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Introduction  

Deep geological repositories (DGR) are a solution for the long-term storage of high-level radioactive 
wastes (HLWs), which are based on the location of multiple barriers in order to isolate the HLWs from 
the biosphere [1]. Two main barriers of the engineered barrier system (EBS) in most of the DGRs are 
concrete and bentonite. The use of low-pH cementitious materials in DGRs is a technological concept 
developed to limit the high alkaline fluids generated from conventional concretes made with ordinary 
Portland cement (OPC). The limitation of high alkaline plume from OPC is the degradation of the ben-
tonite barrier [2, 3]. The feasibility of utilizing low-pH cementitious materials to limit the alkaline plume 
is under investigation [4-10]. Of relevant interest is to understand the durability performance of low-pH 
concretes consequence of their interaction with GWs from the host rocks and even from the bentonite 
barrier [5, 6, 9, 10]. The OPC blended with Silica Fume (SF) has been selected to produce low-pH 
binder due to its low alkalinity, high strength and low-heat properties [6, 7]. However, the durability 
performance for the different underground scenarios is still scarce, mainly the interaction of low-pH 
concretes with GWs. The main objective of the present work is focused on the study of durability of a 
low-pH concrete composition prepared with 60% OPC and 40% SF, due to the interaction with differ-
ent ionic GW. Low ionic GWs as that from the Grimsel site or deionized waters and high ionic GWs 
from Äspö site or water from clayey interaction are considered. The infiltration of these different GWs 
through the low-pH concrete should induce different alteration processes that affect the leaching per-
formance of the concrete barrier in the EBS of the DGRs.  
 

Materials and Methods  

A low-pH concrete was produced using a binder containing 60% OPC blended with 40% SF. This 
formulation was selected due to the low alkali content of both binder components and the high poz-
zolanic activity of the SF, that favour the reduction of the pH pore fluid with respect to a plain OPC 
concrete, as suggested in [6]. In addition, the low aluminate content in the OPC was another important 
aspect for the selection of the OPC, to limit the interaction processes with certain ions of the GWs. 
Table 1 gives the chemical composition of both cement components. Two concrete technologies, with 
different w/b ratios were fabricated. The identification of both concretes, with similar composition, is as 
follow: i) a dense concrete, named as BC, using a w/b=0.5 and ii) a more permeable concrete, applied 
by shotcreting technique, identified as SC. The SC formulation requires the incorporation of a huge 
amount of an additional additive, the accelerator and higher w/b: 0.9 respect to the BC. The main dif-
ferences between both concretes is the pore structure and in consequence, different hydraulic perme-
ability are expected. The samples used for the SC were cores taken from a concrete plug fabricated in 
Äspö site during the ESDRED project, while for the BC concrete samples were casted with the re-
quired test size. Concrete cylinders of 50 mm in diameter by 50 mm in length were used for testing. 
Two levels of maturity of the concrete are studied, short: 90 days and long: 9 years, stored at 100% 
RH and 20ºC before testing. 
 
 

Material SIO2 Al2O3 Fe2O3 CaO total MgO SO3 Na2O K2O CaO free 

OPC 18.0 4.9 5.3 62.4 1.8 3.3 0.2 0.3 1.9 

SF 91.8 0.6 3.7 1.1 0.9 - 0.1 0.4 0.0 

 
 

Table 1: Chemical composition (wt%) of OPC and SF 
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Water infiltration tests were employed for water/concrete interaction according to the test described in 
[6]. The GWs composition under study were based on low and high ionic content, some simulated in 
the laboratory or from the real sites. The ionic composition of the GWs is included in table 2. The con-
crete/water test distributions are given in table 3. The SC, matured samples, were tested with water 
from the Grimsel site. The BC samples, short maturity with deionized and Äspö site waters, and long 
maturity with simulated clayey water. The production of clayey water was according to the protocol 
described in [11]. Main differences between the GWs are in the cations, Na+, K+, Ca2+ and Mg2+, in 
ionic GWs and also the high content in anions SO4

= and Cl-, and HCO3
- in Grimsel and clayey. Two 

samples were tested with the matured concrete; while with young concrete only one. 
 
The percolated water volume allow to obtain the hydraulic conductivity (K) of each concrete and GW 
used. Besides, the ions released were analysed by ICP together with the fluid pH. In the case of sev-
eral samples under the same test condition the changes in the microstructure of cement paste were 
analysed at several distances from the GW infiltration source. For concrete microstructural characteri-
sation, in all samples Mercury Intrusion Porosimetry (MIP) and Scanning electron microscopy with 
backscattered electron (BSEM-EDX) were employed while TG/DTA and XRD only in some cases. 
 
 

GW (ppm) pH Na+ K+ Ca+2  Mg+2  Cl-  SO4
=  Fe+3  SiO4

-  HCO3
-  

Grimsel 9.7 8.5 0.9 7.2 0.9 0.9 5.9 4.2 11.4 24.4 

Deionized 7.7 1.5 2.1 1.8 0.03 - 2.1 - 1.4 - 

Clayey 7.5 2933 28 460 216 845 7270 0.3 2.9 119 

Äspö 8.2 1129 9.4 356 78 2681 232 - 7.3 - 

 
 

Table 2: pH and ionic composition of low and high ionic GWs 
  
 

Sample Maturity Test duration Volume (ml)     K (m/s)      pH ini  pH fin 

SC-Grimsel-1 9y 5m 3719 9.E-10 7.8 8.6 

SC-Grimsel-3 9y 9m 2916 7.E-10 8.6 8.6 

BC-Deionized 90d 14m 1100 2.E-10 9.1 8.5 

BC-Clayey-1 9y 13m 45 7.E-13 8.4 8.4 

BC-Clayey-3 9y 9m 291 1.E-11 8.6 8.6 

BC-Äspö 90d 14m 283 3.E-11 8.4 8.0 

 
 

Table 3: Samples under study  
 
 

Results and Discussion 

The leachates from the different GWs     

The hydraulic coefficient, K, in table 3 show the variability with the type of concrete production, the BC 
or SC, what results in significant variation of the volume of water percolated during the test. In SC, the 
high heterogeneity caused by the shotcreting production technique is giving large scatter in K (1.E-9-
1.E-12 m/s). The hydraulic permeability of the concrete barrier in a HLWR repository is recommended 
not to be higher to that of the host rock (≈ 1.E-10 m/s) [12]. The shotcrete concrete production technol-
ogy has resulted in more heterogeneous and porous concrete, facilitating in this way the percolation of 
the water through. In the case of BC concrete, K values are around 10-12 for the 9 years old concrete; 
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while with the young concrete (90d) vary from 10-10-10-11, showing also the densification of the con-
crete with the advance of hydration and maturity of the concrete. The alkaline plume (typical of OPC 
concretes) [2-3] is not detected in the low-pH concrete under study, either with short or long maturity, 
with any of the GWs tested. The pH values at the initial and end of test are included in table 3.  

The main ions leached from low-pH concretes along the test are presented in figure 1; the ion content 
in the GWs is subtracted from the leachates for better comparison between the different systems. The 
continuous leaching of Ca and K from the concretes is more evident with the low ionic GWs, normal-
ized to the exposure time for the same water volume percolated. Na and sulphates leach with low 
ionic waters and Aspö, with the exception with the clayey GW, rich in both ions, that resulted retained 
in the cement paste. Chloride also bounded in the cement paste after interaction with Aspö and clayey 
GWs reach in this ion.  

 

Figure 1: Ionic released in percolated fluids after  GW interaction 

From these results a larger decalcification can be expected from the interaction of low ionic GWs with 
low-pH concretes while with high ionic GWs the formation of new phases from the ions retained are 
not discarded.  

The influence of GW composition in the interaction with low-pH concrete  

The cement paste is altered in different ways and level depending on the amount of water percolated 
and exposure time as summarised in table 4. The GW composition affect in the sense of formation of 
new phases from the initial ions composition as deduced from figure 1. A clear decrease in alkalis (Na 
or K) is observed in the C-S-H, mainly with low ionic GWs, in less level with Äspö GW and in the case 
of clayey the C-S-H enriched in alkalis that confirm the retention indicated in figure 1 from the leacha-
tes. Also new solid phases are appreciated, as the formation of aluminosulphates as ettringite or 
monosulfoaluminate with clayey. The Cl presence in the cement paste is detected. The Ca/Si ratios of 
cement paste also result altered, in all cases a decrease is detected, more severe with low ionic GWs 
after long-term exposure and with Äspö GW. A Neo-formation of calcite is detected as new phase 
formation. This new calcite is distributed inside the cement paste with the clayey water, while with low 
ionic GWs an additional external layer of calcite is formed. Mg (OH)2 is also appreciated in contact 
with the clayey water, from TG/DTA and increase of Mg in cement paste from BSEM-EDX. Porosity 
also results altered with clear increase in the interaction close the GW source. 
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Conclusions 

The typical alkaline plume from OPC/GW interaction has disappeared in the case of low-pH concrete. 
The alteration of low-pH cement paste depends on the GW composition infiltrated and the hydraulic 
permeability of the concrete. The calcite formation is appreciated with most GWs, located on the sur-
face and in the bulk of the concrete. C-S-H is decalcified mainly with low ionic GWs and Äspö. For-
mation of sulfo-aluminates phases is possible with clayey. In addition, Cl- are bounded in the cement 
paste with Aspö and clayey. The interaction with Mg is detected in cement paste and formation of Mg 
(OH)2 with clayey. The technology of concrete production (BC and SC) and maturity of low-pH con-
crete has not a significant influence, while the water permeability significantly affect the aggressive-
ness. 

 

 

 

 

 

 

 

 

Table 4: Low-pH cement paste alteration with GWs 
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