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Abstract

Calcium silicate hydrate (CaO-SiO,-H,0) gel is the principal hydration product of Portland cement. Experimental data show that the
dissolution of CaO-SiO,-H,0 (C-S-H) gel is strongly dependent on Ca/Si (C/S) ratio in the range of C/S > 1. A model for dissolution of
C-S-H gel is presented by considering a nonideal mixture of binary solid solutions of Margules type. Guggenheim and Prausnitz equations
are applied to represent the activities of model solids as a function of mole fractions. The Gibbs-Duhem equation, incorporating the activ-
ities of model solids, is then used to express the conditional solubility products of model solids in terms of C/S ratio. The determination of
Guggenheim’s empirical parameters is performed with geochemical code PHREEQE on experimental data. By these procedures, a disso-
lution model of C-S-H gel is described. The solubility results predicted by the proposed model are comparable with experimental

data. © 1999 Elsevier Science Ltd. All rights reserved.
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Safe disposal of radioactive wastes in the geological en-
vironment is a challenging task. Because the time period in-
volved in geological disposal extends well beyond the nor-
mal horizon of human activities, it is not possible to
demonstrate directly the safety assessment of the disposal
system for its intended lifetime. The long-term safety can
only be predicted by means of a series of predictive calcula-
tions on the behavior of multibarrier systems of the reposi-
tory. Cementitious materials are commonly used in the
multibarrier systems of low and transuranic radioactive
waste repositories. The chemical reaction of cement with
water develops high pH, which has beneficial effects on the
immobilization and low solubility of radionuclides such as
actinides. The good sorption properties of cement for many
radionuclides constitute an important factor in delaying and
decreasing their rel ease into the environment. During degra-
dation, the hydrated cement will dissolve in the intruding
groundwater. Calcium silicate hydrate (C-S-H) gel is the
principal hydration product of cement. Other cement phases
such as ettringite (CagAl,04(S0,)5:32H,0), monosulfate
(Ca,Al,0sS0,-12H,0), gypsum (CaS0,-2H,0), hydrogar-
net (CasAl,(OH),,), and others are also important in hy-
drated cement [1,2].

In order to elucidate the immobilization of radionuclides,
it is necessary to describe the long-term dissolution behav-
ior of these phases. The dissolution behavior of C-S-H gel is
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complex compared with other phases. The dissolution of
C-S-H gd isincongruent in the compositiona range 0.8-1 <
C/S = 1.4-15 with Cay, concentrations being much
higher than those of S, in solution [3-8]. Moreover, the
extent of the incongruent dissolution of C-S-H gel gradually
increases with the C/S ratio, which has a major impact on
the safety assessment of radioactive waste disposal. There
are many experimental reports published for the C-S-H gel
system [3-8]. The data from these reports cannot be used di-
rectly for the long-term safety assessment of radioactive
waste disposal because of the short time period involved in
these experiments. In addition, there are some relative in-
consistencies in these experimental results [9]. On the other
hand, there is no clear evidence of the long-term chemical
behavior of C-S-H gel can be used in the long-term safety
assessment of the repository. In order to describe the long-
term dissolution of C-S-H gel, it is necessary to develop
mathematical expressions by comparing with experimental
data for the safety assessment of radioactive wastes dis-
posal.
Several thermodynamic models have been proposed to
model the incongruent dissolution behavior of C-S-H gel
[2,10-13]. Berner [10] proposed a model derived by ex-
tracting thermodynamic expressions for the solubility prod-
ucts of model solids in which nonconstant solubility prod-
ucts are used as fitting parameters to describe experimental
data in the C-S-H gd system. In the Berner model, calcu-
lated Ca,y concentrations in solution are higher than those
of experimental data in the C/S ratio between 1 to 1.25.
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Borjesson et al. [12] suggested a thermodynamic model by
considering the activity of a model solid of Margules type,
indicating that a calcium-rich gel coexists with aimost pure
Ca(OH),(s) in the region C/S > 1.43. In their model, Cay
concentrations in solution agree well with the experimental
data However, Si,; and pH values in solution are not re-
ported. In previous models [2,10-13], the dissolution be-
havior of C-S-H gdl (e.g., Cag, Siew) @nd pH values are
not reported completely by considering Margules type of
solid solutions. In addition, the phase transitions in the C-S-H
gel are not taken into account.

The available information [14,15] indicates that C-S-H
gel hasalayer structure containing calcium silicate sheetsin
solid solution with Ca(OH), and H,O. The C/S ratio in the
C-S-H gel is known to cover the range between 0.7 to ap-
proximately 2.0. In this range, Taylor [16] proposed two
different types of C-S-H gel, namely C-S-H (1) and C-S-H
(I1). The phase transition between these two C-S-H gels oc-
cursat C/S = 1.5. Within the compositional range of C-S-H
(N (C/Is = 0.7-1.5), it isreported that a second phase transi-
tion occurs at C/S = 1 [17,18]. Recent studies by nuclear
magnetic resonance spectroscopy confirm that three kinds
of C-S-H [C-S-H(«) for C/Sbelow 1, C-S-H(B) for C/S be-
tween 1 and 1.5, and C-S-H(vy) for C/S over 1.5] exist in the
hydrate cement phases [19,20]. The variation of C/Sratioin
the C-S-H gel mainly occurs due to the variation of silicate-
chain length and insertion in interlayer positions of calcium
ions balancing silicate and hydroxide negative charges. In
C-S-H(B), the C/Sincrease is mainly due to elimination of
bridging tetrahedra and insertion of calcium ions balancing
SiO™ charges; in C-S-H(y), it is due to insertion of calcium
ions balancing OH~, which may be localized in the struc-
ture in place of missing bridging silicates. The interlayer
calcium ions are bonded to the end-chain tetrahedra (Q;c,)
inthisregion. In C-S-H(y), C-S-H with C/S greater than 1.5
could be considered as a solid solution of portlandite (CH)
and C-S-H gel. Therefore, the dissolution of the hydrate ce-
ment phases can be described by introducing phase transi-
tionsin the C-S-H gel. In this study, a dissolution model of
C-S-H gdl is proposed by assuming Margules-type solid so-
lutions at C/S > 1. The mathematical expressions for the
dissolution of C-S-H gel are presented and compared with
experimental data. The phase transition at C/S = 1.5 iscon-
sidered for the boundary between C-S-H(B) and C-S-H(v).
By assuming these, a dissolution model of C-S-H gel is de-
veloped for the safety assessment of radioactive waste dis-
posal.

1. End members of the C-S-H gel as model solids

Greenberg and Chang [3] considered from their experi-
mental data in the C-S-H gel system that several solid
phases exists in the system, depending on C/Sratio at 25°C:
(1) silicaand silica partially reacted with Ca(OH), at C/S <
0.14; (2) partiadly reacted silica and CaH,SiO, at 0.14 <
C/S < 1; (3) CaH,SiO, with varying amounts of Ca(OH), at

1 < C/S< 1.75; and (4) CaH,SiO,-n Ca(OH), and Ca(OH),
a C/S > 1.75. Berner [10] has proposed a thermodynamic
model with a nonideal mixture of binary solid solutions: (1)
a0<C/S<1,Si0,and CaH,SIOy; (2) at 1 < C/S< 25,
Ca(OH), and CaH,SiO,; and (3) at C/S > 2.5, Ca(OH), and
CaH,SiO,. Considerations of model solids such as Ca(OH),
and CaH,SiO, in both ranges (1) and (3) are identical in the
Berner model. But numerical values for the solubility prod-
ucts of these solids are different in ranges (2) and (3). For
example, the solubility product of Ca(OH), is assumed to be
dependent on C/Sratio in the range (2), while the solubility
product of CaH,SiO, is assumed to be constant in this
range. In range (3), the solubility products of these model
solids are assumed to be constant values in the Berner
model. Borjesson et al. [12] constructed a model with
Ca(OH),(s) and CaH,SiO,(s) in the region C/S > 1 and
concluded that phase separation occurs at the C/S = 1.43,
a which composition the activity of the end-member
Ca(OH),(s) is unity.

In the present model, we consider a two solid-phase sys-
tem by assuming Margules-type solid solutions. We assume
a nonideal mixture of solid solutions of Ca(OH),(s) and
CaH,SiO,(s) intheregion 1 < C/S < 1.5, while Ca(OH),(s)
isconsdered to coexist with C-S-H gel a C/S> 1.5. At C/S >
15, the C-S-H gel is represented by the end-members
Ca(OH),(s) and CaH,SiO,(s). The end-member Ca(OH),(s)
exists as amost pure solid in this region. Due to the strong
incongruent dissolution behavior of C-S-Hgel at 1 < C/S=<
1.5 [3-8], we assume conditional solubility products of
Ca(OH),(s) and CaH,SiO,(s) in this range. Here the term
“conditional solubility product” means the solubility prod-
uct of asolid that depends on C/Sratio. The conditional sol-
ubility product of Ca(OH),(s) is assumed as a constant
value over C/S > 1.5 due to the saturation concentration of
Caiq in solution for portlandite. The phase trangition at C/S =
1.5 isin accord with recent studies [16-20]. It can be seen
from the experimental data[3-6,8] that Si,,, concentrations
in solution are very low and scattered at C/S > 1.5. There-
fore in our model the conditional solubility product of
CaH,SiO,(s) is arbitrary, and we considered it to have a
constant value at C/S > 1.5.

2. Dissolution model

The C-S-H gel consists of anonideal mixture of solid so-
Iutions. The activity of anonideal solid solution isrelated to
its mole fraction. The chemical potential of a nonideal solid
solution of ith component at a given temperature and pres-
sureisgiven by Eq. (1):

M = U?*’ RTINX;y; D

where w; and p;° are the chemical and standard potential of
the component i, respectively; x, and vy; are the mole fraction
and activity coefficient of the component i, respectively; T
is the temperature in Kelvins and R the gas constant. In or-
der to use Eq. (1), the activity coefficient of the component i
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must be evaluated accurately. These are related to the ex-
cess free energy of anonideal solid solution of component i
[21] asshownin Eq. (2):

Gexcess = RTinInyi (2)
]

where G, . IS defined by the excess free energy between
the enthalpy of the nonideal solid solution and that of the
ideal solid solution. In this study, we use an empirical for-
mulation of the Margules type where G, Can be ex-
pressed with a power series of the mole fractions of compo-
nents. This type of polynomial expansion is used
extensively to describe the deviations from idedlity in solid
solutions consisting of two and three components [22]. For
a nonideal mixture of binary solid solutions of Margules
type, the mixing model proposed by Guggenheim [see 23-25]
is applied to describe the incongruent dissolution behavior
of C-S-H gel. For a binary nonideal solid solution this ex-
pression becomes [EQ. (3)]

Gexcess = X1X2[AO + Al(xl - XZ)] (3)

where the parameters A, and A; are not dependent on com-
position but on temperature and pressure. The activity coef-
ficient of the end-member i can be described as a function
of the composition given by Prausnitz [21] as Eq. (4):

n:G
RTIny — ﬁ) TYexcesy | (4)
o0 on D

where n; is the number of moles of end-member i and n; the
total number of moles. The derivative used in Eq. (4) is
taken at constant temperature, pressure, and number of
moles of all other end-members except i. Using the relation
a, = Xy, with Egs. (2) to (4), the activities of the end-mem-
bers for Ca(OH),(s) can be expressed as Eq. (5):

ay = X, @Xp[XG{ to + 0 (33— Xp)} ] (5)
and for CaH,SiO,(s) can be expressed as Eq. (6):
2, = X@p[Xa{ 0o —ay(3%, = X))} ] (6)

The dimensionless empirical parameters o, and o, are ex-
pressed by A/RT and A,/RT, respectively.

The dissolution of the particular components can be de-
scribed by using the concept of variable activities in the
solid state. The Gibbs-Duhem equation for the nonideal
mixture of two solids gives a relation between the activities
of the componentsin the solid state [Eq. (7)]:

X
Inal® = —X——2 Onal® +C @
1

where C is an integration constant depending on x; and X,.
a® is the activity of component i in the solid state. The
solid state activity of a single solid can be expressed as
shown in Eq. (8)

Inal® = —Ink., +Ina", (i = 1,2) ®)

where a") is the activity in the dissolved state and K'g, is
the solubility product of the pure model solid i. The terms

In a® and In & in Eg. (8) depend on the composition of
the mixture and Eq. (8) can be written as Eqg. (9):

loga)(C/S) = loga’(C/S) + logKL,
= logK,(C/S) (9)

Using Egs. (5) to (9), conditional solubility products of
Ca(OH),(s) and CaH,SiO,(s) can be written as a function of
activities and mole fractions of model solids as shown in
Eg. (10) and Eq. (11):

X
logkL(C/S)=C' + |ogK§o—X—2|oga‘;) (10)
1

X
I0gKZ,(C/S) = logk, + =(C’ ~logal?) (11)
2

where the integration constant C’ is expressed as C' = log
a,® — (1 — 1Ux)) log a,9. Klg, and K34, are the solubility
products of pure model solids of Ca(OH),(s) and CaH,SiO,(s),
respectively, considered as constant values. The logK!g,(C/S)
and logK?s,(C/S) are conditional solubility products of non-
ideal mixture of Ca(OH),(s) and CaH,SiO,(s), respectively,
depending on C/Sratio intheregion 1 < C/S< 1.5. Thein-
tegration constant C’ is defined by the mole fraction x; with
a,® and a,®. Therefore, C' is taken as a function of mole
fractions or of C/Sratio.

Using Egs. (5) to (11), conditional solubility products of
Ca(OH),(s) and CaH,SiO,(s) can be represented as a func-
tion of C/Sratio, as seen in Eq. (12) and Eq. (13)

1 01Cc/S-17
C/sS-1230 ¢/S 0

logK£,(C/S) = C’ +logK 5, —

o A=C/ST, o 10
Go-i g D}'OQC/SE (12)

logk2,(C/S) = C'(C/S—1) +logk2, — (C/S—1)

0117 [8C/S-4

3c/s] o+ o *
[c/S=170

%90 c/s 0 (13)

where x; and x, are replaced by (C/S — 1)/(C/S) and 1/(C/
S), respectively. Since the solubility product of pure solid is
considered as a fixed value, the values of logK!g(C/S)
(=—5.15) and logK?s(C/S) (=—8.16) are taken from the
literature [26,27]. Egs. (12) and (13) are expressed to define
conditional solubility products of Ca(OH),(s) and CaH,SiO4(s),
respectively, inregion1 < C/S=< 1.5,

3. Results and discussion
3.1. Determinations of empirical parameters

The dimensionless empirical parameters oy and «; in
Egs. (5) and (6) can be determined from experimental data.
Saturation indices (9;) can be used to abtain the activity of
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model solids from experimental data at a specific C/Sratio.
The saturation indices are used to describe the apparent
closeness to equilibrium between a solid phase and an ague-
ous solution [27]. For solid dissolution reactions, saturation
indices can be formulated as shown in Eq. (14)

Sl; = log— (14)
KSO
where |AP; is the ion activity product of the end-member i.
A log S value of zero indicates that water is saturated with
respect to a particular solid and avalue less than zero means
it is undersaturated. In other words, a saturated solution ex-
ists only when the ion activity product (IAP;) of the dis-
solved ionsis exactly equal to Kig,. Usually, an ion activity
product describes whether precipitation will occur in the so-
lution or not. The activity of the end-member i in asolid so-
lution with an agueous phase in equilibrium becomes [see
Eg. (15)] [12]
gSodsution _ ﬁ
KSO

Combining Eqg. (14) with Eq. (15), the activity of the end-
member i becomes [see Eq. (16)]

a_Solidsolution — 1OSI‘ (16)

(15)

The experimental data reported elsewhere [3-6,8] are
used with geochemical code PHREEQE to obtain S; values
for various C/S ratios. Not al these experimental data can
be used to model the dissolution of C-S-H gel because of
different temperature, experimental procedure, and ionic
strength correction used in these experiments. Since the
main purpose of this study is to develop mathematical ex-
pressions for the dissolution of C-S-H gel by comparing
with experimental datafor the safety assessment of radioac-
tive waste disposal, we assume that temperature difference
and different ionic strength correction have little effect on
the safety assessment of radioactive waste disposal. In the
Geochemical code PHREEQE, we use the databases of
MINEQL [26]; PHREEQE [27], and CHEMVALG6 [28] and
the solubility product of CaH,SiO, presented by Greenberg
and Chang [3] a 25°C. The Davies equation is used for
ionic strength correction at a specific C/S ratio. Since pH
values are not reported for most of the experimental data,
PHREEQE is alowed to use pH adjustment. Concentrations
of Caua and Siy,y are taken from experimental data to ob-
tain S; values for a specific C/S ratio; 9, values are then
converted to activities using Eq. (16). The activities deter-
mined from the experimental data of Kalousek [4] are used
to calculate the empirical parameters by least square fitting
with Eq. (5) because the Kalousek data are at 25°C. In the
fitting procedure, recent studies [16—20] on the phase transi-
tion in the C-S-H gel are taken into account. In this work,
we fix the point at C/S = 1.5 where the activity of
Ca(OH),(9) is unity. Values from the region at C/S > 1.5
where C-S-H gel coexist with Ca(OH),(s) are omitted from
the fitting procedure. The other data [3,5,6,8] are used to

Tablel

Fitted values of emperical parameters g and oy

Model solids Fitted value
Ca(OH),(s) ap = 1.235 + 0.137
CaH,Si04(9) a; = 3711 = 0411

compare with model calculations. Since Si,,y concentra-
tions in the experimental data are very scattered in the re-
gion C/S > 1, it is quite difficult to evaluate the values of
empirical parameters with the activities of CaH,SiO,(s) by
fitting with Eq. (6). However, the same values of oy and o4
determined from Eq. (5) are used in Eq. (6) because the val-
ues should be the same in both Egs. (5) and (6). The fitted
values of the empirical parameters are shown in Table 1.
The uncertainties of these empirical parameterslistedin Ta
ble 1 are rather high because of data scatter. The uncertain-
ties are determined at one standard deviation from the fitted
curve.

Fig. 1 shows the calculated activities of Ca(OH),(s) as a
function of C/S ratio together with the activities measured
experimentally [3-6,8], while Fig. 2 represents the calcu-
lated activities of CaH,SiO,(s). The standard deviation ¢ in
Fig. 1 between model calculation and experimental data of
Kalousek [4] is 0.239 according to Eq. (17)

2
o = E (Y=Y (17)

N

where y and y; are model and experimental results, respec-
tively, and N is the number of data points.

Model calculations (shown by a solid line in Fig. 1) are
comparable with the upper values of the experimental re-
sults. However, deviation between measured and modeled
results is observed in this study. The reasons for the devia-
tion may be as follows. First, these experiments are per-
formed at 17-30°C. Second, Si,; concentrations are scat-
tered in the experimental data, especidly in the region C/S >
1 compared with Ca,. These effects may be influenced by
the saturation indices, which are used to calculate the activi-

10 { ©  Greenberg and Chang n
’ = Kalousck
| ©  Fujii and Kondo o

0.8 4 Taylor
O Flint and Wells
| Present Model J

g
=N

<
n

Activity of Ca(OH),(s)

0.2

10 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
C/S ratio

Fig. 1. Activities of Ca(OH),(s) as afunction of C/Sratio.



M. Rahman et al. / Cement and Concrete Research 29 (1999) 1091-1097 1095

35
©  Greenberg and Chang
30 = Kalousek
¢ Fujii and Kondo
< 23 - 4 Taylor
Q
2, 20 - 0 Flint and Wells
g " — Present Model
o o " n
3 15 . L]
o
)
Z o %D L]
2 1.0 <o 3 %0 = L ] - n
ID 2 “ o O ©
05} = (’Oo . 5o § o %o
° o a Yoo O
00" a0y o 2 9 ° °°
1.0 13 1.6 1.9 22 25

C/S ratio

Fig. 2. Activities of CaH,SiO,(s) as afunction of C/Sratio.

ties of the model solids. Third, different experimental and
analytical procedures in the experiments [3-6,8] may have
influenced the resultsin the C-S-H gel systems.

In Fig. 2, the calculated activities of CaH,SIO4(s) are
comparable with experimental values[3-6,8]. However, the
deviation between measured and model results are large be-
cause of large scatter in S,y at C/S> 1.

3.2. Solubility calculations

The mathematical expressions proposed in the model are
used to calculate the solubility of C-S-H gel with charge and
mass balances. Egs. (12) and (13) are used for the condi-
tional solubility products of Ca(OH),(s) and CaH,SiO,(s) at
1 < C/S =< 1.5in the solubility calculations. The values of
logK's(C/S) and logK?4,(C/S) are found to be —5.15 and
—8.58 using Egs. (12) and (13), respectively, at C/S = 1.5.
These values are used over C/S > 1.5 in the solubility cal-
culations. A set of dissolved species such as Ca?*, CaOH*,
H,SiI0,2~, H,SIO,~, H,SI0,, H, and OH™ is assumed to
present in the system at equilibrium [10]. The chemical re-
actions of these species are also used to calculate the solu-
bility in the system. The charge balance of the system is ex-
pressed by these species. The ionic strength is corrected by
applying the Davies equation [29]. The agueous concentra-
tions of species, Ca?" and CaOH™, are used to calculate
Cay in solution. S,y concentrations are calculated from the
agueous concentrations of H,Si0,2~, H;SIO, ™, and H,SiO,.
The chemical reactions used for the solubility calculations

Table2
Chemical reactions and their equilibrium constants log K used for
solubility calculations

Chemical reactions log K References
Ca&" + OH™ ~ CAOH* —-1.22 [26]
H,Si0,2” + H,0 « HiSi0,~ + OH™ 0.67 [26]
H,Si0,2~ + 2H,0 « H,SI0, + 20H" 4.86 [26]

H,O « H* + OH"~ 14.0 [26]
Ca(OH),(s) - Ca" + 20H" -515 [26, 27]
CaH,SiOs) « Ca" + H,SI02" —8.16 [26]

45 — —
-5.0
“AA‘AAAAAAAAAAA-.
55| aansstt 4 Ca(OH),
-6.0 (Berner Model)
7 | —— Ca(OH),
7]
o 63 (Present Model)
i 70 -=- CaH,SiO,
2 (Present Model)
- -15
-8.0
Bt e e e e e e e e e e e e 4
-9.0
1.0 1.2 1.4 1.6 1.8 2.0 2.2 24

C/S ratio

Fig. 3. Conditiona solubility products of model solids and comparison
with Berner [10] model at C/S > 1.

are listed in Table 2. The databases MINEQL [26] and
PHREEQE [27] are used for solubility calculation as shown
in Table 2.

The values of logK'(C/S) and logK2,(C/S) together
with the conditional solubility product of Ca(OH).(s) in the
Berner model are shown in Fig. 3. The values of logK!(C/
S) obtained in this work are found to be lower and higher
than those of the Berner model at C/S < 1.2 and at C/S >
1.2, respectively. At C/S = 1.5, the values of logK!s(C/S)
is —5.15, while the same value of conditional solubility
product is found at C/S = 2.5 in the Berner model. Thisis
because the integration constant derived from Gibbs-Du-
hem equation is variable with respect to C/S ratio in this
work, while a constant value is taken in the Berner model.
On the other hand, the value of 10gK2s(C/S) is taken as a
constant value (—8.16) in the Berner model, while variable
values of logK?s(C/S) with C/S ratio are taken in our
present work as 1 < C/S < 1.5. In addition, the conditional
solubility products of model solids in the Berner model are
used as a fitting parameter to describe the solubility behav-
ior of the C-S-H gel. In the present model, we use the activ-
ities of model solids to extract the conditional solubility

©  Greenberg and Chang —t
A
- 20 = Kalousek & :m 2 agpd A.: Ay o
2 o Fujii and Kondo ,o0%°
Z 16 4 Taylor o AE‘]‘DD Q
g + Roller and Ervin 4 O % @
) 0 Flint and Wells /a0 EEI|D
g 121 | — Present Model §o o
é g fu 5 ° o
5 8 ¢
Q
s A o o
< o
Z 4
S Ly
5007 TR Spdel]
0 -
0.0 0.3 0.6 0.9 1.2 1.5 1.8 2.1 24 2.7
C/S ratio

Fig. 4. Measured [3-8] and modeled Ca,y concentrationsin solution of the
C-S-H gel system.
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Fig. 5. Measured [3-6,8] and modeled Si,,y concentrations in solution of
the C-S-H gel System.

products of Ca(OH),(s) and CaH,SiO,(s) by considering re-
cent studies [16-20] on the phase transition of C-S-H gel.

The Ca,, concentrations in solution calculated by the
proposed model relatively agree with experimental data[3-8]
of C-S-H gel system as shown in Fig. 4. The Si,,4 concen-
trations in solution as shown in Fig. 5 are also comparable
with experimental data[3-6,8]. The pH values in the model
caculations are found between 11.4 to 12.48, which are
comparable with those of Greenberg and Chang [3], shown
inFig. 6.

Due to lack of corresponding thermodynamic data, the
model is restricted to 25°C. Since the solubility calculations
are based on the thermodynamic data, model calculations
could be further improved by redetermining the input data.

The present model is limited to the C-S-H gel system.
However, the interactions of cementitious materia with wa-
ter develop other hydrated phases. In the real system, these
phases may interact with or substitute in C-S-H gel. The
substitution of Si or Cafrom the dissolution of C-S-H gel to
other phases may have significant effect on the concentra-
tions of Si,yy and Cay in therea system. Stade and Muller
[30] suggested that C-S-H gel of high C/S ratio contained
layers of portlandite structure, in which Ca can be replaced
by Al or Fe to form a layer of monosulfate structure. Fur-
thermore, based on the evidence including X-ray data it is
reported that A3 enters C-S-H gel by joining with H* to
replace Si** or by joining with another AI3* to replace
3Ca" [31]. Si** replacement for SO,2~ may be due to the
existence of ettringite in the hydrated cement phases [32].

In our present study, the effects of these replaceable ions
on the dissolution of C-S-H gel are not considered. In the
near future, a model for the effects of ettringite, monosul-
fate, hydrogarnet, and gypsum on the dissolution of C-S-H
gel will be developed.

4, Conclusions

A model for dissolution of C-S-H gel is developed by as-
suming anonideal mixture of Margules-type solid solutions.
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Fig. 6. Measured [3,8] and modeled pH valuesin the C-S-H gel System.

The proposed model can reproduce the solubility data of
C-S-H gel system. The calculated results of Cay and Sy
concentrations and pH values by this model are comparable
with experimental results. Thismodel is a useful tool to pre-
dict the safety assessment of radioactive waste disposal.
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