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Abstract

In this paper, a 3D numerical cement hydration model is used for predicting alkali and hydroxyl concentrations in cement pore water.

First, this numerical model is calibrated for Dutch cement employing both chemical shrinkage and calorimetric experiments. Secondly, the

strength development of some standard mortars as predicted by the model is found to be in good agreement with performed experiments.

Subsequently, alkali release and sorption, as well as the Ca(OH)2 equilibrium are incorporated in the model. Finally, this extended hydration

model is used to predict the pH development in cement pore water, which is found to correspond well with experiments reported in the

literature. D 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In a hydrating cement paste concentrations of the pore

water change continuously [1]. Knowing the concentration

of ions is important for many reasons. For instance, the

hydroxyl concentration and related pH are important para-

meters that determine the reactivity of cement additives.

Fraay et al. [2] mentioned a threshold pH that was required

for the reaction of fly ash. Song and Jennings [3] studied the

effect of pH on the alkali activation of slags.

Cement is used as a binder in solidificaton/stabilization

(S/S) processes for treating wastes. These wastes often

contain metals (Zn, Cd) or borates that will precipitate as

insoluble salts such as Cd(OH)2 [4], CaZn2(OH)6�2H2O [5],

and Ca[B(OH)4]2�2H2O [6]. These compounds may form an

impermeable layer around the cement grains and thus inhibit

further hydration reactions. Solubility and precipitation of

these types of compounds obviously depend on both cal-

cium and hydroxyl concentrations, which is the second

motivation for determining the pH of the pore water. In

order to describe the effects of the presence of these ions

during cement hydration, the relevant chemical equilibria

should be taken into account.

In this paper, CEMHYD3D is used, a numerical cement

hydration model that was developed at NIST and is

described in detail by Bentz [7]. The model simulates the

reactions between cement clinker minerals and water. It

starts with a digital matrix of pixels with a unit size of 1

mm3, which are assigned to water, gypsum or one of the

cement mineral phases. A simulation consist of dissolution

cycles in which solid phases are scanned and can dissolve,

react, diffuse and precipitate as Ca(OH)2 (CH) or calcium-

silicate hydrate (C-S-H). After each hydration cycle, it

predicts the hydration degree, the porosity and the phase

composition of the present microstructure. The model has

been very successful in predicting temperature rises [8] and

for investigating relations between particle size distribution,

w/c ratio and hydration degree [9]. The model has been

calibrated for American [7] and French [8] cements. Here,

the model is calibrated for Dutch cements.

The first step for using the CEMHYD3D model to

calculate pore water concentrations is the implementation

of Taylor's empirical theory [10], which describes the

release of alkalis from cement and alkali sorption by the

hydration products formed. This theory includes a number

of steps and empirical equations and parameters required to

calculate pore water concentrations. In this paper, using
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Taylor's model and a simplified set of equilibria, the

CEMHYD3D model is extended. With this extended model,

both the microstructure development and pore water hydro-

xyl concentrations can be calculated straightforwardly. The

pH predictions by the hydration model are compared with

measurements reported in the literature.

2. Calibration and strength development

The cement hydration model has been validated success-

fully for American Portland cements [7] and the French

Montalieu cement [8]. Here it will be validated for two Dutch

cements which possess the same oxide composition, but

have different particle size distributions: type CEM I 32,5 R

and CEM I 52,5 R (Blaine surfaces of 286 and 489 m2/kg,

respectively). The oxide composition of Dutch ordinary

Portland cement (OPC) is given in Table 1. The physical

density of the cements was 3150 kg/m3. Calibration of the

model results in a parameter B that relates calculation cycles

with true time according to a quadratic relation given by

Bentz [7] and based on parabolic hydration kinetics:

t �hours� � t0 � B�cycles�2 �1�
where t = hydration time; t0 = induction period; cycles = num-

ber of executed calculation cycles; B = calibration parameter.

Two different techniques were used to measure hydra-

tion degree as a function of time: calorimetry and chemical

shrinkage. The mass fractions of the main clinker minerals

in the cement were calculated from the oxide composition

using the modified Bogue method [1]. From the hydration

enthalpy for each mineral phase [1] and the mineral

composition, a heat release of 54 kJ per 100 g of fully

hydrated OPC paste was found. Chemical shrinkage is

defined as the volume reduction of a hydrating cement

paste as a result of volume differences between starting

materials and hydration products. In a water-saturated

system, this volume reduction is compensated by absorb-

ing extra water from the environment. This absorbed water

volume can be measured. From the volume stoichiometries

of all relevant hydration reactions, the chemical shrinkage

for a fully hydrated paste was calculated as 6.9 ml per 100

g hydrated OPC.

Calorimetric measurements were performed on cement

pastes having a w/c ratio of 0.4. Heat of hydration was

measured under isotherm conditions at a temperature of

20°C during 7 days. Chemical shrinkage was measured

following the method of Tazawa et al. [11]. Cement pastes

(w/c = 0.4) were placed in a glass jar and 1 ml of extra

water was placed on the paste surface. The jar was filled

up with hydraulic oil and sealed with a rubber stop in

which a pipette was placed. One control sample was

prepared that only contained cement and oil in order to

correct for temperature differences. All samples were

placed in a 20°C water tub during the whole experiment.

The volume of water taken up by the hydrating cement

paste was measured by reading the oil level. Values were

corrected using the control sample and calculated per gram

of OPC present in each sample. Table 2 shows the

hydration degrees determined by both calorimetry and

chemical shrinkage. Both methods appeared to produce

similar results.

This information was used for determining the parameters

in Eq. (1). The chemical composition and particle size

distributions of the cements were used to reconstruct a 3D

representation of the cement at a w/c of 0.4. This system

included 5% (m/m) of gypsum consisting of particles of size

1±11 mm. Simulations were conducted at a constant tem-

perature of 20°C under saturated conditions. Best results were

obtained for t0 = 6.7 h and B = 0.0010. These values hold for

both Dutch CEM I 32,5 R and CEM I 52,5 R, which differ

in particle size distribution, only. Values of t0 = 6.7 h and

B = 0.0017 [7] and t0 = 7.5 h and B = 0.0011 [8] were reported

for American and French cements, respectively.

The strength of mortar cubes is related to the gel±space

ratio as defined by Powers [12] and calculated as follows

[Eq. (2)]:

X � 0:68a
0:32a� w=c

�2�

where X = gel/space ratio; a = hydration degree; w/c = water/

cement ratio.Compressive strength is related to this gel±

space ratio according to the relation:

Fc � F0X n �3�

Table 1

Cement compositions

Cement used

for calibration

Cement used for pore

water calculation [23]

CaO 64.40 61.90

SiO2 20.36 19.94

Al2O3 4.96 5.57

Fe2O3 3.17 2.91

K2O 0.64 0.82

Na2O 0.14 0.21

SO3 2.57 3.10

MgO 2.09 1.50

TiO2 0.35 ±

Mn3O4 0.14 ±

P2O5 0.18 ±

LOI 0.88 0.55

Table 2

Measured hydration degrees

CEM I 32,5 R CEM I 52,5 R

Days

Chemical

shrinkage Calorimetry

Chemical

shrinkage Calorimetry

1 0.25 0.26 0.44 0.42

2 0.33 0.37 0.54 0.54

3 0.38 0.44 0.58 0.58

7 0.41 0.54 0.69 0.64
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where Fc is compressive strength [N/mm2], and F0

represents the intrinsic strength of the cement gel. Using

the calibrated hydration model, the developments of

hydration degree were determined. Using Eq. (3), the

corresponding compressive strengths were calculated with

parameters n = 2.2 and F0 = 135 N/mm2 for both cements.

Fig. 1 shows the calculated strength development com-

pared to measured strengths. The strength was measured

according to the standard NEN-EN 196-1 [13]. From Fig.

1, it follows that strength development is predicted well by

the model.

3. Pore water concentrations

The pore solution is assumed to be saturated in

Ca(OH)2 during cement hydration. During cement hydra-

tion, substantial amounts of alkalis (sodium and potassium)

are released. This is a result of the dissolution of alkali

sulfates and the reaction of cement clinker phases. While

the ion products of both KOH and NaOH and the

corresponding sulfates are significantly higher compared

to that of Ca(OH)2, it is assumed that the solution is

always saturated with regard to Ca(OH)2. According to

Taylor [10], most sulfates enter products of low solubility

and are exchanged for [OH ÿ ]. Therefore, it was assumed

that the amount of [OH ÿ ] released from cement is equal

to the amount of alkali released. In this study, the CH

equilibrium will be taken into account, because it is of

importance for describing precipitation reactions that occur

in the first minutes after mixing cement and water and

waste [4±6].

According to Taylor [10], all water present in reaction

products should not be considered as the pore water in

which all ions are dissolved. Therefore, in the pore water

modelling studies by Reardon [14], water mass balance

expressions were used to distribute the total mass of water

between hydration products and pore water available for

the dissolution of ions. CEMHYD3D is based on a number

of hydration products with fixed stoichiometries and fixed

water contents. Thus, during a simulation, the amount of

unreacted water can be directly determined from the

amount of water that is part of one of the formed hydration

products. Furthermore, vacuum (self-desiccation) and air

voids do not occur (assuming hydration under water-

saturated conditions), so all porosity is completely filled

with water. Hence, the porosity volume fraction calculated

by CEMHYD3D equals the pore water fraction containing

available for the dissolution of ions. Taking this into

account, it is possible to calculate [OH ÿ ] and [Ca2 + ]

concentrations as a function of hydration degree and time

from the total number of moles of alkali released (sum of

Na + and K + ) into the pore water, and the known ion

product for Ca(OH)2.

Taylor [10] developed a method to describe the alkali

content in cement pore water. It is based on the total alkali

content in cement, the w/c ratio used and the hydration

degree. When the release and uptake of alkalis in reaction

products and the porosity fraction is known, the concentra-

tion of alkalis and corresponding [OH ÿ ] can be predicted

during hydration.

The total numbers of moles of Na + and K + present per

gram of cement were calculated from the corresponding

mass fractions and molecular masses. For Na, the calcula-

tion is as follows [Eq. (4)]:

NaT � fNa2O � 2
MMNa2O

�4�

where NaT = total Na content [mol/g]; fNa2
O = Na2O mass

fraction [g/g]; MMNa2
O = molar mass of Na2O [g/mol].

Alkalis in cement are partly present as readily soluble

sulfates at the surface of cement grains and partly bound in

the clinker minerals [1]. The fraction of alkalis present as

sulfate will be present in solution before any hydration takes

place. The remaining fractions of alkalis are released during

hydration. Pollit and Brown [15] studied the distribution of

alkalis and SO3 in many clinkers with different amounts of

alkalis and sulfates. From their data, it was assumed that in

the Dutch cements 35% and 70% of Na and K, respectively,

Fig. 1. Calculated and measured strength.
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are present as readily soluble sulfates. The amount of Na +

released immediately is calculated as follows:

�Na��sulfate �
fNa;sulfateNaTmc

fpor

f0
por

mw

rw

� fNa;sulfateNaT

fpor

f0
por

w=c
rw �5�

where [Na + ]sulfate = Na + released from sulfates [mol/l];

fNa,sulfate = fraction of Na present as sulfate; mc = mass

cement [g]; mw = mass water [g]; (fpor/fpor
0) = concentration

concentration factor; rw = water density = 1000 [g/dm3]; w/

c = water/cement ratio.It is assumed that the alkalis bound in

the clinker mineral will be released into the pore water as

soon as the clinker reacts and dissolves. The amount of Na +

released from the clinker is thus linear proportional with the

hydration degree:

�Na��clinker �
�1ÿ fNa;sulfate�NaTamc

fpor

f0
por

mw

rw

� �1ÿ fNa;sulfate�NaTa
fpor

f0
por

w=c
rw

�6�

where [Na + ]clinker = Na + released from clinker [mol/l];

a = hydration degree.

The concentration factor used in Eqs. (5) and (6) is

defined as the ratio of the porosity fraction to the initial

porosity fraction. It is assumed that all porosity is

completely filled with pore water and equals the amount

of free water present in the system that also contains all

ions of interest. The concentration factor is introduced to

account for the decrease in porosity (water) during

hydration and is therefore a dependent. As a result of

this decrease in porosity, all ions present in the pore

solution are concentrated correspondingly. The total

number of moles of Na released per liter of pore water

and before any uptake by sorption is the sum of Na

released from sulfates and from clinker minerals. This

sum is [Eq. (7)]:

�Na��released � �Na��sulfate � �Na��clinker �7�
Taylor [1] discusses the amount of each alkali cation taken

up by the hydration products, C-S-H and AFm; it is

proportional to the concentration present in the solution

and the quantity of these hydration products formed. All

alkalis are both released and consumed with equivalent

amounts of OH ÿ ions. Taylor [10] introduced two

empirical constants, called binding factors, which are

numerically equal to the amount of alkali in millimoles

that can be taken up from a 1 M alkali solution by the

total quantity of hydration products formed from 100 g

OPC. From his data, Taylor [10] assumed binding factors

of 0.31 and 0.20 mmol alkali sorbed per gram of hydrated

OPC and per mole per liter of total alkali released into the

pore water for Na + and K + , respectively. The propor-

tional relation between amount of alkali present in

solution and amount sorbed by hydration product has

been confirmed by Hong and Glasser [16] who used

synthetic C-S-H. They found no significant difference in

the binding capacities for Na + and K + . In this study,

binding factors of 0.30 and 0.27 were assumed for Na +

and K + , respectively. Hence, the amount of Na +

consumed in mole per liter is [Eq. (8)]:

�Na��consumed �
bNaamc�Na��released

mw

� bNaa
w=c
�Na��released �

bNaNaTrwa2

jpor

j0
por

�w=c�2

�8�

where bNa = alkali binding factor = 0.30 ml/g.

Calculations for [K + ] are done using the same equations

and the corresponding values for K + . The difference

between the amounts of alkali released and consumed gives

the actual alkali concentration in cement pore water [Eq. (9)].

�Na� � K�� � �Na��released ÿ �Na��consumed

��K��released ÿ �K��consumed

�9�

Immediately after mixing cement and water the pore

solution is saturated with respect to CH. The corresponding

solubility product, kCH
0, was taken from the database used

in SOLTEQ [17,18], the chemical equilibrium model

developed by Batchelor and based on MINTEQA2 [19].

This thermodynamic value was used in all calculations. All

concentrations used in the equations and in our calculations

are in molar units [Eq. (10)].

k0
CH � �Ca2���OHÿ�2gCag2

OH � 10ÿ5:19

� 6:46 � 10ÿ6 �mol3=dm9�
�10�

where g = activity coefficient.

The corresponding activity coefficients were estimated

using the Davies equation for single ions [20]. The corre-

sponding concentration product, kCH, is then related to the

thermodynamic solubility product kCH
0 as follows:

kCH � k0
CH

gCag
2
OH

� �Ca2���OHÿ�2 �11�

If excess of a solid phase is in equilibrium with the solution,

the total amount of that compound in solution is called the

molar solubility, denoted by S [20]. In a solution that

contains Ca(OH)2, the molar solubility is denoted SCH.

In a saturated solution of an ionic salt, addition of another,

more soluble salt containing one of those ions, will decrease

the solubility of the first. This is known as the `̀ common-ion

effect.'' The [OH ÿ ] ions in solution originates both from the

dissolution of Ca(OH)2 and from the total amount of alkali

[Na + + K + ] released into the pore water. As long as solid

CH is present the following relations hold:

�Ca2�� � SCH �12�
�OHÿ� � 2SCH � �Na� � K�� �13�
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Furthermore, the water ionisation constant relates [OH ÿ ]

and [H + ] as follows [Eq. (14)]:

kw � �H���OHÿ� � 10ÿ14 �14�
Substituting Eqs. (12) and (13) into the concentration

product [Eq. (11)] yields the following equation [Eq. (15)]:

kCH � �Ca2���2�Ca2�� � �Na� � K���2 � 4�Ca2��3
�4�Na� � K���Ca2��2 � �Na� � K��2�Ca2��

�15�

For a known alkali concentration, this equation is dependent

in [Ca2 + ] only and can be solved in closed form using the

computer program MATHEMATICA [21]:

�Ca2�� � ��Na� � K�� ÿ X �2
6X

;

X � 3

�����������������������������������������������������������������������������������������������������������������������������������
��Na� � K��3 � 27:kCH � 3

���
3
p

:
��������
kCH

p
:
�������������������������������������������������
2:�Na� � K��3 � 27:kCH

q
�

r
�16�

When [Ca2 + ] is calculated, [OH ÿ ] can be calculated

from the concentration product [Eq. (11)] and subse-

quently, the pH can be determined from the relation

pH = 14 + log[OH ÿ ].

Table 3 contains the hydration degrees and concentration

factors (porosity/initial porosity ratios) obtained by the

calibrated cement hydration model for a CEM 32,5 R

cement and the calculated pore water concentrations. As

expected, the alkali concentration increases and this results

in a decrease in [Ca2 + ] and a corresponding increase in

[OH ÿ ] according to the CH equilibrium [see Eq. (11)]. In

general, [OHÿ ] equals [Na + + K + ] and the pore water can

be considered as an alkali hydroxide solution saturated with

respect to Ca(OH)2. Because alkali concentrations are sig-

nificantly present as from the beginning of hydration, CH

equilibrium is more relevant for calculating [Ca2 + ] than for

calculating [OH ÿ ]. Calcium concentrations are very low

from the start of hydration, which is in agreement with

experiments [22].

Additional calculations with lower alkali contents in the

cement showed that CH equilibrium will only effect [OH ÿ ]

when [Na + + K + ] < 0.2 M, which may be the case during the

first day of hydration when alkali content is low (Na2O

equivalent < 0.6%) or when the total fraction of alkali present

as readily soluble sulfates is lower than 0.5. The CH

equilibrium is also relevant when [Na + + K + ] = 0, as will

be the case for hydration of pure C3S and/or C2S. Substituting

[Na + + K + ] = 0 into Eq. (16) indeed yields [Eq. (17)]:

�Ca2�� � 3

��������
kCH

4

r
�17�

which is simply the solution of Eqs. (11) and (12) for an

alkali-free saturated Ca(OH)2 solution. Taking gCa = 0.43

and gOH = 0.80, this yields [Ca2 + ] = 0.018 M and

[OH ÿ ] = 0.036 M.

Table 3 and Fig. 2 also show the results from Larbi et al.

[23] who determined pore water concentrations in pastes

prepared with Dutch OPC at a w/c ratio of 0.45. Pore

water was obtained using a pore fluid expression apparatus

similar to that used by Longuet et al. [22]. Curing took

place at a temperature of 20°C and [OH ÿ ] in the pore

water was determined by titration against HNO3 and

phenolphthalein as an indicator. As can be seen from

Fig. 2, there is a good agreement between calculated and

measured hydroxyl concentrations after 7 days of hydra-

tion. The disagreement in earlier period of hydration can

be explained by the presence of sulfates. Especially during

the first day, when there is still solid gypsum present in the

system, sulfate concentrations will be significant and

because of charge balance this will result in [OHÿ ] being

lower than [Na + + K + ]. This was not accounted for in the

present calculations.

Table 3

Calculated and measured pore water concentrations

Time

(days)

Hydration

degree (a) (fpor /fpor
0 ) [Na + + K + ] 10ÿ 3�[Ca2 + ]

[OHÿ ]

calculated

[OHÿ ]

measured

0.25 0 1.00 0.32 1.54 0.33 0.12

0.50 0.22 0.82 0.39 1.05 0.40 0.13

1 0.31 0.75 0.42 0.91 0.42 0.14

2 0.39 0.70 0.44 0.82 0.44 0.21

3 0.44 0.67 0.46 0.78 0.46 0.27

7 0.54 0.61 0.48 0.69 0.48 0.41

14 0.62 0.56 0.50 0.64 0.50 0.45

28 0.7 0.52 0.52 0.59 0.52 0.47

Fig. 2. Pore water pH development.
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4. Conclusions

A cement hydration model (CEMHYD3D) was cali-

brated for Dutch cements (CEM I 32,5 R and CEM I 52,5

R) using both chemical shrinkage and calorimetric measure-

ments. Both methods yield similar hydration degrees (Table

2) and yield as values: t0 = 6.7 h and B = 0.0010 for

CEMHYD3D. Furthermore, the calibrated model was able

to predict strength development quite well (Fig. 1).

Next, the calibrated model was used to describe hydra-

tion degree, alkali release and decrease in amount of pore

water as a function of time. From these parameters and the

alkali content of the cement and Taylor's alkali sorption

model, the concentrations of alkalis and calcium and the pH

development were calculated. The observed trends agreed

well with experimental results reported in the literature. The

pH as from 7 days of hydration could be reasonably

predicted using the equations derived. The calculations

showed that at that time, pH is mostly determined by alkali

concentrations. The present results are useful for specifying

the general mixture conditions and pertaining the time

required to reach the threshold pH for activating fly ash

and slag reactions.

In order to predict the pH in the early hydration period,

especially during the first day, the gypsum equilibrium

should be taken into account. For more accurate results, in

general, also the sulfate phase equilibria, e.g. ettringite and

AFm, should be accounted for. This will be the subject of

further work.
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