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Abstract 

The safe management of radioactive waste is a national task required for sustainable generation of nuclear power and for 
energy self-reliance in Korea. After the selection of the final candidate site for low- and intermediate-level waste (LILW) 
disposal in Korea, a construction and operation license was issued for the Wolsong LILW Disposal Center (WLDC) for the 
first stage of disposal. Underground silo type disposal has been determined for the initial phase. The engineered barrier 
system of the disposal silo consists of waste packages, disposal containers, backfills, and a concrete lining. Main objective of 
our study in this IAEA-CRP is to investigate closure concepts and cementitious backfill materials for the closure of silos. For 
this purpose, characterisation of cementitious materials, development of silo closure concept, and evaluation of long-term 
behaviour of cementitious materials, including concrete degradation in repository environment, have been carried out. The 
overall implementation plan for the CRP comprises performance testing for the physic-chemical properties of cementitious 
materials, degradation modelling of concrete structures, comparisons of performance for silo closure options, radionuclide 
transport modelling (considering concrete degradation in repository conditions), and the implementation of an input 
parameter database and quality assurance for safety/performance assessment. In particular, the concrete degradation 
modelling study has been focused on the corrosion of reinforcement steel induced by chloride attack, which was of primary 
concern in the safety assessment of the WLDC. A series of electrochemical experiments were conducted to investigate the 
effect of dissolved oxygen, pH, and Cl- on the corrosion rate of reinforcing steel in a concrete structure saturated with 
groundwater. Laboratory-scale experiments and a thermodynamic modelling were performed to understand the porosity 
change of cement pastes, which were prepared using Ordinary Portland Cement. 

1. INTRODUCTION 

The safe management of radioactive waste is a national task required for sustainable generation of 
nuclear power and for energy self-reliance in Korea. After the selection of the final candidate site for 
low- and intermediate-level waste (LILW) disposal in Korea, a construction and operation license was 
issued for the Wolsong LILW Disposal Center (WLDC) for the first stage of disposal. Underground 
silo type disposal has been determined as a final option for an initial disposal capacity of 
100 000 drums. The engineered barrier system of the disposal silo consists of waste packages, disposal 
containers, backfills, and a concrete lining. The conceptual drawing of the post-closure disposal silo is 
presented in Figure 1. The concrete silo plays a major role in inhibiting water infiltration into the 
disposal facility and in the release of radionuclides from the disposal facility. However, the 
permeability of the concrete silo increases slowly, because of various degradation mechanisms. After a 
long period of time, the concrete silo will lose its effectiveness as a barrier against groundwater 
infiltration and the release of radionuclides. A number of processes are responsible for concrete 
degradation in the subsurface environments. In general, the major degradation processes include acid 
attack, sulfate attack, and the corrosion of reinforcing steel induced by chloride infiltration, calcium 
hydroxide leaching, alkali-aggregate reaction, and carbonation. Among them, the corrosion of 
reinforcing steel induced by chloride infiltration would be a main cause of the concrete degradation in 
the WLDC[1].  
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FIG. 1. Concept of disposal silos at the WLDC after closure.  

 

The Korea Radioactive-waste Management Corporation (KRMC) has conducted the safety assessment 
for the WLDC, to demonstrate that an acceptable level of protection of human health and the 
environment can be achieved against the Korean nuclear regulatory criteria both now and in the future. 
To improve the safety of the WLDC, a series of items (including the concrete degradation issue) to be 
developed continuously throughout the life-cycle of the WLDC had also been derived during the 
review process and incorporated as a "Follow-up Action Program (FAP)," which was officially 
requested by the regulatory body for the applicant to implement as a licensing condition. As an 
additional guidance provided by regulatory body, "Technical Requirements for the Operation and 
Control of LILW Disposal Facility” stipulates that the safety assessment (which shows the long-term 
safety of a disposal facility) should be performed before facility closure, using the information and 
data obtained on the facility, site, and surrounding environment during its operational period. In each 
stage of the disposal facility development, safety assessment should be performed iteratively and on a 
fit-for-purpose basis, with account taken of all the information that is obtained and updated[2]. Based 
on these demands and necessities, R&D projects have been launched to develop the repository closure 
concepts, mainly for silo closure, and to investigate the long-term behaviour of cementitious materials, 
including concrete degradation in the repository environment. For this purpose, the characterisation 
and evaluation of the long-term behaviour of cementitious materials, the development of silo closure 
options, and safety re-assessments concerning concrete degradation in the repository environment 
have been carried out in this IAEA-CRP. 

2. RESEARCH METHODOLOGY  

The overall implementation plan for the CRP comprises 3 major categories of research work: the 
characterisation of cementitious materials in the repository, the development of the repository closure 
concept and concomitant evaluation of long-term behaviour of cementitious materials, and the 
radionuclide transport modelling, considering concrete degradation in the repository conditions. In 
each category, a detailed work plan was set up, as follows: 

a) Characterisation of concrete container and cementitious backfill materials in the Korean 
LILW repository 

 Packaging consideration for disposal in silo type repository 

 Investigation of backfill materials for repository closure 
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 Performance test for physico-chemical properties of backfill materials 

b) Development of the repository closure concept and evaluation of long-term behavior of 
cementitious materials  

 Establishment of closure concepts for silo unit and the disposal facility 

 Degradation modelling of concrete structure and/or backfill materials 

c) Radionuclide transport modelling, considering concrete degradation in repository conditions 

 Development of conceptual models for intact and degraded conditions 

 Implementation of the input parameter database and quality assurance for 
safety/performance assessment 

 Safety/performance assessment of the disposal facility, using a proprietary computer tool 

In particular, for the degradation modeling of concrete structure and cementitious backfill materials, 
research was focused on the chloride induced corrosion of reinforcement steel , which was of primary 
concern in the safety assessment of the WLDC. Chloride ions play a role in corroding the reinforcing 
steel in concrete, despite the surface of the reinforcing steel in concrete being passivated by the high 
pH condition. The corrosion of the reinforcing steel in a concrete structure saturated with groundwater 
is significantly influenced by the geochemical conditions, such as their oxidation-reduction potential, 
and the concentrations of dissolved oxygen, sulphate and nitrate. Especially, dissolved oxygen in 
groundwater has been known to act as a main electron acceptor in the oxidation and reduction reaction 
of reinforcing steel. Dissolved oxygen also strongly changes the redox condition of groundwater. 
Although the concentration profile of dissolved oxygen significantly depends on site-specific 
conditions, it is generally observed that it decreases with increasing depth. Considering the above 
points, a series of laboratory-scale electrochemical experiments was carried out to investigate the 
effect of dissolved oxygen, pH and Cl- on the corrosion of reinforcing steel. It is also very important to 
understand the physico-chemical phenomena influencing the porosity change induced by leaching of 
cement components. Hence, using a thermodynamic model and lab-scale experiments, the study also 
aimed to understand the porosity change in cement pastes. A thermodynamic model was applied to 
characterise the physico-chemical properties of the cement pastes. In the model calculations, the 
interaction between multiple components in groundwater and the concrete was considered 
simultaneously, using the coupled reactive-transport model. 

3. DESCRIPTION OF THE EXPERIMENTAL TECHNIQUES AND EQUIPMENT 

3.1. Performance test for physical properties of cementitious materials 

Laboratory tests of cementitious materials as alternative backfill and for concrete structures were 
performed to determine the basic properties and hydraulic data. Three types of test specimen were 
prepared according to the mixing conditions, as shown in Table 1. Tests for basic physical properties 
were performed by the standardised methods, as shown in Table 2. The hydraulic conductivity and gas 
permeability of cement mortar were measured by ASTM Triaxial Compression Permeability Test 
(ASTM D 5084) and Torrent methods (ASTM C 577), respectively. Each parameter was then 
determined by the equation based on Darcy’s law. Figure 2 is a schematic diagram of each test 
apparatus. 
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TABLE 1. COMPOSITION OF TEST SPECIMEN OF CEMENTITIOUS MATERIALS 

Case Material Composition 

I 
cement:fly ash:water:sand 1:0.25:0.56:2.585 

(used in domestic nuclear facility) 

II 
cement: water: sand 1:1.13:4 

(used in Sweden SFR) 

III 
cement: water: sand 1:0.5:0.5 

(porous cement mortar) 

 

TABLE 2.  TEST METHODS 

Test Item Unit Test Method 

Specific gravity g/㎤ ASTM C 642 

Porosity % ASTM D 4284 

Compressive strength N/㎟ KS L 5105 

Hydraulic conductivity m/s ASTM D 5084 

Gas permeability ㎡ ASTM C 577 

Critical pressure Pa ASTM C 577 

Bulk density g/㎤ KS F 2308 

 

(a) Hydraulic conductivity (b) gas permeability 
FIG. 2.  Schematic diagram of test apparatus. 

 

3.2. Effect of dissolved oxygen on corrosion properties of reinforcing steel 

A series of electrochemical experiments was performed, using a corrosion test cell system and a 
potentiostat to estimate the corrosion rate of reinforcing steel, as shown in Figure 3. Three electrodes 
were used in the test cell. Deformed reinforcing steel specimen, platinum, and saturated calomel 
electrode (SCE) were utilised as working electrode, auxiliary electrode, and reference electrode, 
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respectively. The deformed reinforcing steel was cut to the size of 1.5cm x 1.5 cm, and the surface was 
brushed using sandpaper (no. 2000). The temperature of the corrosion test cell was maintained at 25 
oC, using a water jacket, and nitrogen gas was continuously injected into the corrosion test cell to keep 
the dissolved oxygen concentration of solution at approximately 1.0 mg L-1. The pH level was kept in 
the range of 7.0-12.0, and the different amounts of Cl- were added as a corrosive agent. 

A Tafel Plot was performed on the reinforcing steel specimen by polarising the specimen 
approximately 300 mV anodically and cathodically from the corrosion potential, Ecorr. The resulting 
current was plotted on a logarithmic scale. The corrosion current, icorr, was obtained from a Tafel Plot 
by extrapolating the linear portion of the curve. For convenience, icorr was converted to corrosion rate.  

FIG. 3.  Schematics of electrochemical experiments. 

 

3.3. Estimation and measurement of porosity change in cement paste 

Two different types of cement pastes were produced according to mixture proportions with focus on 
water-cement ratio (w/c). All mixtures were prepared using commercially available Type-I ordinary 
Portland cement (OPC). The chemical composition of the OPC is shown in Table 3.  

The paste samples were cast in 20mm x 20mm x 20mm moulds. Then, the samples were demoulded 
and kept in dry conditions for 28 days. After that, the samples were immersed in groundwater and 
deionised water for dissolution experiments. The groundwater was collected at the site of the LILW 
disposal facility in Korea at the depth of disposal. The chemical condition of the groundwater is shown 
in Table 4.  

Mercury intrusion porosimetry (MIP) was applied to characterise the pore structure of the cement 
pastes, because it has become one of the most widely used methods for investigating the pore structure 
in cement-based materials. In the MIP method, the maximum pressure was set to 4,450 psi.  
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TABLE 3. MINERALOGICAL COMPOSITION OF OPC 

Mineral Weight percent (%) 

C3S 51.86 

C2S 22.29 

C3A 9.49 

C4AF 8.51 

Gypsum 2.03 

 

TABLE 4. CHEMICAL COMPOSITION OF GROUNDWATER  

Parameter Value 

pH 7.9 

Eh (mV) -137 

EC (μS/cm) 145 

DO (mg/L) 0.02 

TDS (mg/L) 140 

 

4. DESCRIPTION OF THE RESEARCH RESULTS  

4.1. Characterisation of cementitious backfill materials and concrete 

Laboratory tests’ results are summarised in Table 5.   

TABLE 5. LABORATORY TEST RESULTS OF CEMENTITIOUS MATERIALS 

Case 
Dry density 

(g/㎤) 
Porosity 
(-)×10-2 

Compressive 
strength 
(N/㎟) 

Hydraulic 
conductivity 
(㎝/s)×10-9 

Gas permeability
(㎡)×10-16 

I 1.871 6.89 83.4 0.6763 1.421 

II 1.923 27.54 8.9 2.6987 7.068 

III 0.802 24.66 7.7 269.82 180.256 

 

5. DEGRADATION MODELLING OF CONCRETE STRUCTURE 

5.1. Effect of dissolved oxygen on corrosion properties of reinforcing steel 

The corrosion rate of the reinforcing steel was determined at different concentrations of Cl-, because 
Cl- is known as a corrosive agent. The dissolved oxygen concentration was controlled at 1 mg L-1. As 
shown in Figure 4, the corrosion rate ranged from 3.63±0.32×10-7 to 2.18×10-6 m y-1. These values 
correlate well with US DOE data, which were obtained at the field site. However, US DOE applied a 
conservative corrosion rate of 10-5 m y-1 in the estimation of concrete service life [3]. This approach 
would be reasonable, because there are lots of unknown corrosive parameters that are not considered 
in the field site. Similar corrosion rates of carbon steel and cast iron were also reported in the range of 
10-7 to 10-6 m y-1 in the conditions of artificial anaerobic groundwater. In addition, it is clearly shown 
that Cl- increases the corrosion rate of the reinforcing steel. The corrosion rate increases as the 
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concentration of Cl- increases. It seemed that chloride ions destroyed the passive film on the 
reinforcing steel.  

 
(pH=8 and conc. of dissolved oxygen=~1.0 mg L-1). 

FIG. 4. Corrosion rate of reinforcement steel at different concentration of Cl-. 

 

It is generally known that the pH of the pore solution is maintained above 12 in the concrete structure 
of a geological disposal facility. This pH value decreases as groundwater infiltrates the concrete. 
Jacques et al. reported that the pH of the pore solution can be divided into 4 stages, based on the 
amount of water which flowed into the concrete structure. Stage 1 and stage 2 are characterised by 
high Na and K concentrations and Ca, respectively. During stage 1 and stage 2, the pH value is kept 
above 12. At the start of stage 2, the pH value of the pore solution gradually decreases; however, it is 
maintained at approximately 10 at the end of stage 4. This implies that the reinforcing steel in the 
concrete is in a hyperalkaline condition, and a protective passive film is formed on the surface of the 
reinforcing steel. In order to mimic the pore solution of the concrete structure, the pH value of the 
experimental solution was increased up to 12. It is clearly shown that the corrosion rate was strongly 
affected by pH value, as listed in Table 6. For example, it was inversely proportional to pH value in 
the range of pH 8 to 12 and determined to be ~10-8 m y-1 and ~10-9 m y-1 at pH 10 and 12, respectively. 
The pH effect on the corrosion rate was also reported by Simpson [4] and Schenk [5]. They reported a 
similar decrease of corrosion rates in pH 7~10. In Table 6, the corrosion rates are compared with those 
of Simpson, whose experiments were carried out in anaerobic conditions. The corrosion rates of this 
study, at neutral pH conditions, were slightly lower than those of Simpson, whereas the corrosion rates 
of this study at alkaline conditions were higher than those of Simpson.  

Dissolved oxygen becomes a main oxidant in the corrosion reaction of steel in the oxygen-saturated 
environments. Furthermore, the charge transfer for oxygen reduction on the steel surface is not 
affected by other parameters, such as pH and Cl-. Hence, it would be expected that the dissolved 
oxygen concentration significantly influences the corrosion rate of the reinforcing steel. The effect of 
dissolved oxygen concentration on the corrosion rate of the reinforcing steel is clearly shown in Figure 
5. The corrosion rates increased more than 20 times as the concentration of dissolved oxygen was 
increased from 1 mg L-1 to 8 mg L-1. This is firmly in line with the previous research results. Cáceras 
et al. reported that the maximum icorr value was observed at saturated dissolved oxygen concentration 
for NaCl 1 M [6].  

Fortunately, there is usually a change from oxidising conditions to reducing conditions in groundwater 
at greater depths. Dissolved oxygen is consumed through biogenic and inorganic reactions along the 
flow path of groundwater. Generally, anaerobic conditions prevail at the depth of geological disposal. 
Hence, oxygen-saturated conditions are not considered in geological disposal.  
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An empirical model (equation 1), based on the diffusion of dissolved oxygen, was also applied to 
calculate the corrosion of the reinforcing steel [7]. According to equation (1), ~0.000012% of 
reinforcing steel diameter was corroded after 1000 years. This very low corrosion of the reinforcing 
steel may be due to dissolved oxygen concentration of 1.0 mg L-1 in groundwater.  

% remaining = 100 1 − × . ∆ sD C , t   ...................................................................................... (1) 

Where ᅀX is the depth of reinforcing steel below surface, Cg,w is the concentration of dissolved 
oxygen in groundwater, s is the spacing between reinforcing steel elements, Di is the intrinsic diffusion 
coefficient of oxygen, and d is the diameter of the reinforcing steel elements.  

Previous researchers  reported that the rate of corrosion decreases with increasing duration of exposure 
and that corrosion rates vary by 2 to 3 orders of magnitude in similar experimental conditions. In order 
to estimate the corrosion properties of the reinforcing steel in detail, it is strongly required that a long-
term study be carried out in the conditions of geological disposal.  

TABLE 6. COMPARISON OF CORROSION RATE IN DIFFERENT EXPERIMENTAL 
CONDITIONS 

Experimental conditions Corrosion rate 
(m y-1) 

Reference 

pH Cl- (mg L-1) Dissolved oxygen
(mg L-1) 

Temp. (oC) 

6 75 <1.0 25 2.9x10-7 This study 

8 75 <1.0 25 3.7x10-7 

10 75 <1.0 25 4.3x10-8 

12 75 <1.0 25 8.7x10-9 

7 0 anaerobic 50 2.8x10-6 Simpson* 

7 80 anaerobic 50 3.0 x10-6 Simpson* 

7 800 anaerobic 50 1.4 x10-6 Simpson* 

8.5 0 anaerobic 50 8.0 x10-7 Simpson* 

8.5 80 anaerobic 50 8.0 x10-7 Simpson* 

8.5 800 anaerobic 50 1.4 x10-6 Simpson* 

10 0 anaerobic 50 <4.0 x10-9 Simpson* 

10 80 anaerobic 50 <4.0 x10-9 Simpson* 

10 800 anaerobic 50 <4.0 x10-9 Simpson* 

*Simpson, J. P. Experiments on container materials for Swiss high-level waste disposal projects, Part-IV, Nagra 
NTB 89-19, 1989. 
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(pH=8 and Cl- =75 mg L-1). 

FIG. 5. Effect of DO concentration  on corrosion rate. 
 
 

5.2. Estimation and measurement of porosity change in cement paste 

The pore structure and porosity change of the cement pastes were determined using the MIP method, 
and the results are presented in Table 7. In the experiments, deionised water and groundwater 
collected in the LILW disposal site were used as a dissolution solution.  When the intact cement pastes 
were immersed in deionised water and groundwater, porosity increased sharply. However, as the 
period of dissolution reaction was extended from 56 days to 91 days, the porosity of the cement pastes 
decreased slightly. This result implies that porosity change is inversely proportional to dissolution 
period. This seems to be caused by the precipitation of secondary minerals in the cement pastes. The 
effect of ionic strength was clearly observed in porosity change; the cement pastes kept in deionised 
water showed relatively higher porosity than ones kept in groundwater. Water-to-cement (w/c) ratio 
also affects the porosity change as well as the initial porosity of the cement pastes. In order to maintain 
a sound concrete structure, it is recommended to reduce the w/c ratio as low as possible.  

TABLE 7. POROSITY CHANGE OF CEMENT PASTES IN DISSOLUTION EXPERIMENTS 

Dissolution 
period 
(day) 

Mix-I (w/c=0.4) Mix-II (w/c=0.32) 

Deionised water Groundwater Deionised water Groundwater 

0 0.215 0.215 0.205 0.205 

56 0.275 0.24 0.23 0.214 

91 0.26 0.24 0.186 0.188 

 

Figure 6 presents the pore size distribution of the cement pastes immersed in deionised water. There 
was the significant change of pores in the range of 10-300 nm (called capillary pores) during the 
dissolution experiment. It is well known that the capillary pore significantly influences the molecular 
diffusion. Hence, the diffusive transport of radionuclides though the cement-based materials would be 
affected by exposure period of the cement-based material to groundwater in the subsurface 
environments. 

  



10 

 

FIG. 6. Pore size distribution of cement pastes in deionised water. 

 
The porosity change of the cement pastes was simulated for relatively long periods by thermodynamic 
modelling, using PHREEQC-2[8]. It was highly influenced by the depth of the cement pastes. There 
was increased porosity on the surface of the cement pastes, due to dissolution of hydration products, 
such as portlandite, ettringite, and CSH. However, the decrease of porosity estimated inside the 
cement pastes was due to the precipitation of cement minerals.  

 

FIG. 7.  Porosity change prediction using thermodynamic model (PHREEQC-2). 

 

6. SILO CLOSURE OPTION STUDY 

In order to compare the barrier effect of silo backfill materials, groundwater flow analysis and 
radionuclide transport assessment for 5 silo closure options have been carried out. In Figure 8, Case-1 
includes backfill materials only inside the silo, and Case-2 has both inner and outer backfill layers. 
Three-dimensional groundwater flow in the regional and local domain was simulated by MODFLOW 
[9]. The results from regional modelling were used as boundary conditions for the local model. 
Groundwater inflow into a silo was calculated and compared.  Table 8 shows the relative value 
(fraction) of groundwater inflow rate to the Case1_M1 (Inner crushed rock backfilling case) under 
both intact concrete condition and fully degraded concrete condition. Results showed that Case2_M3 
(Inner cement - Outer bentonite case) represented the best option in hydrological aspect.  Comparing 
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Case2_M1 (Inner and Outer crushed rock case) with Case1_M1 (Inner crushed rock only), hydraulic 
cage effects can be seen, due to the difference of hydraulic conductivities between outer crushed rock 
and the concrete barrier. 

In the radionuclide transport assessment, using the groundwater flow modeling results, the normal 
groundwater flow scenario was applied as a reference scenario. Figure 9 shows the conceptual design 
of the reference scenario. This scenario is defined as: 

 Groundwater flows in the bedrock (granite) and disposal silo; 

 Groundwater intrudes into the silo, initiating the release of radionuclides into the groundwater; 

 Gradual mechanical and chemical degradation of the concrete lining of the silo; 

 Migration of radionuclides in the silo by diffusion and advection; 

 Migration of radionuclides along the bedrock with groundwater; and 

 Discharge of radionuclides into the seabed. 

 

 

FIG. 8. Silo closure option for the Wolsong LILW Disposal Center. 
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TABLE 8. GROUNDWATER INFILTRATION INTO SILO (NORMALISED TO CASE1_M1) 

Option Intact Concrete After Fully Degraded 

Case1_M1 1 1 

Case1_M2 7.72E-01 7.81E-01 

Case2_M1 1.50E-01 9.56E-01 

Case2_M2 1.04E+00 5.41E-01 

Case2_M3 4.33E-02 4.96E-02 

 

 

FIG. 9. Conceptual drawing of the reference scenario for the Wolsong LILW Disposal Center.  

 

Based on this information, a conceptual model has been established for calculating the release and 
transport of radionuclides for the reference scenario.  The model considers the following FEPs 
(Features, Events and Processes): 

 The silo is rapidly saturated with water shortly after closure; 

 Water contact mobilises radionuclides and water flow carries the dissolved radionuclides out 
of the repository; 

 Diffusive and advective transport of radionuclides within the near field of the repository that 
includes the concrete overpack, backfill (crushed rock), and concrete barrier; 
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 Diffusive, dispersive, and advective transport of radionuclides in the granite far-field;  

 Dilution in the biosphere;  

 Radioactive decay and ingrowth; 

 Shared elemental solubility limit within the silo; and 

 Sorption attenuation in both the near and far fields.  

The model adopts a compartment approach. The code used in this assessment is MOSAIC developed 
by KRMC and MSCI, USA[10]. The results of near-field radionuclide release rate for the 5 backfill 
option are compared.  The near-field release rates means the mass flux at the interface of the silo 
concrete lining and the geosphere.  Figure 10 shows the relative peak release rates of each 
radionuclide to those of the Case1_M1 (Inner crushed rock backfilling case). It can be seen from the 
Figure that short-lived and slightly sorbing nuclides, Cs-137 and Sr-90, show similar behavior to 
groundwater inflow variation in intact concrete conditions. On the other hand, long-lived and non-
sorbing nuclides, I-129, Ni-59 and C-14, show similar behavior as groundwater inflow variation in 
fully degraded concrete conditions. The effect of groundwater inflow rate on the release rate would be 
caused by the relation between the delay of peak release from the reduced inflow rate and the half-life 
of each nuclide.  As an example, for non-sorbing I-129, which has a longer half-life (1.57E+7 yr) than 
concrete degradation time, the influence of inflow rate would be small, due to short peak release time 
relative to the half-life. However, C-14 (half-life 5.73E+3yr) and Ni-59 (half-life 7.54E+4yr) represent 
relatively large sensitivity. The sorbing effect is mostly noticeable in Case2_M3 (Inner cement - Outer 
bentonite case), whose release is significantly delayed and at a much lower rate.   

FIG. 10. Comparison of near-field release rate for the silo closure option. 

 

7. SAFETY ASSESSMENT CONSIDERING CONCRETE DEGRADATION 

The sensitivity analysis for the silo concrete degradation time to peak dose in the WLDC has been 
carried out for the reference scenario. A set of system-level models using GoldSim, which was 
developed by GoldSim Technology Group for the safety assessment, was set up for the sensitivity 
analysis [11]. The safety assessment modelling consists of groundwater modelling, radionuclide 
transport modelling and biosphere modelling. The GoldSim modelling for the safety assessment is 
shown in Figure 11. Figure 12 represents the conceptual model for the NF release simulation. Gradual 
mechanical and chemical degradation of the concrete lining of the silo is considered in the reference 
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scenario. It is assumed that gradual degradation of the concrete barrier leads to complete degradation 
at 1 400 years after closure when groundwater flow rate through the silo is the same as the ambient 
flow rate. The model assumes that advection occurs between adjacent compartments in the direction of 
the water flow in the surrounding media, assumed to be from left to right, and that there are diffusive 
fluxes between all compartments within the silo. The groundwater flow modelling based on an 
equivalent porous medium approach was performed to calculate groundwater travel time and travel 
path from the individual silo to the GBI (Geosphere-Biosphere Interface). For the human dose 
calculation, the ocean biosphere is considered. Required parameters include geometry, source term, 
near-field and far-field transport, geochemical data, and biosphere data. In order to meet the data 
qualification and maintenance for the safety assessment, a web-based quality management and data 
management system named PAPYRUS (Permanent digital Archives of Performance assessment 
sYstem for Reducing Uncertainty and enhancing Safety) has been developed. It can manage both 
analysis information and the parameter database for safety assessment of the WLDC. PAPYRUS is a 
tool that serves quality assurance (QA) purposes for managing safety assessment information properly 
and securely. In PAPYRUS, the information is organised and linked to maximise the integrity of 
information and traceability. PAPYRUS provides guidance to conduct safety assessment analysis, 
from scenario generation to result analysis, and a window to inspect and trace previous safety 
assessment analyses and parameter values. Figure 13 shows 4 major categories which are be 
implemented as sub-modules within PAPYRUS. To use PAPYRUS, after logon in the web site, the 
user clicks on the PAPYRUS icon, which brings up the main interface, as shown in Figure 14. Users 
can inspect, construct, retrieve information and parameter data by selecting an appropriate category 
from the list in the main interface. Figure 15 shows the time-dependent dose distribution from the 
GoldSim simulation for the reference scenario. It shows that the peak dose of about 3.06E-03 mSv/yr 
comes from C-14 at 3 700 years after silo closure. Figure 16 shows the peak dose change as the 
concrete degradation time for the reference scenario. The peak dose decreases rapidly when the 
concrete degradation time is over 1 000 years. 

 

FIG. 11. GoldSim model of the post-closure safety assessment for Wolsong LILW disposal center. 
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FIG. 12. GoldSim conceptual model for the near-field.  

 
 

 

FIG. 13. PAPYRUS information system and structure. 
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FIG. 14.  The main interface of PAPYRUS. 

 

 

FIG. 15.  Time dependent dose [mSv/yr] distribution for the reference scenario. 
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FIG. 16. Peak dose change with concrete degradation time for the reference scenario. 
 
 

8. CONCLUSIONS 

The following conclusions could be made on the basis of the results and discussion: 

 It is thought that different cementitious materials offer wide ranges of potential performance 
benefits, depending on their chemical, hydrological, and physical properties. 

 Because extensive experimental studies for the geochemical reactions between the 
radioactive elements and concrete materials are not immediately available, a series of 
laboratory experiments is needed to obtain essential geochemical information on concrete 
materials, such as mineral composition, sorption and ion exchange capacity for radioactive 
elements, and thermodynamic parameters for dissolution of existing minerals and 
precipitation of new mineral phases, as well as hydrological properties. 

 In order to demonstrate concrete degradation behavior, it is required that a long-term in-situ 
test program should be carried out at real repository condition of the WLDC. 

 It is critical to predict the behavior of radioactive elements passing through the concrete 
materials and the geochemical reactions occurring with the concrete materials. 

 An optimised closure plan should be developed in consideration of long-term safety as well 
as of economic aspects. 

 Further researches for the closure technology should be continued during the operational 
period of the disposal facility. 
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