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Abstract –A pluri-annual research program has been launched in January 2003 by CEA, EDF and ANDRA 
in order to formulate and characterize low-alkalinity and low-heat cements which would be compatible 
with an underground waste repository environment. Four types of bindings have been investigated : binary 
blends of Portland cement and silica fume or metakaolin, as well as ternary blends of Portland cement, fly 
ash and silica fume or metakaolin. Promising results have been obtained with a mixture comprising 37.5% 
Portland cement, 32.5% silica fume, and 30% fly ash : pH of water in equilibrium with fully hydrated 
cement is below 11. Moreover, silica fume compensates for the low reactivity of fly ash, while fly ash 
allows to reduce water demand, heat release, and dimensional variations of cement pastes and mortars. 
 

 
1. INTRODUCTION 
 

In the French underground waste repository 
concept, clay would be mainly used as an 
engineered barrier and concrete may find 
different applications such as structure 
manufacturing, backfilling, supporting, coating 
or containerizing material. In this context, it has 
been pointed out that, in contact with cement, the 
clay properties may deteriorate due to : 
- temperature rise caused by cement hydration 

in massive concrete, 
- high pH conditions set by the cement 

interstitial pore water. 
Investigations have thus been carried out to 

formulate and characterize low-alkalinity and 
low-heat cements which would show an 
improved compatibility with the repository 
environment. 

Emphasis has been placed on the design of 
blends of calcium silicate cements and 
pozzolans. Indeed, adding pozzolanic materials 
to Portland cement (OPC) has been shown to be 
advantageous in at least three respects [1] : 
- lime liberated by the hydration of OPC is 

converted into calcium silicate hydrate by 
pozzolanic reaction, 

- OPC is diluted, 
- Ca/Si ratio of the calcium silicate hydrates is 

lowered, which enhances their sorption 
capacity of alkalis and reduces their 
equilibrium pH. 

This article presents the first two steps of the 
experimental program currently under way : 

(1) use of experimental designs to select cement 
formula leading to pore solution pH below 11, 

(2) elaboration and characterization of cement 
pastes and mortars using the most promising 
binding compositions. 

 
2. EXPERIMENTAL 
 
2.1 Binding components 

Table I shows the properties of the components 
used to formulate low-pH cements. Three pozzolans 
were investigated : silica fume (SF), which was used 
in a densified form for easier handling, commercial 
metakaolin (MK), and low CaO fly ash (FA). They 
were characterized by their pozzolanic index, which 
represents the amount of lime reacting with one 
gram of pozzolan. SF and MK were much more 
reactive than FA in the short term, which was due for 
a part to their high specific area. The OPC cement 
was selected for its low alkaline content. 
 
TABLE I. Properties of binding components. 
Component SF MK FA OPC 

Granulometry 
(µm) - 

d10 = 1.2 
d50 = 5.9 
d90= 52.3 

d10 = 3.3 
d50 = 21.5 
d90= 156.3 

d10 = 2.6 
d50 = 18.5 
d90= 50.3 

Specific 
area (m2/g) 

25 
(BET) 

19 
(BET) 

2.6 
(BET) 

0.34 
(Blaine) 

Oxides (%) 
SiO2 
Al2O3 
CaO 

Na2O+K2O 

 
95.0 
0.6 
0.4 

0.29<<0.49 

 
54.4 
38.4 
0.1 

0.62<<0.82 

 
50.8 
25.4 
5.5 
1.45 

 
22.8 
2.7 
67.4 
0.37 

Pozz. index 
(g/g – 42 d) 0.76 0.96 0.17 - 

SF : Densified silica fume (Chryso Silica) 
MK: Metakaolin AGS (Pieri) FA: class F Fly Ash (Calcia) 
OPC: CEM I 52.5 PM ES CP2 – Lafarge Le Teil 
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2.2 Formula Selection 
In a first approach, cement formula were selected 

according to the following criterion : pH of water in 
equilibrium with hydrated cement should be below 
11. Given the very long time required to get 
complete hydration of cement in standard curing 
conditions, a special procedure was developed. 
Experiments were carried out under nitrogen 
atmosphere on cement suspensions (water / cement 
ratio of 9) under mild milling conditions. Hydrates 
formed at the surface of the cement grains were 
eroded, and anhydrous cement was thus maintained 
in direct contact with water. The suspension pH 
was monitored until stabilization. The solid and 
liquid phases were then analyzed using XRD, TGA 
and ion chromatography. 
 
2.3 Elaboration of Cement Pastes and Mortars 

Mixing was performed with a normalized 
(European standard EN 196-1) mortar mixer 
according to the following sequence : (1) 
introduction of water, (2) addition of the 
premixed pulverulents while maintaining slow 
stirring, (3) adjustment of the gout workability 
with a superplasticizer made of polycarboxylic 
ether (Chryso Fluid Optima 175), and (4) mixing 
at high speed for 3 min. 

Elaborated materials were characterized by 
measuring various parameters according to 
normalized procedures : bleeding (French 
standard NF P 18-359), Vicat setting (EN 196-3) 
heat of hydration (NF P 15-436), swelling (NF P 
15-433) and compressive strength (EN 196-1) of 
prismatic samples (4x4x16 cm) cured for 90 
days at 20°C under water, air or in an air-tight 
bag. 
 
3. RESULTS AND DISCUSSION 
 
3.1 Formula Selection 
 
3.1.1 Binary Blends 

Binary blends consisting of OPC (40 to 70 %) and 
SF or MK (30 to 60%) were first investigated (Fig. 1). 
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Fig. 1. Equilibrium pH of binary blends 
consisting of OPC and SF or MK. 

pH logically decreased when the amount of SF 
increased. A leveling-off was however observed 
for SF contents above 50%. pH below 11 could be 
obtained with blends containing at least 40 % of 
SF. As for MK, the results were quite 
disappointing since the equilibrium pH remained 
above 12 whatever the replacement level of OPC. 
 
3.1.2 Ternary Blends 

The combination of a fast reacting pozzolan 
such as SF or MK and of a slow reacting pozzolan 
(FA) could result in a number of synergistic 
effects [2]. Potentialities of ternary blends were 
thus studied using experimental designs. 

The factors were the proportions of OPC (X1), 
SF or MK (X2), and FA (X3) in the blend. They 
checked eq. (1), which was characteristic of a 
three-component mixture problem. 
X1 + X2 + X3 = 1 (1) 

The factors were constrained between a lower 
limit ai and an upper limit bi (0 <ai < Xi < bi < 1), 
as shown in Fig. 2. The resulting region of 
interest was a simplex.  
 

OPC proportion
SF or MK proportion
FA proportion

X1 20 - 55%
X2 15 - 50%
X3 30 - 65 %

X3N° Exp X1 X2

1 0.5500 0.1500 0.3000
2 0.2000 0.5000 0.3000
3 0.2000 0.1500 0.6500
4 0.3750 0.3250 0.3000
5 0.3750 0.1500 0.4750
6 0.2000 0.3250 0.4750
7 0.3167 0.2667 0.4167
8 0.4333 0.2083 0.3583
9 0.2583 0.3833 0.3583
10 0.2583 0.2083 0.5333  

Fig. 2: Experimental domain and selected design. 
 

Response surface methodology is based on the 
hypothesis that the responses (i.e. the 
suspensions pH) can be approximated, within the 
range of the data, by a low order polynomial 
model. The postulated model was thus a special 
cubic polynomial in the canonical form. 
y = β1 x1 + β2 x2 + β3 x3 + β12 x1x2 + β13 x1x3 + 
β23 x2x3 + β123 x1x2x3 + ε (2) 
where y = response, and ε = error 

The positioning of experimental points within 
the experimental domain is of great importance to 
obtain a good precision on the estimates of the 
model parameters and, in a second step, on model-
predicted response values. The well-known 
simplex-lattice design introduced by Scheffé [3] 
was used in order to estimate the 7 parameters of 
the model defined by eq. (2). It included the 3 
vertices of the simplex, the 4 edge centroids, and 
the overall centroid. Three validation points 
corresponding to mixtures homogeneously 
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distributed in the investigated domain were added, 
for a total of 10 runs (Fig. 2). 

Experimental data are summarized in table II. 
Two replicates of the overall centroid provided a 
measure of the experimental error.  
 
TABLE II. Measured responses. 
Exp. n° OPC/SF/FA blend OPC/MK/FA blend 
pH at 17 d 29 d 73 d 29 d 40 d 59 d 

1 12.34 12.18 12.14 12.36 12.40 12.44 
2 11.27 11.14 10.99 11.70 11.63 11.59 
3 11.99 11.67 11.51 11.83 11.84 11.78 
4 11.33 11.10 10.98 11.85 11.96 11.96 
5 12.04 1157 11.35 12.07 11.97 11.95 
6 11.29 11.13 11.00 11.76 11.73 11.69 

7 
11.53 
11.45 
11.43 

11.25 
11.18 
11.16 

11.04 
10.98 
10.99 

11.92 
11.93 
12.05 

11.96 
11.94 
12.08 

11.92 
11.90 
11.95 

8 11.94 11.58 11.31 12.20 12.14 12.05 
9 11.15 10.99 10.87 11.74 11.80 11.76 
10 11.79 11.47 11.25 11.94 11.94 11.94 

 
For each response, the model coefficients were 

estimated by standard least squares regression 
techniques (Table III). Possible model 
deficiencies were looked for by using ANalysis 
Of VAriance. 
 
TABLE III. Estimated model coefficients. 
Exp. 
N° OPC/SF/FA blend OPC/MK/FA blend 

pH at 17 d 29 d 73 d 29 d 40 d 59 d 
b1 15.882 19.017 19.685 16.132 17.505 16.634 
b2 16.047 16.854 15.504 15.336 15.209 13.424 
b3 13.645 14.446 14.346 12.795 13.967 13.187 
b12 -20.295 -30.775 -26.836 -24.199 -26.448 -16.693 
b13 -5.731 -17.235 -19.146 -9.591 -17.005 -12.668 
b23 -14.370 -17.117 -12.774 -12.604 -16.368 -9.769 
b123 16.064 41.301 24.849 61.182 -81.662 49.640 

 
The models provided a good correlation of the 

experimental data for all investigated responses 
and were thus regarded as acceptable prediction 
tools. From the response contour plots (Fig. 3), it 
can be seen that, after 17 days of hydration, pH 
of the suspensions made from OPC/SF/FA 
blends mainly depended on the SF content : the 
higher the SF proportion, the lower the pH. After 
29 days, a curvature of the plots was noticeable, 
which indicated that FA had also begun to react. 
When equilibrium was reached (at 73 d), all 
blends checking eq. (3) led to pH below 11. 

 

19.685 x1 + 15.504 x2 + 14.346 x3 – 26.836 x1x2 – 
19.146 x1x3 – 12.774 x2x3 + 24.849 x1x2x3 ≤ 11 (3) 
 

The binding comprising 37.5% OPC, 32.5% 
SF and 30% FA was selected for further 
experiment. Indeed, among all blends leading to 
pH below 11, it had (i) the lowest SF content, 
which should reduce water demand, plastic 

shrinkage and material cost, as well as (ii) a 
significant OPC content, which should provide 
high mechanical strength. 

OPC / SF / FA blends OPC / MK / FA blends

 
Fig. 3. Evolution of pH contour plots for OPC / 
SF / FA and OPC / MK / FA blends. 
A: OPC 55% - SF 15% - FA 30%  
B: OPC 20% - SF 50% - FA 30% 
C: OPC 20% - SF 15% - FA 65% 
 

OPC / MK / FA blends did not allow to meet 
the requirement of an equilibrium pH below 11 : 
this latter always remained above 11.5. 

Equilibrium pH was shown to depend mostly 
on the silica content of the binding whatever the 
added pozzolan (Fig. 4). pH below 11 were 
obtained for silica contents higher than 55%, 
which was only checked by some of the OPC/SF 
and OPC/SF/FA blends. 
 

OPC/SF/FA

OPC/MK/FA

OPC/SF

OPC/MK

10 %SiO2 in binding

13

y = -0.0707x + 14.912

 R 2= 0.9110.5

11

11.5

12

12.5

30 35 40 45 50 55 60 65

Equilibrium pH

Fig. 4. Correlation between equilibrium pH and 
silica content in the binding. 
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The high pH of MK-containing suspensions, 
despite the absence of lime, might be related to 
their high alumina content. In these systems, pH 
might be governed by some aluminate hydrates. 
3.2 Elaboration of Cement Pastes and Mortars 

Cement pastes and mortars were elaborated 
using the selected ternary blend. Their properties 
were compared to a probe made from OPC only, 
and to “low pH” materials described in the 
literature [4-6] (Fig. 5, Table IV). 
 

Cement compositions :

1: OPC 37.5% - SF 32.5% - FA 30%
    Selected from previous study
2: OPC 50% - SF 50%
   Canadian binding developed by AECL [4]
3: OPC 40% - SF 20% - FA 40%
   Japanese HFSC binding [5]
4: OPC 83.3% - SF 16.7%
    Swedish cement developed by SKB [6]
5: OPC 100 %

OPC

SF FA

1

2

4

3

5

Cement pastes : W/C ratio = 0.37, except for cement 2 (W/C = 0.41)
Mortars : W/C = 0.5 , Sand / Cement = 3  

Fig. 5. Investigated cement compositions. 
 
Tab. IV – Properties of cement pastes and mortars. 

Cement n° 1 2 3 4 5 
P 0.3 0.7 * 0 - 0 % 

plasticizer M 1.1 2.6 0.5 0.3 0 

P nul nul nul - 
1 h: 1% 
3 h: 2% 
24h:0% Bleeding 

M nul nul nul nul nul 

P B: 4 h 
E: 5 h 

B: 3 h 
E: 5 h - - B: 4 h 

E: 6 h Setting 
M B: 6 h 

E: 7 h 
B: 4 h 
E: 5 h 

B: 7 h 
E: 8 h 

B: 3 h 
E: 5 h 

B: 3 h 
E: 5 h 

Temp. 
rise (°C) M 15 21 14 23 23.5 

Porosity P 29% 
(48 d) 

32% 
(24 d) 

36% 
(74 d) - 23% 

(60d) 

P 
b: -387 
w: 661 

a: -2636 

b: -1025 
w: 731 

a: -3865 

b: -94 
w: 637 

a: -2290 
- 

b: -1048 
w: 599 

a: -2104 ∆l/l 
(µm/m) 

M 
b: -324 
w: 300 

a: -1017 

b: -381 
w: 350 

a: -1137 

b: -181 
w: 218 
a: -793 

b: -337 
w: 119 
a: -761 

b: -202 
w: 87 

a: -608 

P 
b: 56 
w: 70 
a: 41 

b: 53 
w: 60 
a: 42 

b: 58 
w: 68 
a: 44 

 
b: 78 
w: 94 
a: 64 Rc 90j 

(MPa) 
M 

b: 60 
w: 60 
a: 36 

b: 88 
w: 83 
a: 55 

b: 51 
w: 54 
a: 29 

b: 55 
w: 62 
a: 38 

b: 65 
w: 62 
a: 35 

Lime 
content 

(%) 
P 1.4% 

90 d 
0% 

110 d 
6.8% 
115 d - 21.5% 

98 d 

P = paste – M = mortar  B = beginning – E = end 
B = bag – w = water – a = air * W/C = 0.41 instead of 0.37 
 

Adding high amounts of SF was an effective 
way to consume lime rapidly, but it caused 3 
problems : 
- bad workability of the grout, which was 

counteracted by adding increasing amounts 
of water and plasticizer, 

- major air entrainment resulting in a decrease 
of the mechanical strength of hardened 
pastes, 

- increase in the dimensional instability of 
samples, especially in the case of cement 
pastes. 

Introducing fly ash to the binding allowed to 
decrease the viscosity of the grout, to limit the 
heat release and to reduce the shrinkage. 
However, hardening was slowed down and lime 
was still detected in the samples after 90 to 115 
days of curing under water. This result, which 
was disadvantageous as regards the pore solution 
pH reduction, may yet not be redhibitory : the 
lime content, which was reduced by a factor 5 
(cement 3) to 15 (cement 1) as compared to the 
probe, may continue to decrease given the slow 
reactivity of FA as compared to SF. This will be 
checked in further experiments. 
 
4. CONCLUSION 
 

The combination of SF and FA seems 
attractive to formulate a low-pH cement : 
- SF compensates for low early strength of FA 

materials and leads to rapid depletion lime, 
- FA offsets increased water demand of SF, 

limits heat release, and reduces dimensional 
instability. 

The binding comprising 37.5% OPC, 32.5% 
SF, and 30% FA, selected from an experimental 
design study, may thus constitute a good 
compromise between the SF-rich and FA-rich 
formula.  

Future work will concern both formulation and 
durability studies. Emphasis will be placed on 
the design and characterization of a low-
alkalinity, low-heat and high-resistance concrete 
based on the OPC/SF/FA ternary blend. 
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