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ABSTRACT
Calcium hydroxide is one of the main reaction products resulting from the hydration
of Portland cement with water. It is also one of the more soluble phases found in hy-
drated cement systems. The influence of calcium hydroxide dissolution and its effect
on the diffusion properties of hydrated cement pastes were investigated using the NIST
CEMHYD3D cement hydration and microstructure development model. The results
of these simulations were implemented in another numerical model called STADIUM.
This latter model can be used to predict the transport of ions in unsaturated porous
systems. Numerical simulations clearly indicate that calcium hydroxide dissolution
contributes to a marked increase in the porosity of the hydrated ceme1l.t paste. This
increase in porosity has a detrimental influence on the material transport properties.
The results yielded by the numerical simulations are in good agreement with data of
calcium leaching experiments performed in deionized water.

INTRODUCTION

Calcium hydroxide (CH), along with C-S-H, are the end products of the
reaction of alite and belite with water. The abundance of CH in the hydrated cement
paste varies with the degree of hydration of the cement, and can reach approximately
26% of the total volume of a mature paste. Contrary to the G-s-H gel that is an ill-
crystallized phase, CH is present predominantly in the form of well-defined crystals
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in the hydrated cement paste. The size of these crystals tends to vary significantly
from one to approximately 100 microns in diameterl,2.

The leaching of calcium may be a matter of concern for the durability of
concrete3. In some cases, CH dissolution and the decalcification of C-S-H may
increase the porosity of the surface layers of concrete, and detrimentally affect the
resistance of the material to deicer salt scaling and ion penetration4. In other in-
stances, the leaching of calcium may also affect the core of the material and have a
negative influence on the engineering properties of concrete structures3. For instance,
CH dissolution and C-S-H decalcification have been found to have a detrimental
influence on the mechanical and transport properties of hydrated cement systems5-9.

Over the years, several studies have clearly demonstrated that the investiga-
tion of calcium leaching me<:hanisms by laboratory experiments is often difficult and
generally time-consuming8,9. F\1rthermore, since both phenomena readily affect the
pore structure of the material, the kinetics of CH dissolution and C-S-H decalci-
fication quickly become non-linear, and a reliable prediction of the evolution of the
concrete properties upon leaching can hardly be made on the sole basis of experi-
mental results.

This paper presents the main results of a study of the influence of CH dissolu-
tion on the mechanisms of ion transport in hydrated cement systems. The effects of
CH dissolution on the pore structure and transport properties of various hydrated
cement paste mixtures were investigated using the NIST CEMHYD3D cement hy-
dration and microstructure development modellO,ll. These results were then imple-
mented in another numerical model called STADIUM12,13. This model can be used
to predict the transport of ions and water in reactive porous materials (such as con-
crete). The degradation characteristics of neat cement paste mixtures immersed for
3 months in deionized water served as a basis for the validation of the model.

COMPUTER MODELING OF MICROSTRUCTURE AND DEGRADA-
TION

Over the past decade, the development of numerical models has provided new
tools to investigate the influence of calcium leaching on the evolution of the properties
of cement-based materials. A few years ago, Bentz and Garboczi14 used a cellular
automaton-type digital-image-based model to study the influence of CH dissolution
on the pore structure of hydrated C3S pastes. They showed that leaching mechanisms
can have a detrimental effect on the connectivity of the pore structure of the material.
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The cement hydration and microstructure development model was later modi-
fied to account for the physical and mineralogical characteristics of cement grains on
the properties of hydrated systemsIO,II. This new model, called CEMHYD3D, was
used to investigate the effects of CH dissolution on the pore structure and diffusion
properties of two series of hydrated cement pastes prepared at w jc ratios of 0.4 and
0.6, respectively. Hydrated microstructures were created by considering the charac-
teristics of three commercial cements (A: CSA Type 10, B: CSA Type 50 and C: a
Danish white cement). The chemical and mineralogical properties of these cements
are given in Table (1).

The starting three dimensional microstructures were based on the measured
particle size distributions of the cement powders and two-dimensional gEM/X-ray
iplage sets in which the clinker phases had been individually identified 15. The starting
microstructures were then hydrated either for 2000 cycles or until achieving a degree
of hydration, Q, that corresponded to the experimentally measured value (based on
non-evaporable water measurements). The diffusivities of these "final" microstruc-
tures were then computed using the techniques described in the next section. These
final microstructures were used as input microstructures for the leaching program.
The CH in the microstructures was progressively leached as described previously14,
and the diffusivity of the leached microstructures determined. In this way, the rela-
tive increase in diffusivity due to the leaching of CH from a hydrated microstructure
could be assessed.
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COMPUTATION OF DIFFUSIVITY

An electrical analogy is used to compute the relative diffusivity of the composite
media16, where relative diffusivity is the ratio of the diffusivity of an ion in th~
composite media relative to its value in bulk water (proportional to the inverse of
the formation factor). Conductivities are assigned to each phase comprising the
microstructure and the resultant composite relative conductivity is computed17 and
related to a relative diffusivity using the Nernst-Einstein relation16:

D 0"-=-
Do 0"0 (1~

where a / ao is the computed relative conductivity and D / Do is the relative diffusivit.)!
for the random microstructure. For this study, capillary pores (tjJ) are assigned ~
relative diffusivity of 1.0, while the C-S-H gel is assigned a relative diffusivity of
0.0025 (1/400)17.

Previous studies have indicated that diffusivities computed using these rel4-
ative values compare favorably to those measured experimentally17-18. For eaclt
hydrated/leached microstructure, the diffusivity was computed in each of the three
principal directions and the average value reported.

MODELING IONIC TRANSPORT IN CEMENT SYSTEMS

As previously mentioned, the numerical results yielded by' the NISi
CEMHYD3D model were implemented in another model called STADIUM12.13. This
latter model has been developed to predict the transport of ions in unsaturated
porous media. The model also accounts for the effect of dissolution/precipitatio~
reactions on the transport mechanisms.

The description of the various transport mechanisms relies on the homogenizat
tion technique. This approach first requires writing all the basic equations at thf
microscopic level. These equations are then averaged over a Representative Elemen~
tary Volume (REV) in order to describe the transport mechanisms at the macroscopiC
scale19,20.

In this model, ions are considered to be either free to move in the liquid Phase
~boun~ to the .solid phase. The transport of ions in the liq~id phase at.the.microscopi

level IS described by the extended Nernst-Planck equatl0n21 to whIch IS added
advection term. After integrating this equation over the REV, the transport equatio*
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becomes:

a((l- c/J)Cis) + 8(8Ci)
at at

.O- (fJD'~ fJ~C,.~ fJD'C.?ln"Yi -a.vax t ax + RT tax + t t ax t x /

where the uppercase symbols represent the variables averaged over the REV. In
equation (2), Ci is the concentration of the species i in the aqueous phase, Cis is the
concentration in solid phase, fJ is the volumetric water content (expressed in m3/m3
of material), Di is the diffusion coefficient, zi is the valence number of the species,
F is the Faraday constant, R is the ideal gas constant, T is the temperature of the
liquid, II! is the electrical potential, 1i is the chemical activity coefficient and Vx is
the velocity of the fluid. Equation (2) has to be written for each ionic species present
in the system.

To calculate the chemical activity coefficients, several approaches are available.
However, models such as those proposed by Debye-Hiickel or Davies are unable to
reliably describe the thermodynamic behavior of highly concentrated electrolytes
such as the hydrated cement paste pore solution. A modification of the Davies
equation described in reference22 was found to yield good results.

The Poisson equation is added to the model to evaluate the electrical potential
Ill. It relates the electrical potential to the concentration of each ionic species23. The
equation is given here in its averaged form:

a- (eT~~'
ax ax

NF
I +8-LziCi=O (3)

E .t=l

where N is the total number of ionic species, E is the dielectric permittivity of the
medium, in this case water, and T is the tortuosity of the porous network.

The velocity of the fluid, appearing in equation (2) as V x" can be described by a
diffusion equation when its origin is in capillary forces present during drying/wetting

cycles24:
aeVx = -Dw- a (4)x

where Dw is the non-linear water diffusion coefficient. This parameter varies accord-
ing to the water content of the material24.

To complete the model, the mass conservation of the liquid phase must be
taken into account24:

Of} ) = 0
Dwa.:;;-
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As can be seen, moisture transport is described in terms of a variation of the (liquid)
water content of the material. It should be emphasized that the choice of using the
material water content as the state variable for the description of this problem has
an important implication on the treatment of the boundary conditions. Since the
latter are usually expressed in terms of relative humidity, a conversion has to be
made. This can be done using an adsorption/desorption isotherm24.

The first term on the left-hand side of equation (2) (in which Cis appears),
accounts for the ionic e,xchange between the solution and the solid19. It can be used
to model the influence ofprecipitationjdissolution reactions on the transport process.
More information on this procedure can be found in reference12.

The transport of ions and water in unsaturated cement systems can be fully
described on the basis of equations (2) to (5). Previous experience12 has shown that
most practical problems can be reliably described by seven different ionic species
(OH-, Na+,K+, SO~-, Ca2+, AI(OH); and CI-) and five solid phases (CH, G-S-H,
ettringite, gypsum and hydrogarnet).

The input data required to run the model can be easily obtained. The initial
composition of the material (i.e. its initial content in CH, ettringite, ...) can be easily
calculated by considering the chemical (and mineralogical) make-up of the binder,
the characteristics of the mixture and the degree of hydration of the system25.

The model also requires determining the initial composition of the pore solution
and the porosity of the material. Samples of the pore solution of most hydrated
cement systems can be obtained by extraction using the technique described by
Longuet et al.26. The total porosity of the material can easily be determined in the
laboratory following standardized procedures (such as ASTM C642)27.

Some information on the transport properties of the material is also required
to run the model. The ionic: diffusion properties of the solid can be determined by a
migration test12. The water diffusion coefficient of the material can be assessed by
nuclear magnetic resonance imaging24.

LEACHING EXPERIMENTS

In order to validate the results of the numerical simulations, six different cement
paste mixtures were prepared with the three cements described in Table (1) and
at two water/cement ratios (0.4 and 0.6). Only the results obtained for the 0.6
water/cement ratio mixture made of the CSA Type 10 cement (cement A) will be
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reported. Data obtained for the other mixtures will be discussed in a forthcoming
publication.

All mixtures were prepared using deionized water. The mixtures were batched
in a high-speed mixer placed under vacuum (at 10 mbar) to prevent, as much as
possible, the formation of air voids during mixing. Mixtures were cast in plastic
cylinders (diameter = 7.0 cm, height = 20 cm). The molds were sealed and rotated
for the first 24 hours in order to prevent any bleeding of the mixtures. At the end
of this period, the cylinders were demoulded and sealed with an adhesive aluminum
foil for an I8-month period at room temperature. This period was selected in order
to get mature and well-hydrated cement pastes.

After the I8-month curing period, samples of each mixture were subjected
to migration tests, porosity measurements pore solution extractions and thermal
analyses (to assess the degree of hydration of each system). The experimental proce-
dures for the migration tests and the pore solution extractions have been described
elsewhere28,29. Porosity measurements were carried out according to the require-
ments of ASTM C 64227. The water diffusion properties of these mixtures had been
previously determined by Nuclear Magnetic Resonance Imaging (NMRI) as part of
a previous project30.

The remaining parts of the cement paste cylinders were sawn in thin disks.
The thickness of the disks varied from 12-15 mm. The disks were then vacuum
saturated in a sodium hydroxy de solution (prepared at 300 mmol/l) for a 24-hour
period prior to the degradation experiments. The latter were performed during
three months under saturated (series 1) and unsaturated conditions (series 2) using
deionized water.

The series 1 samples were first coated with an epoxy resin (on all their faces
except one) and then immersed in the test solutions (see Figure (1)). For the samples
of series 2 (unsaturated conditions), a relative humidity gradient was created between
the two faces of the disks (see Figure (1)). One face was directly placed in contact
with water and the other was placed in contact with a CO2 free environment at a
relative humidity close to 65%. In order to avoid carbonation, nitrogen was added
on a daily basis in the compartment.

At the end of the degradation experiments, samples were broken in small pieces
and then immersed in isopropyl (propan-2-ol) alcohol for a minimum period of 14
days. After this period, samples were dried under vacuum for 7 days. Once the
drying process was completed, the samples were impregnated with an epoxy resin,
polished, and coated with carbon.
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Figure 1: Degradation test set-up.

Microstructural alterations of the cement paste samples were investigated by
means of electron microprobe analyses. The polished sections were observed using
a microprobe (Cameca SX-100) 1 operating at 15 kV and 20 nA. For each sample,

measurements were performed at a maximum interval of 13 microns on four distinct
imaginary lines extending from the external surface in contact with the aggressive
solution toward the internal part of the samples. At each point of measurement,
the total content of calcium, sulfur, sodium, potassium, silicon, and aluminum was
determined.

RESULTS AND DISCUSSION

Numerical results obtained with the NIST CEMHYD3D cement hydration and
microstructure development model clearly indicate that leaching has a significant ef-
fect on the diffusivity of cement pastes. The diffusivity values calculated with the
model for the original and completely leached microstructures are summarized in Ta-
ble (2). In agreement with previous results for simpler C3S systemsl4, the increase
in diffusivity due to leaching is seen to be a factor of 20 or more, depending on the
initial w j c ratio and the degree of hydration achieved prior to leaching. Addition-
ally, the increase in diffusivity is seen to be much more dramatic for the lower wjc
ratio systems, due mainly to the re-percolation of the capillary pore network during
the leaching of the CH. For the higher w/c ratio systems, the depercolation of the

lCertain commercial equipment is identified by name in this paper to adequately specify the
experimental procedure. In no case does such identification imply endorsement by the National
Institute of Standards and Technology, nor does it imply that the products are necessarily the best
available for the purpose.
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";1,pillary porosity is never achieved during the initial hydration (since the critical
I)ercolation threshold for the capillary porosity is on the order of 0.20)14.17.18. Thus,
I,he relative increase in diffusivity caused by leaching is significantly less since both
I,he hydrated and hydrated/leached microstructures contain a continuous capillary
I lore system.

In addition to leaching all of the CH from a hydrated microstructure, a fraction
of the CH can be leached by specifying a leaching probability and a number of
leaching cycles to be executed in the leaching program. For each leaching cycle,
the microstructure is first scanned to identify all CH pixels which are in contact
with capillary porosity. In a second scan, these pixels are randomly leached in
proportion to the user-specified leaching probability. For six of the microstructures
summarized in Table (2), "partial" leaching of the microstructures has been executed.
The results for the ratio of the diffusivity of the leached to that of the original
hydrated microstructure as a function of the amount of CH leached are provided in
Figure 2. As observed previously14 and in agreement with the available experimental
data30, initially the removal of a small portion of the CH due to leaching has only
minor effects on the computed diffusivities. Then, as 30% to 60% of the CH is leached,
the effects on diffusivity are more dramatic. Finally, above 90% leached, the increase
in diffusivity tends to level off onc:e more. Once again, it is clearly observed that the
relative increase in diffusivity due to leaching is significantly greater for the lower 0.4
w / c ratio systems. Conversely, the differences between the three different cements at
a constant w / c ratio are relatively minor, especially for CH leached fractions below
about 50%.

In order to develop a simple equation for predicting the diffusivity ratio as a
function of the fraction of CH leached from a microstructure, all of the data in Figure
2 were normalized using the diffusivity ratios for the original, (DR(CH = 0)), and
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Figure 2: Model results for increase in diffusivity of cement pastes due to leaching
ofCH

completely leached, (DR(GH :: 100)), microstructures and the following equation

(6)

It can be easily observed that this will result in normalized diffusivities (D N) with
values between 1 and 2 for every case.

These normalized diffusivity ratios are plotted vs. the fraction of CH leached
for each of the six cement paste systems in Figure (3). While there is still some scatter
amongst the different systems, particularly for small values of the CH leached, for
engineering purposes., all of the data in Figure (3) has been fitted to the following
equation:

1.1 X CH2

Also included in Figure (3) are the upper and lower bounds computed using
both the series/parallel and Hashin-Shtrikman equations31. In this case, it is assumed
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where CH is the fraction of CH leached, having values in the range of (0,1]. As
indicated by the dashed line in Figure (3), this equation gives an acceptable "average"
fit to all of the data and will provide a simple method for estimating the diffusivity
ratio for intermediate CH leacJ:ling when the values for the original and completely
leached microstructures have been measured or computed.
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simple two-phase composite, dotted lines are the Hashin-Shtrikman upper and lower
bounds, and dashed line is the fit of equation 7 to all of the computer simulation
data.

that the partially leached microstructure is composed of two components: original
unleached cement paste with a normalized diffusivity of 1 and totally leached 'cement
paste with a normalized diffusivity of 2. The fact that many of the plotted data
points lie outside of these bounds (particularly the more restrictive Hashin-Shtrikman
bounds) indicates that the simple consideration of a partially leached microstructure
as a composite of unleached and totally leached phases is not totally appropriate but
still serves as a useful abstraction.

The data provided by the NIST model were implemented in STADIUM and
simulations were run for the 0.6 water/cement ratio mixture made of the CSA Type
10 cement (cement A) tested in saturated and unsaturated conditions. All the input
data used in the simulations are summarized in Tables (3) and (4).

Results of the simulations are given in Figures (4) and (5). The total concen-
trations in calcium (expressed in gjkg of paste) yielded by the model are compared
to the experimental calcium profiles provided by the microprobe analyses. The curve
labeled "with damage factor" corresponds to the results calculated by taking into
account the effect of CH dissolution on the transport properties of the paste mix-
tures (see Table (2) and Figure (2)). Microprobe data are given in counts per second

(Cps).
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Table 3: Physical characteristics of the two mixtures
jviixture Diffusion coefficient Porosity Q .

(m2/s) (%) (%)

W/C=OAO
68

W jC=O.60
75

As can be seen, whatever the moisture state of the samples, the calcium pro-
files predicted by the model are in good agreement with the profiles obtained by the
microprobe analyses. Not only does the model accurately predict the depth of CH
penetration, but it also reproduces quite well the total distribution in calcium over
the entire thickness of the samples. It should be emphasized that the model has
no "fitting parameter", and that the numerical simulations are solely based on the
properties of the mixture and the chemical damage equation derived from numerical
data provided by the NIST model. However, since the model predicts an averaged
concentration per unit volume (or unit mass) of material, the numerical results do
not reproduce the local variations in calcium measured by the microprobe analy-
ses. These variations are due to the experimental "noise" of the technique and the
presence of CH crystals within the hydrated cement paste matrix.

Both series of results also indicate that the increase in diffusivity induced by
the removal of CH has a limited influence on the kinetics of degradation. This
phenomenon can be explained by the fact that the duration of the experiments was
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Figure 4: Total calcium profile after three months of immersion -CSA Type 10,
W /C = 0.6, saturated conditions

limited to only 3 months. As can be seen, degradation is limited to the first two
millimeters near the surface. For longer exposure periods (and thicker samples), the
influence of CH dissolution would most certainly has a more significant effect on
the degradation kinetics. Simulations ran for a lOO-mm thick sample clearly indicate
that cllemical damage (i.e. the microstructural alterations induced by the dissolution
of CH) does have a strong influence on the kinetics of penetration of the degradation
front.

It should also be emphasized that experiments were carried out using a rela-
tively porous mixture (prepared at a water/cement ratio of 0.6) which is less likely
to be affected by the dissolution of CR. As previously mentioned, the pore structure
of the 0.6 water/cement ratio mixture was already percolated, thus reducing the
detrimental influence of CR dissolution on the transport properties of the material.

Additional simulations were run for the 0.4 water/cement ratio mixture pre-
pared with the CSA Type 10 cement (cement A). Numerical results are given in
Figure (6). Although the relative increase in diffusivity caused by leaching was
found to be significantly more important for the 0.4 water/cement ratio mixtures,
both series of results are similar. This phenomenon can be explained by the fact
that the initial diffusion coefficient of the 0.4 water/cement ratio mixture was low,

125Cal{;ium Hydroxide in Concrete



'Of,

~
E=
'u
;;
u
;;
~

~u

Figure 5: Total calcium profile after three months of exposure -CSA Type 10, W jC
= 0.6, unsaturated conditions

thus reducing the rate of diffusion of calcium and hydroxide ions out of the sample.
As can be seen in the figure, degradation is mainly limited to the first millimeter
near the surface. These results clearly emphasize the importance of the diffusion
coefficient of the material on the kinetics of degradation.

CONCLUDING REMARKS

The dissolution of CH was found to have a significant effect on the diffusivity
of hydrated cement pastes. The increase in diffusivity due to leaching is seen to be a
factor of 20 or more, depending on the initial wlc ratio and the degree of hydration
achieved prior to leaching.

The incre~e in diffusivity is seen to be much more dramatic for the lower wjc
ratio systems, due mainly to the re-percolation of the capillary pore network during
the leaching of the CH.

Degradation profiles computed using the chemical damage equation provided
by the NIST model and STADIUM compare favorably to experimental values.
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