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Abstract. Conventional cementitious materials as tunnel supporting 

materials are utilised in the construction of the final repository for spent 

nuclear fuel. However, the use of cementitious material releases alkaline 

ions from pH12 to pH13 plumed into groundwater. Such a high pH is 

detrimental to the performance of the bentonite functioning, which may 

possibly enhance the dissolution and alteration of the fracture buffer and 

filling materials. Instead, low-pH cementitious materials are being 

developed for use in geological repositories. This study is aimed at 

evaluating the usability of low-pH cementitious materials containing 40% 

silica fume or composites blended with 20% silica fume and 40% fly ash. 

Engineering properties were analysed and verified through experimental 

research using the flow, compressive strength, pH measurement and 

hydraulic conductivity. Test results show that the replacement level with 

40% of silica fume or 20% of silica fume and 40% of fly ash was suitable 

for the mixture of low-pH cementitious. Compared to the compressive 

strength and water permeability of ordinary cementitious, those of low-pH 

cementitious enhanced better engineered performances at the age of 91 

days. The information is contributed us to establish the long-term 

durability and environmental requirements of disposal repositories in 

Taiwan.  

1 Introduction  

On the basis of preliminary feasibility assessment report for the spent nuclear fuel final 

disposal technology in 2009, canister design in Taiwan being studied with consideration to 

the preliminary design of a disposal concept using the Swedish canisters having the KBS3-

type copper canisters. The canisters are placed in the disposal tunnel and embedded in 

compacted bentonite. Swelled bentonite around with cementitious liner or plus as a canister 

system is designed to be used in high-level underground waste repositories. The low-pH 

cementitious in contact with bentonite is less than 11 in order to prevent the abnormally 

swelling of the bentonite and resultant detrimental effects to the host rock. Consequently, 
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low-pH cementitious has been developed to be used in final disposal repositories for spent 

nuclear fuel [1].  

The initial concept and mixture of low pH mortar or concrete as an engineering barrier 

was the result of experience gained by other waste management organisations, especially in 

Sweden [2-3], Japan [4] and Canada [5]. The use of traditional Portland cementitious 

materials gives a pH of between 12 to 13 and release alkalis and leachates which disrupts 

the functioning of bentonite. It was conducted to mix the low-pH cementitious materials 

(target is the pH below 11) in the leachates facilitate of the final disposal repositories.  

To formulate a low pH cementitious material, the inclusion of Pozzolanic materials to 

partially replace the cement is  feasible and advantageous [6]. Investigations of silica fume, 

fly ash and slag to partially replace cement have been carried out to produce low alkalinity, 

high workability and low heat cementitious materials [2-3, 7]. The pH formulation 

contributed by the usage amount of Portland cement.  Low-pH cementitious materials had a 

lower amount of the C/S ratio of C-S-H, which enhances their sorption capacity of alkalis 

and reduces their equilibrium pH [8-10]. Owing to their fineness and chemical 

compositions, silica fume and metakaolin are much more reactive in the formulation of low 

pH cementitious materials and the suitable replacement of cement is in the range of 25% to 

40% depending on the previous studies [11-12]. This study aims to identify appropriate mix 

designs for low-pH cementitious materials for suitable materials including silica fume, slag 

and fly ash. Measurements of pH, compressive strength and water permeability are explicit 

explored and compared in this study.  

2 Materials and test procedures  

The mix designs used in this study are formulated using the methods outlined in ACI 

211.1. One water-cement ratio (w/c) of 0.50 was used in the mixture as listed in Table 1. 

Type I Portland cement with a specific gravity of 3.15 was used in accordance with ASTM 

C150. The specific gravity of natural fine aggregates and coarse aggregates in saturated 

surface dry condition was 2.70 and 2.36, respectively; the absorption of natural fine 

aggregates was 2.66. The absorption of fine aggregates and coarse aggregates was 1.63% 

and 1.37%, respectively. The maximum size of coarse aggregate was 19 mm and the 

fineness modulus of the fine aggregate was 2.87. The mixture proportions of the low-pH 

blended materials are summarised in Table 2. 

Silica fume with a specific gravity of 2.18 and a surface area of 22,500 m
2
/kg was used. 

The particle size of silica fume was around 0.1–0.2μm and the total content of SiO2 was 

more than 90%. The specific gravity of class F fly ash was 2.17 and the total content of 

SiO2+Al2O3+Fe2O3 was more than 90.6%. In addition, the slag has a specific surface area 

of 5,892 m
2
/kg and the specific gravity of the slag was 2.88. Its major chemical constituents 

were CaO (40.24 %), SiO2 (33.68) and Al2O3 (14.37 %).  

The coding used to identify “Mix No.” in column one of Table 1 should be read as 2 

codes: The first character (“C” or “M”) indicates the specimen type (concrete or mortar, 

respectively). The second code (“0” to “9”) indicates the mixture proportions of low-pH 

blended materials as shown in Table 2.   

Table 1. Mix Design (kg/m3) 

Mix 

no. 
w/c water cement 

silica 

fume 

fly 

ash 
slag 

fine 

aggregates 

coarse 

aggregates 

SP 

C0 

0.5 

214 428 0 0 0 

716 946 

0 

C1 205 257 171 0 0 9 
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blended materials as shown in Table 2.   

Table 1. Mix Design (kg/m3) 

Mix 

no. 
w/c water cement 

silica 

fume 

fly 

ash 
slag 

fine 

aggregates 

coarse 

aggregates 

SP 

C0 

0.5 

214 428 0 0 0 

716 946 
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C1 205 257 171 0 0 9 

C2 203 214 214 0 0 11 

C3 209 161 139 128 0 5 

C4 210 171 86 171 0 4 

C5 208 150 150 128 0 6 

C6 201 171 257 0 0 13 

C7 209 86 139 0 203 5 

C8 207 141 171 58 58 7 

C9 210 86 86 86 171 4 

M0 

0.6 

320 493 0 0 0 

1480 0 

0 

M1 310 296 197 0 0 10 

M2 308 247 247 0 0 12 

M3 314 185 160 148 0 6 

M4 317 197 99 197 0 3 

M5 313 173 173 148 0 7 

M6 305 197 296 0 0 15 

M7 314 99 160 0 234 6 

M8 312 163 197 67 67 8 

M9 317 99 99 99 197 3 

Table 2. Composition of low pH blended binders 

Mix no. cement (%) silica fume (%) fly ash (%) slag (%) 

C0/M0 100 0 0 0 

C1/M1 60 40 0 0 

C2/M2 50 50 0 0 

C3/M3 37.5 32.5 30 0 

C4/M4 40 20 40 0 

C5/M5 35 35 30 0 

C6/M6 40 60 0 0 

C7/M7 20 32.5 0 47.5 
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C8/M8 33 40 13.5 13.5 

C9/M9 20 20 20 40 

For each mix, twelve φ100 x 200 mm specimens per series were tested for compressive 

strength in accordance with ASTM C39 at the age of 7, 28, 56 and 91 days. Twelve φ150 x 

150 mm specimens per series were tested for water permeability at the age of 28, 56 and 91 

days in accordance with CRD C48. The powders ground from the specimens per series 

were tested for pH measurement at the age of 7, 28, 56 and 91 days following the 

specification of ASTM E70. The flow of mortar specimens and the slump of concrete 

specimens were tested following the specifications of ASTM C230 and ASTM C143, 

respectively. In this study, all measurements are presented as the average obtained from 

three specimens. The acceptance criteria of compressive strength, water permeability and 

pH measurement were 27.5 MPa, less than 10
-8

 m/s and 11, respectively. 

Table 3. Test methods for specimens 

Test methods 
Specimen dimensions 

(mm) 

Referred 

standard 

Testing age 

(days) 

flow test - ASTM C1437 - 

compressive strength 

test 
50x50x50 ASTM C109 7, 28, 56, 91 

pH measure powders ASTM D1067 7, 28, 56, 91 

water permeability φ150x150 CRD C48 28, 56, 91 

3 Results and discussion  

Results of the flow test of mortar specimens and the slump test of concrete specimens for 

all mixtures are illustrated in Figs. 1 and 2, respectively. It can be found that the flow 

ability of the low-pH mortar had a similar trend of good workability due to the inclusion of 

the superplasticizer. The slump of the low-pH concrete was controlled as 21 cm except for 

the C3 specimens. The slump of the low-pH concrete after mixing increased strongly with 

their silica fume content, which was counteracted by adding increasing amounts of 

superplasticizer. 
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Fig. 1. Flow-test bar charts                                        Fig. 2. Slump-test bar charts 
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Fig. 1. Flow-test bar charts                                        Fig. 2. Slump-test bar charts 

Compressive strength development curves of low-pH concrete and mortar specimens 

are illustrated in Figs. 3 and 4, respectively. The compressive strength increased with 

increases to the curing age and the amount of pozzolanic additives. The strength of all 

specimens at the age of 28 days reached 27.5 MPa, which is the requirement for the 

compressive strength of low-pH cementitious materials. However, the compressive strength 

of the concrete and mortar specimens containing fly ash had lower strength (similar to the 

control specimens), the result in this study still satisfies the design criteria (≥27.5 MPa at 28 

days). In addition, the inclusion of silica fume in cementitious materials was used to 

increase the ultimate strength and gave the highest strength due to both the microfiller 

effects and the pozzolanic effects, which is consistent with the pervious literature [13]. The 

low-pH cementitious material formulation (60% cement + 40% silica fume formulation) 

was evaluated in the case of concrete and mortar as it was suitable for the construction of 

low-pH cementitious materials due to its higher strength. 

0 7 28 56 91
Age (days)

0

10

20

30

40

50

60

70

C
o

m
p

re
s
s
iv

e
 s

tr
e

n
g

th
 (

M
P

a
)

C0-(OPC:100%)

C1-(OPC:60%,SF:40%)

C2-(OPC:50%,SF:50%)

C6-(OPC:40%,SF:60%)

27.5 MPa

        0 7 28 56 91
Age (days)

0

10

20

30

40

50

60

70
C

o
m

p
re

s
s
iv

e
 s

tr
e

n
g

th
 (

M
P

a
)

C0-(OPC:100%)

C3-(OPC:37.5%,SF:32.5%,FA:30%)

C4-(OPC:40%,SF:20%,FA:40%)

C5-(OPC:35%,SF:35%,FA:30%)

27.5 MPa

 

(a) low-pH concrete containing silica fume            (b) low-pH concrete containing fly ash 
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(c) low-pH concrete containing slag 

Fig. 3. Compressive strength development curves of concrete 
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(c) low-pH mortar containing slag 

Fig. 4. Compressive strength development curves of mortar 

In the case of their pore fluid pH, the pH value of various specimens can be seen in 

Figs. 5 and 6. The pH decreased as the curing age increased and lowered to below pH 11 

after the age of 28 days, except for the C7, C9, M7 and M9 specimens. The use of low-pH 

cementitious materials with lower pH≤11 could thus decrease the diffusive transport of 

hydroxyl ions by two orders of magnitude in comparison with fluids leached from original 

cement materials [14]. The pH maintained a stable value of around 10.5 in the long term 

(from 56 days to 91 days). According to the findings of the previous study, the degradation 

of cementitious materials tended to lower the Ca/Si ratio because of the incongruent 

dissolution preferential release of Ca over Si [15]. The pH decreased smoothly with 

decreasing Ca/Si for cementitious materials. It also indicated that the higher silica fume 

content tended to decrease the pH more over time than those with lower silica fume content 

or fly ash and slag content. All mixtures of concrete and mortar specimens exceed the target 

compressive strength of 27.5 MPa; however, only seven mixture proportions of low-pH 

blended materials kept the target pH value of 11. 
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(c) low-pH concrete containing slag 

Fig. 5. pH variability of concrete during maturing 
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(c) low-pH mortar containing slag 

Fig. 6. pH variability of mortar during maturing 

The results of the water permeability coefficients for low-pH concrete and mortar 

specimens measured at ages of 28, 56 and 91 days are illustrated in Figs. 7 and 8, 

respectively. It can be seen that the water permeability coefficient can be calculated using 

the Darcy formula as follows: 

AP

QL
k

ρ=         (1) 

where L is the length of flow path (cm); Q is the flow rate (cm
3
/s); A is the area of the 

permeable medium perpendicular to flow (cm
2
); P is the water pressure (kg/cm

2
); ρ is the 

water density (kg/m
3
); k is the permeability coefficient (m/s). The target water permeability 

coefficient of low-pH cementitious materials is less than 10
-8

 m/s and the permeability 

coefficient of all mixtures meets the acceptance criteria. The permeability coefficient of 

these low-pH cementitious materials is lower than that of the surrounding rock (around 

1~0.1 x 10
-9

 m/s). However, the inclusion of silica fume and slag mixed with low-pH 

cementitious materials simultaneously acted to reduce the permeability and enhance the 

long-term durability. 
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Fig. 7. Water permeability coefficients bar charts of concrete specimens 
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The results of the water permeability coefficients for low-pH concrete and mortar 

specimens measured at ages of 28, 56 and 91 days are illustrated in Figs. 7 and 8, 

respectively. It can be seen that the water permeability coefficient can be calculated using 

the Darcy formula as follows: 

AP
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where L is the length of flow path (cm); Q is the flow rate (cm
3
/s); A is the area of the 

permeable medium perpendicular to flow (cm
2
); P is the water pressure (kg/cm

2
); ρ is the 

water density (kg/m
3
); k is the permeability coefficient (m/s). The target water permeability 

coefficient of low-pH cementitious materials is less than 10
-8

 m/s and the permeability 

coefficient of all mixtures meets the acceptance criteria. The permeability coefficient of 

these low-pH cementitious materials is lower than that of the surrounding rock (around 

1~0.1 x 10
-9

 m/s). However, the inclusion of silica fume and slag mixed with low-pH 

cementitious materials simultaneously acted to reduce the permeability and enhance the 

long-term durability. 
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Fig. 8. Water permeability coefficients bar charts of moratr specimens 

4 Conclusions 

• On the basis of the acceptance criteria of compressive strength, water permeability and 

pH measurement, the replacement level with 40% of silica fume (C1 and M1) or 20% of 

silica fume and 40% of fly ash (C4 and M4) is suitable for the mixture of low-pH 

cementitious material. 

• The pH measurement of C1, C4, M1 and M4 specimens gets close to a constant of 10.5 

after around 56 days and the pH requirement (pH < 11) is obtained after 28 days. 

• Compared to the control specimens (Co and M0), the C1, and M1 specimens have higher 

compressive strength due to the larger content of silica fume. This may reflect the denser 

micro-structures and better mechanical properties. 

• For the properties of low-pH cementitious materials, there is little information on the 

long-term cementitious degradation with regard to durability and ensuring a watertight 

repository structure, especially for periods of over 100 years. Furthermore, it is important 

to study material degradation including leaching and the chemical stability of the low-pH 

cementitious materials in final disposal repositories. 
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