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Models of Cement-Water Interaction and a Compilation of Associated Thermodynamic Date

David Savage" K Lemke?, Hiroshi Sasamoto”
Masahiro Shibata Randolph C Arthur M]kazu Yui®

Abstract

Modelling approaches that have been proposed for cement-water system are reviewed in this
report, and relevant supporting thermodynamic data are compiled. The thermodynamic data
include standard molal thermodynamic properties of minerals and related compounds comprising
cements, and equilibrium constants for associated hydrolysis reactions. Similar data for minerals
that are stable in hyperalkaline geologic environments (e.g., zeolites) are also included because
these minerals could be formed as hyperalkaline fluids emanating from cementitious materials in a
repository for radioactive wastes interact with the surrounding host rock. Standard molal
properties (i.e., standard molal Gibbs free energies and enthalpies of formation and standard molal
entropies), and/or equilibrium constants for associated hydrolysis reactions, are included for:

- cement minerals and related compounds (Reardon, 1992; Glasser et al., 1999)

+ calcium-silicate hydrate minerals (Sarkar et al., 1982), and '

* zeolites (calorimetric and estimated values from various sources)

All these data are accepted at face value, and it is therefore cautioned that the data, considered as a
whole, may not be internally consistent. It is also important to note that the accuracy of these data
have not been evaluated in the present study.

Several models appropriate for cement-water systems have been proposed in recent years. Most
are similar in the sense that they represent empirical fits to laboratory data for the CSH gel-water
system, and therefore not thermodynamically defensible. An altemative modeling approach based
on thermodynamic principles of solid-solution behavior appropriate for CSH gel has recently been
proposed; however. It is reviewed in the present study, and evaluated in relation to experimental

results obtained by JINC on cement-water interactions.

The solid-solution model is based upon a thermodynamically- and structually-justifiable
description of CSH gel in terms of a non-ideal solid-solution of portlandite and calcium silicate
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end-member components. Miscibility gap and solubility data for the two end-members have been
employed using the computer code “MBSSAS” to investigate solubility behaviour for the solid-
solution. A Lippmann phase diagram constructed using MBSSAS was used to input data to
PHREEQC to calculate fluid compositional data in equilibrium with the gel solid-solution. A
comparison of fluid compositions calculated with the gel solid-solution model with those available

in the literature for the CSH gel-water system show good agreement.

The CSH gel solid-solution model was then used to simulate the results of JNC leaching tests
using the PHREEQC software. Due to inadequacies of the PHREEQC code, it was necessary to
input the CSH gel solid-solution as discrete “portlandite” and “calcium silicate” end-members
with variable solubility in accordance with the Lippmann phase diagram. CSH gel solid-solution
alone was considered to simulate the behaviour of OPC.

The CSH gel solid-solution model provide a reasonable fit to the INC OPC leachate data, but
there were discrepancies with the experimental data for fluid leachate volumes between 10,000
and 30,000 ml. An altemative modeling approach (Bemer, 1992) provided a better overall fit to
the JNC data than the solid-solution model. ' :

Re-evaluation of the CSH gel model with respect to possible variations in end-member miscibility
and solubility behaviour, together with a better representation of the overall cement system
(inclusion of phases other than CSH gel) is anticipated to produce a better fit of modelled and
experimental data. Further development of the both the CSH gel solid-solution model and cement-
~Ieaching simulation software (PHREEQC) is recommended to predict the evolution of cement
pore fluid composition with time. '

The Maguarin natural analogue site is a suitable site for the examination of the mechanisms and
processes associated with cementitious repositories. The evidence at Maquarin will be useful to
test the applicability of the CSH gel model under hyperalkaline conditions in future.

1) Quintessa, Ltd., Nottingham, UK

2) University of Bristol, Bristol, UK

3) Japan Nuclear Cycle Development Institute Tokai Works, Tokai-Mura, Ibaraki, Japan
4) Monitor Scientific, LLC., Denver, Colorado, USA
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1 Introduction

Cement and concrete are likely to be used extensively in any repository for long-lived
intermediate level radioactive wastes in Japan. Because of the long-lived nature of some
of the radioactive wastes to be disposed of in an ILW/TRU repository, it is desirable that
hyperalkaline pore fluid conditions are also maintained in the long-term (in excess of 10°
years). Elevated pH conditions are a function of the solubility and mass of pH-controlling
solids within the cement, their interactions with aqueous species in groundwater saturating
and flowing through the repository, and the rate of flow of groundwater through the
system. The principal cement phase believed to be controlling pH in the long-term (at
timescales relevant to performance assessment) is calcium silicate hydrate (CSH) gel.
Consequently, it is necessary to have an understanding of how CSH gel interacts with
water and to have a sound mechanistic and thermodynamically rigorous model of its
behaviour.

Several models appropriate for cement-water systems have been proposed in recent years,
but all are similar in the sense that they represent empirical fits to laboratory data for the
CSH gel-water system, and are therefore not thermodynamically defensible. An
alternative, thermodynamically-rigorous solid-solution model for CSH gel has been
published recently, however, and it is evaluated in the present study. This model is based
upon 2 thermodynamically- and structurally-justifiable description of CSH gel in terms of
a non-ideal solid-solution of portlandite and calcium silicate end-member components.
Miscibility gap and solubility data for the two end-members are employed using the
computer code “MBSSAS” to investigate solubility behaviour for the solid-solution. In
this approach, a Lippmann phase diagram constructed using MBSSAS is used to input
data to geochemical models of aqueous-speciation behavior, such as PHREEQC, to
calculate fluid compositional data in equilibrium with the gel solid-solution.

Thermodynamic data supporting chemical models of cement-water interaction are also
compiled in this report. The data are taken at face value from several sources, including
data recommended by Reardon (1992) and Glasser et al. (1999) for cement minerals and
related compounds (Section 3), data for calcium-silicate hydrate minerals from Sarkar et
al. (1982) (Section 4), and calorimetric and estimated thermodynamic data from several .
sources for zeolite minerals (Section 5). Proposed approaches for modelling cement-water
systems are briefly reviewed in Section 6, where the approach noted above is also
summarized and tested using relevant experimental data generated by JNC'.

' The Japan Nuclear Cycle Development Institute (JNC) was established in 1998, and is responsible for

many of the repository R&D functions formerly assigned to the Power Reactor and Nuclear Fuel
Development Corporation (PNC).
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2 Objectives

The objective of this report is to summarize modeling approaches that have been proposed
for cement-water systems, and to compile relevant supporting thermodynamic data from
literature sources. Relevant thermodynamic data include standard molal thermodynamic
properties of minerals and related compounds comprising cements, and equilibrium
constants for associated hydrolysis reactions. Similar data for minerals that are stable in
hyperalkaline geologic environments {(e.g., zeolites) may also be important because these
minerals could be formed as hyperalkaline fluids emanating from cementitious materials
in a repository for ILW/TRU wastes interact with the surrounding host rock. All the
thermodynamic data compiled in this report and are accepted at face value. It is therefore
cautioned that the data, considered as a whole, may not be internally consistent. It is also
cautioned that the accuracy of the data have not been evaluated in the present study. '

Because models that have been proposed in recent years for cement-water systems are not
thermodynamically defensible, an alternative modeling approach that is based on
thermodynamic principles of solid-solution behavior appropriate for CSH gel is also
described in the present study. The model is evaluated in relation to expenmental results

obtained by JNC on cement-water interactions. : : ‘
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3 Cement Mmerals and Related Compounds

Thermodynamic data that can be used to model cement chemistry and cement pore water
evolution are compiled in Table 3_I, based on reports by Reardon (1990, 1992). Reardon.
bases his approach on the Pitzer ion-interaction model for calculation of activity
coefficients at high jonic strengths. A variable composition model for CSH gel is
developed based on data reported by Gartner and Iennings (1987). The following
expressions are used to calculate solution parameters in equilibrium w1th the CSH gel
phase (see Section 6):

(EE) =0.88 + 0.03exp™**
Si Jesy

~LogK,, =9.044 ~0.568R + 0.193R?

where R =10g (Geazs /ussionnqy) @nd K refers to the dissolution reaction of CSH gel. |

An altemnative dataset for cement minerals and solids (Table 3_2) is available in a recent
compilation produced by Professor F. Glasser and colleagues at the University of
Aberdeen (Glasser et al., 1999). For the most part, these are data derived experimentally
at the University of Aberdeen over the past 10 years under contract to the UK Department
of the Environment (e.g., Atkins ez. af., 1991). The report describing these data is not yet
available, however.
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Table 3_1: Thermodynamic data for cement minerals and related compounds at 25°C, I bar (Reardon,

1592)

Substance/Mineral Name Reaction log K.
Mg(OH),/brucite ;- Mg(CH), = Mg + 201 B -10.88
CaOH),/portandite Ca(OH), = Ca® + 20H" -5.19
CagAl,04(50,)3.32H,0/ CagALO(S0,);.32H,0 = 6Ca™ + 2AI(OH), + 350,” + 40H + 26H,0 : -43.94
ettringite _ _ . E
5i0,.2H,0/amorph. silica  8i0,.2H,0 = H,Si0, -2.70
Ca0.AL0;.CaCO;.11H,0/  Ca0.AL0,.CaCO;4.11H,0 = 2Ca®* + ZAI(OH), + CO,* + TH,0 -18.54
Ca-carboaluminate
3Ca0.AL,0,.CaClL,.10H,0/  3Ca0.AL0,;.CaCl,. 10H,0 = 4Ca™ + 2AI(OH), + 2CI' + 40H + 4H,0  -31.62
Friedel’s salt
Mg,5i0,5(0H),.6H,0/ Mg,Sig0,5(0H),.6H,0 + 3H,0 = 4Mg™* + 6H,Si0, + 20H -55.31
sepiolite
AL(OH),/gibbsite AI(OH); + OH = AOH), -0.90
CaCQ,/calcite CaCO, =Ca* + CO;* -8.41
CaS0O,.2H,0fgypsum CaS0,.2H,0 = Ca* + SO,* + 2H,0 -4.58
K,SO,/arcanite K,S0,=2K"+S0* -1.78
MgCO0,.3H,0/ MgCO0,.3H,0 = Mg?* + CO,* + 3H,0 -5.12
nesquehonite o : .
CaMg(CO,;),/dolomite CaMg(CO,), = Ca®™ + Mg® + 2C0O,* -17.08
2Ca0.AL,0;.8H,0/C,AH;  2Ca0.AL0,.8H,0 =2Ca* + AI(OH), + 20H + 3H,0 -13.75
3Ca0.ALO; . 6H,0/C;AH,  3C20.AL0,.6H,0 = 3Ca™ + 2Al(OH), + 40H" -23.13
NaCl/halite - NaCl=Na*+CI' : 1.57
Ca,CL.(OH)¢. 13H,0/ Ca,Cl,(OH);.13H,0 = 4Ca™ +2CF + 60H" + 13H,0 -15.25
Ca-oxychloride _ .

- Mg,CI(OH); 4H,0/ Mg,CHOH); 4H,0 = 2Mg™ + CI' + 30H" + 4H,0 -15.96
Mg/oxychloride '
K, Ca(S0,),.H0/ K,Ca(S0,),.-H,0 = 2K* + Ca®* + 280> + H,0 -7.45
syngenite '
K;Na(S80,),/glaserite K;Na(S0,), = 3K* + Na* + 280,> : -3.80
Ca,Al,0480,.12H,0/ Ca,AL0,50,.12H,0 = 4Ca® + 2AI(OH), + SO,” + 40H" + 6H,0 -29.25
monosulphate
Na;(HCO,)C05.2H,0/ Nay(HCO;)CO;.2H,0 = 3Na* + HCO, + CO;* + 2H,0 -1.04
trona
NaHCO,/nahcolite NaHCO, =Na* + HCOy -0.40
xCa0.5i0,.xH,0/CSH xCa0.8i0,.xH,0 + H,0 = xCa® + H,Si0, + (2x - 1)OH' see
(x = Ca/Si raiio) Sec. 6
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Table 3_2: Thermodynamnc data for cement mmerals and related compounds at 25°C 1 bar (Glasser et al,,

1559)
. Reaction or Standard Pmpertles
Substance/Mineral Name AHC L AGS §° log K,
(kcal mol™) {keal mol") (cal K mol™)
Ca;AlSi0;.4H,0/katoite -111.9 '

] B ' 3Ca* + 24P + H,SIO, + 81—[20 [2H* = Ca,ALSi0,. 4HZO 69.37]
ICa(OH)./portlandite Ca™ + 2H,0 = Ca(OH), + 2H* 22 815
Mg, (OH),CL4H,0/ 2Mg* + Cl + TH,0 = Mg,(OH),CL4H,0 + 3H* 26.067

Mg-oxychloride '
Mg, S 1‘50.5(0H)2 6H,O/ 4Mg* + 6H,5i0, + H,0 = Mg,Si,0,5(OH),.6H,0 + 8H* 34.0a
kepiolite
£50,.TH,0/ 12.0 ] - | - -

psomite Mg* + $0,” + 7TH,0 = MgS0,.7H,0 -2.131
Mg,Al,O,.10H,0/ 4Mg* + 2AP* + 1TH,0 = Mg,ALO,.10H,0 + 14H" 75.443
fhiydrotalcite :
CagAl,(OH),,(50,);.26H,0/ 8032 | - Bl - .
e ttringite 6Ca™ + 2AP" + 35S0, + 38H,0 = CaGAlz(OH)12(SO4)3 26H,0 + | 55.223

12H*

Ca,Al,(OH) ;S0,.6H,0/ -120 | - i - -
monosulphate 4Ca* + 2A + SO,” + 18H,0 = Ca,AL(OH),80,.6H,0 + 12H* 71.36]
CagAlOCle xH,0/ 6Ca® + 2A1* + 6CI" + 36H,0 = Ca,Al,0Cl,.xH,0 + 12H" 56.84°
chloroettringite
Ca,AlL,OCO;.10H,0/ 4Ca® + 2AP" +CO,% +17H,0 = Ca,ALCO,.10H,0 + 12H" 69.897
monocarboaluminate )
[K,S0,/ 5.7 | - ! . -
arcanite 2K+ 80,7 = K80, . -1.78°
MgCO,.3H,O/nesquehonite Mg + COy” + 3H,0 = MgCO,.3H,0 " -5.267
NaHCO./nahcolite 8.03 : - - .
NaCl/ 2.2 - - -
halite Na* + CI' =NaCl 1.57%
Ca,AlSiO,.8H,0/ 2Ca® + 2A1P* + H,Si0,+ 11H,0 = Ca,Al,Si0,.8H,0 + 10H* 49.671
igehlenite hydrate '
(CaySig0 sH,(OH).6H,07 -187.0 | | - 1
jennite 9Ca® + 6H,5i0, + 8H,0 = Ca;Sxﬁo,gHz(OH)g 6H,O + 18H' 147.17
NaOH Nz* + H,0 = NaOH + H* ' 20.97
KCH K"+ H,0=KOH +H" 15.852]
Ca,Al,581,0,(OH),/hibschite -87.0 ] | - .
ICaK,(SO,), H;O/syngenite ) Ca™ + 2K* + 280, + I-IZO CaK,(50,),.H,0 -7.459
Ca, ALCLO,. 10H,O/ 4Ca™ + 2A1* + 2CI" + 16H,0 = Ca,ALCLO,.10H,0 + [2H* 72.04
Friedel’s salt
Ca,AL(S0,),-CL12H,0/ 4Ca? + 2AP* + CI + 0.580,2 + 18H,0 = Ca,AL(SO,)CLIZH,O | 71.94°
Kuzel's salt + 12H*
Ca,0,CL.16H,0/ 4Ca™ + 2Ct + 19H,0 = Ca,0;CL,.16H,0 + 6H* 68.757

Ca—oxychlonde

2. Log K formulated using the Davies equation for actmty coefficient calculation.
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4 Calcium Silicat_e Hydrate Minerals

Thermodynamic data for the .calcium silicate hydrate (CSH) minerals, hillebrandite,
afwillite, foshagite, xonotlite, tobermorite, ‘gyrolite, and okenite (Table 4_1), were derived
from the compilation produced by Sarkar ef al. (1982). The data for the CSH minerals
quoted in Sarkar et al. (1982) are, in turn, derived from the work of Mchedlov-Petrossian
(1972), which are calculated data. According to Sarkar ef al. (1982), Mchedlov-
Petrossian’s data agree satisfactorily with available experimental data, e.g., Newman
(1956). The data for CSH minerals from Sarkar ef al. (1982) are included in other
compilations of this type, e.g., the thermodynamic database accompanying EQ3/6 : -
(Wolery, 1992). ' EEE

Formation from the Elements

Substance/Mineral Name . SRV S . AG° e
{kcal mol™) (kcal mol) (cal K" mol™)
Ca,5i0,.1.17H,OMillebrandite -637.15 ' . ~5929 o 38.4
Ca;8i,0,.3H,Ofafwillite - .- - -11432 - -105295 = 74.6
Ca,51;0,0.1.5H,Offoshagite .~~~ = -~ -1439.99 -1347.9 78.95
Cag5i,0,4.H,0/xonotlite -2396.7 -2259.4 1213
Ca,Si0,7.5.5H,0/11 A tobermorite -2556.3 -2361.45 146.15
Ca;8i40,7.5.5H,0/14 A tobermorite -2911.25 -2647.3 193.15
Ca,Sig0,,.5.5H,0/9 A tobermorite -2375.0 ) -2215.0 122.65
Ca,Siy0;3.2.5H,0/gyrolite -1175.85 . -1085.65 ) 64.0
CaSi,0,2H,O/ckenite -750.3 -686.4 40.9

Table 4_1: Thermodynamic data for CSH minerals and solids at 25°C, 1 bar (Sarkar et al., 1982)
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5 Zeolites

Thermodynamic data for zeolites (Table 5_1) are derived both from calorimetric
(analcime, laumontite, leonhardite, mesolite, mordenite, natrolite, scolecite, wairakite, and
yugawaralite) and modeling (chabazite, clinoptilolite, epistilbite, erionite, heulandite,
phillipsite, and stilbite) studies. The calorimetric data were obtained either by G. K.
Johnson and co-workers at the Argonne National Laboratory, Illinois, USA. (Johnson et
al., 1982, 1983, 1992), or by Kiseleva et al. (1996a,b). Bowers and Bums (1990) noted
that several of the data from Johnson and co-workers (particularly laumontite, stilbite and
chabazite) resulted in the lack of stability fields at low temperature. R :

Modeled data were either derived from the paper by Bowers and Burns (1990) {chabazite,
clinoptilolite, epistilbite, heulandite, phillipsite, and stilbite} or that by Chermak and

Rimstidt (1989) {erionite}. Bowers and Burns (1990) used the approach described by.

Chen (1975) to estimate Gibbs free energies of formation at 25°C where these data are
missing for various zeolites. This method involves the summation of several sets of
components (oxides, silicates, etc.) which are then fitted with an exponential curve which -
* asymptotically approaches a low value defining the standard molal Gibbs free energy of =
formation. An error less than 6% is anticipated for this method. Chermak and Rimstidt

(1989) use a different method to estimate Gibbs free energies and enthalpies of formation

for zeolites. They adopt the method of “summation of polyhedral contributions”
described by Hazen (1988) and use multiple linear regression techniques to assess the
contribution of various oxide components to the zeolite thermodynamic constants.

Modeled data for zeolites are also reported by La Iglesia and Aznar (1986), but are not
incorporated into data tables presented here.
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Table 5_1: Thermodynamic data for zeolites at 25°C, 1 bar

Formation from the Elements

Substance/Mineral Name AH® AG® Se Ref.”
(kcal mol") (kcal mol™) (cal K™ mol™)

Nag gsAly 565120:05.- H,Ofanalcime -790.1 -737.6 54.2 92JOH/82J0H
CaAl,Si,0,,.6H,O/chabazite 1 -1866.8 -1712.6 - SOBOW
Nayg, 55Ky 05Ca; sMg, 24l 1Fey, 3s;zg.o.,2 22H,0/ -9811.9 -9057.8 . 90BOW
clinoptilolite _ _

CaAl,Sig06. SH,Olepistilbite o -2234.8 -2065.2 - 90BOW
KalSi;0;.3H,0/erionite - -1065.7 - 89CHE
CaAl,51,0,,.6H,0O/heulandite -2519.9 -2326.6 - 90BOW
CaAl,S$i,0,,4H,0OMaumontite -1733.0 -1601.1 116.0 96aKIS
CaAl,Si,0,,.3.5H,0/leonhardite | -1698.7 -15733 110.2 96bKIS
Nag 676Cag 65781, 090813 010,0.2.647H,O/mesolite -1424.8 -1321.1 - 86.8 92JOH/83J0H
Cag 29N 361A 004815060 15.3.468H,0/mordenite . -1614.8 -1493.2 116.3 92J0H -
Na,ALSi;0,.2H,O/natrolite -~ -1370.1 -1274.1 860 - 92JOH/83I0H
Na,AlSi;0,,.5H,O0/Na-phillipsite =~ = -2003.5 -1851.4 - ' 90BOW
K,ALSi;0,,.5H,0/K-phillipsite 20255 -1871.5 - ' 90BOW
CaAl,Si50,,.5H,0/Ca-phillipsite - - £ +2010.1 -1860.6 - 90BOW
CaAl,Si;0,.3H,0/scolecite - - S I1449.0 0 -13413 878  92JOH/83JOH
NaCa,AlLSi;;0s. 14H,0/stilbite - L. . 52475 - -48336 - 90BOW
CaAl,Si,0,,.2H,0/wairakite : . -1588.6 . -14838 95.8 96aKIS
CaAlSi0,s4H,0/yugawaralite -2163.3 -2008.3 145.7 96aKIs-

" Q90BOW- Bowers and Burns R.G. (1990); 89CHE- Chermak and Rimstidt (1989); 82JOH- Johnson et al.
(1982): 83JOH - Johnson et al. (1983) ; 92.IOH- Johnson er al. (1992); 96aKIS Ktseleva et al. (1996a);

96bKI1S- Klseleva et al. (1996b).
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6 Cement-Groundwater Interaction Models

Cement and concrete are likely to be used extensively in any repository for long-lived
intermediate level radioactive wastes in Japan. The hyperalkaline pore fluid conditions
maintained by cement/concrete systems is perceived to be beneficial for the isolation of
radioactive wastes because of: I TN B S

* minimization of metal (particularly iron/steel) corrosion: -
* minimization of the solubility of certain radionuclide-bearing solids; =~
* minimization of microbial activity in the repository. . .-

Becaus__é of the __lpng-livé_d_nghlfé of some of the radioactive wastes to be disposed of in an
ILW/TRU repository, it is desirable that hyperalkaline pore fluid conditions are also -
maintained in the long-term (in excess of 10* years).

Elevated pH conditions are a function of the solubility and mass of pH-controlling solids
within the cement (e.g., portlandite, calcium silicate hydrate gel), their interactions with .
aqueous species in groundwater saturating and flowing through the repository, and the rate
of flow of groundwater through the system. It follows therefore, that understanding the
- chemical interactions of cements with groundwaters is fundamental to the understanding
of repository evolution. The principal cement phase believed to be controlling pH in the
long-term (at timescales relevant to performance assessment) is calcium silicate hydrate
(CSH) gel. This gel may constitute 50-70 volume % of Ordinary Portland Cement (OPC)
[Mindess and Young, 1981]. It is necessary to have an understanding of how CSH gel
interacts with water and have a sound mechanistic and thermodynamically rigorous model
of its behaviour. o

JNC are carrying out a programme of laboratory cement leach _t¢$ts and computer
modelling to be able to develop a thermodynamic model for CSH gel. The modelling
activities are reviewed, and alternative approaches evaluated, in this section.

6.1 CSH Gel Behaviour

CSH gel is a product of the hydration of tricalcium silicate (3Ca0'SiQ,) and dicalcium
silicate (2Ca0'8i0,) in the cement clinker. CSH gel does not have a fixed chemical
composition and has a variable Ca/Si ratio, from approximately one, to two, or higher. It
is a near-amorphous material, but can be considered to have a “degenerate clay structure”
[Mindess and Young, 1981], by which is meant that it can be thought to have a layered
structure, consisting of sheets of calcium silicate with interlayer calcium ions and water.
Richardson and Groves (1993) have proposed a general model of CSH gel as:

Cay H.Sig,- 100n-2Cana(OH) gy mH0

which is based on a disordered la'yer structure with “dreierketten” silicate chains of length
3n - 1 in solid solution with variable amounts of Ca(OH),. The simplest silicate end-
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member composition is tobermonte—hke CSH such as Ca,H,S8i,0; 3H20 (withn=1,w=
2,and m=3).

At solid Ca/Si ratios > 1, CSH gel dissolves incongruently in water with aqueouns Ca
concentrations being much higher than those of Si. The extent of incongruent dissolution
behaviour increases with the Ca/Si ratio of the solid. Ca-rich CSH gel (Ca/Si > 2)
equilibrates with aqueous solutions of very high Ca/Si ratio (> 10,000), whereas low Ca/Si
gel (Ca/Si < 1) coexists with an aqueous phase with a Ca/Si ratio < 1. Despite the non-
stoichiometric dissolution behaviour, there is good evidence that dissolution behaviour is
driven by thermodynamic equilibrium. Greenberg et al. (1960) were the first to conclude

that CSH gel with CSH ratio > 1 is essentially a solid solution of Ca(OH), in a low Ca/Si
ratio calcium silicate component. From a structural and aqueous chemical perspective
therefore, there is good evidence that CSH gel can be described by a binary non-ideal
solid-solution.

6.2 Thermodynamic Models of CSH Gel

Two types of model have been proposed to explain the behaviour of CSH gels from a
thermodynamic perspective: : : :

1. The first approach relies upon solubilities in the system CaO-SiO,-H,O being
recalculated to unique solubility products raised to fractional powers as a function of
the Ca/Si ratio [Glasser et al., 1988]. Unfortunately this approach is not consistent
with the law of mass action, which requires that molecular compounds are formed via
chemical reactions which necessitate non-fractional stoichiometric coefficients. Also,
non-fractional stoichiometric coefficients are required to maintain electroneutrallity of
aqueous solutions (ionic charges are integers according to atomic theory). This model
is otherwise appealing because non-constant solubility products are used to ﬁt
parameters describing experimental data in the system Ca0-Si0,-H,0. -

2. The second approach utilises the Gibbs-Duhem equation, which at constant pressure
and temperature can be applied to each phase in the 3-component system CaO-SiO,-
H,0: '

Xpdyy + Xidilh, + Xodul, =0,

where £ are chemical potentials in each respective component. An expression such as
the following-can be written to relate the Ca/Si ratio of the solid to the chemical
composition of the aqueous phase:

Xg _—dus 1-mg'R,, + me Ry

R..==%=
x5 du. 5551 55.51

-10-



JNC TN8400 2000— 004

where R,s is the molar H,0/Si0, ratio of the solid and m denotes units of molality.
The major disadvantage of this approach is that it does not incorporate any structural
information on CSH gel, such as non-ideal mixing behaviour or miscibility gaps.

Models used to explain CSH gel behaviour in radioactive waste disposal have tended to be
of the first type. The more important of these are those of: SRR

* Atkinson et al.(1987);
* Glasser er al. (1988);

* Bemer (1992);

* Reardon (1990, 1992).

Each of these models will be discussed briefly below.
6.2.1 Atkinson ef al. model

Atkinson ez al. (1987) developed an empirical model to describe the evolution of cement
pore fluid chemistry based on the following:

* at Ca/Si ratios of the solid > 0.833, stable solids are assumed to be portlandite and
“tobermorite™;

* at Ca/Si ratios of the solid < 0.833, stable solids are assumed to be silica and
“tobermorite”. '

Solubility functions were derived (Table 6.2.1_1) from the experimental data of
Greenberg and Chang (1965) to describe cement pore fluid evolution with time. This
model has no strict thermodynamic basis, nor is it related to the structural or chemical
behaviour of CSH gel. : '

Ca/Si Range Model Solids Sotubility Function
SiQ, AG®, =1 643 708 J/mol
(silica) Lsx =0 J/mol
Asx =2 000 J/mol
Ca/Si < 0.833 0.833Ca08i0,0.917H,0 Lpx =9 000 J/mol
{tobermorite) Apx=-29 000 I/mol
X = tobermorite
s = silica
p = portlandite
Ca0OH,
{portlandite)
0.833 < Ca/Si 0.833Ca0Si0,0.917H,0 as above
(tobermorite)

Table 6.2.1_1: Model solids and their solubility relationships for various Ca/Si ratios of the cement
composition for the Atkinson et al. (1987) model.

-11-
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6.2.2 Glasser ef al. model

Glasser et al. (1988) proposed a compositional model for CSH gel which takes account of:
= its poor crystallinity;

» Siis present as dimers;
* Ca(OH), is easily leached from the gel until the Ca/Si ratio reaches 1.25, whereupon it

becomes difficult to remove.
The following chemical formula for CSH gel with Ca/Si in the range 0.9 to 1.4 was used:
Ca H,, Si,0,.zCa(OH),.nH,0, where Ca/Si = (x+2)/2
A dissolution reaction was written as follows:

Ca H,_, Si,0,.zCa(OH),.nH,0 +(2x — 3)H,0 <

‘ - . 2 _ (6.2.2.1)
(x+z-y)Ca™ +yCaOH" +2H,8i0,* + (2x +22-4-y)OH
with the following solubility product:
Ky =[Ca® " [caor* V[ H,si0> TTom™ "7 (6.2.2.2)

K, values were written for Eqn. (6.2.2.2) using laboratory experimental data from the
literature (Table 6.2.2_1). For CSH gels with higher Ca/Si ratios an expression for
Ca(OH), solubility would have to be incorporated into Eqn. (6.2.2.2).

Although this model pays greater attention to gel composition and behaviour, it suffers
from a lack of thermodynamic rigour, requiring fractional coefficients in the mass action
relationship, and is again an empirical fit to laboratory experimental data.

Ca/Si Range Model Solids Solubility Function

0.8 <CafSi<1.7 Ca ¢, 51,0,.2Ca(0H), log K =-9478(Ca/Si) - 7.54

Table 6.2.2_1: Model solid and its solubility refationships for CSH gel for the Glasser et al. {1988) model.
6.2.3 Berner model

The Berner model (Berner, 1992) is the most commonly applied model of cement pore
fluid evolution in studies of radioactive waste disposal. Like other CSH solubility models,
the incongruent dissolution behaviour of CSH gel is represented by considering the
solubility of two separate solids with variable solubility products. This approach was
deemed to be necessary because of the limitations of speciation-solubility computer codes
such as PHREEQE which are unable to treat solid-solution explicitly. Different model
solids are used for different Ca/Si ratios of the gel (Table 6.2.3_1). Bemer developed

—-12 -



JNC TN8400 2000—004

quadratic equations to describe experimental measurements of CSH gel behaviour and

incorporated these into his model. Berner identified three different regimes of CSH gel
behaviour:

* 0<CafSi<1: silica and CaH,SiO, (both with variable solubility products);

« 1< CafSi £ 2.5: portlandlte [Ca(OH)Z] and CaHZS1O (portlandite with varjable
solubility product); '
» (Ca/Si>2.5: portla_.ndite [Ca(OH)z] and CaH,SiO, (both fixed solubi_Iity products_).

Bemer deﬁned the term *“apparent solubility product” to describe the variable solubility
products used ‘in the model. - Again this model is thermodynarmcally questxonable,
utilising variable solubility products for solids of fixed composition. Although avaijlable
expenmental data are accurately reproduced 1t has no ngorous thermodynarruc bas1s -

Ca/8i Range Model Solids Solubility Function
0 5i0, log K=-2.70
0.792
log K =204+ — "
|  sio, s CalSi-12
0 <CafSi< 1 i
_ 1-Ca/Si{ 0.78+0.792
' i logK=-8.16—
CaliSi0, g Ca/Si \ Cal s:—l.zJ
Ca(OH), ' logK = 4,945 0328 .
L CalSi—0.85
1 <CafSi<25 CaH,Si0, log K=8.16
Ca(OH), log K=-5.15
CafSi>25 CaH,Si0, log K=-8.16
Table 6.2.3_1: Model solids and their solubility relationships for various Ca/Si ratios of the cement

composition for the Berner (1992) model.
6.2.4 Reardon model

Reardon recognised that CSH gel is not a pure phase with a unique solubility product and
therefore used the data of Gartner and Jennings (1987) to produce a quadratic fit of
solution composition versus the Ca/Si ratio of the solid [Reardon 1990, 1992]. Reardon
presents two quadratic equations to describe both the solubility and Ca/Si ratio of CSH gel
based upon these CSH solubility measurements. The Reardon model is summarised in
Table 6.24_1.

An innovation which Reardon introduced was to use Pitzer coefficients to calculate
activities of aqueous species. On the debit side, Reardon's model for CSH gel does not
account explicitly for its solid-solution behaviour and is an empirical fit to laboratory
experimental data.

- 13-
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Ca/Si Range Model Solids o Solubility Function

(—q‘—’) = (.88 +0.03¢%138

Si e XCaOSi0xH,0 |  -log K =9.044 - 0.568R + 0.193R"

Table 6.2.4_: Model solid and its solubility relationships for CSH gel for the Reardon (1992) model.

6.3 An alternative model for CSH gel behaviour

All of the above models prov1de reasonable fits to the avallable expenmental data for CSH
gel behaviour (as they should, since the models were constructed directly from the
experimental data). Itis d1fficult to promote one of these models over any other as being -
“better’ since they all rely essentially upon the same approach. However, the models are in -
no sense mechanistic and thus cannot be expected to simulate CSH gel behaviour under
conditions outside those of the experiments used to condition the models. Also, there is
no real thermodynamic basis for the utilisation of so-called “apparent solubility products”.
Kersten (1996) has highlighted these problems and has suggested an alternative model for
CSH gel behaviour which will be considered in more detail here.

Kersten's thesis is that CSH gel can be treated as a solid-solution of variable composition
and solubility, rather than as two discrete phases of fixed composition with variable
solubility products. According to Kersten, the structure of CSH gel can be described by a
solid-solution with a silicate end-member of general composition C2,H,81,0,3H,0, and a
calcium end-member represented by portlandite, Ca(OH),. Both these end-members are
assumed to be congruently soluble. Kersten then writes mass action relauonshlps for
these two solids as follows, with a common cation, CaOH+: :

Ca,H,Si,0,3H,0 = [CaOH*]Z[H3SiO;]2 = K2 | | (6.3.1)
Ca(OH), =[CaOH* | OH | = K¢y (6.3.2)
where [CaOH+], [H;Si0,] and [OH] are the aquedus phase activities of CaOH", H,SiO,
and OH, “CS” is the calcium silicate end-member and “CH” is the portlandite end-
member, and K¢ and K, are the equilibrium constants of the two reactions, respectively.

Kersten then applied solid-solution theory developed by Lippmann (1980) and Glynn and
co-workers (Glynn and Reardon, 1990; Glynn et al., 1990) to provide a description of the
solubility behaviour of the CSH gel solid-solution. For the two gel end-members defined

above (simplifying the composition of the silicate end-member), the following
relationships hold

[CaOH* | H,Si0; | = Kesaes = KesXesY s (6.3.3)

[CaOH" [ OH™ | = K yagy = KXY en (6.3.4)

-14-
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where terms in square brackets are aqueous phase activities, acy and aqg are the solid
phase activities of CS and CH in the gel, X and X, are mole fracfions of CS and CH in
the gel and s and Y, are activity coefficients for CS and CH in the gel.

Equatibns 6.3.3 and 6.3.4 can be added together to define a “total solubility product”
constant, Eﬁq:

'ZHW = Kesacg K oycy = K csXes¥es + KewXew¥Yen o ' (6-3-5.)
and a “total solubility product” variable:

%11 =[CaOH"|( BSi0; |+ [0 636)

Note that the ZII,, constant is d'cpend.en.t upon the cémposition of the solid-solution,
whereas the ZITvariable is not. £I1is analogous to the ion activity product of a pure solid
phase.

Equation (6.3.5) defines the so-called “solidus curve” on a Lippmann phase diagram and
can be calculated if the activity coefficients of the end-member solid-solution components
are known.

Alternatively, ZI1,, can be calculated from the activity fractions of the substituting ions in
the aqueous phase to define Lippmann's so-called “solutus curve”. The activity fractions -
(Xou. and Xyasios) are defined as:

__ |om]
ox- ~ |oa|+[H,si0;] (637
and
[H,Si0;] 639

X sio; = [OHf]+ [H3Si04—]

Re-arranging Eqns. (6.3.3) and (6.3.4) in terms of X and X, adding the two equations
together and using Eqns. (6.3.7) and (6.3.8) yields:

1
>, = | | (6.3.9)

Xon- + X si0;

KewYeu Kes¥es

Since ¥ and } depend upon the solid-phase composition, the solutus equation is not
strictly a function of the aqueous phase alone, except in the special situation of an ideal
solid-solution series where ¥ = 1.

—15-
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‘The above relationships can be used in a thermodynarmcally rigorous fashion to
investigate the solubility behaviour of a CSH gel-water system.

6.3.1 Construction of a Lippmann Diagrém for the CSH gel-H,0
System

The computer code "MBSSAS’ (Glynn, 1991) has been used to investigate solid-solution
behaviour in the CSH gel-H,O system. MBSSAS operates on an IBM-compatible

personal computer and is freely available from the U.S. Geological Survey (via Pierre
Glynn).

MBSSAS will calculate thermodynamic parameters for any solid-solution, requiring input
data concerning the solubility products of the pure end-member components of the solid-
solution, and any one of the following types of information:

* the location of miscibility gaps in the solid-solution;
* the location of spinodal gaps in the solid-solution;

*  critical mixing points;

+  information on alyotropic extrema;’

* Henry's law solid phase activity coefficients; or’

+ limiting distribution coefficients.

Output data consist of Lippmann phase diagrams, Roozeboom diagrams and distribution
coefficient diagrams.

The description of the thermodynamic properties of a non-ideal solid solution requires
knowledge of the excess free energy of mixing (G®) of the solid-solution. MBSSAS uses a
Guggenheim subregular solid-solution model (Guggenheim, 1937, 1952), as modified by
Redlich and Kister (1948) and King (1969) to calculate free energies of mixing of the two
components within the solid-solution. The Guggenheim approach has been used
successfully to model the solubility data for a variety of binary carbonate, sulphate and
oxide solid solutions (Glynn and Reardon, 1990). This model states that the excess free
energy of mixing of a solid-solution, B, ,C.A, can be described as a function of
composition by:

G® = Xy, X  RT[ 0ty + 04 (X g — Xy )+ -] (6.3.1.1)

% An alyotropic composition is defined as an intermediate composition for which a solid solution has a
maximum or minimum solubility (Lippmann, 1980; Glynn, 1991).

- 16—
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where @, and ¢, are dimensionless fitting parameters, R is the gas constant and T is
temperature (°K). MBSSAS will calculate values for the ¢, and ¢, parameters from the
input information concerning solid-solution miscibility gaps, etc. The free energy of
mixing data are then used to calculate Lippmann's solidus, solutus and stoichiometric
saturation curves.

To calculate ai;-Lippmann diagram for the CSH gel-H,O system, the following data (as
described by Kersten, 1996) were used:

* Solid-solution end-members for the gel were assumed to be calcium sﬂlcate (CS) and
portlandite (CH). :

» Complete solid-solution in the C-S-H system is not known and the gel cannot be
synthesised from salts with a Ca/Si ratio greater than 3 (Berner, 1992). In a solid
solution between portlandite and Ca-silicate end-members, this implies no solid-
solution beyond X4 = 0.67. For input to MBSSAS, a miscibility gap between X, =
0.67 and X, = 0.95 was chosen (a value greater than 0.95 caused instability in
MBSSAS calculations). -

. Equilibrium.constants chosen for the solubility of the tévo pure end-members [Eqns.
(6.3.1) and (6.3.2)], Ksand K.y, were 1.6x10° and 107, respectively.

Using these data, MBSSAS calculates dimensionless Guggenheim o, and ¢, parameters of
-2.42 and 345, respectively. The Lippmann diagram calculated in this manner for the
calcium silicate-portlandite solid-solution system is illustrated in Fig. 6.3.1_1. v

A Lippmann diagram is analogous to phase diagrams for binary gas or liquid mixtures or
solid/melt systems in that it consists of a solidus curve [defined by the total solubility
product caleulated using Eqn. (6.3.5)] and a solutus curve [defined by the activity ratio of
aqueous species calculated using Eqn. (6.3.9). The solidus and solutus curves form a loop
typical of other phase diagrams, which becomes wider as the difference between the
solubility products of the pure end-members increases. Horizontal tie-lines (conodes) can
be drawn between the solidus and solutus curves, tying together coexisting solid and
aqueous phase compositions. Note that the solid phase is considered in terms of a mole
fraction scale, whilst the aqueous phase is described by an activity fraction scale. In order
to be able to plot aqueous phase compositions on a Lippmann diagram, dlStl’lbllthIl of
species calculations (via a code such as PHREEQC) need to be carried out. '

17 -
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Figure 6.3.1_1: Lippmann diagram for the calcium silicate-portlandite binary system calculated using
MBSSAS. Total solubility product values (ZI1.;) on the ordinate are plotted against two superimposed scales
on the abscissa: Xy refers to the mole fraction of portlandite in the solid phase and yoy. refers to the activity
fraction of OH' in the aqueous phase ([OH')/[OH+ H,Si0,]. The diagram consists of an upper solidus curve
(plotted using X¢yy and ZI1,, values). These curves delineate the composition of the coexisting solid and fiuid
phase compositions at equlhbrmm with the calcmm silicate-portlandite solid-solution. The equilibrium
values of ZIT for the coexisting solid and aqueous compositions are related by the equilibrium constants for
the dissolution of the two end-members calcium silicate (log X = -7.8) and portlandite (log X = -4.0),
involving the calcium species CaOH" as a common cation. The asymmetric, non-ideal mixing behaviour is
represented by a miscibility gap 0.95 > Xy > 0.67. Also shown for interest are tie-lines joining compositions
of the solid and aqueous phases at equilibrium for 2 hypothetical CH, <CS, 5 solid solution.

The composition of the aqueous phase is skewed heavily in favour of the more soluble
end-member. From Fig. 6.3.1_1 it can be seen that a CSH gel solid solution consisting of
50% portlandite and 50% calcium silicate coexists with an aqueous phase which consists
of roughly 100% of the OH' anion and has a log ZI1,, value of -4.2. This highlights the
non-stoichiometric dissolution behaviour of such a solid-solution.

6.3.2 Verification of the CSH Gel Solid-Solution Model

In order to test the applicability of the CSH gel solid-solution model, compositions of the
aqueous phase coexisting with a CSH gel solid solution have been calculated using values
of ZI1., derived from Fig. 6.3.1_1, and compared with solubility data for CSH gels
compiled by Jennings (1986).

-18 —



JNC TN8400 2000— 004

PHREEQC [Parkhurst, 1995] has been used to carry out these calculations. Since
PHREEQC cannot explicitly deal with solid-solutions as input data, solid solution
compositions derived from the Lippmann diagram were treated within PHREEQC as two
discrete phases, calcium silicate and portlandite. However, instead of using equilibrium
constants for the pure end-members, the following expressions were used, such that
together, the ZIT, values from Flgure 6.3.1_1 were satisﬁed

[CaOH* | H,Si0; | = KX s s o R o (6:3.2.1)
[CaOH+]{OH—]=KCHXCHYCH - (6.3.2.2)

~Activity coefficients for the solid phase components used in Eqns. (6.3.2.1) and (6.3.2.2)
were calculated using the ¢}, and ¢, parameters derived from MBSSAS and the following
expressions {Glynn and Reardon, 19901: -

In¥es = Xea[ 0 — 03X es = Xy )| = X[ty ~ 43— 4Xer)] S (6323)
Iny., = Xés[aﬂ +o,(3X gy — XCS)] = Xés[ocO +o(4X gy — 1)] ' (6.3.2.4)

The equilibrium constants calculated in this way for the different compositions of the gel
solid-solution are presented in Table 6.3.2_1. Also presented in tke table are fluid
compositions in equilibrium with the gel compositions calculated using PHREEQC.

gel Xoy [log Koy | logKes | pH ICa TSi | CaOH' | H,SiO, Ol
067 | 401 | 897 | 1245 | 0020 | 52E7 | 34E3 | 32E7 0.310
060 | 405 [ -890 | 1244 | 0019 | 64E7 | 32E3 | 3.9E7 0.027
055 | 411 | -883 | 1242 | 0.018 | 80E7 | 3.0E3 | 5.0E7 0.026
050 | 419 | -874 | 1230 | 0017 | 1.1E6 | 27E3 | 6987 | 0.025
045 | 430 | -864 | 1235 | 0015 | L.6E-6 | 22E3 | 1.0E-6 0.022
040 | 445 | -853 | 1229 | 0013 | 24E6 | 1.8E3 | 1.7E6 0.020
035 | -a65 | -841 | 1222 | 0011 | 40E6 | 14E3 | 29E6 0.017
030 | 480 | -820 | 1213 | 0008 | 7286 | 9584 | 54E56 0.014
025 | -519 | -8.18 | 1203 | 0006 | 1465 | 6164 | I.IES 0.011
020 | -556 | -8.07 | 11.89 | 0005 | 3085 | 3.5E4 | 24Es5 0.008
0.15 | -602 | -798 | 1173 | 0003 | 7085 | 1.8E4 | 509E-5 0.005
010 | -658 | -790 | 1153 [ 0002 | 19E4 | 78E5 | 16E4 0.003
005 | -733 | -7.84 | 1124 | 0001 | 6.1E4 | 2.7E-5 | 5454 0.002
0.00 — 780 | 11.04 | 0001 | 1.IE3 | 1.6E-5 | 1.0E3 0.001

Table 6.3.2_1: Equilibrium constants for portiandite (CH) and Ca-silicate (CS} end-members of a CSH gel
solid-solution input to PHREEQEC for calculation of coexisting fluid compositions. Fluid compositions
calculated by PHREEQEC for gel compositions are also presented {in moles/litre).
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The fluid compositions calculated using the CSH gel solid-solution model are plotted
together with those summarised by Jennings (1986) for laboratory studies of CSH gel
solubility in Fig. 6.3.2_1. As can be seen, there is a reasonable fit of the model data to
those from laboratory studies of the CSH gel system. It should be emphasised that these
experimental data were not employed in the calibration of the model and are a completely
independent dataset. This provides confidence in the use of the model to simulate cement
leaching experiments. However, the slight divergence in the trends between modelled and
experimental data suggests that boundary conditions for the modelling (gel miscibility
gap, solubility constants for the two end-members) could be re-evaluated to attempt to
provide a better fit to the experimental data. These modifications were not attempted in
the present study, but could be addressed in any further study of this type.
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Figure 6.3.2_1: comparison of fluid phase compositions calculated for a CSH gel solid-solution model
(starred data points) with those determined in laboratory CSH gel-water equilibration experiments as
presented by Jennings (1986). Note the closeness of fit with data on "curve A" from Jennings. ‘These data
refer to gels synthesized from Ca(OH), and silicic acid starting materials.
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6 4 Application of the CSH Gel Solid-Solution Model to
JNC Cement Leach Tests

Laboratory experiments have been camed out by JNC to investigate cement leaching.
These data were to test the CSH gel solid-solution model described above. The
experiments consisted of batch leaching of three different cement types with fresh water at
room temperature in an inert atmosphere. Fluid/solid ratios (ml/g) of 1000:50 were used
with periodic measurement of pH and fluid composition to monitor changing fluid
composition with leachate volume. Cumulative leachate volumes of 70,000 ml were
achieved in these tests. The leaching data for Ordmary Portland Cement (OPC) were used
to test the CSH gel solid-solution model.

For the solid-solution model the following assumptions were made:

* The cement consisted solely of CSH gél répresented by portlandite and Ca-silicate gel
end-members. The initial Ca/Si ratio of OPC was used to determine how much of
each end-member was prescnt in the starting material,

» PHREEQC was used to model the leaching of the cement. The leachate was assumed
to be pure water. The initial solid composition consisted of 0.3329 moles of
portiandite and 0.1664 moles of Ca-silicate (total 50 g) which was then “leached”
using the “transport” function of PHREEQC. This transport function is a simple box
model with no explicit hydrodynamic parameters such as dispersion included.

+ The log K's for the portlandite and Ca-silicate CSH gel end-members (from Table
6.3.2_1) were fixed over increments of X, until the Ca/Si ratio of the solid changed
to the next incremental value (increments of 0.10 X, were used). For example, log
Ks for portlandite and Ca-silicate were fixed for a range of gel composition of Ca/Si
from 3.0 to 2.9 at the Ca/Si ratio of 2.95 (X, = 0.65). This “manual” adjustment of
the log K values was necessary since PHREEQC does not include any direct means of
equilibrating a solid-solution with an aqueous phase.

Output concerning the evolution of fluid composition and solid Ca/Si ratio with leachant
volume was tabulated for plotting together with the INC experimental data. Fluid
compositional data generated in this manner have been compared with the results of the
JNC leach tests in Fig. 6.4_1. For reference, results of simulations using the Berner
model are also presented in this diagram.

From Fig. 6.4_1 it can be seen that:

* pH and Ca for the JNC experimental data, Berner model and solid-solution model are
similar (pH = 12.5, Ca = 20 millimolal) up to approximately 10,000 ml leached and
beyond 30,000 ml leached (pH = 11, Ca = 1 millimolal), but the solid-solution model
calculates a higher pH and higher Ca concentration than both the Berner model and the
JNC experimental data in the interval between these leachate volumes. The Berner
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" Figure 6.4_1: Comparison of the evolution of fluid phase compositions with leachate volume calculated for
the CSH gel solid-solution model with those calculated using the Berner model and those measured in JNC
cement leaching experiments.

mode] matches the experimehtal data more closely in this interval, albeit at a slightly
higher pH and Ca concentration than the experimental data.

» Data for silicon are substantially different for the JNC experimental data, Berner
.model, and the solid-solution model. Each curve has a broad “S™ shape with
increasing leachate volume, but the curve of the “S” is much shallower for the
experimental data compared with the two model simulations. The solid-solution
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model estimates a silicon concentration of =10 mola} up to 10,000 ml leached,
whereas the JNC experimental data and the Berner model indicaie Si concentrations of
10" molal. The Berner model simulation shows the steepest rise in Si concentration
with leachate volume, from approximately 0.01 millimolal after 15,000 ml leached to
1 millimolal after 30,000 ml leached. - g e

In addition, fluid phase compositions calculated by the solid-solution leachate model are
compared with those derived by the Berner model in Fig. 6.4_2. ‘It was not possible to
extend the solid-solution model beyond a Ca/Si ratio less than unity. Although data for
the two models are quite similar, for a given solid Ca/Si ratio the solid-solution model
calculates a lower pH, and lower Ca and Si concentrations. PH is significantly lower for
the solid-solution model as the Ca/Sj ratio of the solid approaches unity. Also, at a Ca/Si
ratio greater than 2, the solid-solution model calculates an aqueous phase silicon
concentration approximately an order of magnitude lower than that of the Berner model.

6.5 Evaluation of the CSH Gel Solid-Solution Model
and Recommendations A

From the comparisons described above (Section 5) it can be concluded that representation
of cement behaviour by a solid-solution model for CSH gel alone is apparently less
accurate than currently-available models, such as that developed by Berner (1992).
However, it should be noted that the solid-solution model considered CSH gel alone and
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Figure 6.4_2: Comparison of the variation of fiuid phase composition with Ca/Si ratio of the solid phase
calculated for a CSH gel solid-solution model with that calculated using the Berner (1992) model.
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did not include other solid phases to add greater realism to the simulation of the JNC
cement-water experiments. The aim of the project reported here was to test the relevance
of a solid-solution model for CSH gel, rather than develop a new model for cement as a
whole. The similarity of the solid-solution model data to those experimental data obtained
on CSH gels (Fig. 6.3.2_1) suggests that the solid-solution model is a good approximation
of the CSH gel-water system which would argue for future addition of other phases to
simulate more accurately the cement-water system. These additions to the model could be
investigated in future studies of this type. '

No refinement of the sohd—soluuon mode] described by Kersten (1996) was attempted in
the study reported here. Further development of the model to investigate sensitivity of the
output data to parameters such as rmsmblhty gap mfonnanon and solubxhty data for pure

end-members is recommended. S T I - o

Application of the CSH gel sohd-solutlon model was limited by the current capabilities of
speciation-solubility codes such as PHREEQC.  In this study it was not possible to define
a CSH gel as a discrete solid-solution phase within PHREEQC. Instead, the gel was
represented by two discrete end-members (portlandite and Ca-silicate) with solubxhty
functions in accordance with an accurate thermodynamic representation of non-ideal
solid-solution behaviour. Consequently, it was necessary ‘to “manually” adjust the
solubility data of the two end-members in accord with the changing Ca/Si ratio of the gel.
Further development of PHREEQC, or the writing of specific softwarc is recommended to
facilitate solid-solution modelling.

As opposed to other currently available models for CSH gel behaviour, the solid-solution
model developed by Kersten (1996) and described here, is thermodynamically rigorous, is
based upon documented chemical and structural behaviour of CSH gel, is not empirically
fitted to experimental data, and is thus extrapolatable to any chemical system. As it
stands, this solid-solution model apparently simulates available cement leach experimental
data less well than currently available models. However, with further refinement, a model
of CSH gel behaviour with a thermodynamically-justifiable solid-solution basis is more
likely to produce a defensible model of cement-water behaviour.
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7 Evidence from Natural Systems

Natural analogue studies are useful to understand the long term phenomena that cannot be
observed by laboratory experiments. The study of natural systems relevant to
cementitious radioactive waste repositories has focussed on Magarin, Jordan. Here, the
natural combustion of bituminous limestones has resulted in the occurrence of cement
clinker-type minerals and their hydration products. Hyperalkaline spring waters of pH
12.5 occur in dam foundation investigation adits and valley sides. Opportunity exists for
the collection and analysis of the spring waters, and their interaction not only with
limestones, but also with chert and basalt colluvial materials. The Magarin analogue has
been investigated since 1990, in three phases (Alexander et al., 1992; Linklater, 1998;
Smellie, 1998), focussing on issues such as: water-rock interaction; trace element
solubility and model testing; microbiology; colloid occurrence and stability; organics; and
clay stability.

There is excellent detailed evidence for the reaction of a number of rock types (limestone,
chert, basalt) with a Ca-OH-SO, fluid of elevated pH at Magarin. Although these
reactions are complex and highly variable, in general, a reaction sequence of the following
can be observed where Ca-OH-SO, fluids initially contact limestones: carbonate, gypsum
-> ettringite-thaumasite -> CSH gel -> zeolites. The reverse of this alteration sequence
can be observed where fluids have already reacted appreciably with the impure limestones.
These sequences are interpretable by reaction of hyperalkaline fluids with rocks
containing aluminosilicate minerals and by considering how much rock the fluids have
previously reacted with. Although there are limitations in the varieties of minerals
contained within thermodynamic databases employed in geochemical and coupled
reaction and flow models, the essential features of these mineral parageneses can be
understood from theoretical geochemical considerations and by numerical simulations.
The reaction sequences observed at Maqarin are directly relevant to understanding the
reaction of evolved (i.e. calcium-dominated) hyperalkaline fluids with rocks, albeit with
the understanding that the Maqarin groundwaters have particularly high sulphate contents,
and that Magarin rock types are aluminosilicate-poor (with the exception of the basalt
colluvium). Unfortunately, these mineral parageneses tell us very little about the reaction
of Na-K dominated cement pore fluids with rocks. The most hyperalkaline springs at
Magarin, the so-called “Western Springs’ contain levels of Na and K which are an order of
magnitude less than those expected in ‘early’ cement pore fluids.

Evidence from Maqarin shows consistently that the interaction of calcium-dominated
hyperalkaline fluids with limestones, chert and basalt decreases porosity (and probably
permeability), ultimately sealing fractures where alteration is taking place. Age dating of
one such fracture suggests that this occurs over 10-100 years. However, reactivation of
fractures through tectonic/erosional activity has maintained spring activity in the Magarin
system over a 10’ year time period.

Wall rock alteration takes place within 0.5 to 4 mm of fractures at Maqarin. There is a
zone of enhanced porosity immediately adjacent to the fracture and precipitation of a zone
of calcite approximately 1 mm into the rock. This suggests that the rock matrix is initially
available to the diffusion of aqueous species from a fluid-filled fracture, but that this
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diffusion may be subsequently inhibited due to the filling of porosity in the matrix due to
mineral precipitation. ' '

There are no quantitative data available from Magqgarin concerning radionuclide retardation,
although evidence exists for the co-precipitation of U, Th, Se, Ni, Pb (up to 10’s ppm) in
zeolites, brucite, jennite and CSH gels.

Colloid abundances in groundwaters at Magarin are low, of the order 10° ml". However,
the samples taken for colloid analysis at Magarin may not be the most appropriate to
assess potential maxima of colloid abundances in hyperalkaline systems. This is because
Si concentrations in Maqgarin hyperalkaline groundwaters are buffered at low levels (< 1
mg/l) by ettringite-thaumasite solubility. High silica concentrations can develop in pore
fluids at elevated pH in the absence of Ca. These fluids may produce very high
concentrations of colloids at pH fronts where they mix with groundwaters of lower pH.

Humic acids are absent from Maqarin groundwaters, but organic material in the

limestones appears to be dissolved during alkalme alteratlon and re-prec1p1tated at zones
of porosity reducuon in the rock matrix.
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8 Conclusions

Currently available models to describe cement calcium silicate hydrate (CSH) gel-water
behaviour are similar in that they are empirical fits to laboratory data for the CSH gel-
water system. Non-stoichiometric dissolution behaviour is either represented by a solid
phase with non-integer stoichiometric coefficients or two pure solid phases with “varjable
solubility products”. Neither of these approaches is thermodynamically defensible.

An alternative, thermodynamically-rigorous solid-solution model for CSH gel has been
described by Kersten (1996) and is the subject of the study reported here. This model is
based upon a thermodynamically- and structurally-justifiable description of CSH gel in
terms -of a non-ideal solid-solution of portlandite and calcium - silicate end-member
components. Miscibility gap and solubility data for the two end-members have been
employed using the computer code “MBSSAS” to investigate solubility behaviour for the
solid-solution. A Lippmann phase diagram constructed using MBSSAS was used to input
data to PHREEQC to calculate fluid compositional data in equilibrium with the gel solid-
solution. A comparison of fluid compositions calculated with the gel solid-solution model
with those available in the literature for the CSH gel-water system show good agreement.

The CSH gel solid-solution model was then used to simulate the results of JNC leaching
tests using the PHREEQC software. Due to inadequacies of the PHREEQC code, the
CSH gel solid-solution was input as discrete “portlandite” and “calcium silicate” end-
members with variable solubility products in accordance with the Lippmann phase
diagram. .CSH gel solid-solution alone was considered to simulate the behaviour of OPC.,

The CSH gel solid-solution model provided a reasonable fit to the JNC OPC leachate data,
but there were discrepancies with the experimental data for fluid leachate volumes
between 10,000 and 30,000 ml. - The Berner model (Berner, 1992) provided a better
overall fit to the JNC data than the solid-solution model. :

Evaluation of the CSH gel model with respect to possible variations in end-member
miscibility and solubility behaviour, together with a better representation of the overall
cement system (inclusion of phases other than CSH gel) is anticipated to produce a better
fit of modelled and experimental data. Further development of the both the CSH gel
solid-solution model and cement-leaching simulation software (PHREEQC) is
recommended to improve JNC's capability to predict the evolution of cement pore fluid
composition with time.

The Maquarin natural analogue site is a suitable site for the examination of the
mechanisms and processes associated with cementitious repositories. The evidence at
Magquarin will be useful to test the applicability of the CSH gel mode] under hyperalkaline
conditions in future.
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