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ABSTRACT

The calcium ion leaching behavior of cement pastes modified with a high-alkali fine glass powder, silica
fume, and fly ash, exposed to deionized water, is reported in this paper. Porosity enhancement in pastes
subjected to leaching is attributed both to the dissolution of calcium hydroxide (CH) as well as decalci-
fication of C-S-H gel. A methodology that combines the measured porosity increase along with the CH
and C-S-H contents remaining after leaching for a particular duration is developed to separate the poros-
ities created due to CH and C-S-H leaching. In order to quantify the influence of leaching on the amounts
of Ca ions remaining in the CH and C-S-H phases, solid-liquid equilibrium curves for calcium are devel-
oped for the unleached and leached pastes. Leaching depths are also calculated using the CH contents of
the leached and unleached specimens. All the modified pastes show better leaching resistance than the
plain paste. In addition to the microstructure densification, the lower Ca-Si molar ratio in modified pastes
that reduces the equilibrium liquid Ca ion concentration contributes to this observation. For the glass
powder modified paste, the presence of higher alkali content in the pore solution further reduces the dis-
solution of CH due to common ion effect, thus providing it with the highest leaching resistance. Fly ash
and silica fume modified pastes demonstrate leaching resistance in between those of the plain and glass
powder modified mixtures.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Leaching of calcium ions from cement paste matrix is of concern
in concrete structures used for radioactive waste disposal, and
underground and underwater members that are constantly ex-
posed to low pH environment. Pure or deionized water is one of
the strong decalcifying agents of cement based materials [1-3].
Leaching is a combined diffusion-dissolution/precipitation pro-
cess. The concentration gradients between the pore solution and
the pure water cause diffusion of calcium ions from the pore solu-
tion to the surrounding ion free water. The reduction in concentra-
tion of calcium ions in the pore solution forces the dissolution of
calcium hydroxide (CH) and calcium-silicate-hydrate (C-S-H)
gel [3-6]. This results in increased material porosity, and conse-
quently increased permeability, and reduced mechanical proper-
ties [7-9]. The influence of porosity on leaching, and the changes
induced in the pore structure because of leaching are detailed in
[10,11]. Models to explain the degradation kinetics and property
changes due to leaching either individually or in combination with
other chemical processes have been reported [12-15].

The use of silica fume or fly ash as supplementary cementing
materials is reported to result in reduced calcium leaching
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[16,17]. A recent study [18] has investigated the use of silica nano-
particles to control calcium leaching in cement pastes. Apart from
the pozzolanic reaction of nano-silica that reduces the porosity,
this study showed that nano-silica modifies the internal structure
of the C-S-H gel by increasing the average length of silicate chains,
which increases calcium stabilization. Increase in silicate anion
chain length of C-S-H gel with increase in dissolution (or reduc-
tion in Ca-Si molar ratio of the solid phase) has also been reported
in [19]. Some studies [5,20,21] have reported that C-S-H gel begins
to dissolve only after complete dissolution of CH, i.e., dissolution
reactions do not occur concurrently. However, other authors
[19,22] have reported that CH does not have to dissolve completely
for C-S-H dissolution to occur, and this is a function of the mass
(or volume) ratios of the leachant to the solid. For lower liquid-
to-paste mass or volume ratios CH preferentially dissolves, while
both CH and C-S-H dissociation are reported to occur in powdered
samples of pastes for liquid-to-paste mass ratios (mg/mp) higher
than 500 [19]. This value will change with surface-to-volume ratios
of the sample. The solubility product of the C-S-H gel is also a
function of Ca-Si ratio of the gel [23,24].

This paper investigates the influence of two high silica cement
replacement materials - a fine glass powder (72.4% SiO,) and silica
fume (93.4% SiO,) - on the leaching resistance of cement pastes ex-
posed to deionized water and compares the performance of these
modified pastes to a plain paste and a fly ash modified paste.
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Table 1
Chemical composition and physical characteristics of the materials used.

Composition (% by mass)/property Cement Fine glass powder (GP) Fly ash (FA) Silica fume (SF)
Silica (SiO,) 20.2 72.5 50.24 93.4
Alumina (Al,03) 4.7 0.4 28.78 0.42
Iron oxide (Fe,03) 3 0.2 5.72 0.52
Calcium oxide (CaO) 61.9 9.7 5.86 1.91
Magnesium oxide (MgO) 2.6 33 1.74 -
Sodium oxide (NaO) 0.19 13.7 0.96° 0.25
Potassium oxide (K;0) 0.82 0.1 0.79
Sulfur trioxide (SO3) 3.9 - 0.51 0.34
Loss on ignition 1.9 0.36 2.8 23
Median particle size (pm) 13 20 20 <1
Density (kg/m?) 3150 2490 2250 2200

¢ Equivalent alkalis.

Porosity measurements and thermogravimetric analysis are con-
ducted on unleached and leached specimens. The Ca ion content
in CH and C-S-H phases before and after leaching are quantified
using equilibrium curves for calcium. Indirect estimation of leach-
ing depths from thermal analysis results is also reported.

2. Experimental program
2.1. Materials and mixtures

Type I/Il ordinary Portland cement conforming to ASTM C 150
was used for all the mixtures described in this study. A Class F
fly ash (FA) conforming to ASTM C 618, a dry densified silica fume
(SF), and a fine glass powder (GP) were used as partial cement
replacement materials. Several replacement levels of these supple-
mentary cementing materials were studied, but in order to keep
the discussions succinct, only the results for 10% replacement of
cement by mass with fly ash and glass powder, and 6% replacement
of cement by mass with silica fume (referred to as GP10, FA10, and
SF6, respectively, in the graphs) will be discussed in this paper. The
chemical composition and physical characteristics of materials
used are given in Table 1. It can be seen that the median particle
sizes of glass powder and fly ash are similar, and higher than that
of the cement. All the pastes were prepared with a water-to-
cementing materials ratio (w/cm) of 0.40.

The cement pastes were cast in prismatic molds of size
150 mm x 50 mm x 25 mm, and cured in saturated limewater for
90 days to facilitate hydration of cement and the replacement
materials. After the curing duration, prismatic pieces of size
15mm x 10 mm x 5 mm were cut from the larger specimens,
and immersed in deionized water for leaching. The leaching tests
were carried out in sealed containers filled with deionized water
from which CO, was removed. A my/m, of 1000 was used, and
the leachant was not renewed during the duration of the tests.

2.2. Test methods

The unleached specimens (cured for 90 days), as well as those
leached in deionized water for 28, 56, or 90 days, were subjected
to porosity measurements as per the procedure described in [25].
The 15 mm x 10 mm x 5 mm size specimens were removed from
the containers, surface-dried, and kept in an oven at 105 °C for
24 h. After cooling to room temperature, the initial masses (im;)
of the specimens were determined. The specimens were then vac-
uum dried for 3 h, after which they were saturated under vacuum
for another hour, and left to soak in water for 18 h. The masses of
saturated surface-dried specimens (1m,) were recorded. The differ-
ence between these masses was expressed as a percent of initial
mass, then converted into a percent of the initial volume of the
specimen, and reported as the porosity.

The unleached and leached specimens were subjected to ther-
mogravimetric analysis (TGA) to determine the CH and C-S-H con-
tents in the specimens. TGA was carried out before and after 28
and 90 days of exposure to deionized water. Any portion of the
unleached specimen can be expected to provide the actual CH
and C-S-H contents of the pastes in that state. However, in order
to obtain the residual CH and C-S-H contents in leached speci-
mens, a representative portion containing both the leached and
unleached zones need to be used for TGA. This is accomplished
by removing a 6 mm x 10 mm x 5 mm section of the leached spec-
imen as shown in Fig. 1. Five sides of this representative zone are
subjected to leaching, and the ratio of the total area of the leached
surfaces to the volume of the representative zone is 0.76 mm~". For
the entire specimen, though the leaching is from all six sides, the
corresponding ratio is very similar (0.73 mm™'). Similarly, if a
leaching depth of 1 mm is assumed uniformly from all sides of
the specimen, the ratio of the unleached volume to the total vol-
ume of the 15 mm x 10 mm x 5 mm specimen is 0.416. For the
representative zone where leaching occurs in five of the six sides,
the ratio of the unleached volume to the volume of the representa-
tive zone is 0.40. Therefore, from considerations of the surface area
to volume ratios, and the unleached to leached volume ratios, the
sectioned zone can be considered to be representative of the entire
leached sample.

The powdered sample was heated from room temperature up to
1050 °C at the rate of 10 °C per min in a Perkin-Elmer thermogravi-
metric analyzer. The mass drop in the thermogravimetric curve at
temperatures between 400 and 450 °C indicates loss of water from
CH. The amount of CH in the specimen (in terms of percentage of
mass of the sample at 105 °C) is calculated directly from the ther-
mogravimetric curves using the following equation:

MWy
MW, (1

where WLy corresponds to the mass loss in percentage attributable
to CH dehydration, and MWcy and MWy are the molecular weights
of CH and water, respectively.

Different temperature ranges in a thermogravimetric curve are
reported to indicate the water loss from C-S-H gel. Previous stud-
ies have suggested temperature ranges of 180-300 °C [26], 200-
400 °C [27], and from 105 °C until the water loss corresponding
to CH dehydration [22]. In this study, the mass loss between
150 °C and the temperature at which CH loss begins (~400 °C) is
considered to indicate the loss of water from C-S-H gel. The
amount of C-S-H is calculated as:

MWoesy
2.1« MWy @)

CH (%) = WLen (%) x

CSH (%) = WLCSH (%) X

where WLcsy corresponds to the mass loss in percentage that occurs
during C-S-H dehydration, and MW¢sy and MWy are the molecular
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Fig. 1. Geometry of the specimen subjected to leaching, and the representative
zone used for thermal analysis.

weights of C-S-H and water, respectively. Even though the chemi-
cal formula of C-S-H is taken as C; 7SH4, some part of the 4 moles of
water will be removed at temperatures below 150 °C. The equilib-
rium composition of C-S-H is thus taken as C;;SH,; as given in
[22], which explains the division by 2.1 used in Eq. (2).

3. Results and discussions

3.1. Influence of leaching on the porosity and diffusion coefficients of
pastes

Fig. 2 shows the total porosity (¢t) of the cement pastes cured
in saturated limewater for 90 days, and those leached for 28, 56,
or 90 days in deionized water. The porosity of cement pastes de-
pend on w/cm, degree of hydration, presence of cement replace-
ment materials, and their reactivity. Since cement replacements
by the supplementary materials have been carried out in this study
on a mass basis, the initial porosity (at very early ages) of the mod-
ified pastes will be lower than that of the plain paste, because of
the lower specific gravities of the replacement material than the
cement it replaces. However, as cement hydration progresses, the
plain paste will have a lower porosity than the fly ash and glass
powder modified pastes at intermediate ages because the effect
of fly ash and glass powder is primarily of dilution at these ages.
At later ages (~90days curing), the secondary hydration of fly

Porosity (¢y), %
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Leaching duration,days

Fig. 2. Total porosity of cement pastes as a function of the leaching duration
(specimens cured for 90 days before leaching).

ash and glass powder compensates for the dilution effect, resulting
in porosities similar to that of the plain paste, as shown in Fig. 2 (at
the start of leaching). The silica fume modified paste shows lower
porosity at the start of leaching, attributable to its higher reactivity
and efficiency in densifying the material microstructure.

For a dense paste subjected to leaching, dissolution and creation
of additional porosity initially occurs mainly at the leaching front.
In the case of porous pastes, early dissolution can occur even at a
certain depth from the surface due to the transport of leachant into
the paste due to its porosity. Porosity creation in leached samples
is also dependent on the specimen volume. For instance, if a larger
specimen than the one used in this study is subjected to leaching,
and if the m;/m,, value is kept the same, the leaching depth will be
similar to that of the smaller specimen, but the total porosity will
be lower because the larger specimen will have a larger unleached
core. In this paper, the influence of specimen volume on leaching is
not considered, and the attempt is to compare the influence of the
supplementary cementing materials in providing leaching resis-
tance to the pastes.

From Fig. 2, it can be seen that the porosity increases with in-
crease in leaching duration as will be expected for all the pastes.
The increase in porosity resulting from leaching is seen to be the
highest for the plain paste, which could be due to its higher initial
CH content, which is reported to influence the rate of leaching [28].
The glass powder modified paste shows the least change in poros-
ity with leaching. This indicates that calcium ions are being lea-
ched at a lower rate from the glass powder modified pastes as
compared to the other pastes used in this study. One reason for this
observation could be the higher Na,O content of glass powder (see
Table 1), which results in the production of NaOH in the pore solu-
tion, thereby reducing the dissolution of CH due to common ion ef-
fect. The addition of alkali hydroxides to a solvent is reported to
significantly reduce the solubility of CH, and the reduction depends
on the alkali hydroxide concentration [29]. The silica fume modi-
fied paste shows the lowest porosity in an unleached state because
of higher degree of secondary hydration and denser pore structure.
However, with increased leaching duration, the porosity of silica
fume modified paste increases at a faster rate than for fly ash
and glass powder modified pastes. The reason for this observation
is given in a later section (Section 3.3.1) using the CH and C-S-H
contents in the unleached and leached specimens.
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Fig. 3. Increase in porosity of cement pastes due to leaching as a function of
leaching duration.
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Fig. 3 shows the difference in porosities (¢.) between the unle-
ached specimen and those leached for a particular duration, as a
function of leaching duration for all the pastes. C-S-H decalcifica-
tion also occurs, in addition to the predominant CH leaching, when
the CH is locally depleted and there is a temporary reduction in the
local Ca-Si molar ratio as a large amount of Ca ions dissolves from
the surface layer. The values of ¢, shown in Fig. 3 include the
porosities created by Ca ion leaching from both C-S-H (¢csy) and
CH (¢cn), as shown in Eq. (3).

éL = dcu + Pesu 3)

The relative diffusion coefficient (D./D,) of any species in an
unleached cementitious matrix can be related to the porosity (¢)
as [30]:

%:0.001 +0.07¢? + H(¢p — 0.18) x 1.8 (¢ — 0.18)? (4)

0

where D, is the effective diffusion coefficient, H(x) the Heaviside
function (0 when x < 0, and 1 when x > 0), and D,, is the molecular
diffusion coefficient (0.8 x 10~° m?/s in pure water) [14,31]. The va-
lue of 0.18 corresponds to the percolation threshold of porosity in
cement pastes. This equation was developed considering the depen-
dence of cement paste diffusivity on the pore structure. The diffu-
sivity is dominated by the capillary pore space when the paste
porosity is greater than the percolation threshold (i.e., ¢ > 0.18),
and by the continuously connected C-S-H gel pores when the cap-
illary pore space is depercolated. The development of Eq. (4) consid-
ers pure capillary pore space diffusivity above ¢ =0.18, and a
combination of capillary pore space and C-S-H pathways to be
roughly in parallel for all values of ¢ [30].

However, Eq. (4) is not valid for leached specimens because the
diffusivity increases much more rapidly when leached in compar-
ison to its decrease due to hydration. Using a reduced percolation
threshold of 0.16, a modified equation for the relative diffusion
coefficient is provided in [17] for leached specimens as given be-
low. The modification of Eq. (4) is carried out in [32] based on rel-
ative diffusion coefficients predicted by the NIST microstructural
model.

% —0.001 — 0.07¢% + H(¢py — 0.16) % 3.6 * (¢ — 0.16)?
0

—H(¢—0.18) x 1.8 % (¢ — 0.18)> + 0.14¢? (5)
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Fig. 4. Relationship between effective diffusion coefficient and porosity for cement
pastes subjected to leaching.

Here, ¢ is the porosity of the leached specimens, which is equal
to ¢ + 1.

Fig. 4 shows the relationship between the total porosity (¢r)
and the effective diffusion coefficient (D) calculated using Eq. (5)
for the specimens leached in deionized water for different dura-
tions. The effective diffusion coefficient increases with increase in
porosity, and the relationship is exponential. A similar exponential
relationship has been observed in [3], where as the diffusion coef-
ficients were related to the square of the porosity in [11].

3.2. Calcium hydroxide contents

Fig. 5 shows the CH contents remaining in the unleached ce-
ment pastes as well as after 28 and 90 days of leaching in deionized
water, determined from thermogravimetric analysis. The CH con-
tents in the specimens are seen to decrease rapidly for the first
28 days because there is a higher concentration gradient between
the pore solution and the leachant (pure deionized water initially).
The rate of leaching of Ca ions from CH is seen to slow down after
28 days because of the lower difference in concentration gradients
- the CH contents in the specimens decrease, and those in the lea-
chant increase, due to leaching. In this study, the leachant was not
renewed during the test, but renewing the deionized water often
can be expected to accelerate the rate of leaching until all the CH
is dissolved. The plain paste suffers the maximum CH loss during
90 days of leaching. The glass powder and fly ash modified pastes
show reduced loss of CH than the plain paste, indicating higher
leaching resistance for these modified mixtures. The silica fume
modified paste shows the lowest CH content after leaching among
the modified pastes, attributable to its lower initial CH content be-
cause of the increased secondary hydration of silica fume.

3.3. Separation of porosities created due to Ca ion leaching from CH
and C-S-H

An approach is detailed in this section to separate the contribu-
tions of CH and C-S-H dissolution towards the increase in porosity
of cement pastes. The volume fractions of CH and C-S-H leached
determined indirectly from thermal analysis are used along with
the measured increase in porosity (¢.) shown in Fig. 3 to separate
the porosities attributable to CH and C-S-H dissolution.

CH content ,%

0 20 40 60 80 100
Leaching duration, days

Fig. 5. Calcium hydroxide contents in the pastes before and after leaching in
deionized water.
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3.3.1. Volumes of CH and C-S-H leached as fractions of their respective
volumes in unleached specimen

For leached specimens, thermal analysis was carried out on a
representative volume of the sample from the specimen edge that
incorporated a sound portion and leached zones (Fig. 1). Eq. (1)
was used to calculate the mass percentages of CH in the unleached
and leached pastes. These values were converted into volume per-
centages of CH in the unleached and leached specimens using the
density of CH (2.24 g/cc) [11]. The volume of CH leached as a frac-
tion of total CH content in the unleached specimen (Avcy) can then
be expressed as:

(VCH )unleached—paste -

A Ve = (VCH )leached—paste (6)

(VCH)unleached-paste
where (VCH)unleached—paste and (VCH)leached-paste are the volume per-
centages of CH in the unleached and leached specimens,
respectively.

The calculation of the volume of C-S-H leached is not as
straightforward because, when leaching from C-S-H is considered,
it is mainly decalcification that occurs, leaving behind a silica gel in
the matrix. The porosity created when leaching from C-S-H occurs
is assumed to be equal to the removal of an equivalent volume of
CH from C-S-H gel, as proposed in [6], i.e., a one-to-one correspon-
dence could be assumed between the CH leached from C-S-H and
the porosity created due to this leaching.

The volume of CH leached from C-S-H as a fraction of the total
C-S-H content in the specimen [(Avcy)csy] is therefore determined
as:

(Ven)e—s—n
Av N Ve 7
(Aver)csn ((VCSH )unleached-paste '

(Ven)c—s-n is the volume of CH leached from C-S-H, which can
determined by dividing the mass of C-S-H leached (the difference
in the masses of C-S-H in the unleached and leached specimens
determined from thermal analysis) by the density of CH.
(ViesH)unleached-paste 1S the volume of C-S-H in the unleached paste.

Fig. 6a and b show the CH and C-S-H volume fractions leached,
respectively, after 28 and 90 days of leaching. From Fig. 6a, it can
be seen that the CH volume fraction leached is the highest for
the plain paste, in line with the thermal analysis results shown
in Fig. 5. With increasing leaching duration, the CH volume fraction
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leached increases for all the pastes. The silica fume modified paste
shows higher volume fractions of CH leached than the other mod-
ified pastes. The reason for this could be the lower volume of
(Vicn)unleached-paste for the silica fume modified paste because of its
increased secondary hydration.

The volume fractions of C-S-H leached (or, the CH from C-S-H,
to be more precise) shown in Fig. 6b are always much lower than
the volume fractions of CH leached, showing that in all the pastes
studied, the predominant dissolving species is CH. This is not sur-
prising because decalcification of C-S-H occurs only when CH is
inaccessible, locally depleted, or the pH of the pore solution is dras-
tically changed due to CH dissolution [33]. No significant difference
is noticed between the C-S-H fractions leached after 28 and
90 days of exposure to deionized water for fly ash and glass pow-
der modified pastes, and these values are lower as compared to
that of the plain paste. This could be attributed to the later age sec-
ondary reaction of these materials that produce additional C-S-H
gel, thus replacing some of the C-S-H leached. This goes on to
show that calcium leaching and microstructure development due
to hydration are essentially coupled for pastes modified with mod-
erately active secondary cementing materials, at least for the dura-
tions studied in this paper. The silica fume modified paste shows a
higher loss of Ca ions from C-S-H after 90 days. Because of its low-
er initial CH content, the propensity to lose Ca ions from C-S-H
might be higher for silica fume modified pastes. However, this does
not mean that there is a net lower C-S-H content in the silica fume
modified paste after leaching as compared to the plain and other
modified pastes. This is quantified in a later section through the
use of equilibrium concentration curves for calcium.

3.3.2. Contributions from CH and C-S-H leaching to porosity
enhancement

From the volume fractions of CH and C-S-H leached [AVy and
(AVch)csu), the volume of CH leached as a function of the total lea-
ched volume (fcy) can be calculated as:

fen

- Avcy
 Avey + (AUch) sy

8)

The porosity created by the leaching of Ca ions from CH (¢cy) is
then determined as:

ben = fendr (9a)
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Fig. 6. Volume of: (a) CH leached as a fraction of total CH in the unleached specimen, and (b) C-S-H leached as a fraction of total C-S-H in the unleached specimen.
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From Eq. (3), it follows that:
¢CSH = d)L - d’CH (9b)

Fig. 7a and b show the porosity increase due to CH dissolution
and C-S-H decalcification, respectively, determined using the pro-
cedure described above. At both the leaching durations, CH disso-
lution contributes to large increase in porosity. Though negligible
for shorter leaching durations (28 days), porosity increase due to
decalcification of C-S-H is not insignificant at longer leaching
durations. The plain paste shows the largest porosity increase
due to CH dissolution at later ages, while the glass powder modi-
fied paste shows the least increase because of reasons explained
earlier. As far as C-S-H decalcification is concerned, the glass pow-
der and fly ash modified pastes behave similarly, and show the
least increase in porosity. Continuing secondary hydration in these
pastes during the leaching duration can explain this behavior. The
porosity increase due to decalcification of C-S-H is similar for the
plain and the silica fume modified pastes for both the leaching
durations.

3.4. Solid-liquid equilibrium curves for calcium

Leaching is a combined diffusion-dissolution process, where
the cement hydrates dissociate as shown in Egs. (10a) and (10b)
[5] as a result of diffusion of ions driven by the concentration gra-
dient between the alkaline pore solution and external deionized
water. The reduction in the concentration of Ca ions in the pore
solution leads to further dissolution of CH and/or C-S-H to supply
Ca ions to maintain equilibrium.

Ca(OH), — Ca®" 4+ 20H"
C—S—H — Ca®" +Si0, + 20H"

(10a)
(10b)

The relationship between the calcium ion concentrations in the
solid phases (C-S-H and CH) and in the pore solution is well
known [13,20,34]. A typical solid-liquid equilibrium relationship
for calcium is shown in Fig. 8. Ccsy is the calcium ion concentration
in C-S-H gel, and Ccy is the calcium ion concentration in the CH
phase. The use of such equilibrium relationships helps to visualize
the influence of supplementary materials on the total calcium ion
concentration in the C-S-H gel as well as CH, and the solubility of
CH. These curves also help to quantify the influence of leaching
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Fig. 8. A typical solid-liquid equilibrium curve for calcium.

(leachant volume, type, and leaching duration) on the amounts of
Ca ions remaining in the CH and C-S-H phases of the pastes.

The dissolution of CH occurs when the Ca ion concentration in
the pore solution drops below 22 mol/m? (mmol/l). C-S-H gels
are stable between liquid Ca ion concentrations of 22 mol/m?
and 2 mol/m>, depending on the Ca-Si molar ratio of the gel (high-
er the Ca-Si molar ratio, higher the equilibrium liquid ion concen-
tration). At Ca ion concentrations in liquid of less than 2 mol/m?,
only the silicon rich gels are stable [12,18].

In order to model the solid-liquid equilibrium relationship, this
paper utilizes a model proposed in [12]. The Ca ion concentration
in the solid phase (Csqiq) is expressed as a function of the Ca ion
concentration in the liquid phase (Ciquia) as shown below:

1
G\ 3
Csolia :A|:CCSH (%) +B (11)
sat
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H, and (b) C-S-H phases after 28 and 90 days of leaching.
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where Ci,, is the saturated liquid phase Ca ion concentration (mol/
m> or mmol/l), and Ccsy is the calcium ion concentration in the
C-S-H phase (mmol/m>).

The constants A and B in Eq. (11) are defined as follows:

3 2
Ao { _%Cliquid +%Cliquid for 0 < Ciiquia < X1 (12)
0

for Xy < Cliquid

for 0 < Ciiquia < X1
(13)

0
B—

{ (Csafiizf - (Cliquia — %2)° for X, < Ciiquia
x1 = 2 mol/m?>, which is the Ca ion concentration in the liquid below
which no C-S-H gel exists, and x, is the Ca ion concentration at
which CH has completely dissolved. For computational ease, x; is
taken as (Csar — 3) mol/m? [12].

3.4.1. Determination of calcium ion concentrations in CH and C-S-H
phases of the unleached pastes

The model for solid-liquid equilibrium of calcium ions de-
scribed above is applied in this study for the unleached pastes as
well as pastes leached for 90 days in deionized water. In order to
use this model, it is essential to determine the values of Ccsy and
Ccn- The total calcium ion concentrations in the C-S-H and CH
phases were determined from the Bogue composition of the ce-
ment, by employing the following equations [35,36] for the hydra-
tion of C3S and C,S.

CS+5.3H — G 7SHs + 1.3CH
C,S+4.3H — C7SHs +0.3CH

(14a)
(14b)

To simplify the calculations, Ca ion concentrations in the alumi-
nate hydrates were not accounted for. The amounts of C-S-H and
CH per unit volume of the paste were determined stoichiometri-
cally from Eqs. (14a) and (14b), which allows for the estimation
of Ca and Si ion concentrations in the solids. As can be observed
from these equations, the Ca-Si molar ratio in C-S-H gels pro-
duced from C3S and C,S hydration is equal to 1.7.

To calculate the amount of Ca ions in the modified pastes, the
reaction of CH to produce secondary C-S-H gel shown in Eq. (15)
[37] is used.

1.1CH + S+ 2.8H — C;1SH3, (15)

The CH consumed in the secondary reaction of the cement replace-
ment materials used [(CH)consumea] Were calculated using the CH
contents of the plain and modified pastes determined from thermo-
gravimetric analysis as:

(CH)consumed = (CH)plainfpaste : (mcemem) - (CH)modifiedfpaste (16)

In Eq. (16), Mcement is the mass fraction of cement in the paste
containing the replacement material.

The value of (CH)consumea Was converted into moles of Ca ions
per m® and subtracted from the Ca ion concentration (in moles/
m?) of CH produced by the cement fraction of the modified paste.
Also, this amount was added to Ca ion concentration in C-S-H gel
because it can be observed from Eq. (15) that 1.1 moles of CH will
result in an equal amount of Ca in the secondary C-S-H gel. It can
also be noticed from Eq. (15) that the Ca-Si molar ratio will de-
crease for all the modified pastes due to lower amount of Ca in
the secondary C-S-H gel (C;; for secondary hydration instead of
C, 7 for cement hydration). Higher the amount of secondary C-S-H
gel produced, lower the Ca-Si molar ratio.

The Ca ion concentrations in the solid phases for completely hy-
drated pastes were corrected by the degrees of hydration of the
respective pastes. It is well known that the quantification of ce-
ment hydration and the replacement material reaction in a paste
is not straightforward because of the difficulties in separating the
bound water contents associated with both the reactions. A model

has been previously developed [38], where the change in non-
evaporable water content of a cement paste due to the incorpora-
tion of a replacement material [(Aw,),] was expressed as a
function of the total measured non-evaporable water content of
the paste, the non-evaporable water content of a corresponding
paste with no cement replacement material, and the mass fractions
of the cement and the replacement material in the paste, all of
which are easily measurable experimentally. The value of (Aw,),
was used along with the total measured non-evaporable water
content of the paste, and the ultimate non-evaporable water con-
tents of the plain cement and the replacement material to deter-
mine the combined degrees of hydration of the paste. This
methodology does not separate the degrees of hydration of the ce-
ment and the replacement material; rather it provides the overall
degree of hydration of the binder in the paste. Details on model
development and its application to a few modified pastes can be
found in [38]. The degrees of hydration at 90 days were deter-
mined as 0.85 for the plain paste, 0.82 for the pastes modified with
fly ash and silica fume, and 0.88 for the glass powder modified
paste cured in saturated limewater for 90 days using the above
model.

3.4.2. Determination of calcium ion concentrations in CH
and C-S-H phases of the leached pastes

For calculating the calcium ion concentrations in the solid phase
of leached specimens, the following procedure is adopted in this
paper. The increase in porosity (m3/m> of paste) due to leaching
of CH (¢cy) and C-S-H (¢csy), calculated from Egs. (9a) and (9b)
were used along with the density (p, in kg/m?) of CH (since even
in the case of C-S-H leaching, it is actually the dissolution of CH
that contributes to porosity increase) to give the mass losses
(Am, in kg/m?) corresponding to leaching of CH from the solid
phases.

Amey = deuPey (17a)

Amesy = ¢espPey (17b)

These mass loss values were used to determine the concentra-
tion of Ca ions (in moles/m?) leached from CH and C-S-H. Deduct-
ing these values from the initial amount of Ca ions in the unleached
specimens gives the Ca ion concentrations in the solid phases of
the leached specimen. Since only Ca ions are leached, the Ca-Si
molar ratio decreases for the leached specimens.

3.4.3. Development of solid-liquid equilibrium curves
for unleached and leached pastes

From the Ccsy and Cey values determined as described above,
solid-liquid equilibrium curves can be constructed for unleached
and leached specimens using Eqs. (11)-(13). For plain cement
pastes with a Ca-Si molar ratio of 1.7, Cs, (the liquid Ca ion
concentration at which CH starts to dissolve) was taken as
22 mmol/l. The values of Ca-Si molar ratios for all the pastes in
the unleached and leached states were calculated and are shown
in Table 2. To obtain equilibrium liquid Ca ion concentrations cor-
responding to the Ca-Si molar ratios of the plain and modified
pastes in the unleached and leached states, a thermodynamic dis-
solution model for C-S-H [39] that predicts the a wide range of
experimental data well is used in this paper. The values of equilib-
rium Ca ion concentrations in the liquid for the unleached and
leached states are also shown in Table 2.

For glass powder modified pastes, the higher alkali ion concen-
tration in the pore solution will also influence the solubility of CH.
Using 10% glass powder (containing 13.7% of Na,O) as cement
replacement results in a NaOH concentration of approximately
0.03 N in the pore solution. This is after taking into account the fact
that only a small fraction of Na,O in glass powder is soluble, as
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Table 2

183

Ca-Si molar ratios and the corresponding Ca ion concentration in the liquid for unleached and leached pastes.

Paste designation Unleached state

Leached for 90 days

Ca/Si Ca ion concentration in liquid (mol/m?) Ca/Si Ca ion concentration in liquid (mol/m?)
Plain 1.70 22.0 1.51 17.0
GP 10 1.67 17.8 1.61 16.5
FA 10 1.67 21.2 1.60 19.4
SF 6 1.57 18.5 1.38 13.6

determined from flame emission spectroscopy [38]. This will re-
duce the liquid Ca ion saturation concentration in the unleached
state from 22 mol/m? to 18.5 mol/m?>, based on data on CH solubil-
ity in NaOH solutions provided in [29]. Accounting for the lower
Ca-Si molar ratio also (1.67 as opposed to 1.7 for plain paste),
the equilibrium Ca ion concentration in the liquid phase for the
glass powder modified paste is determined as 17.8 mol/m>. Similar
calculations for the leached specimen results in an equilibrium Ca
ion concentration in the liquid phase for the glass powder modified
paste as 16.5 mol/m>.

Fig. 9a shows the solid-liquid equilibrium curves for the unle-
ached pastes which were cured under saturated conditions for
90 days. Plain paste shows the highest amount of Ca ions in CH
(Ccn), as expected. Fly ash modified paste shows a lower amount
of Ca ions in C-S-H gel. The fly ash dosage (10% in this case) is
not enough to produce additional C-S-H gel that can compensate
for the cement dilution, though a marginal reduction in CH content
is observed. Silica fume modified paste shows the least amount of
Caions in CH and highest amount of Ca ions in C-S-H gel due to its
higher degree of secondary hydration, attributable to its higher
reactivity. The Ca content in C-S-H for glass powder modified
pastes is slightly higher than that of the plain paste and the Ca con-
tent in CH is slightly lower. This indicates that replacement of 10%
cement by glass powder compensates for the effect of cement dilu-
tion whereas fly ash at the same replacement level has a diluting
effect.

Fig. 9b shows the solid-liquid equilibrium curves for the repre-
sentative zone in specimens leached for 90 days in deionized
water. It can be seen that more Ca ions are lost from CH than from
C-S-H for all the pastes. The glass powder modified paste shows
better leaching resistance than the plain and fly ash modified
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pastes because of the presence of alkalis which reduces the calcium
ion dissolution due to common ion effect as described earlier, even
though the Ca-Si molar ratio is not very different from that of the
fly ash modified paste. Also the presence of alkalis in the pore solu-
tion might increase the viscosity of the pore solution, thus making
it harder to diffuse out of the paste, and thus reduce leaching [40].
The silica fume modified paste has only a fewer amount of Ca ions
remaining in CH, attributable to the lower initial amount of CH in
this paste. This results in further leaching of Ca ions from the C-S-
H phase in the silica fume paste.

Fig. 10a shows the amount of Ca ions in CH for the unleached
specimens and the amount of Ca ions leached out. It can be seen
that plain paste has lost a higher amount of Ca ions due to its high-
er initial CH content as well as its comparatively less dense micro-
structure. The loss of Ca ions from CH is lower in all the modified
pastes as compared to the plain paste, and is the least in glass mod-
ified pastes, the reason for which have been explained earlier.
Fig. 10b shows the amount of Ca ions in C-S-H for the unleached
specimens and the amount of Ca ions leached out from C-S-H.
The silica fume modified paste has the highest amount of Ca ions
in C-S-H gel than the other pastes due to its higher degree of sec-
ondary hydration. It can be seen that fly ash and glass powder
modified pastes has lost fewer Ca ions from C-S-H gel, which is
in conformity with the discussions provided in this paper. The
comparison between Fig. 10a and b also clearly shows that loss
of Ca ions is more prominent from CH than from C-S-H.

3.5. Estimation of leaching depths

The leaching depths (Lyq) were calculated in this paper using the
CH contents of the unleached specimen and the CH contents in the
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Fig. 9. Solid-liquid equilibrium curves for: (a) unleached specimens, and (b) specimens leached for 90 days.
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Fig. 10. Total and leached concentrations of Ca ions from: (a) CH, and (b) C-S-H phases after 90 days of leaching.

representative zone of the specimens (Fig. 1) subjected to leaching,
determined from thermogravimetric analysis. The difference be-
tween the CH contents of the unleached specimen and the repre-
sentative volume of the leached specimen provides the
percentage CH loss due to leaching in the representative volume,
which will be similar to that lost from the entire specimen. From
the known volume and CH content of the unleached sample, and
the CH content leached, the volume of CH lost could be deter-
mined. Dividing this by the specimen surface area gives the leach-
ing depth (Lq).

Fig. 11 shows the leaching depths for the plain and modified
pastes after 28 and 90 days of leaching. A leaching depth of
1.22 mm is obtained for the plain paste after 90 days of leaching,
which is very similar to the values previously reported for similar
pastes at similar leaching durations [3,41]. The leaching depths for
silica fume and fly ash modified pastes are slightly lower than that
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Fig. 11. Leaching depths for plain and modified pastes at different leaching
durations.

of the plain paste, indicating better leaching resistance. The glass
powder modified paste shows the least leaching depth at both ages
indicating very good leaching resistance. The reasons explained
earlier for lower Ca ion leaching from the glass powder modified
paste are applicable here also.

4. Conclusions

This study has dealt with Ca ion leaching from cement pastes
incorporating a fine glass powder, silica fume or fly ash as partial
cement replacement materials. Deionized water was used as the
leaching medium, and the ratio of mass of leachant to that of the
solid was kept as 1000. Porosity measurements and thermogravi-
metric analysis, along with solid-liquid equilibrium curves for cal-
cium ions were used to quantify the influence of the chosen
dosages of the studied replacement materials on leaching, and
the conclusions are presented below.

The porosity of all the cement pastes was found to increase with
leaching duration, with the plain pastes showing the highest in-
crease. The glass powder modified paste showed the lowest poros-
ity increase, indicating higher Ca ion leaching resistance because of
the presence of NaOH in its pore solution that reduces the solubil-
ity of calcium hydroxide due to the common ion effect. The total
amount of Ca ions leached (and thus the total porosity created as
a result of leaching) resulted from the dissociation of both the
CH and C-S-H phases. The diffusion coefficients of the leached
pastes were computed based on a previously published equation,
using a constant value for percolation threshold (0.16), and the
experimentally determined porosities. After 90 days of leaching, a
lower loss of CH was observed for glass powder and fly ash modi-
fied pastes as compared to the plain paste, indicating higher leach-
ing resistance for these modified mixtures.

This paper has also detailed an approach whereby the porosities
created due to the leaching of Ca ions from the CH and C-S-H
phases could be separated, using thermogravimetric data obtained
from a representative specimen volume. CH dissolution has been
confirmed as the main cause of porosity increase, though C-S-H
decalcification also contributes to porosity enhancement, espe-
cially at longer durations of leaching. While the plain paste showed
the largest porosity increase because of CH dissolution, the glass
powder modified paste showed the least increase, with the other
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two modified pastes in between. When porosity increase due to
C-S-H decalcification was considered, the glass powder and fly
ash modified pastes showed the least increase, attributable to con-
tinued secondary hydration during leaching.

Solid-liquid equilibrium curves for Ca ions were constructed for
the unleached and leached cement pastes. The Ca ion concentra-
tions of the CH and C-S-H phases of the plain pastes, which are re-
quired as inputs in the model for the equilibrium curve, were
determined stoichiometrically from chemical formulae for cement
hydration. For the modified pastes, these values were adjusted by
the Ca ion concentrations of CH consumed and the additional
low Ca-Si molar ratio C-S-H created by the secondary reaction.
These equilibrium curves serve as a useful aid to visualize the
amount of Ca ions in the CH and C-S-H phases before and after
leaching, for plain and modified cement pastes. The CH and C-S-H
contents of all the leached pastes obtained from the equilibrium
curves substantiate the results from the porosity measurements.
An indirect method of leaching depth determination using the CH
contents of the leached and unleached specimens has also been out-
lined in this paper. This method provided comparable values of
leaching depth as reported for similar pastes of same w/cm, and
cured for similar durations.
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