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6 - ACCELERATED HYDRATION OF HIGH SILICA CEMENTS 

Colin WALKER and Mikazu YUI (JAEA, Japan) 

Introduction 

Current Japanese designs for high level radioactive waste (HLW) repositories anticipate the 
use of both bentonite and cement based materials. Bentonite is to be used as a buffer and 
backfill material and provides a physical barrier to impede both the migration of radionuclides in 
the event of a HLW canister failure and the ingress of invasive groundwaters. Cementitious 
materials are to be used in the construction of the repository, but their role in containing the 
HLW is only secondary. 

Fractures in the host rock will require grouting to improve mechanical stability and retard 
the ingress of groundwater during the construction phase of the HLW repository. Grouting is 
problematic because of the small aperture of some of the fractures, which can be of the order of 
a few microns or less. Using hydrated Ordinary Portland Cement (OPC) as a grouting material is 
undesirable because the associated high pH buffer (12.5 ≤ pH < 13.7) will have an undisputed 
detrimental effect on the performance of the bentonite buffer and backfill and of the host rock 
by changing its porosity. Instead, hydrated low pH cement (LopHC) grouting materials are being 
developed to provide a pH ≤ 11 (Bodén and Sievänen, 2005) to reduce these detrimental effects. 
LopHC grouting materials use mixtures of superfine OPC (SOPC) clinker and silica fume (SF), and 
are referred to here as high silica cements (HSC). Presently, the mixture ratios being investigated 
for grouting materials are 30 – 50 wt % OPC clinker and 70 – 50 wt % SF with the addition of up to 
3 wt % superplasticizer (SP) and high water/cement (w/c) ratios in the region of 1.0 – 2.0.  

It is well known that the hydration of OPC with the addition of SF lowers the pH of the 
porewater by the reaction with OH– ions as SF dissolves, the consumption of portlandite (CH) to 
form more C-S-H gel and by lowering the Ca/Si ratio in the C-S-H gel (Massazza, 1998). However, 
there are very few comprehensive studies in the literature concerned with the mineralogy and 
solution chemistry of such high additions of SF to OPC, to say nothing of SOPC. Recent 
experimental studies (Codina et al., 2008; Garcia et al., 2007; Mihara et al., 1997) have investigated 
different OPC/SF mixture proportions, w/c ratios, curing times and temperatures, making direct 
comparisons of the reported mineralogy and solution chemistry impractical. 

The focus of the present study was to therefore identify the development of the unhydrated 
and hydrated mineral assemblage and the solution chemistry during the hydration of HSC. Since 
hydration experiments of cementitious materials are notably slow, a ball mill was used to 
accelerate hydration. This was done for two reasons. Firstly, to develop a method to rapidly 
hydrate cement based materials without the need for higher temperatures, which can alter the 
mineral assemblage, and secondly, to ensure that the end point of hydration was reached in a 
reasonable time frame and so to realize the final mineralogy and solution chemistry of hydrated 
HSC. 

Materials and Methods 

The starting materials for the accelerated HSC experiments were a low alkali SOPC (K2O + 
Na2O = 0.6 wt %, 1 – 15 µm, 1071 m2 kg-1), Elkem SF Microsilica940U (modal particle size = 0.15 µm, 
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18380 m2 kg-1), Mighty 150R SP (naphthalene sulphonate type), and deionized water (18 MΩ cm). 
The composition of the SOPC clinker and SF are shown with a calculated normative SOPC clinker 
mineralogy in Table 1. SOPC was used as a reference material since its mineralogy and solution 
chemistry is relatively well known (see (Lothenbach and Winnefeld, 2006)) and three mixture 
proportions of HSC were investigated using SOPC/SF ratios of 50/50, 40/60 and 30/70, detailed in 
Table 1. Slurries of SOPC and HSC were made using 600 g of cement, containing 3 wt % SP, and 
2.4 L of water, giving a w/c = 4. Although this w/c is unrealistically high and arguably in the 
realm of leaching as opposed to hydration, it facilitated the recovery of samples for subsequent 
analyses. 

Table 2: 1. Oxide composition of SOPC (wt %) and SF (wt %). 2. Normative SOPC clinker mineralogy, c = 
CO2, s = SO3. 3. Experimental mixture proportions of HSC. CS components are C3S, C2S and SF. SOPC 

was used as a reference material. sp/c = superplasticizer/cement ratio. w/c = water/cement ratio.  

1. SOPC and SF composition  2. Normative SOPC clinker mineralogy 

Oxide 
SOPC  

(wt %) 

SF 

(wt %) 
 

Mineral (wt %) Mineral (wt %) 

C3S 48.7 Cc 4.6 

SiO2 20.3 96.1  C2S 22.6 CsHX 3.4 

Al2O3 5.4 0.5  C3A 9.9 M 1.3 

Fe2O3 2.7 0.2  C4AF 8.4 K+N(s) 1.0 

CaO 63.4 0.1      

MgO 1.2 0.4  3. Experimental mixture proportions 

K2O 0.4 0.9  
Cement 

Binding ratio (wt %) Ca/Si in CS 
components 

sp/c 

(g/g) 

w/c 

(ml/g) Na2O 0.2 0.2  SOPC SF 

SO3 2.4 0.1  SOPC 100 0 2.6 18/600 2400/600 

CO2 2.0 -  HSC55 50 50 0.5 18/600 2400/600 

Total 98.0 98.5  HSC46 40 60 0.3 18/600 2400/600 

    HSC37 30 70 0.2 18/600 2400/600 

 

The slurry was placed in a 5 L ball mill and the head space replaced with argon to minimize 
carbonation during the hydration process. The ball mill was run continuously throughout the 
experiment duration and slurry samples were taken after 1, 3, 5, 7, and 10 days and 2, 3, 4, 5, 6, 7, 
and 8 weeks. The subsequent handling and treatment of all slurry samples was undertaken in 
sealed flasks or in an argon atmosphere prior to analyses. Slurry samples were centrifuged and 
the liquid phase filtered through 0.2 µm filters into separate sealable flasks. The solid phase was 
rinsed with acetone to remove excess water prior to analysis by powder XRD and FE-SEM. The 
pH of the liquid phase was measured under argon using a combined pH electrode calibrated 
against pH standards of 7, 9, 12.6, and 13, before being acidified with 0.2 % nitric acid from 2-fold 
to 200-fold dilutions ready for determinations of K, Na, Ca, Si, Al, S, Mg, and Fe concentrations in 
solution by ICP-AES analysis. 
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Results and Discussion 

The solid phase evolution of the primary SOPC clinker phases and hydrated mineral 
assemblage for SOPC and HSC formulations as determined by powder XRD is shown in Table 2. 
The phases identified for SOPC were consistent with those identified by Lothenbach and 
Winnefeld (2006) for OPC, except that the SOPC clinker phases were consumed within 7 days 
using a ball mill to accelerate hydration as opposed to still being present after 1 year of passive 
hydration. Ball milling therefore seems a practical method to accelerate the hydration of cement 
based materials at room temperature.  

Increasing the quantity of SF in the HSC resulted in the primary SOPC clinker phases being 
consumed more rapidly, after 1 day for HSC37 with the exception of C2S, which persisted for 5 
days. The most noticeable difference in the solid phases was in the hydrated mineral 
assemblage where for HSC55, CH was consumed after 7 days and the AFm phase(s) (including 
C4AH13 and monocarbonate) were lost after 2 weeks leaving just C-S-H gel and ettringite (AFt) as 
the final hydration products. In HSC46 and HSC37, CH and the AFm phase(s) were consumed 
more rapidly, with CH being lost before the complete hydration of C2S. AFt also disappeared, 
leaving just C-S-H gel as the final hydration product of HSC46 and HSC37. 

Table 3: Solid phase evolution as determined by XRD. O = Present, X = Not present. d = days, w = weeks. 

 

 
Mass balance calculations result in C-S-H gel forming ≥ 80 wt % of hydrated HSC. C-S-H gels 

of decreasing Ca/Si ratio increasingly accommodate other cations (Hong and Glasser, 1999; 
Richardson and Groves, 1993) and so it may be possible that C-S-H gel really is the final 
hydration product of HSC46 and HSC37, albeit with a substantial component of foreign ions and 
the charge balance and solubility issues this implies. The viability of this mechanism is the 
subject of ongoing research. However, perhaps a simpler explanation is derived from the ball 
milling method used, which resulted in ≈ 70 % reduction in grain size as the hydration of SOPC 
and HSC progressed. This reduction in grain size was manifest in the XRD patterns by a 90 % 
drop in the intensity of the reflections, meaning that the minor minerals, such as AFt and/or the 
AFm phase(s), could still be present, but that they were lost in the noise of the XRD pattern. 

The liquid phase evolution in terms of the pH and solution composition is shown in Figure 1. 
Concentrations of Mg and Fe were consistently below the detection limits of the instrument, 
0.002 and 0.0009 mM L–1, respectively, for all analyses. The data shown for SOPC are consistent 
with known data for OPC having undergone some degree of leaching, given that a w/c ratio = 4 
was used in the experiments, whereby K + Na are high enough to still influence the pH and 
partially suppress the solubility of CH. While the pH and concentrations of elements remain 
fairly constant for SOPC, the same cannot be said for the HSC formulations. These behave like 
SOPC while CH is still present, but change markedly once it is lost. The pH falls from 12.7 to 
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approximately 11 in all cases, but more rapidly with an increasing SF content. Attaining the 
target pH ≤ 11 appears to be only practicable using HSC37. The Ca concentration falls to a 
minimum after 1 week when the Si concentration begins to increase and was an expected 
consequence of the pozzolanic reaction of the SOPC with the SF. Comparing the concentrations 
of Ca and Si with solubility data from the C-S-H system ((Walker et al., 2007) and references 
therein) and the final pH = 11, is consistent with a Ca/Si ratio = 0.6 – 0.9 in the C-S-H gel; also 
supported by thermodynamic calculations using the GEMS2 and PHREEQC codes that predict a 
Ca/Si ≈ 0.83 for these HSC formulations. This Ca/Si ratio range is higher than the Ca/Si ratio of 
the CS components in the raw materials (Table 1), implying that SF is still present in excess. The 
Ca/Si ratio of the C-S-H gel and amount of excess SF could be calculated if the Ca/Si ratio 
corresponding to SF saturation was known with more certainty, since it lies somewhere between 
a Ca/Si ratio = 0.4 – 0.7. The changes in Ca and Si concentrations appear to be a week ahead of 
the corresponding drop in pH, which may be a result of the K+Na concentrations in solution. 
After a week, the K+Na and Al concentrations decrease while the Ca and S concentrations 
increase. As already mentioned, C-S-H gel can increasingly accommodate other cations in their 
structure as their Ca/Si ratio is lowered and so the decrease in K+Na concentrations may be a 
result of this mechanism since there is no (known) alkali solid phase buffer. The decrease in Al 
concentration is a likely consequence of the precipitation of an Al bearing solid, perhaps as 
Al(OH)3(am), gibbsite or kaolinite. The increase in Ca and S concentrations however, is a likely 
result of the dissolution of AFt at pH = 11 and/or its conversion to gypsum, observed at pH = 10.7 
by (Myneni et al., 1998). HSC formulations may therefore release an initial high Ca and S plume in 
its subsequent leaching by groundwater. 

Figure 1: Solution pH and composition evolution 

 

 

Ongoing research is to support the above interpretations with geochemical modelling and 
an experimental program is underway to leach these hydrated SOPC and HSC formulations in 
pure water to again assess the development of their mineralogy and solution chemistries. 
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