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Abstract 

In 2009 the Slovenian national agency for radwaste management (ARAO) adopted the national spatial plan for the low and 
intermediate level waste (LILW) repository to be located in Krško municipality near NPP Krško. The selected option for 
disposal was based on a silo type structure for the near surface disposal facility that will be situated close to a saturated 
aquifer. The soil in the region can be described as silt that extends a few hundred meters deep. The silt also contains sections 
of sand or clay. As the possibility exists that the natural geological barrier system will not be able to contain radionuclide 
migration it is a pre requisite that the proposed LILW repository must install  engineered barriers. Research on  different 
cementation materials are currently underway in order to find sustainable materials for the manufacturing of engineered 
barriers for the repository (silo, backfilling, concrete containers,…). The research also includes the assessment of possible 
site specific degradation processes in order to provide a methodology for the selection of appropriate locally available 
materials that will minimize the degradation processes. The research methodology was based on studying the characteristics 
(workability, compressive strength), durability (resistance to penetration of water, freeze/thaw resistance, resistance to 
groundwater), rheology (heat of hydration, autogenous and concrete shrinkage) and reinforcement corrosion of different 
concrete compositions. The characterization results were used to develop a numerical model for degradation processes to be 
found in the current concrete compositions. Although initial results indicated that the current concrete compositions are 
satisfactory, the research must be extended to the addition of binder materials to improve the characteristics of the 
manufactures concrete before degradation processes can be studied. 

1. BACKGROUND INFORMATION 

For the sitting of a LLW repository two potential locations  Krško and Brežice (Fig. 1) were 
investigated. 

For the Krško site the geological, geomechanical, geophysics, hydrological, geochemical, radiation 
monitoring and biological measurements have been completed. The findings have been documented 
and the following documents have been prepared for a sitting conference (required by Slovene 
legislation): 

 Strategic Impact Assessment (SIA), 
 Special Safety Analyses (SSA) and 
 Feasibility study to compare different repository configurations. 

For the Brežice site, after completing the initial  field investigations, the process  were stopped as new 
national plans indicated to earmark this site as a retention area for planned hydro plants. Due to the 
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unavailability of the Brežice site, the site in Krško municipality was put forward as a possible LLW 
site in 2009.. 

 

FIG. 1. Two potential locations for LILW repository. 
 
 

At the Krško site  the following 3 possible LLW configurations were assessed: Vault structure on the 
surface, underground cavern disposal? or a silo type of structure. After deliberation the silo structure 
option was selected for the LILW repository concept. The proposed LILW repository site is will be 
build on flat surface area that are 400 m east of the NPP Krško, near the Sava River. At this area, 
consolidated Miocene silt is found under the Sava alluvium and dept ranges between 15 to 50 m from 
the surface. The planned repository will have the disposal section inside the saturated soil, and will be 
separated with engineering barriers from the fresh water bearing aquifer. The proposed site, as 
specified in the National  plan will be approximate 18 ha. The LILW repository will have a surface 
area of 10 ha, that will includes all structures, systems and components required for its operation as an 
independent nuclear facility. This will consists of an information centre, entrance area with 
administrative building, service building, technological building and a disposal area for two  disposal 
silos as indicated  in Figure 2. An area for two additional silos is reserved should future capacity be 
needed. Additionally there will be monitoring structures, physical protection (security) structures, 
earth-filled platforms, landscape arrangement,  and connections to utility networks. The proposed 
layout can be described as follows: 

 The eastern part of the repository will be accessible from the Vrbina road where the repository 
information centre will be situated; 

 In the narrow section of the repository site, the administrative-service activities, waste acceptance 
and conditioning section, waste disposal into disposal units and the physical security offices will 
be situated; this area will be fenced; 

 Trees will be planted in the open areas of the repository and 

 Open areas will also be used for connections to commercial infrastructure and utilities. 

The disposal units’ area and a major part of inner section of the waste conditioning structure will be 
classified as radiologically controlled area’s and access to these sections will be controlled.  
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FIG 2. Layout of the proposed repository site. 
 
 

Site geology based on the geological data  from 2 deep boreholes (100 m) and several 30 m boreholes 
indicated that the first 10 m of the upper aquifer consist of  carbonate gravel from  the Sava river, 
whereby between 2-4 m soil is unsaturated. Analysis of the deeper soil  indicated  predominantly silt 
with small amounts of  sand or clay. This silt layer is a  few hundred meters deep. Marl minerals form 
the geological base of this site. There are two water bearing zones: 

 Upper aquifer – very permeable (10-3 m/s), 
 Lower aquifer – less permeable (10-7 m/s). 

The geochemical data from the site can therefore be summarized as follows: 

 Silt: predominantly carbonate, small specific surface, predominant Ca2+exchanging action 
presence of Mg2+; low organic matter content, low solubility in water. 

 Groundwater: 

o Upper aquifer: carbonate water polluted by nearby waste landfills 

o Lower aquifer: high ammonia concentrations present, classical water type with Na and 
HCO3

-; the content of the aggressive CO2 is classified into the first to the second 
level: less to moderately aggressive chemical environment.  

The current aim of the research initiated by ARAO  on cementitious materials is:  

 Finding sustainable materials for engineered barriers in repository (silo, backfilling, concrete 
containers,…), 

 monitoring of geochemistry on engineered barriers, 

 assessment of possible degradation processes, 

 study of possible degradation processes, 

 Initiate a methodology for the selection of appropriate locally available materials and  matrix 
composition to minimize degradation processes. 
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Following degradation processes are expected to influence the concrete barriers: 

1. Weather and climate (during construction and filling – expected time of operation up to 2060) 

 Carbonization 
 Water penetration 
 Freezing/thawing 

2. Aggressive groundwater (during construction, filling and after closer) 

 Sulphate attack 
 Aggressive carbon dioxide 
 Ammonium ions 

2. METHODOLOGY AND APPROACHES TO THE RESEARCH 

Initial research on the resistance of manufactured mortars on the chemical interaction with site 
groundwater has been completed. 

Based on capillary adsorption and ettringite formation results of nine mortars (different cement 
compositions), four cement compositions were selected for further testing in the manufacturing of 
concrete. 

Due to the fact that CEM V is no longer produced in the cement plant near LILW repository site, the 
initial selection was changed to replace CEM V with CEM IV cement composition. As aggregate, 
locally available crushed dolomite was chosen as  preliminary investigation results and previous use of 
this aggregate indicated that it was of a good quality for the manufacturing of concrete. The same 
amount of the aggregate (per m3) was used for  in  concrete compositions. An  aggregate size of 
32 mm (max) was selected to reduce the amount of cement (per m3), and  minimize shrinkage. The 
reduced cement content will have a positive influence of the generated hydration heat during 
manufacturing. The binder compositions used during the manufacturing of concrete samples are 
presented in Figure 3.  

 

FIG. 3. Binder composition for different mixes. 

Different concrete study samples were manufactured according to the mixture proportions as indicated 
in Table 1. Initially a minimal concentration   of superplasticizer was added for  workability; however, 
organic material shall be avoided in the final LILW repository structures. The w/c ratio was kept 
constant although some problems with encountered with  workability. 
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TABLE 1. MIXTURE PROPORTIONS OF SELECTED CONCRETES  

Mixture M1 M2 M5 M_CEM IV 

Cement CEM I + CEM III CEM I + CEM III CEM I + CEM II CEM IV 

mass ratio cement1/cement2 1:1 1:1 1:1 / 

mass ratio aggregate/cement 5,55:1 5,46:1 5,46:1 5,55:1 

mineral admixture / silica fume silica fume / 

mass ratio mineral 
admixture/cement 

/ 1:20 1:20 / 

chemical admixture superplasticizer superplasticizer superplasticizer superplasticizer 

mass ratio chemical 
admixture/cement 

0,57% 0,57% 0,57% 0,57% 

w/c ratio 0,48 0,48 0,48 0,48 

 

Testing program: 

The main emphases to determine the  durability of concrete during  construction, filling and after 
closure periods, was to determine the rheology of concrete with emphasis on cracking. In order to 
study this, it was decided to manufacture the four concrete samples with compositions as indicated in 
Table 1 and perform the following tests on these samples;  

 Fresh concrete characteristics (slump as a measure of workability) 

 Compressive strength 

 Durability 

o Resistance to penetration of water 
o Freeze/thaw resistance 
o Resistance to groundwater (on mortars, continuing testing & new) 

 Rheology of concrete 

o Heat of hydration 
o Autogenous shrinkage 
o Concrete shrinkage 

 Influence of binder composition  to limit reinforcement corrosion 

The results from the different test will be used to construct a numerical model that could simulate the 
degradation processes.  

3. RESULTS AND DISCUSSION 

3.1. Workability (slump) 

The workability (slump height) of the different concrete samples made from different binder 
compositions, are graphically presented in Figure 4. The results in Figure 4 indicated that the different 
binder compositions have an influence on the slump height as the values observed are between 10 mm 
and 50 mm. The requirement specified for the concrete was a slump range between 20 and 50 mm. . 
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FIG. 4. Workability (slump height) for  concrete test compositions. 

Based on these results (workability) it was decided that M_CEM IV cement composition is not 
suitable for the construction of the proposed Slovenian LILW silos. However, should M_CEM IV 
cement composition be selected, it must be improved, by changing  the composition. The use of 
superplasticizer in concrete manufacturing is well known, but organic-based materials preferably must 
be avoided for the manufacturing  of LILW structures  Currently, no decision has yet been made on 
the use of superplasticizers during the manufacturing of the proposed Slovenian LILW silos. 

3.2. Compressive Strength 

The compression strength for concrete samples made from different binder compositions, are 
graphically presented in Figure 5. The results indicated that the different binder compositions have a 
minimal influence on the compression strengths. 

 

FIG. 5. Results of compressive strength measurements for 4 compositions for 2 time periods. 

All the concrete samples (different binder compositions), exceeds the designed compressive strength 
of 50 MPa by more than 20 MPa after 28 days of curing This implies that  changes can be made to the 
current concrete compositions for instance to reduce the  cement content. However, as this could result 
in poor workability ( below specifications as required for the construction of silo structures), and the 
addition of superplasticizers to rectify problem, will not be allowed. The replacement of cement with 
some mineral admixture (if needed) could be considered 
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3.3. Penetration of Water 

The specification for water penetration (sorptivity) into silo concrete structures according to the 
Slovenian standard SIST 1026 must be less than 20 mm. The results in Figure 6 indicated that the only 
concrete manufactured with the M2 composition might be considered. The large deviation in the 
results cannot be explained but the assumption is that it could be  probably due to the large aggregate 
size (32 mm) that influence the geometry of the test specimens. 

 

FIG. 6. Penetration of water into concrete samples. 

3.4. Freeze/thaw resistance 

To determine if the manufactured concrete test sample are within the specifications of the Slovenian 
Freeze/thaw requirements, tests were performed according to the Slovenian method (average of 
3 samples (10 x 10 x 40 cm)). The specification for concrete is that the modulus of elasticity shall 
exceed 75% of initial value after 250 cycles. The results in Figure 7 indicated that after 20 cycles the 
initial modulus of elasticity decreases to an averaged of 93% 

 

FIG. 7. Decrease of elastic module in dependence of number of freeze /thaw cycles for 4 mixtures. 

Although research is on-going; results already indicated that the M_CEM IV concrete composition 
will not comply with the Slovenia requirement. 
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4. GROUNDWATER INTERACTION WITH CONCRETE SURFACES 

For the studying of the interaction of ground water with the concrete surfaces,  mortars (4 x 4 x 16 cm) 
were  prepared with the same binder composition as used for concrete manufacturing with the 
exception that the  aggregate with a maximum size of 2 mm, were used. The mortars are currently 
exposed to a simulated groundwater composition as indicated in Table 2. For accelerated testing 
(speed up the degradation processes) the concentration was increased by a factor of 50 (Table 2). 
Upon completion of the experiments, the degradation processes will be evaluated according to 
petrographic technology  using scanning electron microscopy. 

TABLE 2. SIMULATED GROUNDWATER SOLUTIONS USED TO STUDY DEGRADATION OF 
CONCRETE SURFACES   

Compound Normal quantity (mg/l) Increased quantity (mg/l) 

NH3 (aq) 25 %, 14,3, 715,0   

NH4Cl 48,2 2 410,0 

NaHCO3 1 218,8 60 940,0 

MgSO4·7H2O 436,3 21 815,0 

KHSO4 192,0 9 600,0 

K2SO4 753 37 650,0 

 

5. RHEOLOGY OF CONCRETE 

The function of an engineered barrier in a LILW repository is to minimize radionuclide migration 
(protect the environment from radiation). This implies that the  durability of the structure is very 
important. During the construction shrinkage of concrete(due to different chemical and physical 
processes), can result in crack formation In order to determine the heat of hydration during the 
manufacturing of the concrete samples as well as the possible shrinkage characteristics of the 
manufactured concrete test samples, heat hydration experiments as well as the following shrinkage 
tests were performed: autogenous shrinkage of mortar samples and “normal” shrinkage of concrete 
test samples.  

5.1. Heat of Hydration 

The heat of hydration of the manufactured concrete test samples (45 l cylinders) were recorded under 
semi adiabatic conditions. For testing purposes the test cylinder was isolated from the surroundings by 
plastic foil and a layer of thermal isolation and performed inside a climate chamber. The recorded 
temperatures of the test cylinders are presented in Figure 8. 
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FIG. 8. Temperature generation during curing of concrete test cylinders. 

 

Results in Figure 8 indicated that the temperature of the manufactured test cylinders reach on average 
a maximum between 40 and 47 degrees after 25 hours before cooling.   

Results from a numerical model used to calculate the increase of in temperature of a 1m thick concrete 
wall under adiabatic conditions, were compared with these results and are presented in  

Table 3 and in Figure 9 show the Results indicated that the numerical model correspond with the 
initial heat generation during the curing period. 

TABLE 3: TEMPERATURE DEVELOPMENT UNDER DIFFERENT CONDITIONS – TEST AND 
NUMERICAL SIMULATIONS 

Concrete 
Composition 

Semi adiabatic condition  
(test) 

adiabatic conditions 
(numerical simulation) 

 Time to max [h] Tmax [°C] Time to max [h] Tmax [°C] 

M1 39 42,4  56,2 

M2 38 43,4  55,5 

M5 28 48,3  56,4 
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FIG. 9. Comparison of results – measured and model – T(t). 
 
 

5.2. Autogenous shrinkage 

For the studying of the shrinkage characteristics of the concrete structures, mortars (4 x 4 x 16 cm) 
were prepared with the same binder composition as used for concrete manufacturing with the 
exception that the aggregate with a maximum size of 2 mm, were used. The results in Figure 10 
indicated that after 1 hour a shrinkage pattern emerged for the mortar samples.   

 

FIG. 10. Shrinkage as a function of time for 3 mixtures. 

 
As this result cannot be explained,  ore investigations are currently underway. . 

5.3. Concrete shrinkage 

For the studying of the shrinkage characteristics of the concrete structures, samples were prepared 
with the same binder composition as indicated in Table 1. The results in Figure 11 indicated that  
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FIG. 11. Total shrinkage of concrete as a function of time. 

 
The shrinkage results of the concrete test samples presented in Figure 11 indicated that all the samples 
shrunken on average 0.3 mm after 180 days. Results indicated that the concrete samples with higher 
amount of clinker had the largest shrinkage. The amount of shrinkage is within the design 
specification.  

6. CORROSION RESISTANT PROPERTIES OF CEMENT BINDERS 

In order to study the possibility of the cement binder combination to minimize metal corrosion, test 
samples (10x10x40 cm) with embedded reinforcing bars and corrosion resistant sensors were prepared 
as indicated in Figure 12. For these experiments the aggregate size of was limited to 4 mm 
(maximum). After curing, the upper surface of the concrete beam was exposed to simulated 
groundwater. For accelerated testing (speed up the corrosion processes) the concentration was 
increased by a factor of 50 (Table 2).  

The possible corrosion processes are currently measured by potential mapping of the changes 
observed in the electrical resistivity of corrosion resistant sensors. No corrosion has been observed to 
date and experimentation continues. 

  

FIG. 12. Measurements of corrosion degradation in the concrete with reinforced structures. 
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7. NUMERICAL SIMULATION OF DEGRADATION PROCESSES 

A numerical model was developed to simulate degradation processes in concrete.  Initial results from 
this numerical model confirm the increase of in temperature of a 1m thick concrete wall under 
adiabatic (Table 3).The model has also been used for  PA/SA calculations using  generic hydraulic 
conductivities (Figure 13) over time. Sensitivity studies indicated that this parameter do not have 
significant influence on radioactive doses resulting from  normal evolution scenarios. Further 
modelling development is aimed at modelling long term degradation processes using the current 
laboratory results  for the calibration of the models. 

 

FIG. 13. Calculated water flux after complete degradation of all concrete barriers. 

 
8. PRELIMINARY CONCLUSIONS 

 Concrete mixes with CEM IV do not satisfy the workability requirement. Some changes in the 
composition are needed.  

 All concrete mixes exceed the required compression strength by more than 20 MPa. 

 The results regarding  water penetration (sorptivity) varies  and therefore a final conclusion is 
not possible. 

 Incomplete freeze/thaw tests (150 cycles) already indicated that, the CEM IV concrete 
composition do not comply with the Slovenia  requirement and will not be considered. All 
tested concrete mixes exceed similar heat of hydration, which will obviously not be a decision 
making characteristic. 

 Some significant differences in autogenus shrinkage are reported. Additional results are 
needed for final ranking based on these characteristics. 

Future activities: 

 Continue experimentation regarding the influence of water from the site on concrete surface. 

 Completion of the shrinkage tests; in case of doubt the test shall be repeated. 
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 Continue the research regarding the ability of concrete binder to minimize corrosion as this is  
very important  for the final cement binder selection. 

 Developing of numerical models for the  degradation processes in concrete structures. 
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