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Abstract  
 

The behaviour of low-pH concretes made of low-pH binders is different from that observed in 
conventional concretes and their development implies an exhaustive study of their compatibility with 
the chemical admixtures used when shotcreting. Besides, due to the location and the long service life 
of this type of products, their durability properties must be also guaranteed. Low-pH concretes have 
been designed within this study and their suitability in the construction of plugs for underground 
repositories has been evaluated. Durability parameters, such as their resistance to underground waters 
aggression, their shrinkage behaviour and the corrosion risk in case of using reinforcement concretes 
have also been taken into account. 

 

1 Introduction 
 

One of the most accepted engineering construction concepts for high radioactive nuclear waste of 
underground repositories considers the use of low pH cementitious materials, in order to avoid the 
formation of an alkaline plume fluid which perturbs one of the engineered barriers of the repository, 
the bentonite. The accepted solution to maintain the bentonite stability, which is function of the pH, is 
to develop cementitious materials that generate pore waters with pH ≤ 11, because the corrosion 
velocity of the clay is significantly reduced below this value (Ramirez et al., 2002). The IETcc-CSIC 
has focused the research activity on low-pH cementitious materials using two cements: Ordinary 
Portland Cements (OPC) and Calcium Aluminates Cements (CAC). In both cases, the achievement of 
a low-pH environment implies the use of high content of mineral admixtures (silica fume, SF, and/or 
fly ashes, FA) to prepare the binder, which modifies most of the concrete “standard” properties and the 
microstructure of the obtained cement products.  

When designing a concrete based on low-pH binders, not only the functional requirements have to be 
reached but also the modifications of the basic properties of the concrete must be taken into account. 
Besides, due to the location and the long service life of this type of products, their durability properties 
must be also guaranteed. 

This paper deals with the procedure followed in the design of a specific application of low pH cements 
aimed at shotcreting a low-pH concrete plug. The challenge of this type of use (shotcreting) is quite 
complex as compatible chemical admixtures are required. Furthermore, their effectiveness must be 
assured without increasing the pH above the admissible levels. Therefore, the crossed compatibility 
between low-pH binders with admixtures is tested. The compliance with the requirements for a 
shotcrete plug was evaluated for the construction of a short (1 meter) and a long (4 meters) shotcrete 
plug, which showed minor differences to adjust to different aggregates for each case (crushed granited 
and quarry aggregate respectively). Table 1 summarises the main functional requirements for the 
shotcreted concretes designed. 
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Furthermore, the resistance to water aggression of the concretes developed for the plug and the pH 
evolution of the leached waters have been analyzed together. The shrinkage behaviour has also been 
evaluated. Finally, preliminary results about the corrosion risk arisen when using steel reinforcements 
embedded in low-pH cementitious materials are presented. 

Table 1: Functional requirements for the shotcreted concrete 

Requirement Target 

Maximum  pore fluid pH < 11 

Hydraulic conductivity K < 10-10 m/s 

Final mechanical 
properties 

Young Modulus 

Compressive strength 

 

< 20 GPa 

≥ 10 MPa 

Workability > 2 h 

Pumpability 
100m for short plug 

250 m for long plug 
 

2 Low-pH Concrete Design for Shotcrete Plug 
 

Eleven low-pH cement formulations were tested in this study: Seven based on CAC and four on OPC. 
Table 2 summarises the pore fluid composition of these cement pastes and those of the reference 
pastes, without mineral additions.  

Table 2: Pore fluid composition of the tested low-pH cement pastes. 

Chemical composition (ppm) 
Paste composition pH 

OH- Na+ K+ Ca2+ SiO3
2- SO4

2- 

100% CAC (Reference) 12.25 357 285.35 626.14 22.59 ND 10.37 

80%CAC+20%SF 11.78 289 455.00 524.15 13.96 ND 154.17 

70%CAC+30%SF 11.41 17 418.00 468.27 1.99 ND 204.91 

50%CAC+50%SF 11.34 34 282.55 178.62 1.87 ND 48.32 

70%CAC+30%FA 12.12 544 496.61 1545.7 1.91 ND 9.03 

50%CAC+50%FA 11.95 442 278.30 907.94 15.54 ND 15.14 

70%CAC+20%SF+10%FA 11.56 119 295.86 424.71 2.01 ND 12.60 

70%CAC+10%SF+20%FA 11.91 221 354.43 711.17 1.91 ND 7.59 

100% OPC (Reference) 12.92 1734 603.27 2129.5 474.41 1.23 12.78 

60%OPC+40%SF 12.22 539 119.7 321.8 612.1 9.82 84.40 

50%OPC+50%SF 11.20 51 165.1 368.6 650.9 60.27 2180.8 

35%CAC+35%SF+30%FA 10.5 21 175.09 387.92 486.10 47.98 1819.3 

20%CAC+50%SF+30%FA 9.8 17 220.75 219.02 1208.0 72.28 3105.0 

ND: no detected. 
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The common characteristic of these low-pH cement pastes was that all of them had a pore fluid pH 
bellow 12.2 at 90 days of hydration. This maturation age is used as the reference for the evaluation of 
this parameter (Hidalgo, 2005). The main ions in the pore solution of cement pastes based on CAC are 
alkaline ions, Na+ and K+, whereas in the pore fluid of cement pastes based on OPC the alkaline ion 
content decreased with respect to the reference cement whereas calcium ions concentration increased 
with the decrease of the pH bellow 12.5. The binding of alkaline ions and the disappearance of 
portlandite are the main responsible of pH decrease for low-pH cements based on OPC. Other 
significant difference is the increase in silica ions in the pore solution with the introduction of high 
pozzolanic additions, mainly SF. Additionally, the cementing solid phases generated and their 
evolution in the low-pH cement pastes have been analyzed but they are not shown in this paper 
(Alonso et al, 2007 and Hidalgo et al, 2008). 

Therefore, it is evident that the pore fluid composition of low-pH cements is quite different from those 
of the conventional ones. Then, the compatibility of these cement formulations with the chemicals 
admixtures used when shotcreting will be different and it must be evaluated. It must be kept in mind 
that chemical admixtures are usually developed and optimised for “standard cements” and thus, their 
efficiency with special cements (as low-pH) has to be guaranteed. 

 

2.1 Selection of the paste components of the low-pH concrete 
Concrete should be considered as a composite material composed of an aggregate skeleton bound by a 
paste matrix. In this study, the paste itself is composed of the low-pH cement formulation, water and 
the chemical admixtures. As most of the physicochemical reactions occur at the paste phase, the 
compatibility among different constituents can be assessed in paste evaluations, the aggregate being 
almost inert. Thus, the selection of the concrete components is divided in two stages: paste 
components and aggregates proportioning. The flowchart in Figure 1 shows the selection process of 
the paste constituents, where pastes and mortar samples were fabricated. Besides the low-pH cements 
presented in Table 2, the other materials tested in this phase were: 

• two types of superplasticizers: SP-1 (Policarboxilate, pH = 4,3) and SP-2: (Naphtalene 
formaldehyde; pH = 7,5); 

• two types of accelerating admixtures:  Ac-1 (Liquid formed by special inorganic substances ; 
pH = 12), and Ac-2 (Liquid,  non-alkali, formed by  inorganic substances; pH = 3); 

• calibrated siliceous sand (standard UNE-EN 196-1) was used as aggregate in the mortar 
samples evaluated in this phase. 

As can be seen from the “compatibility evaluation chart” shown in Figure 1, different tests have to be 
performed successively to determine suitable combinations of low-pH cement formulation and the 
admixtures to be used. According to this selection process, using the appropriate selection criteria in 
each step, four mixes of cement formulation+ accelerator + superplasticizer were chosen and compiled 
in Table 3.  In this table, besides the selected formulations, their pore fluid pH and their compressive 
strength in mortar samples is shown. It is remarkable that the w/c ratio to achieve a certain consistency 
is higher in the mixes based on OPC, although it should also be stated that these mixes have a larger 
percentage of mineral addition than those based on CAC. 

Other possible considerations at this stage are: 

• The setting times measured in the mixes of cement paste plus accelerator (not shown) showed 
that the accelerator selected (Ac-2) had a better efficiency in the formulations based on 
Portland cement. The Ac-1 was more efficient in the formulations based on CAC but its high 
alkaline content generates an unacceptable increase in the pore fluid pH. 

• Comparing the pore fluid pH:s of the Table 3 with the ones presented in Table 1, it can be 
said that the inclusion of the sand promotes a decrease in this value. In fact, as it will be 
shown in Figure 5, in the designed concretes this pH is even lower. Then, it is quite evident 



International Conference 
Underground Disposal Unit Design & Emplacement Processes for a Deep Geological Repository 

16-18 June 2008, Prague 
 

 18- 4

that the inclusion of aggregates generates an important decrease in this parameter in the low-
pH mixes. 

 

Figure 1:  Flow chart to select the constituents of the paste 

Table 3. Paste components selected for basic concrete designs 

Cement formulation Accelerator Superplasticizer w/c 
pH in mortar 

(90 days of 
curing) 

CS (28 days 
of curing) 

70%CAC-20%SF-10%FA Ac-2 SP-2 0.52 11.1 15 MPa 

70%CAC-10%SF-20%FA Ac-2 SP-2 0.49 11.5 17.5 MPa 

60%OPC-40%SF Ac-2 SP-2 0.77 11.1 20.6 MPa 

35%OPC-35%SF-30%FA Ac-2 SP-2 0.67 10.9 11.4 MPa 

CS: Compressive Strength measured on mortars of equivalent consistency. 
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2.2 Aggregate proportioning 
Aggregates selection is a key issue in concrete design and production as around 70 % of the concrete 
is made of aggregates and they strongly influence water demand, workability, pumpability and 
projectability of the concrete. To select suitable aggregates, two main considerations arise: the 
suitability of aggregates in terms of strength, surface hardness, dimensional stability, resistance to 
alkali-aggregate reactions, among others and the aggregate grading, i.e., the distribution of the size of 
the particles (Férnandez-Luco, 2005). In this study, the use of local aggregates was a requirement 
which made more difficult the concrete design. Furthermore, as it has been said in the ‘Introduction’ 
of this paper, two types of aggregates were considered in the design of the concrete mixes. For the 
short plug, made in Äspö (Sweden), granitic rock from the excavation was crushed and sieved to 
produce both fine and coarse aggregate; the shape of these aggregate was flaky and they were harsh in 
texture. For the case of the long plug elaborated in Grimsel (Switzerland), more suitable aggregate 
were used, made of natural siliceous gravel and river sand. 

To determine the relative proportions of each aggregate fraction, the reference grading limits of the 
Shotcrete Concrete Association were used, slightly adapted to the actual maximum size of the coarse 
fraction selected. The aggregate grading used at the short plug is displayed in graph of Figure 2 while 
Figure 3 shows the grading of the aggregates used for the long plug at Grimsel. Minor differences 
between those aggregates grading curves can be seen. 
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Figure 2: Aggregate grading selected for the concrete mix used in the short plug construction. 
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Figure 3: Aggregate grading selected for the concrete mix used in the long plug construction. 
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2.3 Basic low-pH concrete design and properties 
The integration of concrete components was made by means of the absolute volume method using the 
aggregates and the paste components selected. A cement content of approximately 300 kg/m3 was 
determined and the water was adjusted in trial mixes for a slump in the range 12–17 cm. During 
experimental trials, a formulation based on CAC showed variations and instability (strong tixotropic 
behaviour) at the fresh state, and thus it was rejected for further studies. The nominal compositions of 
the low pH concretes suitable for pumping and shotcreting are given in Table 4.  

Table 4. Nominal composition of basic concrete types 

 Short Plug 
(aggregate from the excavation) 

Long Plug (conventional 
aggregates) 

Cement 
formulation 

70%CAC+20%SF
+10%FA 60%OPC+40%SF 35%OPC+35%SF+

30%FA 60%OPC+40%SF 

Water (kg/m3) 262 277 237 230 
Binder (kg/m3) 310 307 316 275 
Water/binder 0.85 0.9 0.75 0.84 
Filler (kg/m3) - - - 70 

Gravel (kg/m3) 621 615 635 - 
Fine Gravel 

(kg/m3) 201 200 205 588 

Sand (kg/m3) 825 818 843 1045 
Superplasticizer 

(kg/m3) 5.58 5.5 5.7 2.8 

Air-entraining 
admixture 

(kg/m3) 
- 0.6 0.6  

 
It must be said that only one low-pH cement formulation (60%OPC+40%SF formulation ) was 
evaluated in the case of the long plug as it had been already chosen for the construction of the short 
plug, as it is detailed in other work of this international conference (Bárcena and García-Siñeriz, 
2008). Furthermore, in the case of the short plug design, an air-entraining admixture (based on organic 
resin) had to be used to improve workability (overcome the harshness) of the mixes based on OPC in 
the fresh state. In the case of the long plug, as the amount of fines in the concrete had to be increased 
to assure pumpability (due to its higher pumpability requirement; see Table 1) and stability (absence 
of segregation) without increasing the amount of binder (60%OPC+40%SF), the use of limestone filler 
was required.  

The parameters analyzed in the concretes made using these nominal compositions were: 
 

• in fresh concretes: unit weight (kg/m3), consistency (slump), cohesion and aspect (qualitative 
assessment);  

• in the hardened state: compressive strength, elastic modulus and pH, determined at different 
ages (time of curing).  

 
The main results are summarized in Table 5 and Figures 4 and 5. The modulus of elasticity of these 
basic concretes was in all cases between 15 and 20 GPa. The main conclusion extracted from these 
results is that the concrete elaborated at the laboratory for the construction of the shotcrete plugs (both 
short and long) comply with the specific functional requirements at 90 days of curing, taking into 
account that shotcreting technique would cause the compressive strength and elastic modulus to 
decrease. It must be said that the three concrete formulations designed were evaluated with respect to 
pumping and projection performance and their suitability was verified in realistic spraying tests. 

From Figure 4, it is also remarkable that long ages must be considered in order to assess the “final” 
mechanical properties for the low-pH concretes based on OPC, due to their strength evolutions are 
strongly dependant on time, because of the delay of the pozzolanic reaction of mineral admixtures. 
From this figure, it is clearly seen that the strength evolution of CAC based low-pH cement is 
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negligible over 7 day-curing while OPC based low-pH cements exhibit an increase of about 40 % at 
90 days. In the case of their pore fluid pH, the consideration is almost the same, as it can be seen in 
Figure 5. 

Table 5. Properties of basic concretes at the fresh state 

Short Plug 
(aggregate from the excavation) 

Long Plug 
(conventional 
aggregates) Properties 

70%CAC+20%S
F+10%FA 60%OPC+40%SF 35%OPC+35%SF

+30%FA 60%OPC+40%SF

Unit weight (t/m3) 2.23 2.23 2.25 2.27 
Slump (cm) 17 12 13 15 
Cohesion Good Good Good Good 

Aspect Good Good Good Good 
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3 Hydraulic Conductivity and Leached pH 
 

The hydraulic conductivity tests of low pH cementitious materials were carried out using granitic 
water from Äspö in order to simulate the real conditions of an underground repository. The mean 
value of the hydraulic conductivity measured on 6 samples cored from a shotcrete trial was 1.03·10-10 
m/s, which is similar to that of the surrounding rock (which is in the order of 1·10-10 m/s.) 
Furthermore, this value does not increase with time, as it can be seen in Figure 6, top. Besides, it is 
remarkable that the pH values measured in the percolated waters are never above 9, with a mean pH 
value of 8.1 (see Figure 6, below). This value confirms that the low-pH shotcrete designed does not 
produce the alkaline plume generated by the interaction of the ground waters with the conventional 
concretes, based on OPC without mineral admixtures. 
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Figure 6: Top: Evolution of the hydraulic conductivity of low-pH concretes.  
Below: Evolution of the pH of leached low-pH concretes. 

The hydraulic conductivity tests carried out also allow the resistance of low-pH cementitious materials 
to long term water aggression to be assessed. A complete characterization of the degradation level of 
low-pH concretes due to their interaction with granitic water will be done after 2 years, but 
preliminary results, after 1 year, are shown in this paper. Table 6 shows the influence of the water 
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aggression in the porosity of the low-pH concretes. It seems that the water aggression increase the 
total porosity of the low-pH concrete but this increase mainly occurred in smaller pores. Moreover, 
this increase in total porosity does not generate an increase in the hydraulic conductivity of these low-
pH concretes. 

Table 6. Influence of water aggression in the porosity of low-pH concretes 

 % total 
Porosity 

Large 
capillaries      

> 10μm 

Large 
capillaries      

10-1μm 

Medium 
capillaries    
1-0.05μm 

“Gel” porosity    
< 0.05μm 

Initial 19% 6.0% 6.1% 54.9% 33.1% 

After 1 year (upper 
part of cores) 26% 3.5% 5.2% 54.1% 37.1% 

After 1 year (lower 
part of cores) 24% 4.1% 5.4% 54.1% 35.9% 

 

4 Shrinkage Tests 
 

During its service life, concrete experiences volume changes independent from external loads, usually 
shrinkage. In general, the inclusion of mineral admixtures in the concrete increases the water 
requirements for a concrete mixture, as it occurred in this study. In theory, the increased water demand 
should increase the shrinkage of the concrete; however, some studies have shown that the use of 
mineral admixtures with an increased water demand does not always increase the amount of shrinkage 
(Mokaren, 2002). 

In the present paper, the shrinkage testing was conducted on mortar and concrete specimens cured at 
different relative humidities, because curing and environmental conditions have significant effects on 
the reological behaviour of the concrete. In fact, the drying shrinkage at early ages is quite dependant 
on the environmental conditions (Ugur, Turker, 2007). 

The drying and the autogeneous shrinkage of the low pH cements were measured in mortars and 
concretes samples. Furthermore, references samples (without mineral additions) of equivalent 
consistency were fabricated and tested in each case. After 9 moths of testing, the preliminary results of 
this study can be summarized as follows: 

• Regarding the autogeneous shrinkage both low-pH mortars and concretes show similar values 
as compared to the ones observed in the reference samples.  

• With regard to the drying shrinkage the behaviour is different depending on the cement base 
used. In the case of the samples based on CAC, the inclusion of mineral additions does not 
increase the shrinkage. In the case of the mixes based on OPC, the values measured in mortar 
are slightly higher in the low-pH ones (comparing with the shrinkage measured in the 
reference mortars); however, the differences are not significant and, in any case, they always 
comply with the accepted limit, < 0.1%; should shrinkage exceeds this limit, cracks in the 
concrete (Lagerblad et al., 2006). It should be noticed that in the low-pH concretes based on 
OPC used for the construction of the plugs, the drying shrinkage is similar than the observed 
in the reference concrete; it can be due to their lower binder content. 

Therefore, it seems that the high mineral addition contents existing in the low-pH cements do not 
generate a significant increase in the shrinkage of the cementitious materials designed. Figure 7 
shows, as an example, the shrinkage values measured in the low-pH concretes (60%OPC+40%SF 
formulation) at different relative humidity conditions (98% and <50%), compared with that obtained 
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for the concrete without mineral additions cured in the same conditions. It is clear that the shrinkage of 
these low-pH concretes is quite similar to that showed by the reference concrete. 
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Figure 7: Left: Evolution of the autogeneous shrinkage in low-pH concretes (RH=98%).  
Right: Evolution of the drying shrinkage in low-pH concretes (RH<50%) 

 

5 Use of low-pH Cements in Reinforced Concretes 
 

The disposal of high-activity wastes in underground repositories often requires for the use of concrete 
for structural support. Concrete should be compatible with the surrounding environment and hence, its 
pH should be low enough to prevent the clay to be altered. Should the concrete requires some 
reinforcement, its susceptibility to corrosion when embedded in a low-pH concrete should be 
analysed. In this paper, preliminary results of this issue are presented in Figure 8. This figure shows 
the corrosion rate measured in rebars embedded in mortars fabricated using a low-pH cement 
formulation compared with the one measured in reference reinforcement mortars (using OPC without 
mineral admixtures). On the right of Figure 8, the pore fluid pHs of both types of mortars are 
presented. It is clear that the lower alkaline pore fluid of the low-pH cementitious materials generates 
a significant increase in the corrosion velocity of conventional reinforcement. In fact, the increase of 
the corrosion rate coincides with the decrease of the pore fluid pH bellow 12. 
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Figure 8. Left: Evolution of the current corrosion density in low-pH mortars and reference mortars. 
Right: Evolution of the pore fluid pH in low-pH mortars and reference mortars. 
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6 Conclusions 
 
The behaviour of low-pH concretes fabricated using low-pH cement formulations is different from the 
one observed in conventional concretes and their development implies an exhaustive study of their 
compatibility with the chemical admixtures used when shotcreting. However, the low-pH concretes 
designed fulfil with the functional requirements determined in the construction of plugs for 
underground repositories, as it has been demonstrated in the present work through the different tests 
made.  

Moreover, the shrinkage evaluation made up to now using the low-pH cement formulations, show that 
the high contents of mineral admixtures do not produce a significant increase in this parameter, which 
support their use for the construction of plugs for underground repositories. Durability tests are also 
been carried out in order to assess the stability of the repository. 

Finally, preliminary corrosion tests have showed that the use of low-pH cements are not suitable to be 
used with conventional steel reinforcements. 
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