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Alteration of fractured cementitious materials
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Abstract

The alteration of cement materials in a fractured repository was investigated by experimental and modelling techniques to predict the long-term
evolution of a cementitious repository for the safety assessment of radioactive waste disposal. A flow-through experiment with an artificially
fractured cement column sample was carried out, and the evolution of a chemical composition in discharged water and the distribution of mineral
components in a solid matrix, which was dominated by the dissolution of portlandite and calcium-silicate hydrate (C-S-H), were observed. A
coupling transport and chemical equilibrium calculation code, which includes a thermodynamic incongruent dissolution model of C-S-H, was
developed to predict the alteration of the fractured cement materials. The advection transport of a component in a solution within a crack and the
diffusion of a component in a solid matrix were modelled in the calculations. With the proposed model, the possible alteration of cement materials
along a crack was described.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Cement material, a potential waste packaging, backfilling
and construction material for the disposal of radioactive waste,
is expected to provide both physical and chemical contain-
ments. Under a high-pH condition provided by leaching the
components of cement hydrates, solubility is low and sorption
distribution ratio is high for many radionuclides; thus, the
release of radionuclides from radioactive waste is restricted.
Also, the physical properties of cement materials, such as a low
permeability and a low diffusivity in matrices, can reduce the
migration of radionuclides from a cementitious repository.
Under geological conditions, cement materials are altered by
some reactions; for example, dissolution into groundwater and
secondary mineral formation caused by chemical components
in groundwater. The containment properties of cement materials
are affected by the alteration reactions. Also, leached high-pH
solution with alkaline components from cement materials
affects the physical and chemical properties of bentonite,
which is foreseen to be used as a buffer material in geological
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repository systems [1,2], and surrounding rocks. Therefore, for
the long-term safety assessment of radioactive waste disposal, it
is necessary to develop a series of predictive calculation models
of the long-term evolution of a cementitious repository system.
The CaO–SiO2–H2O system is suggested to be responsible for
the high-pH condition in cements and is important in discussing
the high-pH chemical condition in the long-term assessment of
a repository environment [3,4].

In the past performance assessment studies in Japan, the
evolution of cement materials was discussed using only a
homogeneous porosity transport model [2]. CRACK and
CRACK2 computer programs were developed to predict
radionuclide release via fractures [5]. These programs can be
used to calculate the evolution of a fractured cementitious
repository, considering the flux of groundwater concentrated
within fractures. Brodersen examined the precipitation of
calcite from calcium bicarbonate solution passing through
cracks in concrete and the leaching behaviour of components
from cementitious materials [6]. It was observed that calcite
is mostly precipitated on the surface of the cracks [7,8] and
fills the cracks, and it was suggested that the produced thin
layers of low-porosity calcite act as a diffusion barrier
limiting contact between cement and solution. Brodersen
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Fig. 1. Preparation of artificially fractured cement column sample.

Table 1
Chemical composition of OPC used in this study

Chemical composition/wt.%

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O
21.2 5.2 2.8 64.2 1.5 2.0 0.3 0.5

Fig. 2. Experimental design of flow-through leaching experiments.
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simulated the obtained experimental results using the
CRACK2 computation model; however, the dissolution of
the calcium-silicate hydrate (C-S-H) phase, which is one of
the principle components in cementitious materials, was not
included in the model and the leaching of silicic acid was
disregarded [6]. The leaching of the C-S-H phase could
dominate the chemistry of a cementitious repository even in
the case of early leaching in groundwater after closure and
particularly under high Ca-leaching conditions; therefore, it is
very important to include the dissolution of the C-S-H phase
into the discussion on the alteration of fractured cementitious
materials in a repository system.

In this study, the alteration of cement materials in a fractured
repository was investigated by developing a calculation code,
which includes the incongruent dissolution/precipitation model
of the C-S-H phase [9]. An artificially fractured column-shaped
hardened cement sample in which a simple crack was
introduced was prepared and used in a flow-through leaching
experiment using distilled water to observe the dissolution of
the C-S-H system. The evolutions of the mineral composition
in a solid phase and the chemical composition in a liquid
phase have been investigated with regard to leaching of selected
cement minerals and cement-derived elements (Ca, Si).
The incongruent dissolution of the C-S-H phase was succes-
sively observed. A coupling transport and chemical equilibrium
calculation code was developed to predict the alteration
behaviour of the fractured cement sample on the basis of
observations. The advection of components in a solution in a
crack and the diffusion of components in a cement matrix were
modelled in the calculations.

2. Experimental

The simplified transport in a crack in cement materials
was investigated in this study. Artificially fractured cement
column samples were prepared, as shown in Fig. 1. Ordinary
Portland cement (OPC) was hydrated in acrylic tubes with
a diameter of 10 or 14 mm and a length of 200 mm, in which
a stainless-steel plate with a thickness of 1.5 mm was inserted.
Then the steel plate was removed from the tubes and a single
parallel-walled artificial crack was introduced into the cement
column samples. The cement samples were hydrated
with water/cement clinkers (w/c) of different mixing ratios
of 0.35, 0.7 and 1.0 to give a series of diffusivities in the solid.
To prevent bleeding (separation of water at the top of the
paste) in the samples at high w/c ratios of 0.7 and 1.0, the
water and cement clinker were mixed continuously for 3 h at
w/c=0.7 or repeatedly for 10 h (mixed for 3 min every
30 min) at w/c=1.0 before setting in the tubes. This procedure
is similar to the method employed by Haga et al., who
prepared hardened cement hydrates with a relatively large
porosity, where pores are homogeneously distributed in the



Table 2
Experimental conditions

Exp. ID OPC35 OPC70 OPC100

Water/cement at hydration 0.35 0.70 1.0
Density/g cm−3 1.9 1.6 1.3
Diameter of column/mm 10 14 14
Aperture/mm 1.5 1.5 1.5
Flow rate/cm3 h−1 2.5 2.5 2.4
Darcy flow rate/m s−1 4.6×10−5 4.5×10−5 4.5×10−5

Porositya/% 15 40 52
Effective diffusion coefficientb/m2s−1 2×10−12 5×10−11 9×10−11

aMeasured by mercury intrusion porosimetry.
bThe effective diffusion coefficient within the initial solid matrix was
determined by fitting calculations using the measured calcium concentration
in the discharged water.
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samples at w/c ratios of 0.6, 0.8 and 1.0 [10]. Then the
hydrated materials were cured in a saturated Ca(OH)2
solution (to minimise leaching of calcium) at 50 °C (to
enhance hydration [11] and reduce effects of unhydrated
phases) for more than 90 days. The chemical composition of
the OPC used in this study is shown in Table 1.

The setup for the flow-through leaching experiments
is shown in Fig. 2. Distilled water flowed through the artificial
crack at a constant rate of 2.5 cm3 h−1 (Darcy flow rate: 4.5×
10−5 m s−1) at room temperature. The experimental conditions
are summarised in Table 2. The table also shows the porosity of
the solid matrix of equivalent cement samples prepared
separately, measured by mercury intrusion porosimetry. The
solid samples were analysed by X-ray diffraction (XRD) and the
presence of portlandite, monosulphate, katoite and C-S-H gel
was observed, as shown in Fig. 3 (initial OPC). No crystallised
C-S-H mineral was observed in the OPC sample cured at 50°C;
thus, the effect of aging temperature is assumed to be negligible
in this study.
Fig. 3. XRD patterns of cemen
The amount of discharged water and the pH and con-
centrations of Na, K, Ca, Si, Al and S were measured during
the flow-through leaching experiments for 142 days. After
the flow-through leaching experiments, the cement columns
were cut into pieces of 5 mm length and some of the sliced
column samples were grinded and analysed by XRD and
differential thermal analysis (DTA) to identify and quantify
their average mineral composition. The cross section of
the column samples was analysed by scanning electron
microscopy (SEM) and energy-dispersive X-ray analysis
(EDXA) to observe the distribution of components in a cement
matrix.

3. Modelling

A coupling transport and chemical equilibrium calculation
code, coupled chemical equilibrium-mass transport code for
fractured media (CCT-F), was developed to predict the
alteration behaviour of fractured cement materials. All thermo-
dynamic modelling calculations were carried out using the
thermodynamic database HATCHES [12] Ver. NEA14.

The mineral composition of the OPC hydrate was derived
by an approach based on that described by Glasser et al. [13]
with some modifications. Glasser et al. calculated the equilib-
rium phase distribution by considering the phases of Ca(OH)2,
C-S-H, hydrotalcite and monosulphate [13]. As shown in Fig. 3,
the OPC hydrate was composed of portlandite, C-S-H gel
ettringite, and a small amount of certain minerals after the flow-
through leaching experiments. And the amount of portlandite
was measured by DTA. Thus, we calculated the mineral
composition in the OPC hydrate by an approach [9] in this
study as follows:

Step 1. The mineral assembly in the OPC hydrate was
described with portlandite (Ca(OH)2), C-S-H, hydrotalcite
and ettringite.
t solid matrix (OPC100).



Table 3
Calculated mineral composition of OPC hydrate [mol kg−1]

Hydrotalcite Ettringite C-S-H gel (1.755 CaO·SiO2·1.755 H2O
a) Ca(OH)2

0.052 0.30 2.6 2.6

aThe formula of C-S-H is given by the C-S-H incongruent dissolution/
precipitation model [9].

Table 4
Fitted values of empirical parameters [9]

End member SiO2 Ca(OH)2

Aij A′s0 A′s1 A′s2 A′c0 A′c1 A′c2

Ca/Si≤0.833 −18.623 57.754 −58.241 37.019 −36.724 164.17
Ca/SiN0.833 −18.656 49.712 25.033 36.937 −7.8302 −50.792
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Step 2. MgO was assumed to be completely incorporated
into hydrotalcite. The inventory of Al2O3 was adjusted
accordingly.
Step 3. SiO2 was assumed to be taken up by the C-S-H gel
with Ca/Si=1.755 [9], and C-S-H was described using the
model proposed by Sugiyama and Fujita [9].
Step 4. The amount of portlandite was estimated by the DTA
of the OPC hydrate sample used in the OPC dissolution
experiment in this study.
Step 5. The remaining CaO was assumed to be taken up by
ettringite, which was observed by XRD after a flow-through
experiment (Fig. 3). The remaining Al2O3 was assumed to be
amorphous alumina gel or taken up by some phases (e.g., C-
A-S-H gel), although excess Al is not included in the
following modelling calculations.

The chemical composition of the OPC used in this study is
shown in Table 1 and the mineral composition of the OPC
hydrate calculated by the above-mentioned method is shown in
Table 3. The CaO–SiO2–H2O system is considered to be
responsible for the high-pH condition in cements [3,4], and
Sugiyama and Fujita showed that the equilibrium of the OPC
hydrate with water could be well described dominantly by the
dissolution of the C-S-H system [9]. In the leaching experiments
described later, aluminium concentration in the leachate was
very low (∼10−5 mol dm−3, as shown in Fig. 5), suggesting
that the dissolution of calcium aluminate phase was very small
when it coexisted with portlandite and C-S-H. Then the OPC
was simply described as the assembly of portlandite and C-S-H
gel in this modelling study for reducing the load of calculation.

Sugiyama and Fujita [9] proposed a thermodynamic
incongruent dissolution/precipitation model of C-S-H, assum-
ing a binary nonideal solid solution of Ca(OH)2 and SiO2. In
this model, the log K values of the model end members of the
solid solution are given as functions of the Ca/Si ratio of C-S-H
system.
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The empirical parameters (Aij) given by Sugiyama and Fujita
[9], which were calculated using the available solubility data
[14–18], are shown in Table 4. (Note that the model can consider
the dissolution of portlandite coexisting with C-S-H gel at high
Ca/Si ratios (1.755≤Ca/Si). The dissolution of C-S-H system at
Ca/Si≥1.755 is described with constant log K values of logKs=
−7.853 and log Kc=22.81, which means portlandite coexists
with C-S-H gel (Ca/Si=1.755) [9].) This model can predict the
equilibria of the incongruent dissolution and precipitation with a
continuous change in the Ca/Si ratio of the solid phase by a series
of calculations, in which the quantities of the dissolved/
precipitated end members are calculated stepwisely, so that the
quantities and compositions of the solid and liquid phases, and
the conditional solubility constants used in the subsequent step
can be estimated [9]. CCT-F contains the geochemical code
HARPHRQ [19] for calculating the chemical equilibrium, and
the C-S-H model [9] is employed and added to calculate the
incongruent dissolution and precipitation iteratively.

To calculate the mass transport in the fractured media, a
quasi-two-dimensional advection/dispersion/diffusion model
that is similar to the model described by Chambers [5] is
employed in CCT-F. Fig. 4 shows a schematic representation of
the model considered in this study. In this model, the following
are assumed.

i. Transport in the crack is dominated by only advection and
dispersion. Diffusion within the crack is not included;
thus, the gradient of aqueous concentration across the
crack is neglected.

ii. Transport within the cement solid matrix is constrained to
be diffusive and perpendicular to the direction of the crack.
Haga et al. [10] showed that diffusive transport dominates
the leaching of calcium from the surface of a hardened
cement solid. The planes of symmetry in the middle of the
solid matrix represent a no-flow boundary. Diffusive
transport in the matrix parallel to the crack is neglected.

iii. Transport from the matrix into the crack is described as
diffusion on the surface of the crack (y=0).

iv. Components are lost from the system only via the crack.



Fig. 4. Schematic representation of transport model in fractured cement materials.
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The transport of aqueous species in the crack is described by
the following advection/dispersion equation:

De; f � 1xl �
A

Ax
xl
AC x; 0; tð Þ

Ax

� �
� v � A

Ax
C x; 0; tð Þ

xl

� �

¼ / � Rd
AC x; 0; tð Þ

At
� S x; tð Þ; ð3Þ

where

C concentration of aqueous species,
t time,
l spatial coordinates (0: rectangular, 1: cylindrical, 2:

spherical),
v velocity of flow in crack,
ϕ porosity,
Rd retardation factor,
De,f effective diffusion constant including dispersion in

crack (α ·v, α: dispersion length), and
S source term, which is given by

S x; tð Þ ¼ De;m � AC x; y; tð Þ
Ay

j
y¼0

þ Seq x; tð Þ; ð4Þ
Fig. 5. Measured composition of discharged water. (a) OPC35, (b) OPC70 and
(c) OPC100.
De,m effective diffusion constant in matrix and
Seq source term given by chemical equilibrium calculation

within crack.

The first term on the right-hand side of Eq. (4) denotes the
flux into the solid matrix from the crack.

The transport of aqueous species within the matrix is
described by the following one-dimensional diffusion equation.

De;m � A
2C x; y; tð Þ
Ay2

¼ / � Rd
AC x; y; tð Þ

Ai
� Seq x; y; tð Þ ð5Þ

The second term of the right-hand side of Eq. (5) is the source
term given by chemical equilibrium calculation within matrix.

Note that transport within the cement solid matrix is assumed
to be diffusive and perpendicular to the direction of the crack (y-
axis); therefore, this model is referred to as a quasi-two-
dimensional advection/dispersion/diffusion model. Eq. (5) is
combined with Eq. (3) via the concentration C(x,0,t) term for
the surface of the crack (y=0). The quasi-two-dimensional
advection/dispersion/diffusion model is coupled with the
chemical equilibrium calculation including the incongruent C-
S-H dissolution/precipitation model [9].

The evolution of the hydraulic properties of the cement solid
matrix due to the leaching of components is also considered in
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the calculation code. The component minerals in the solid are
leached from the surface of the solid into the solution within the
crack. In this model, it is considered that the porosity of the solid
matrix increases as the component minerals are dissolved and
leached from the solid. This is described by the following
equations:

/ tð Þ ¼ 1� 1� / 0ð Þð Þ � Vsolid tð Þ
Vsolid 0ð Þ ð6Þ

Vsolid tð Þ ¼
X
i:solids

CSi tð Þ � vmoli ð7Þ

where

ϕ porosity,
CS molarity of component mineral,
vmol molar volume of component mineral (vmol Ca(OH)2=

0.0331 dm3 mol−1, vmol SiO2=0.0273 dm3 mol−1).

The initial porosity ϕ (0) was measured by mercury intrusion
porosimetry and is given in Table 2. In the developed code, the
diffusion coefficient in the altered surface region of the solid
matrix is calculated using a simple formula.

D tð Þ ¼ D 0ð Þ � / tð Þ
/ 0ð Þ ð8Þ

Then the flux caused by diffusion in the matrix is given as

J tð Þ ¼ �D tð Þ � AC
Ay
j
y¼0

¼ �D 0ð Þ � / tð Þ
/ 0ð Þ �

AC
Ay
j
y¼0

� ð9Þ

Therefore, as the porosity of the solid matrix increases owing
to the dissolution of component minerals, the effective diffusion
coefficient increases and the leaching of a component into the
crack is enhanced.

4. Results and discussion

The XRD patterns of the divided solid samples are shown in
Fig. 3, which are for the sample OPC100 as an example.
Portlandite, ettringite and C-S-H gel were observed, but the
presence of calcite was not clearly identified in all samples after
the flow-through experiments. These results indicate that the
effect of carbonation is minimised in the flow-through
experiments and can be neglected. This is not further discussed
in this paper.

The measured aqueous compositions of the discharged water
are shown in Fig. 5 as functions of time. In the case of OPC35
(w/c=0.35, Fig. 5(a)), the initial calcium concentration in the
discharged solution was approximately 2×10−2 mol dm−3,
suggesting that portlandite dissolved and leached from the
cement solid, and reached equilibrium. Sodium and potassium
concentrations in the early phase of the experiments were
approximately 1×10−4 mol dm−3 and had little effect on the
solubility of portlandite. For all cases in the experiments, low
sodium and potassium concentrations (b2×10−3 mol dm−3)
were observed under the experimental conditions (the flow rate
and the amount of OPC hydrate). Also, much of sodium and
potassium may have leached out into the curing solution at the
sample preparation (Fig. 1). As the amount of discharged water
increased, calcium concentration decreased and silica concen-
tration increased with time. This is due to the incongruent
dissolution of C-S-H with decreasing Ca/Si ratio.

In the cases of OPC70 (Fig. 5(b)) and OPC100 (Fig. 5(c)),
the measured calcium concentration in the discharged solution
in the initial phase of the experiments was approximately
2×10−2 mol dm−3, and the calcium concentration during the
flow-through leaching experiment was higher than that for
OPC35. These suggest that the leaching rate of calcium from the
cement solid matrix is higher in the cases of OPC70 and
OPC100 than in the case of OPC35 because of the higher
porosity of the solid and the higher diffusion coefficient in the
matrix (Table 2). The diffusivity of cement hydrates increased
as the porosity of the solid increased.

The effective diffusion coefficient within the initial solid
matrix, D(0), was estimated by a series of sensitivity analysis to
fit the measured calcium concentration in the discharged water
and is shown in Table 2. The estimated D(0) values were
comparable to those obtained in the study of Haga et al. [10], in
which the dependence of the diffusion coefficient of calcium in
the hardened OPC solid matrix on porosity was calculated, and
the intrinsic diffusion coefficients of caesium, strontium and
iodine in the water-saturated Portland cement matrix measured
by Atkinson and Nickerson [20]. The calculated calcium and
silica concentrations in the discharged water shown in Fig. 5
were compared with the experimentally measured values. The
agreement between the calculated and measured calcium and
silica concentrations was reasonably good for all cases,
although the measured silica concentrations were slightly
higher than the calculated values and the calculated calcium
concentrations in the early phase were lower than the measured
values particularly for the case of OPC35. There is a certain
scatter in the thermodynamic data of the C-S-H system [9,21]
and the observed discrepancy for the silica concentrations can
be explained within the uncertainty. The observed discrepancy
between the experimental and modelling data for the initial
calcium leaching behaviour could be explained as follows: In
the modelling calculation, the transport from the solid matrix
into the crack is described as the diffusion of dissolved species
in the pore solution in the matrix, but calcium may have been
also transported into the solution within the crack by the
dissolution of the component minerals (C-S-H gel and
portlandite) on the surface of the crack in the leaching
experiments. And it may have been followed by an increase
crack width. For the case of OPC35, the rate of transport by
diffusion was low in the initial phase since the initial diffusion
coefficient was very low (∼2×10−12 m2 s−1, as shown in
Table 2); therefore, the effect of the direct transport by dis-
solution on the surface may have been observed more distinctly
in this case than in the other cases. The contribution of the
dissolution of the matrix on the surface of the crack and the
possibility of an increase in crack width should be discussed
further using experimental data in future studies.
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The calcium and silicon concentrations at the cross sections
of the divided solid samples of OPC35 and OPC100 analysed
using SEM/EDXA are given in Fig. 6. For the case of OPC35,
calcium leached from the surface and the Ca/Si ratio of the solid
decreased in the surface region. For the case of OPC100, the
distribution of calcium in the solid matrix was not clearly
observed, suggesting that calcium leaches from a deep region
owing to the high diffusion coefficients in the matrix of OPC100
(Table 2). The calculated calcium and silicon concentrations
Fig. 6. Ca and Si concentration profiles at cross sections o
in the matrix normalised to the total calcium and silicon
concentration in the initial cement solid are also shown and were
compared with experimental results in Fig. 6. The calculation
model could qualitatively predict the distribution of calcium and
silicon in the solid matrix. The profiles of the Ca(OH)2
concentration parallel to the direction of the crack determined
by DTA are shown in Fig. 7. Although the predicted profiles of
Ca(OH)2 concentration are higher than the measured profiles,
the experimental results were reasonably predicted by the
f leached OPC samples. (a) OPC35 and (b) OPC100.



Fig. 7. Profile of amount of portlandite parallel to direction of crack.
⁎ Concentration of Ca(OH)2 in matrix normalised to Ca(OH)2 concentration
in initial cement solid.
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calculation model, considering the uncertainties of the thermo-
dynamic data for the C-S-H system. The discrepancy between
the experimental and modelling data could be reduced by
considering the dissolution on the surface of the crack discussed
above. Also, the consideration of kinetics could improve the
model. The CCT-F code assumes that the dissolution of the
component in the pore of the cement sample reaches
equilibrium; however, in certain cases, particularly under
higher-flow-rate conditions, it appears that the component in
the hardened cement might not have reacted to equilibrium with
the pore solution in the time frame given by the experimental
flow-rate condition. Amore detailed discussion could be made if
data on the kinetics and the diffusion transport in the solid matrix
were available for future studies.

Further studies should also be carried out to determine the
effects of calcium aluminate phases and a groundwater
composition on the alteration of the fractured cement system.
In this study, the cement system was simplified as the assembly
of portlandite and C-S-H gel, and the leaching of these minerals
was investigated. Calcium aluminate phases should be included
to make the modelling more realistic. Also, in reality,
groundwater contains chemical constituents (e.g., sulphate,
carbonate, and magnesium), which react to form secondary
minerals or reduce pH. The model and CCT-F code could be
further improved by integrating the results of future studies.

5. Conclusions

The alteration of cement materials in a fractured system was
investigated. A flow-through leaching experiment using an
artificially fractured OPC column sample and distilled water as
leachate was carried out, and the composition of the discharged
solution and the distribution of components in the solid matrix
were analysed.

A coupling transport and chemical equilibrium calculation
code were developed. The notable feature of this code is that the
incongruent dissolution/precipitation model of C-S-H is included
in the chemical equilibrium calculation and a quasi-two-
dimensional transport model is coupled with this. In the
developed code, the transport in the cracks is described by only
advection and dispersion, and the transport within the cement
solid matrix is constrained to be diffusive and perpendicular to the
direction of the crack. With the proposed model, the measured
composition of the discharged solution was reasonably well
predicted and the possible alteration of cement materials along a
crack was described. This model is a useful tool for discussing the
alteration of a fractured cementitious repository system.

References

[1] Japan Nuclear Cycle Development Institute, Second Progress Report on
Research and Development for the Geological Disposal of HLW in Japan,
JNC TY1410 2000-001, 002, 003, 004, April 2000.

[2] TRU Coordination Office(Japan Nuclear Cycle Development Institute and
The Federation of Electric Power Companies), Progress Report on
Disposal Concept for TRU Waste in Japan, JNC TY1400 2000-002,
TRU TR-2000-02, March 2000.

[3] A. Atkinson, D.J. Goult, J.A. Hearne, An assessment of the long-term
durability of concrete in radioactive waste repositories, Mater. Res. Soc.
Symp. Proc. 50 (1985) 239–246.

[4] A Atkinson, The Time Dependence of pH within a Repository for
Radioactive Waste Disposal, AERE R 11777, UKAEA, 1985.

[5] A.V. Chambers,Modelling radionuclide transport in cracks through cemented
radioactive waste, Mater. Res. Soc. Symp. Proc. 353 (1995) 891–898.

[6] K. Brodersen, CRACK2 — Modelling Calcium Carbonate Deposition
from Bicarbonate Solution in Cracks in Concrete, Risø-R-1143(EN), 2003.

[7] A.W. Harris, A. Atkinson, V. Balek, K. Brodersen, G.B. Cole, A. Haworth,
Z. Malek, A.K. Nickerson, K. Nilsson, A.C. Smith, The performance of
cementitious barriers in repositories, Final Report for CEC Contract FI2W-
0040, EUR 16643 EN, 1998.

[8] F.P. Glasser, F. Adenot, P.J.C. Bloem Bredy, J. Fachinger, A. Sneyers, G.
Marx, K. Brodersen, M. Cowper, M. Tyrer, et al., Barrier performance of
cements and concretes in nuclear waste management, Final Report for
CEC Contract FI4W-CT96-0030, EUR 19780 EN, 2001.

[9] D. Sugiyama, T. Fujita, A thermodynamic model of dissolution and pre-
cipitation of calcium silicate hydrates, Cem. Concr. Res. 36 (2006) 227–237.

[10] K. Haga, S. Sutou, M. Hironaga, S. Tanaka, S. Nagasaki, Effects of
porosity on leaching of Ca from hardened ordinary portland cement paste,
Cem. Concr. Res. 35 (2005) 1764–1775.

[11] H.F.W. Taylor, Cement Chemistry, 2nd ed., Thomas Telford Services Ltd.,
London, 1997, p. 224.

[12] K.A. Bond, T.G. Heath, C.J. Tweed, HATCHES: A Referenced
Thermodynamic Database for Chemical Equilibrium Studies, Nirex
Report NSS/R379, 1997.

[13] F.P. Glasser, D.E. Macphee, E.E. Lachowski, Modelling approach to the
prediction of equilibrium phase distribution in slag-cement blends and
their solubility properties, Mater. Res. Soc. Symp. Proc. 112 (1988) 3–12.

[14] A. Atkinson, J.A. Hearne, C.F. Knights, Aqueous Chemistry and
Thermodynamic Modelling of CaO–SiO2–H2O Gels, AERE R 12548,
UKAEA, 1987.

[15] S.A. Greenberg, T.N. Chang, Solubility relationships in the calcium oxide-
silica-water system at 25 °C,, J. Phys. Chem. 69 (1965) 182–188.

[16] K. Fujii, W. Kondo, Estimation of thermochemical data for calcium silicate
hydrate (C-S-H), J. Am. Ceram. Soc. 66 (1983) C–220–C–221.

[17] K. Fujii, W. Kondo, Heterogeneous equilibrium of calcium silicate hydrate
in water at 30 °C,, J. Chem. Soc. Dalton. Trans. 2 (1981) 645–651.

[18] G.L. Kalousek, Application of differential thermal analysis in a study of
the system lime-silica-water, Proc 3rd Int Symp Chem Cements, vol. 296,
1954, London.

[19] A. Haworth, T.G. Heath, C.J. Tweed, HARPHRQ: A Computer Program
for Geochemical Modelling, Nirex Report NSS/R380, 1995.

[20] A. Atkinson, A.K. Nickerson, Diffusion and sorption of cesium, strontium,
and iodine in water-saturated cement, Nucl. Technol. 81 (1988) 100–113.

[21] U.R. Berner, Evolution of pore water chemistry during degradation of
cement in a radioactive waste repository environment,, Waste Manag. 12
(1992) 201–219.


	Alteration of fractured cementitious materials
	Introduction
	Experimental
	Modelling
	Results and discussion
	Conclusions
	References


