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ABSTRACT: A computed-based model for the alkali concentrations in pore solution of hydrating Portland
cement paste is proposed. Experimental data reported in different literatures with thirteen different recipes are
analyzed. A 3-D computer-based cement hydration model CEMHYD3D is used to simulate the hydration of these
pastes. The models predictions are used as inputs for the alkali partition theory, which is used to derive the alkali
binding capacity of C-S-H in hydrating Portland cement paste. A linear relation between the amount of bound-
alkali Na* in C-S-H and its concentration in the pore solution is found, whilst a non-linear relation should be
employed for the amount of bound-alkali K* in C-S-H. New methods for predicting the alkali concentrations in
the pore solution of hydrating Portland cement pastes are proposed based on the computer model CEMHYD3D,

which is also validated with experimental results.

1 INTRODUCTION

The cement hydration process can essentially be con-
sidered as the interactions between the solid com-
pounds and the liquid phase in the paste. The liquid
phase contains some ions and is therefore called “pore
solution”. The pore solution normally contains ions
like OH-, K*, Na*, Ca>*, SO3~, AI(OH), , H3S0;,
etc. with the alkali ions (K* and Na*) and OH™ being
the most dominant ones. The hydroxyl concentration
in the pore solution of concrete is important due to
its dominant effect on the likelihood of alkali-silica
reaction (ASR) in concrete, the hydration of cement
mixture containing contaminants for immobilization
and stabilization (Van Eijk, 2001), stabilization of the
oxide film on the surface of steel bar inhibiting further
corrosion and the reactivity of some supplementary
materials (slag, fly ash, etc.) in concrete.

The hydroxyl concentration is mainly controlled
by the alkali concentrations in the pore solution,
because the alkali ions are the most abundant cations
in the solution and the hydroxyl ion is generated to
maintain the charge neutrality.

Number of research on the alkali concentrations
in the pore solution of hardening cement paste and
concrete has been rising rapidly in the past decades.
Most of the research is focused on the development
of the alkali concentrations in the pore solution with
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the aids of experimental design. Effects of different
factors on the alkali concentrations are investigated,
like the use of supplementary materials (Diamond,
1981; Longuet, 1976), addition of mineral salt (Page &
Vennesland, 1983; Schifer & Meng, 2001), alkalinity
of cement (Dehwah et al., 2002) and carbonation of
concrete (Anstice et al., 2004). Most of the analysis is
based on the pore solution compression method firstly
introduced by Longuet et al. (1973).

Methods for predicting the alkali concentrations in
the pore solution of hydrating cement paste are use-
ful, although experimental setup is widely used to
investigate the pore solution composition in hydrating
cement paste. First, it takes lots of efforts to measure
the alkali concentrations in mature concrete. Special
care should be taken to minimize the environmental
effect (Glasser, 2003). Second, the experiments can-
not obtain quick results because no reliable methods
are available to accelerate the hardening process of
cement, the principal binder in concrete (Taylor, 1987).
Third, the different factors can hardly be considered in
a single batch of experiments. A large set of experi-
ments need to be carried out to clarify the effect of each
factor. Therefore, models for the pore solution compo-
sition can on one hand help to design the experimental
scheme, and on the other hand predict the effect of
various factors without the need of carrying out the
time-consuming and costly experiments.



In this study, a new computer-based model is pro-
posed for the alkali concentrations in the pore solution
of hydrating Portland cement. They are based on the
methods developed by Taylor (1987) and Brouwers &
Van Eijk (2003), and a large set of experimental data
taken from literature. The alkali-binding capacity of
the hydration product C-S-H is determined with the
theories and experimental data. Two binding models
are proposed for Nat and K™, respectively.

2 MODELS FOR ALKALI CONCENTRATIONS
IN PORE SOLUTION

2.1 Pore solution composition

The evolution of pore solution composition is firstly
discussed. Immediately after mixing with water,
remarkable amounts of alkali ions are released into the
water, together with sulfate ions. After about 6 hours,
the sulfate concentration starts to decline, accompa-
nied by a rapid increase of the hydroxyl concentration.
The drop of the sulfate ion is most likely caused by the
formation of ettringite, which is proven by the rapid
drop of aluminum in the pore solution. The alkali con-
centrations increase steadily during the first 24 hours,
and keep increasing to maxima at about one week.
Then, they start to decline and reach constant values.
The calcium concentration remains always very low,
although it is relatively higher in the first 20 hours
than that in the later ages. The hydroxyl concentration
in the pore solution is very low in the early ages, and it
remains almost constant as long as sulfate presents in
a large amount in the pore solution. Immediately after
the sulfate ion becomes depleted, the hydroxyl con-
centration is increased greatly. The overall trend for
the change of hydroxyl concentration is very similar
to those of the alkali ions. The aluminum and sili-
con concentrations in the pore solution remain very
low throughout the whole hydration process, less than
0.5 mmol/L.

Alkali salts are normally very soluble, i.e. they have
high solubility in water; hence, considering the situa-
tion in the pore solution of hydrating cement paste,
equilibrium between the solid compounds of alkali
salts and the pore solution can hardly be established.
Thus, the alkali ions are always dissolved into the
solution when they are available. Therefore, their con-
centrations are determined by the amount of available
alkalis and the volume of pore solution. For predict-
ing the alkali concentrations, the methods proposed by
Taylor (1987) and further developed by Brouwers &
Van Eijk (2003) are first introduced.

2.2 Taylor'’s method

Taylor (1987) proposed a method for predicting alkali
ion concentrations in the pore solution of hydrated
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cement paste from more than one day old. The method
takes use of the total contents of Na, O and K5O in the
components and the water available for the pore solu-
tion. The alkali ions are partitioned between the pore
solution and the hydration products.

The amount of alkali ions taken up by the hydration
products is assumed proportional to its concentra-
tion in the solution and the amount of products as
adsorbent. The concentration of ions in the solution
is calculated from the remaining amount of alkali ions
and the volume of solution. An empirical constant,
namely the binding factor, is defined and derived both
for Na*™ and K*. In the computations, the amounts of
alkali ions released by the cement hydration and the
hydration products are estimated using some empirical
equations. The volume of pore solution is computed
from the total water content in the paste and that
combined in the products. The detailed procedure for
predicting the alkali concentrations is as following.

The alkali oxides in cement are divided into two
groups according to their state, namely “soluble” and
“insoluble” alkalis. Pollitt & Brown (1968) found part
of alkali oxides in cement present as sulfate, which is
instantly soluble after contact with water. The propor-
tion of this part of alkali oxide depends on the sulfate
content of cement. A detailed routine for computing
this proportion is given by Taylor (1990). The rest
of the alkali oxide is often found in solid solution in
the alite, belite, aluminate and ferrite. It is released
into the pore solution simultaneously as the hydration
proceeds. Both these two parts of alkali oxides are
available for the pore solution. The amount of alkali
ions (Na™ or K*) in the cement can be computed as:

T 2x,

(i u

where n! =the moles of alkali ion i (K™ or Na‘t) in
the cement; n; = the mass fraction of alkali oxide i in
cement; m” = the mass of Portland cement. The moles
of alkali ions existing as sulfate are calculated as:

n =" n! (2)
where nf-“l =the moles of alkali ion 7 in the sulfate
form; £ = the fraction of alkalis as sulfates. The pro-
cedure for determining /**/ is given by Taylor (Taylor,
1990).

In the case that the sulfate content in clinker is
not known, estimated values for fi‘”” may be used, for
example, 35% of Na,O and 70% K,O in the soluble
sulfate form (Taylor, 1987). The amount of the other
alkali ions bound in the clinker phases is calculated as:

nf=fonl == ") 0] (3)

where f;“ = the fraction of alkalis as solid solution in
the clinker. The moles of alkali ions in each clinker



Table 1. Fraction of alkali ions in individual clinker phases
to the amount of non-sulfate alkali ions in clinker (Taylor,
1987).

Alkali  Alite Belite  Aluminate Ferrite  Total
Na,O 0.44 0.17 0.36 0.03 1
K,O 0.29 0.41 0.27 0.03 1

phase (C3S, C;S, C3A, C4AF etc.) are calculated by
using n{ and the distribution of alkali ions in clinker
phases given in Table 1 (Taylor, 1987).

The amount of alkali ions which exist as non-
sulfate and are released by the clinker hydration is
calculated as:

W =n 'Z{-ﬁ-*‘ Sfoa)=n'- Z[,ﬁ_}. (A=f"ya]l (4)

where i = the clinker phase (alite, belite, aluminate and
ferrite); f; ; = the fraction of alkali ion i (to the amount
of non-sulfate ions in clinker) in the phase j; o; = the
hydration degree of phase j. Hence, the total amount
of alkali ions released by the cement hydration is:

4
I3 sul T sl sl
n=n e =0l ALY 1A= el (5)
J=1

Obvious partition of alkali ions between the solid
and aqueous phases takes place. The alkalis bound in
the solid phases of cement are continuously released
into the aqueous phase in the paste as the hydration
proceeds. Parts of these alkali ions are absorbed by
the hydration products (Taylor, 1987) and are immobi-
lized, which are not available for the pore solution. The
amount of alkali ions released by the cement hydra-
tion is accordingly divided into two parts: those in
the solution and those bound in hydration products,
yielding:
n=n"+n (6)
where n? = the amount of alkali ions bound in prod-
ucts; n{ = s the moles in the solution, which reads:
n =C -V, (7)
where C; =the concentration of alkali ion i (mol/L);
V,» = the volume of pore solution (L).

Taylor (1987) assumed that the amount of bound
alkali ion is proportional to the concentration in the
pore solution and the amount of hydration products,
yielding:

n' =ba C,-F (8)
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where ba; =the binding factor (L) of alkali
i; F' = fraction between the quantity of hydration prod-
ucts (dimensionless), which are able to take up alkali
cations in the paste and that after complete hydration
of cement.

Substituting Equation 8 and 7 into Equation 6,
the alkali concentration in the pore solution is
calculated as:

-

n;

Ci= V, +ba,-F ©)

Note that the computations of Taylor (1987) are
based on 100 g cement. In the Taylor’s method, most of
the parameters necessary for the computation are esti-
mated using empirical equations. Thus, uncertainties
are inevitable because those equations can hardly be
valid for all cements under investigation. Furthermore,
a constant value for ba; is used, implying a constant
binding capacity of the hydration products. As stated
by Taylor (1987), the assumption of this linear depen-
dency had no theoretical basis. Experimental results
by Hong & Glasser (2002), Stade (1989) and com-
putations in this study prove that the relation is not
necessarily linear.

2.3 Brouwers & Van Eijk’s method

Brouwers & Van Eijk (2003) further developed the
method proposed by Taylor (1987). The concepts of
alkali release and adsorption are taken over. Further-
more, the hydration degree of cement, the amount
of alkali ions released by the cement hydration, the
amount of C-S-H and volume of pore solution are
computed from the outputs of one computer-based
cement hydration model CEMHYD3D (Van Ejjk,
2001). Uncertainties in the theory of Taylor (1987)
induced by using some empirical equations are min-
imized by distinguishing the main hydration product
C-S-H and all others. Hence, it is expected to give more
accurate predictions over a wide range of cements. The
authors took use of the results of the experiments by
Hong & Glasser (1999) to compute the C-S-H binding
factors of alkalis and compared them to those used
by Taylor (1987). Results from the experiments by
Larbi et al. (1990) were used to validate the improved
model. The model predictions agreed fairly well with
the experimental results.

Brouwers & Van Eijk (2003) proposed the amount
of alkali ions bound in the products is calculated as

(10)

b .
n =Rd, -C,-meq_g y

where mc.s.y =the mass of C-S-H in the solids and

Rd; = the distribution ratio of alkali i (Na* or KT),

which is defined as (Hong & Glasser, 1999):

Rd - alkaliin solid C-S-H
alkali concentration in solution

(mL/g) (1)



In this method, the alkali-binding capacity of C-S-H
is assumed linearly proportional to the alkali concen-
trations in the solution because constant values of Rd;
are used. Only C-S-H in the products is considered as
adsorbent because it is the most abundant phase in the
products and is concluded to be the main binder of
alkali ions (Brouwers & Van Eijk, 2003). Substituting
Equation 7 and 10 into Equation 6 yields:
n =C -V, +Rd, -C -mq ¢ (12)

Hence, the concentration of alkali ion is solved from
Equation 12 as:

C=—t— (13)
V.,+Rd, -m

C-5-H

where n; =computed from Equation 5. The param-
eters in Equation 5 and 13 (o, mcspy, and V) is
computed by using the CEMHYD3D.

3 NEW MODELS

The alkali-binding capacity of hydration products (or
the main product C-S-H) is an essential factor in the
methods proposed by Taylor (1987) and Brouwers &
Van Eijk (2003). In both methods, the alkali-binding
factors are set to be constant based on the experimental
results by using the synthetic C-S-H, or constant val-
ues largely based on assumptions. However, a constant
alkali-binding capacity of C-S-H is not supported by
the experimental results of Hong & Glasser (2002) and
Stade (1989). In this study, new non-linear methods for
determining the binding factors of C-S-H to Na™ and
K™ in hydrating Portland cement pastes are proposed,
which are derived from a large set of experimental
results reported in literature.

3.1 Alkali-binding capacity of C-S-H

Stade (1989) studied the incorporation of alkali
hydroxides in synthetic C-S-H and C-A-S-H gels. It is
found that the amount of alkali hydroxide incorporated
in C-S-H gels increases with decreasing C/S ratio in
it. The alkali-binding capacity of the Al-containing
C-S-H gel is smaller than the Al-free gel at equal
C/S ratios. No obvious differences between the bind-
ing capacities for Na™ and K* are observed in the
experiments.

Hong & Glasser (1999, 2002) studied the alkali
binding in synthetic C-S-H and C-A-S-H gels as well.
For the alumina-free C-S-H, the alkali-binding capac-
ity is found to increase linearly with increasing alkali
concentrations in the solution. This linear relation is
concluded from the approximately constant distribu-
tion ratios for C-S-H with fixed C/S ratios. However, if

alumina is incorporated into C-S-H, which takes place
in real hydrating cement paste, the obtained C-A-S-H
gels have obviously enhanced alkali-binding capacity,
which is in contrast to the conclusion of Stade (1989).
This enhancement is more obvious for C-A-S-H gels
with low C/S ratios. On the one hand, for all C-S-H
and C-A-S-H gels, with increasing alkali concentra-
tions in the solution, more alkali ions are held in the
gels. On the other hand, the distribution ratio decreases
with increasing alkali concentrations in the pore solu-
tion, which indicates that a linear relationship between
the binding capacity and the alkali concentrations
is questionable. Similar to the conclusion of Stade
(1989), there is no significant difference between the
alkali-binding capacity of C-S-H for Na* and K*.

A possible explanation for the different observa-
tions found in the experiments of Stade (1989) and
Hong & Glasser (1999, 2002) is the way of preparing
the C-S-H gel. Stade (1989) made the C-S-H gel at
150°C by the autoclave reaction with CaO and silica,
and at 80°C by precipitation from sodium silicate solu-
tions with calcium chloride. Hong & Glasser (1999,
2002) prepared the C-S-H gel by mixing Ca(OH),
and a very reactive, high surface area silica gel in
double-distilled, CO,-free water, sealed for 12 months
at 20 = 2°C with regular agitation. The difference in
the way of preparation and temperature may have a sig-
nificant influence on the heterogeneity and structure
of the C-S-H. The influence of different preparation
temperature is already observed in the experiments of
Stade (1989) as well.

Furthermore, the alkali concentrations used by
Hong & Glasser (1999, 2002) are between 0.015 to
0.3 mmol/L. The alkali concentrations in the hydrat-
ing cement pastes under investigation are frequently
outside this range because normally they are evalu-
ated due to their high alkali oxide contents, which can
potentially induce ASR in concrete. Therefore, higher
concentrations of alkali ions in the pore solution are
more relevant. Furthermore, the distribution ratio in
real hydrating cement pastes can be significantly dif-
ferent from that of synthetic ones, which is of primary
importance in modeling the pore solution composition.

4 ALKALI-BINDING IN PRODUCTS

Thirteen cement pastes using different cements or
recipe tested in experiments are taken as basis. All the
pastes are cured in sealed environment at various tem-
peratures. Pore solutions are collected at the planned
ages using the liquid compression method (Longuet
etal., 1973). The oxide compositions of these cements
are listed in Table 2 together with the recipe of the
paste and the curing temperatures.

The hydration of these cement pastes are first sim-
ulated by using the computer model CEMHYD3D
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Table 2.

Properties of the Portland cements and pastes used in experiments*.

Num  CS S CGA  CAF  SO; Na0 K0  w/e  Temp (°C)
18 568 197 69 113 325 043 123 042 23
2 70.0 3.8 74 113 3.0 0.2 047 042 23
30 545 213 109 9.2 3.1 021 082 04 2
4 545 213 109 9.2 335 021 082 045 22
sb 545 213 109 9.2 27 021 082 056 22
6° 550 150 7.9 8.1 0.88  0.08 112 05 20
7d 580  16.0 70 120 091  0.16 051 035 22
8¢ 638 124 11 8.8 321 0.14 095 05 20
9¢ 69.8 6.8 9.6 9.7 259 0.19 122 05 20
10 658 152 87 102 321 0.64 078 05 20
11f 643 173 8.5 9.9 3.1 0.32 0.6 04 23
12ef 551 250 97 102 035 025 127 05 20
138t 551 250 97 102 035 025 127 05 20

*. Mineral compositions are computed with the Bogue method.
a: taken from Bérubé et al. (2004); b: taken from Larbi et al. (1990); c: taken from Lothenbach & Winnefeld
(2006); d: taken from Rothstein et al. (2002); e: taken from Schifer (2004); f: taken from Diamond (1981);

g: taken from Longuet (1976);
T: 4.5 m/m% gypsum added;
1: 8.6 m/m% gypsum added;

(Van Eijk, 2001). For cements whose fineness is
unknown, a value of 380 m?/kg is assumed, corre-
sponding approximately to CEM I 32.5R produced
in the Netherlands. For facilitating the discussion, a
similar concept as the “distribution ratio” is used,
called “Molality” (Ma) of alkalis in C-S-H. The molal-
ity physically represents the moles of alkali ions
adsorbed by unit mass of the solid C-S-H gel. It is thus
independent of the alkali concentrations in the pore
solution and allows deriving the non-linear binding
relationship. According to its definition, the molality
is calculated as:

B
n;
Ma = !

”T('— K-8

(14)

(mmol/g)

Substituting Equation 14 and 7 into Equation 6
gives:

ey
Ma, =2 —=iw (15)

Me_o i

If the molality is known, the alkali concentration is
calculated as:

C = n, —Ma-mg ¢ (16)
v,
Similarly, the distribution ratio is calculated as:
n —C, -V,
Rd, =—1—2~ (17)

C,ome ¢y
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The parameters n;, V,, and mc.s.; in Eqs (16) and
(18) are obtained with the CEMHYD3D. Therefore,
the Ma and Rd; for alkalis in C-S-H can now be com-
puted. The calculated Ma for Nat and K* are plotted
as a function of the alkali concentration in Figure 1
and the calculated Rd; in Figure 2.

It can be seen in Figure 2a that there is a linear rela-
tionship between the molality of Na* in C-S-H and its
concentration, implying a linear binding capacity of
C-S-H for Na'. This linear binding model is in
agreement with the hypothesis by Taylor (1987) and
Brouwers & Van Eijk (2003).

However, for the molality of K* in C-S-H (Fig. 2b),
this linear relationship cannot be discerned. On the
contrary, when observing the distribution ratio for K*
(Fig. 3b), it can be seen that it decreases with increasing
K™* concentrations, indicating a non-linear binding of
C-S-H to K ions. Most likely a non-linear binding
model should be applied here.

A linear regression analysis for the linear relation
in Figure 2a gives:

Ma, =045C, (mg/g); Rd, =045 (mL/g) (18)

The non-linear relation in Figure 2b can be fitted
with:

Rd, =0.20C;"" (mL/g) (19)

The Equation 19 complies with the Freundlich
isotherm, which is widely used to describe the adsorp-
tion of solutes in solution by solid phases. It can be
seen in Figure 2 that the distribution ratios of Na*t



0.2

" A A
Na
- 0161 L]
=0 °
e
E 012
S o008 y = OatSy
o R? =0.89
e
0.04 ‘ b
1] T T T
0 0.1 0.2 0.3 0.4 0.5
Alkali concentration (moliL)
(a)
0.3
’ a 1 a2
0.25 4 K 3 4
- < o
c e P
E 0.2 4 a .= % 05 =6
£ %o A X
£ 2154 %7 m8
x
& a4 .
= 0.1 4 A x9 a10
A
.05 - +11 + 12
=13
0 T T T
0 0.2 0.4 0.6 0.8 1
Alkali concentration (maol/L)
Figure 1. Molality of alkalis versus concentrations in solu-

tion calculated with Equation 16. Numbers in the legend
correspond to the cement numbers in Table 2.

and K for hydrating Portland cement paste have sim-
ilar values. A detailed comparison shows that for low
alkali concentrations (about 0—400 mmol/L) the dis-
tribution ratio of K* is slightly higher than that of
Na™. With increasing alkali concentrations, the later
gradually surpasses the former.

The constant values of Rdy and Rd; used by
Brouwers & Van Eijk (2003) and those derived from
the study of Taylor (1987) are included in Figure 2 as
well. It can be seen that the values of Rd in these two
studies (Brouwers & Van Eijk, 2003; Taylor, 1987) are
in line with the calculations in this study. The used val-
ues of Rdy are the same in the two studies, because
(a) the linear relation used are indeed valid for Na*
and (b) the used values are very close to the predic-
tions in this study. However, two remarkably different
values are used for Rdy because of the differences
in the concentrations of K™ measured in the different
experiments. The Rdg value used by Taylor (1987)—
0.25 mL/g—is valid for the high concentrations (e.g.
400-600 mmol/L in Figure 1 of Taylor (1987), while
the value used by Brouwers & Van Eijk (2003)—
0.38 mL/g—is valid for relative lower concentrations
(370 mmol/L). Therefore, for low K™ concentrations,
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Figure 2. Distribution ratio of alkalis versus concentrations
in solution calculated with Equation 18. Numbers correspond
to the cement numbers in Table 3. “~”: values for Na™ used
by Taylor (1987) and Brouwers & Van Eijk (2003); “——— i
values for K™ used by Brouwers & Van Eijk (2003); “---
values for Kt used by Taylor (1987), “—: values suggested
in the present work.

the predictions with Taylor’s value are obviously higher
than the measurements.

Furthermore, it is illustrated in this figure that C-
S-H in hydrating cement paste can bind more K* than
Na™, due to the generally lower concentration of Na™
than that of K. Therefore, it is essential to distinguish
the alkali types in the cement while evaluating the
alkali-binding capability of C-S-H in hydrating cement
paste. If the cement is low in both Na, O and K, O, rel-
atively more K+ is immobilized in the solid phases. If
the levels increase for both alkalis, the binding capa-
bility of Na* is much more enhanced than that of K*,
and surpasses the latter at a certain level.

5 VALIDATIONS OF THE NEW MODEL

Taylor (1987) determined the value of binding factor
from measurements in nine laboratories and validated
it with four batches of samples in these laboratories.
A similar idea is used here as well, by validating the
new method with four of the 13 recipes in Table 2.
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These four recipes cover cements from different liter-
atures and with varying alkali contents. The proposed
method for determining Rd value of Na™ and K in
hydrating cement paste (Equation 19 and 20) is used
to predict the alkali concentrations in the pore solu-
tion. The hydration of these four cements is simulated
with the CEMHYD3D. The results are included in
Figure 3, together with the experimental measure-
ments with Cement 4-7.

It can be seen that concentrations are correctly pre-
dicted for both Na* and K*, to a better extent for
Na™. Therefore, it can be concluded that the proposed
method can accurately predict the alkali concentra-
tions in a wide range. The method takes different
factors into account, for example, the mineral com-
position of cement, its fineness, the w/c ratio, the
alkali contents in cement, and the curing temperature.
For modeling the Na™ concentration, the linear model
by Taylor (1987) and Brouwers & Van Eijk (2003) is
indeed valid, and for modeling the K concentration,
the non-linear method given in Equation 20 should be
followed.

6 CONCLUSIONS

A new method is proposed in this study for deter-
mining the distribution ratio of alkalis in hydrating
Portland cement pastes. It is derived from experimen-
tal results taking use of a large number of cement
pastes selected from literature. The adsorption of alkali
ions by the solid product C-S-H in hydrating Portland
cement pastes complies with the Freundlich isotherm.
The higher alkali concentrations, the more alkali ions
are bound in the solid products. The linear binding
model used by Taylor (1987) and Brouwers & Van Eijk
(2003) is valid for Na™, but a non-linear method should
be followed for K.

A new computed-based model is proposed as well,
which can precisely predict the alkali concentrations in
the pore solution of hydrating Portland cement paste.
Together with computer modeling, the models estab-
lished in this study can be used to investigate the
long-term changes of alkali concentrations in the pore
solution.
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