. Whilst in this research, this observation is a by-product
of the experimental design, there are several other articles confirming the influence of w/b on
binding capacity [37, 38].

Influence of w/b on apparent pH: As shown in Figure 5, the apparent pH for the mixes
only varied slightly, between 12.6-12.7. In addition, there are no obvious differences among the
four levels (for each parameter studied), as shown in Figure . The parameter analysis of the
apparent pH in Table 6 shows that the F value is small, and the Sig. value is large for w/b. These
results suggest that the w/b has little influence on the apparent pH. Published studies [31, 39] for
pastes with w/b between 0.42 and 0.5 also demonstrated a similar behaviour before carbonation.
Although Ca(OH): is partially consumed by PFA and/or SF in some pastes, there is still enough
Ca(OH): to saturate the solution. In the meantime, alkali ions in the raw materials can also be
leached into the solution to influence the apparent pH [39] and notably PFA and MS have higher
proportions of Na2O and K20 in comparison with PC. Therefore, any reduction in pH caused by
the consumption of Ca(OH). in PFA and SF mixes are likely to have been negated by the

increased contribution from the alkali ions.

Influence of PFA and SF on chloride binding: In Figure 5, for the w/b of 0.3, the bound
chloride content of 0.3 5%PFA5%SF (Mix 6) is lower than that of 0.3 100%PC (Mix 1). However,

12



with the increase of PFA and SF contents, the bound chloride content clearly increased. This
phenomenon is seen for 0.4 w/b pastes as well. It is known that there is the formation of more
Friedel's salt (FS) in the pastes with an increase in PFA content [40-42]. In addition, the increase
of the specific surface area due to the additional C-S-H gel formed by PFA and SF may have
contributed to the increase in chloride binding capacity [43]. The reduction of chloride binding in
mixes with 5% replacement of both PFA and SF is possibly due to the fact that the beneficial
effects of PFA and MS at this replacement level on chloride binding is not as much as that due to
PC alone [44].

The XRD and TG results in Figures 8 and 9 of the selected samples also confirm this
observation. As can be seen from Figure , the FS, with a characteristic peak at 11.191° 26 was
observed in all the specimens. In Figure 9, it can be seen for the 0.3w/b cement paste samples
that, in comparison to the 100%PC (Mix 1), mix with 15% of PFA and SF (Mix 16) has both higher
quantities of C-S-H and FS content, which explains the higher quantity of bound chlorides for this
mix (Figure 5 - 0.3 w/b).

Parameter analysis in Table 5 shows that the replacement of PC with PFA resulted in an
F-value of 9.347 (the second lowest Sig. value), which is between that for the w/b and SF. As the
PFA content increases from 0 to 15%, the bound chlorides in the pastes increased by 23%.
However, for SF, the mean square and the F-value is 2.615 (with the highest Sig. value), which
means this is the least significant factor among the three parameters in this research affecting the
binding capacity of the cement pastes. This is also consistent with other published studies [45,
46].

The XRD and TG results in Figures 8 and 9 respectively for 0.6 15%SF (Mix 4) and 0.6
15%PFA (Mix 13) indicate that pastes with 15% SF contain less Ca(OH)2 in comparison to the
pastes with 15% PFA, which is consistent with previous studies [35, 47]. Partial replacement of
cement with SF can change the chemical composition of the pore solution and decrease its
alkalinity, which has an adverse effect on its chloride binding capacity [46]. Compared with SF,
PFA contains higher aluminate content, as shown in Table 3, which can result in the formation of
more calcium chloroferrites and FS in the paste, both of which can bind significant amounts of
chloride ions [6, 48].

Influence of PFA and SF on apparent pH: In terms of the influence of PFA and SF on
the apparent pH value of the pastes, there is almost no difference between them (Figure 7). From

the parameter analysis (see Table 6), the PFA with an F value of 4.214 and Sig. value of 0.063

13



demonstrated a slightly larger influence on the apparent pH value compared to the SF with an F
value of 0.777 and Sig. value of 0.548. However, the difference is very small to discuss them to
be of any significance.

1 13

S 09 128
©
<
208 1256
o
7
g 0.7 12.4
2 g
° 0.6 1223
< I
S T
T 05 12 o
< o
Q ©
2 0.4 1.8 &
8 <
S 03 116
S
S oo 11.4
So.
c
3
@ 0.1 11.2

0 11

Figure 5. Effect of different parameters on bound chloride content and apparent pH of the non-
carbonated pastes at the age of 28 days.

14



[} [} [} o o o o o =}
(1epuIq Jo ssew AQ %) UOBIUSIUOD BPLIOJYD punog

10% 15%
SF content (%)

5%

0%

5%

0% 5% 10% 1
PFA content (%)

0.6

Figure 6. Main effect of different parameters on bound chloride contents of noncarbonated

pastes.

anjeA Hd juaseddy

10% 15%

5%
SF content (

)

%

PFA content (%)

w/b

Figure 7. Main effect of different parameters on apparent pH values of noncarbonated pastes.

15



Table 5. Parameter analyses of the bound chloride content in noncarbonated pastes

Source  Sum of Squares dof Mean Square  F-value Sig.
PFA 0.060 3 0.020 9.347 0.070
SF 0.017 3 0.006 2.615 0.470
w/b 0.093 3 0.030 14.391 0.004
Error 0.013 6 0.020

Table 6. Parameter analysis of the apparent pH in noncarbonated pastes

Source  Sum of Squares dof Mean Square  F-value Sig.
PFA 0.011 3 0.004 4214 0.063
SF 0.002 3 0.001 0.777 0.548
w/b 0.002 3 0.001 0.813 0.532
Error 0.005 6 0.001
GH

0.6 15%PFA

0.6 15%SF

0.3 15%PFA15%SF
.3 100%PC

5 10 15 20 25 30 35 40 45 50 55

Figure 8. XRD patterns of the pastes before carbonation (FS - Friedel’s salt; CH - Calcium
hydroxide; Q - Quartz; C - Calcium carbonate).
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4.3 Chloride binding capacity and apparent pH values after carbonation

The temporal changes in the quantity of bound chlorides and the apparent pH values in
samples subjected to carbonation are shown in Figure and Figure respectively. The parameter
analysis and mineral characterisation results are presented in Table 7 and 8 and Figure to 15

respectively.

Influence of w/b on chloride binding: It is commonly known that carbonation results in
a reduction in bound chloride content. The data presented in Figure 10(c) and 10(d) for both 0.5
and 0.6 w/b mixes agree with this, but for both 0.3 and 0.4 w/b mixes there was an initial stage
during which the binding increased. During the sample preparation, the mortar containing
chlorides were ground and sieved to pass through a 50 microns sieve before it was subjected to
carbonation. This would mean that a majority of the particles might still have its capillary pores
intact, especially in lower w/b mixes where the average pore diameter is low. Non-carbonated

samples, when digested in water would release chlorides from the pores readily. This will show
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up as free chlorides in the chemical analysis and therefore bound chlorides (which is total
chlorides in the mix minus the free chlorides) would be low (at time zero for the duration of
carbonation).

Carbonation can result in a number of microstructural changes:

(1) The newly formed carbonates enveloping some of the minerals that contain physically
adsorbed chlorides and making the chlorides immobile. Taylor [49] reported that carbonates
analogue of ettringite can form if the concentration of COz is high. A similar observation was noted
by Kwasny et al. [50] for samples carbonated during the hydration phase.

(2) The carbonate deposition blocks the pore entrances and thereby traps the free and
physically adsorbed chlorides from moving [51].

These two phenomena (termed hereafter as hindrance effect) will reduce the free
chlorides available in the digested solution, thus resulting in a higher level of bound chlorides.
Such an initial increase in binding is not visible in samples of higher w/b, possibly due to large

average pore diameter in comparison.

Figure 12 quantifies the changes in bound chlorides due to 28 days of carbonation and
presents it across the different mix variables. Bound chloride content is shown to increase
significantly from its non-carbonated counterpart for 0.3 w/b (0.34% by mass of binder), followed
by a smaller increase for 0.4 w/b (0.16% by mass of binder). The figure shows a reduction in the
same for 0.5 and 0.6 w/b mixes.

As can be seen from Figure , after 28 days of carbonation the Ca(OH). peaks disappear
and the intensity of the FS peak is reduced. Instead, the peaks of CaCQOg; are very clear. These
changes in peak clearly indicate that the CO; reacted with the Ca(OH). and FS and formed CaCO:s.
As these reactions take place, they released the bound chlorides from the pastes [4, 52]. In
addition, the intensity of the amorphous hump in the range of 25° to 35° 20, associated with
amorphous C-S-H gel (in Figure 8), was reduced after carbonation (see Figure 14), implying the
carbonation of C-S-H gel [4]. This process adversely affects chloride binding capacity. The TG
analysis also shows that these reactions occur (Figure ). It is obvious that there were Ca(OH)a,
AFm and FS before carbonation (Figure ). However, these peaks almost completely disappeared
after 28 days of carbonation. In contrast to this, the peak intensity of CaCOs increased significantly.
In addition, it can be seen that the pastes with a w/b of 0.3 formed less CaCO3 than those with a
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w/b of 0.6, which indicates that the degree of carbonation of the pastes with a w/b of 0.6 is higher
than that with a w/b of 0.3.

The w/b plays a more important role on the changes in bound chloride content in
carbonated pastes than the PFA and SF. As shown in Table 7, the F-value of the w/b are as high
as 62.548. The Sig. value being zero indicates the strongest influence this parameter has on the

results.

Influence of w/b on apparent pH: The apparent pH data presented in Figure 11 is
comparable to a typical diffusion-controlled ingress/egress of ions [31]. In this case, the pH
decreases from the initial value of 12.6 with the increase in the duration of carbonation. The rate
of reduction is less for lower w/b mixes and high for higher w/b mixes. The specimens with high
w/b will have large and connected pores so that the CO. can enter the pores and react with
cement minerals more readily, bringing their pH down. Lower w/b mixes in this research have
higher quantities of binder, leading to higher reserves of Ca(OH).. Even if some of the Ca(OH)»
has been consumed, the remaining concentration is sufficient to maintain a healthy pH range.

As shown in Table 8 and Figure , the F-value of the w/b is 121.66, which is much higher
than that of PFA and SF. This data analysis highlights that the w/b has a strong influence on the
rate of reduction of the apparent pH due to carbonation. These data confirm that lower w/b mixes
perform well in binding chlorides and maintaining the pH during the initial stages of carbonation.
This, in addition to their reduced chloride and CO: rate of transport, makes lower w/b mixes ideal

for such exposure environments.

Influence of PFA and SF on chloride binding: Figure 10(a) for all of 0.3 w/b mixes
shows that both 10 and 15% of PFA/SF replacements lead to a higher quantity of bound chlorides
initially and the difference with that of 100% PC and 5% PFA/SF becomes negligible as the
duration of carbonation increases to 28 days. In mixes with higher PC replacement, there would
be more of C-A-H (calcium aluminate hydrates) and secondary C-S-H, which would bind more
chlorides. This explains the high levels of bound chlorides at time zero for these mixes [53].
Changes to the mineral phases due to carbonation were discussed earlier (and presented in
Figures 14 and 15) and the destabilisation of FS would render these chlorides free. This should
have been visible in Figure 10a as a reduction of bound chlorides for 10 and 15% replacement
mixes, but instead what is observed is that the bound chlorides remained almost constant. It is

possible that the carbonates formed might have coated the minerals and blocked the capillary
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pores [51], owing to the hindrance effect mentioned previously. This might have trapped the newly
released free chlorides within the particle.

The parameter analysis of the change in bound chloride content (presented in Table 7)
after 28 days of carbonation shows that the F-value of SF is 13.149, which is higher than the
corresponding value for PFA. This means that SF has a higher influence on the bound chloride
content due to carbonation than PFA. SF in comparison to PFA is likely to reduce the average
pore size [54, 55] for similar w/b, so the hindrance effect is more dominant in SF mixes in

comparison to PFA mixes. This may explain the sustained increase in bound chlorides in 0.4
5%SF (Mix 2) and the relatively better performance of this mix over 0.4 5%PFA (Mix 5) due to the
28 days of carbonation.

By comparison, at higher w/b (0.5 and 0.6), the average diameter of capillary pores is
larger, therefore the hindrance effect is not dominant. In such high w/b mixes, PFA performs better.
PFA contains more aluminate phases in comparison, so it can chemically bind more chlorides. In
addition, many researchers found that the addition of SF to the pastes obviously decreases the
alkalinity of the pastes [54] and therefore any further reduction of alkalinity due to carbonation
affects the stability of the FS in such mixes [56, 57].

Influence of PFA and SF on apparent pH: Figure (a) shows that the apparent pH for 0.3
100%PC (Mix 1) decreased from 12.6 to 11.7 after 28-days of carbonation and the corresponding
decrease for 0.3 15%PFA15%SF (Mix 16) was from 12.6 to 11. Mix 1 (0.3 100% PC) has the
largest reserve of Ca(OH)2 in comparison to Mix 16, which explains why the pH reduction is
subdued in Mix 1. It can also be seen that as the % of PC replacement increases, the extent of
pH reduction also increases as the carbonation progresses.

Across Figure 11 (a—d), all of the SF mixes have the lowest values of pH, irrespective of
the duration of carbonation. As can be seen from Table 8, the F-value of the SF is 14.99, which
is higher than that of PFA. It therefore confirms that SF is a more dominant parameter for apparent
pH than PFA. This behaviour can be explained by the different physical and chemical properties
of SF and PFA. Although the SF and PFA have similar specific density, SF has a much larger
specific surface area, as shown in Table 3, suggesting that the SF can react with the Ca(OH):
faster. In addition, SF has high silica content, which is the major chemical component during the
pozzolanic reaction. It also changes the Si/Ca in the cement and makes it easier to carbonate
[58].
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Based on the experimental results in Figure (for all 16 mixes), a mathematical relationship
between apparent pH value and duration of carbonation at a 4% CO. exposure can be expressed
by equation 1, if the apparent pH is between 8.3 to 12.6:

pH = ax tf (1)

where a is the parameter related to the fraction of the supplementary materials and w/b; g is the
parameter which is influenced by the w/b; and t is the carbonation duration (days). The equations
to calculate a and g are shown below:

a=13.717-3.016 X w/b — 6.231 X SF (2)

B =0.082 — 0.449 X w/b + 0.334 X (w/b)? (3)

where w/b is the water-to-binder ratio and SF is the mass fraction of SF in the total binder. The R-
square is 0.966 and the mean squared error is 0.038, which means the equations can well
represent the data.
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Table 7. Parameter analysis of the changes to bound chloride content after 28 days of
carbonation

Source  Sum of Squares dof Mean Square  F-value Sig.
PFA 0.069 3 0.023 7.818 0.017
SF 0.116 3 0.039 13.149 0.005
w/b 0.553 3 0.184 62.548 0.000
Error 0.018 6 0.003

Table 8. Parameter analysis of the change to apparent pH after 28 days of carbonation

Source  Sum of Squares dof Mean Square  F-value Sig.
PFA 0.117 3 0.059 1.79 0.248
SF 1.478 3 0.493 14.99 0.003
w/b 11.990 3 3.997 121.66 0.000
Error 0.197 6 0.033
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Figure 9. TGA and DTG of the specimens after 28 days of carbonation.

5. Relationship between bound chloride content and apparent pH value

Figure 16 shows that the bound chloride content increases with an increase in the
apparent pH value across all the mixes studied in this research. The relationship can be described

by the following linear equation:
Cbind = 2.538 x pH — 19.565 (4)

The coefficient of regression is 0.81; both the 95% confidence limit and prediction intervals
are also shown in Figure 16. As discussed before, the equation represents the significance of
apparent pH and carbonation on the bound chloride content. The unbiased selection of variables
based on the factorial design in this study means this equation is representative of the range of
variables considered. However, such a relationship between the chloride content and the
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apparent pH is not valid prior to carbonation. The individual trends for each w/b and the reasons

for these trends have already been discussed in earlier sections in this paper.
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Figure 16. Relationship between bound chloride content and apparent pH after carbonation.

The phenomenon depicted in Figure 16 is illustrated schematically in Figure . Glass et al.
[59] found that the bound chloride content in the paste decreased with the increasing addition of
nitric acid solution, which was used to change the pH of the environment. The acid would be
effective in breaking down the pores and releasing all chlorides in the region that are otherwise
immobile. The approach adopted in this paper and that [16] was to expose powdered specimen
to carbon dioxide environment for studying the binding as they considered this to be more
representative of the real life environment. However, it should be noted that in in situ exposure
the cement minerals and pores are unlikely to be exposed to such a high concentration of COz,
therefore the hindrance effect could be gradual and subdued.
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Conclusions

Before subjecting cement pastes containing chlorides to carbonation, the 28-day

compressive strength of PC, PFA and SF mixes was influenced mostly by the w/b and least by

the content of PFA up to 15% by replacement of PC. All the uncarbonated pastes rendered similar

apparent pH values. Amongst the three factors studied in this research (viz. w/b, SF content and

PFA content), the w/b showed the most significant influence on the bound chloride content.

Pastes with lower w/b had a higher binding capacity as the binder content and, therefore, the

chloride concentration in the mix water was high. The partial PC replacement with PFA and SF

increased the chloride binding capacity of the pastes by 10% to 30%. The introduction of PFA

contributed to the formation of more FS and C-S-H gel in the paste with a higher specific surface

area, while SF resulted only in more C-S-H. Thus, PFA had a more influence on the chloride

binding than SF when their replacement levels were the same.
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After carbonation, the apparent pH was obviously influenced by the w/b and the SF
content in the pastes. The w/b influenced the change of the binding capacity of the cementitious
pastes the most, followed by SF. PFA had the least effect during the 28 days of carbonation. The
introduction of SF and PFA together was shown to increase chloride binding within 14 days of
carbonation. However, there was no obvious difference at 28 days of carbonation.

Chloride binding was noted to increase in low w/b mixes as the carbonation progressed.
This was considered due to a phenomenon termed as hindrance effect, by which the newly formed
carbonates trapped the free and bound chlorides in the pores. As a consequence, the free chloride
concentration decreased, which was identified as an increase in binding. Such an effect was not
evident in higher w/b mixes, possibly due to their better connected and wider pore network. In
most mixes, the prolonged carbonation reduced the bound chlorides with the exception of 0.3 w/b
mixes where 28 days of carbonation managed to plateau the bound chloride content. There was
a positive linear relationship between the bound chloride content and the apparent pH value
across all the mixes studied.

It was found that there existed a linear relationship between bound chlorides and apparent
pH for all of the mixes after the mixes were subjected to carbonation. Therefore, the effect of
carbonation on the chloride binding capacity of the mixes could be predicted using a
measurement of their apparent pH.
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