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Abstract.Contaminant transport models play a fundamental role in understanding 

the potential impact of contaminant movement in the subsurface environment. The 

subsurface (i.e., geosphere) is mainly composed of soils and rocks, and these natural 

geological formations are highly heterogeneous and fractured. The presence of such 

complex medium influences the migration of contaminant reaching the biosphere 

which further affects the safety of the public health and environment. So, in this 

paper, various models are developed to predict the contaminant migration process in 

soil and rock media. However, the contaminant fate in subsurface is significantly 

influenced by uncertainties in natural geological media, and thus may affect model 

predictions. The effect of uncertainties in the geological and transport properties of 

the medium on the concentration patterns evolving in time and space are propagated 

and quantified by implementing efficient probabilistic techniques. The contaminant 

transport models thus developed are integrated into the probabilistic framework for 

assessing the performance of radioactive waste disposal systems. These models 

illustrated the effect of type of geological medium and different forms of 

uncertainties in the medium on the contaminant transport process and further, on the 

risk and reliability of the disposal systems.   

Keywords: soil, rock, fracture patterns, contaminant transport models, numerical 

model, reliability analysis, near surface disposal facility, radioactive waste disposal 

facilities, performance assessment models  

   

1       Introduction  

Contaminant transport modelling in subsurface is the primary tool in understanding the 

physical, chemical and biological behaviour of contaminants with the surrounding 

geological medium. These models evaluate the extent of contaminant migration over 

spatial and temporal scales due to a possible source of subsurface pollution or, a 

contaminant spill. So, they are of utmost importance in handling geo-environmental 

problems like conducting risk assessments, remediating complex contaminated sites, 
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designing and monitoring barrier/disposal systems for contaminants (hazardous/non-

hazardous) [1, 63, 64]. The subsurface contamination caused due to release of 

radionuclides from the radioactive waste disposal systems is raising environmental 

concerns globally from the past three decades. It is important that disposal sites be 

designed to prevent the possible contamination of the groundwater system in both short 

and long term [12, 42, 61]. Although they are designed to contain the waste from the 

surrounding environment, it is conceivable that significant pollution might occur in the 

long term. To estimate the risk and radiological impact caused by the migration of 

radionuclides to the biosphere, performance assessment models are developed. These 

models take into account the nature of the facility, radioactive inventory, geo-hydrological 

and geochemical behaviour of the site, release and transport of radioactivity to the 

biosphere.   

Contaminant transport in the geosphere is central in assessing the overall performance of 

the disposal systemsand one of the key factors that influences the contaminant transport 

process is the geological environment through which the contaminant migrates [11, 40]. 

So, modelling the transport of contaminant (i.e, radionuclides) in different geological 

media (ie., soils and rocks) is critical in monitoring the post-closure safety of disposal 

facilities for radioactive wastes [28, 70]. Several studies were carried out to model the 

migration of radionuclides in soils and rocks with an aim to understand their transport 

behaviour and the mechanisms that affect their movement. Analytical models were 

developed to predict the distribution and transport of radionuclides in porous media [33, 

38, 70]. However, it becomes challenging to achieve a close form solution for problems 

with geometrical complexities, time varying boundary conditions and large-scale field 

studies. To overcome this issue, numerical models were developed that considered 

heterogeneity in the medium [43, 46], retention capacity of soils [Pique et al 2013], the 

influence of vadose/unsaturated zone [36, 60] and, decay chain with ingrowth of 

progenies [19, 22] to simulate the radionuclide transport process and estimate its 

concentration reaching the environment. Unlike soils, modelling the behaviour of 

contaminant in rocky medium is more complicated. It involves modelling two interacting 

subsystems namely fractures and the intact rock matrix [49]. Bear et al discussed various 

approaches to model flow and transport in fractured rock and also addressed the influence 

of various factors like fractures geometry, fracture aperture distribution, orientation 

distribution of fractures, diffusion in intact rock matrix on these models [9]. A number of 

analytical [30, 39, 62, 71] and numerical models [15, 40, 41, 52] were developed to 

predict the contaminant transport in fractured rocks. These models are deterministic and 

provide conceptual understanding and insight into the effects of different factors involved 

in a process, but lack in describing the transport of solutes through soils under the 

influence of uncertainty.  
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The theoretical model and field studies have recognized that the contaminant fate in 

subsurface is significantly affected by different forms of uncertainties in the geological 

media and thus may affect model predictions [25, 31, 56]. Failure to acknowledge and 

represent uncertainty can result in serious criticism of performance assessment [32]. The 

increasing awareness for these uncertainties led to an improved understanding of 

contaminant transport behaviour in subsurface. Uncertainty generally emerge in the form 

of inherent variability in the medium (soil properties/heterogeneity), measurement errors 

and modelling errors [7, 20]. The influence of spatial variability and design parameter 

uncertainties in geological and transport properties on contaminant transport process were 

studied [18, 27, 45, 50, 66]. Uncertainty analyses of environmental models needs to be 

performed to achieve a level of confidence in model results. The uncertainties in these 

models are quantified by carrying out reliability analysis where, the probability of 

radiation dose exceeding permissible limit is computed. Various probabilistic techniques 

like Monte Carlo simulation [42, 53], First Order Reliability Method (FORM)/ Second 

Order Reliability Method (SORM) [17], importance sampling methods [14] and subset 

simulation method [6, 48, 53] were adopted by researchers to quantify the uncertainties in 

geological systems. The choice of method of uncertainty analysis depends on the 

computational time for carrying out each simulation in the model. However, these studies 

did not explore the effect of various uncertainties in the geological medium under the 

framework of performance assessment modelling for radioactive waste disposal systems. 

Also, reliability and risk assessment of these systems needs to be studied by modelling 

radionuclide transport process in different geological media. So, as an integral part of 

performance assessment, uncertainty analysis is carried out to estimate the performance of 

the disposal systems. Overall, a probabilistic performance assessment modelling 

framework is developed by integrating efficient geosphere transport models. The 

objectives of the present study are:  

1. To develop efficient geosphere transport models that can solve the radionuclide 

migration process in different geological media i.e., soils and fractured rocks.  

2. Estimate the radiological impact caused due to radionuclide migration in the 

biosphere.  

3. Characterize different forms of uncertainties in the geological properties of the 

medium and the transport properties of the contaminant.  

4. Quantify the effect of these uncertainties on the radionuclide concentration, radiation 

dose by carrying out reliability analysis.  

 

A broad outline of the general framework developed in the present study is represented in 

Fig. 1. A system/ analysis model is formulated with geosphere transport as one of its 

model components to estimate the performance of radioactive waste disposal systems. 

Geosphere transport is modelled numerically to predict the radionuclide transport in 

geological media. To carryout probabilistic analysis, the uncertain inputs (i.e., random 

variables/random process) are characterized and propagated through the analysis model 
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(via. geosphere transport model). Further, these uncertainties are quantified by carrying 

out reliability analysis where, the probability of failure of these systems due to 

radionuclide release is estimated. The steps followed in uncertainty analysis is automated 

by coding python programs.  

 
 

Fig. 1. Sequence of steps followed in the present study   

1.1.  Outline of the paper  

The paper is organized into five sections. In Section 2, the details of the numerical model 

and the governing equation used to describe the radionuclide transport in soils and rocks 

are presented. In Section 3, different forms of uncertainties considered in the paper and 

the methods of uncertainty quantification are presented. Using the framework presented in 

the study (as shown in Fig 1.), three performance assessment models are developed, and 

they illustrate the influence of geological media and the uncertainties on the radionuclide 

transport process, on the performance of radioactive waste disposal systems. In Section 5, 

the major conclusions from the analysis are presented.  
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2     Contaminant Transport Models in Soils and Fractured Rocks  

Numerical modeling has been extensively used in the study of groundwater contaminant 

transport in the past three decades and remains as a very effective way in dealing with 

these problems. They account for the geometrical complexities of the domain 

(heterogeneity, fracture network), seasonal variations in the properties of the geosphere 

and temperature fluctuations. So, in the present study the radionuclide transport is 

modelled numerically based on finite element method using FEFLOW 6.2, a numerical 

modelling software developed by Diersch [21]. This software handles complex boundary 

conditions, coupled groundwater flow, transport of solutes, and geochemical reactions 

between solid and aqueous phases. The governing equations for fluid flow and 

contaminant transport in soils and fractured rocks are presented below. 

2.1 Soils 

In any geological medium, the main transport mechanisms that describe the movement of 

contaminant are advection, hydrodynamic dispersion (i.e., combination of molecular 

diffusion and mechanical dispersion), adsorption and radioactive decay. There can be an 

influence of other chemical and biological reactions barring from the previous transport 

mechanisms, depending on the reactive nature of contaminant. By conceptualizing the 

contribution from these factors into mathematical equations, models were developed by 

the researchers to describe the flow and mass transport of the contaminants. So, the 

geosphere transport (i.e., coupled flow and transport process) is represented by the 

governing equations for fluid flow (in a fully saturated medium) and contaminant 

transport which are given by  

 

Fluid flow 

                                            (1) 

Mass transport 

                                        (2) 

where 𝑆0- specific storage coefficient, 𝜕𝜕𝑡ℎ – rate of change of hydraulic head, 𝐾 – 

hydraulic conductivity, 𝑓𝜇 – viscosity function, ∇h – change in hydraulic head, χ – 

buoyancy coefficient, e – gravitational unit vector, 𝑄 – specific mass supply; 𝜀 - porosity, 

𝑅𝑓 - retardation factor, 𝑗 – diffusive flux,𝐶 - concentration, ∇𝐶 – change in concentration,  

- rate of change in concentration, 𝜐 – radioactive decay, 𝑞 - Darcy velocity, 𝑆 - 

source/sink term. 
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2.2  Fractured rocks  

Discrete fracture network (DFN) modelling approach is implemented to model 

contaminant transport in fractured rocks. The model is developed numerically, where, the 

porous media and the set of fractures are represented as two distinct interacting 

subsystems coupled through interfaces [21]. Usually, the spatial dimension of fractures is 

lower than the domain (i.e., for a two-dimensional domain, the fractures are modelled as 

one-dimensional elements). The governing equations for fluid flow and contaminant 

transport are considered separately in porous medium (given eq 1 and eq 2) and the same 

equations are lowered by spatial dimension in the case of fractures. To solve for 

concentration of contaminant, the discrete features (fractures) and the porous medium are 

treated as a unitary feature, where all components are integrated into the solution domain 

consisting of the joint porous-medium domain 𝑂𝑝 and a number of non-overlapping 

discrete feature domains 𝑂𝑓.  

(3) 

The contributions from porous medium and the corresponding fractures are assembled 

and, the overall concentration from both the systems are estimated. The above equations 

are used to build new radionuclide transport models and the details of these models are 

discussed elaborately in section 4. 

 

3     Uncertainty Analysis  

Uncertainty analysis has the important goal of extending understanding and quantifying 

the effect of variabilities in the parameters and, achieve a reasonable assurance associated 

with the safety of the system. Generally, these uncertainties occur in the form of 

heterogeneity in hydrogeological properties of the medium and, the physical, chemical 

and biological properties of the contaminants being released and transported. In the 

present study, the uncertainties addressed are:  

1. Uncertainty due to heterogeneity in the medium   

2. Uncertainty in the design parameters of the model  

 

3.1. Random field modelling 

The inherent randomness in the properties of natural materials extending over space 

is modelled based on random field theory [72]. Let Ω be a set Rn describing the system 

geometry such that 𝑥∈ Ω, then, 𝐻(𝑥, 𝜃) is defined as random field, which is a collection of 

random variables indexed by the parameter 𝑥. The statistical descriptors of a random field 
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are (i) mean (ii) standard deviation and (iii) auto correlation function. Further, the random 

field is discretised to replace a continuous random process by a finite set of random 

variables. In this study, the random field is discretized using Karhunen-Loeve (K-L) series 

expansion. This method is based on the concept of spectral decomposition of its 

autocovariance function 𝐶(𝑥, 𝑥′) = 𝜎(𝑥)𝜎(𝑥′)𝜌(𝑥, 𝑥′), which is bounded, symmetric, and 

positive definite.  

                                                                              (4) 

𝜆𝑖 and 𝜙𝑖 are the eigen values and eigen vectors of the autocovariance function 

respectively which are computed analytically. 

3.2  Uncertainty in design parameters  

The uncertainty in physical parameters in subsurface contaminant transport models 

are manifested in the form of physical, chemical and biological properties of the 

contaminant and the surrounding medium. So, in the present study, the geohydrological 

and transport properties of the medium and, the contaminant are treated as random 

variables and their coefficient of variation are chosen from the literature. The statistical 

properties of these variables are presented in section 4. 

3.3   Reliability analysis  

Reliability is defined as the probabilistic measure of the assurance achieved on the 

performance of a system over time under specified conditions and it is expressed as 

reliability index (𝛽) and the probabilistic measure of its complementary event is called the 

probability of failure denoted by 𝑃𝑓. In the present study, reliability analysis is employed 

to quantify the uncertainties mentioned above. So, the geohydrological and transport 

properties of the medium and the contaminant are treated as a vector of random variables 

denoted by X, [𝑋 = 𝑋1, 𝑋2 … 𝑋𝑛], where ‘n’ denotes the number of random variables. The 

performance function is defined as  

 𝑔(𝑋) = 𝐷𝑚𝑎𝑥− 𝐷(𝑋) (5) where 𝐷𝑚𝑎𝑥 - permissible radiation dose or concentration of 

the contaminant recommended for design, 𝐷(𝑋) - the radiation dose or concentration of 

contaminant estimated from the model (function of random variables).  

Subset simulation. Estimating the probability of failure of a rare event is challenging as 

they have very small failure probabilities. An efficient technique called subset simulation 

is developed to estimate the 𝑃𝑓 for such rare events [5, 13]. The underlying idea in subset 

simulation is to break down a rare event into a sequence of frequently occurring events. 

The failure event is nothing but the intersection of all the intermediate events 
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. By sequentially conditioning on the event 𝐹𝑖, the failure probability 𝑃𝑓 can 

be written as  

(6) 

𝑃(𝐹1), the first failure event is determined by DMC. Further, the conditional samples are 

generated by means of a Markov chain designed so that the limiting stationary distribution 

is the target conditional distribution of some adaptively chosen intermediate event. This 

gradually populates the successive intermediate regions up to the target failure region. 

This is carried out by following Modified Metropolis Hastings algorithm.  

3.4.  Python programming interface  

The computational efficiency of the model is improved by coding python programs where 

the probabilistic analysis to generate random realizations of geological and radionuclide 

transport parameters and, estimate the probability of failure using subset simulation are 

automated. 

4 Reliability Analysis of Radionuclide Transport Models for    

Radioactive Waste Disposal Facilities in Soils and Fractured Rock  
   

Radioactive waste disposal is a global challenge which is gaining increased attention due 

to thealarming effects caused by its exposure to human health and the environment. To 

provide long-term isolation and containment of the radioactive waste, disposal systems are 

designed which depend on the type of waste (nonhazardous/hazardous), its physical state 

(solid/liquid/gaseous) and the concentration of radioactivity (low level (LLW) / 

intermediate level (ILW) / high level waste (HLW)). The disposal systems are constructed 

a few meters to a few thousands of meters from the surface based on concentration of 

activity (i.e., radioactivity) in the waste. The wastes are conditioned, immobilized and 

then placed in the disposal systems. According to the present practices in India for the 

storage and disposal of various categories of solid waste, the LLWs and ILWs are placed 

in the Earth/Stone Lined trenches, RCC trenches and Tile holes (which are also known as 

near surface disposal facilities (NSDF)); and HLWs are disposed into deep geological 

repositories [57]. The post-closure safety of the disposal systems are assessed by 

developing performance assessment models that predict the extent of safety achieved due 

to isolation of these wastes and estimate the amount of risk caused by the failure of these 

systems by taking into account various scenarios of release and pathways of intrusion. The 
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significance of radionuclide transport models in estimating the performance of radioactive 

waste disposal systems are illustrated in the following three models.   

 

4.1  Numerical model to describe the flow and transport of radionuclide in soil  

A numerical model is developed to simulate three-dimensional radionuclide transport 

process in soil and this model is integrated into performance assessment modelling 

framework for near surface disposal facility (NSDF). The national (Atomic Energy 

Regulatory Board (AERB)) and international (International Atomic Energy Agency 

(IAEA)) regulatory bodies  have developed safety guides to assess the performance of 

NSDFs and these guidelines are followed in the present study to develop performance 

assessment models [2, 34]. In any performance assessment model, initially, the pathway 

leading to the failure of the radioactive waste disposal system should be identified [69, 

73]. Here, it is assumed that the disposal facility failed due to infiltration of water into the 

system that resulted in radionuclide release in groundwater and transport in geosphere. 

Once the failure scenario is recognised, the source term and geosphere transport 

modelling are carried out. Typically, the critical processes involved in performance 

assessment are judged based on sensitivity of the process. The focus of this study is 

mainly on discerning the behaviour of radionuclides in the geosphere and its impact on 

the radiation dose values of radionuclide at the endpoint. So, a simple source term model 

is considered followed by, three-dimensional geosphere transport model.   

Source term model . The source term denotes the inventory of radioactivity (i.e., waste 

dumped) within the facility at any given time. The concentration of the radionuclide at the 

source area is computed using the following equations [46].  

                                                (7) 

(8) 

(9) 

with the initial condition 𝐶(𝑡 = 0) = 𝐶0 where C is the inventory of the nuclide (atoms) at 

time t; K is the leach rate or fractional release rate of the nuclide; t is the time (T); L is the 

length, B is the width and H is the height (m) of the disposal facility; v is the infiltration 

rate of water from the disposal facility (m/s); S,V are the surface area and the volume of 

the disposal facility respectively; 𝜃 is the porosity of soil; C0(t) is the concentration of the 

nuclide at the source area (atoms L3 or mol); C(t) is the activity of the radionuclide at time 
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t (atoms); and C0 is the initial concentration of radionuclide. Using the above equations, 

the source term is assigned as decaying mass boundary condition in the numerical model.  

Geosphere transport model . The radionuclides released in the groundwater migrate 

towards the biosphere and this process is modelled using FEFLOW 6.2. The transport 

mechanisms of radionuclide transport are formulated into basic governing equation as 

shown in eq (1). The plan, sectional view and the point of location of the source of the 

domain are shown in Fig. 4(a). A triangular finite element mesh is generated with 55,496 

nodes and the three-dimensional view of 1000m x 1000m x 6m domain is presented in 

Fig. 4(b). The groundwater velocity considered in the model is 0.1 m/day. The initial and 

boundary conditions for flow and radionuclide transport are presented in Table 1 and eq 

(5). 

 
(a)  

 

  
     (b) 

Fig. 4. Domain considered for the study (a) plan and sectional of the domain (b) three-dimensional 

view of finite element mesh  
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Fluid flow  

Table 1. Boundary conditions for fluid flow 

 

Section Type Value  

A-E-H-D - - - 

A-B-C-D Dirichlet H=150m Pervious boundary (Inflow) 

E-F-G-H Dirichlet H=130m Pervious boundary (Outflow) 

B-F-G-C - - - 

Mass transport  

𝐶(𝑥, 𝑦, 𝑧, 0) = 0 − ∞ <𝑥< ∞; −∞ <𝑦< ∞; 0 <𝑧<𝑑 − ∞ <𝑥< ∞; −∞ <𝑦< ∞; 

0 <𝑧<𝑑 

 𝐶(±∞, 𝑦, 𝑧, 𝑡) = 0 − ∞ <𝑦< ∞, 0 <𝑧<𝑑,𝑡> 0                                (10)  

𝐶(, 𝑥, ±∞, 𝑧, 𝑡) = 0 − ∞ <𝑥< ∞, 0 <𝑧<𝑑, 𝑡> 0 

 

The model is run by assigning the above initial and boundary conditions and the 

concentration of the radionuclides at different distances are obtained.   

Validation with an analytical model . To check the efficiency of the numerical model and 

the extent of convergence achieved from the FE mesh refinement, the results from 

numerical model are compared with an analytical solution developed by Park and Zhan 

[51]. They developed a closed form solution for contaminant transport from a point, line 

and an area sources in a finite aquifer system. The results of non-reactive contaminant 

movement over time at 10 m from the source is computed from the analytical model and 

the numerical model, and, presented in Fig 5. From the figure it can be observed that, the 

results from the numerical model match well with the analytical solution. So, the 

numerical model could efficiently solve the contaminant migration process in a three-

dimensional medium. Now, the numerical model is used predict the transport behavior of 

radionuclide Iodine (129I) released from NSDF. The reason for choosing this radionuclide 

for the analysis is because the previous studies reported that among different LILW (low 

and intermediate level waste) in NSDF, radionuclide 129I delivered the highest 



K. Geetha Manjari  and G. L. Sivakumar Babu 

Key Note Lecture 9  225 

concentration in groundwater leading to high risk to human health and environment [24, 

44, 66].  

 

Fig. 5. Concentration versus time at 10 m from the source  

The inventory and geo-chemical properties of 129I and, the geo-hydrological properties of 

the medium are presented in Table 2 and Table 3 respectively. This data of radioactive 

waste originating from PHWR (Pressurised Heavy-Water Reactor) nuclear reactor 

operation and fuel reprocessing near Trombay Site, India is considered for the study [44, 

58]. To reduce computational time of the model, the inventory values are reduced to 

around 100 times the actual inventory value and the evolution of source over time is 

estimated from eqs (7-9) and its trend is plotted in Fig. 6.  

 

Table 2.  Decaying source concentration and other properties of the four radionuclides  

 

Radionuclide Inventory* 

(Bq) 

Half 

life 

(y) 

Distribution 

coefficient 

(ml/g) 

Ingestion dose 

coefficient 

(Sv/Bq) 

Iodine 1.1E6 1.7E7 1 1.1E-7 
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Table 3. Input parameters to estimate the decaying source concentration  

 

S. No Property Value 

1. Infiltration velocity (m/sec) 1E-08 

2. Volume (L*B*H) of the barrier (m3) 15 x 2.5 x 4.8 

3. Porosity 0.3 

4. Hydraulic conductivity (m/day) 5 

 

 

Fig. 6. Decaying source concentration evolving in time  

Radiological model. The consequence of radionuclide migration to human habitat is 

estimated by radiation dose. The radiological model evaluates radiation dose to a member 

of the critical group due to consumption of ground water for drinking. It is mathematically 

expressed as   

                               𝑟𝑑 = 𝐶 × 𝑤𝑖𝑛× 𝑑𝑖𝑛                                                                  (11) 
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where 𝑟𝑑- is the radiation dose (mSv/y);  𝐶 - concentration of radionuclide in ground 

water (Bq/m3); 𝑤𝑖𝑛- drinking water intake (l/day); 𝑑𝑖𝑛 - ingestion dose coefficient (Sv/Bq). 

Further, the risk to a member of the critical group due to the waste disposal practice is 

also estimated. The drinking water intake is assumed to be 2.2l/day [44]. For the analysis, 

the risk to a member of the critical group from the disposal practice is evaluated by 

considering the effect of risk factor and ingestion dose coefficient. The total risk factor to 

the public as recommended by International Commission of Radiological Protection 

(ICRP) [35] is 7.3×10-5 mSv-1. The product of the risk factor and the dose received gives 

the risk to the individual. These values are estimated and compared with the threshold 

dose and risk values used as design criteria. Thus, the results from radiological model 

quantifies the performance of radioactive waste disposal facility.    

Deterministic analysis . The concentration and radiation dose of the radionuclides are 

measured upto 200m from the source as the values become negligible beyond these 

points. The model is run for 2000000 days and the concentration versus time trends 

evolving in time at critical distances of 50, 100, 150 and 200m are estimated. The trends 

are plotted for time periods before the arrival of maximum concentration (i.e., pre-peak) 

and presented in Fig. 7. It can be observed that the concentration values are decreasing 

with an increase in the distance from the source. In the process of contaminant transport, 

the radionuclides get sorbed to the neighbouring porous media and thus the concentration 

reduces with the distance. The concentration of radionuclides is highly dependent on the 

inventory value, distribution coefficient and its half-life. Iodine delivers the high 

concentration and radiation dose because of its low distribution coefficient, high inventory 

value and ingestion dose coefficient. Since the source concentration decays after few 

years, the concentration at any point reaches a maximum value and then reduces to zero. 

When the distribution coefficient value is low, there is no redardation which inhibits the 

mobility of the contaminant. The radiation dose through drinking water pathway is 

calculated and the results are compared with the dose limit (1 mSv.y−1 to a member of the 

public) recommended by ICRP and shown in Fig. 8. From Fig. 8, it can be noticed that the 

radiation dose values did not exceed the dose limit for the given hydro-geological 

conditions of the domain. Further, the peak value of risk to a member of critical group due 

to iodine is estimated as 6.5 x 10-5 y-1 which is  lower the risk due to background radiation 

and the risk from accidents and catastrophes (1×10-3 - 1×10-4 y-1) and natural background 

radiation (1.8×10-4 y-1).  
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Fig. 7.  Concentration versus distance for iodine before the arrival of maximum concentration (Pre-peak)   

 

Fig. 8. Radiation dose versus time for iodine  
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Probabilistic analysis . A deterministic model used for risk assessment ignores the 

uncertainties in the subsurface might cause severe consequences such as damage to 

human health and environment. So, various techniques need to be employed to address the 

effects of these uncertainties. In this example, the uncertainty in the geological and 

transport properties i.e., groundwater and soil medium, are considered as random 

variables. The statistical properties of the parameters considered for the analysis are 

mentioned in the Table 4. The coefficient of variation (COV) and probability distribution 

reported in literature have been considered for the study [17, 24, 45].  

Table 4. Statistical properties of the input parameters  

 

S. No. Property Iodine Distribution 

Mean COV 

1. Longitudinal dispersivity - αL(m) 3 0.09 lognormal 

2. Transverse dispersivity- αT (m) 0.3 0.09 lognormal 

3. Porosity - θ 0.3 0.09 lognormal 

4. Distribution coefficient- kd (ml/g) 1 0.1 lognormal 

5. Diffusion coefficient- D (m2/s) 5.9E-08 0.08 lognormal 

 These uncertainties are propagated through the model as shown in Fig. 1. and quantified 

by carrying out reliability analysis to estimate probability of failure (𝑃𝑓). The probability 

of failure is defined as the probability of radiation dose exceeding the permissible value 

(𝐷𝑚𝑎𝑥 = 0.77 mSv/y). To run the model in a computationally efficient way, a code is 

developed using the built-in python interface in FEFLOW 6.2 that integrates the 

deterministic and probabilistic part of the analysis. Using eq (6), the simulations are 

carried out and 𝑃𝑓 value is estimated using subset simulation. The 𝑃𝑓 value obtained from 

the analysis is 3.5 ×10-9 which is very low, and this value indicates that the disposal 

system is safe. To check the variability of estimates, the sample COV of failure 

probability over 25 independent subset simulation runs. A comparison is made between 

the coefficient of variation and number of samples per subset and; the effect of number of 

samples per subset and probability of failure. From the results it was observed 20,000 

samples per subset was ideal to obtain a convergent solution. Thus, the example presented 

a performance assessment model where, the complexity involved in a migration process 

of radionuclide in three-dimensional medium has been addressed by developing a 

numerical model. Further, the influence of variability in the input properties of geological 

medium that describe the migration process has also been quantified.  
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4.2    Numerical model to describe the flow and transport of radionuclide in spatially 

varying soils  

In the previous model, the uncertainty in the design parameters and their effect on the 

radionuclide transport process have been handled effectively. However, the heterogeneity 

in the geological medium and the effect of modelling spatial variability in the properties 

of the medium due to heterogeneity were not considered. Since the importance of 

reckoning with this form of uncertainty is discussed in the previous section, it is 

imperative to model spatial variability in the medium. This model presents the effect of 

spatial variability in the medium on the performance assessment of radioactive waste 

disposal system. The features, events and processes (FEP) leading to the failure of 

disposal system and the source term model remains the same as mentioned in previous 

model. The next component i.e., the geosphere transport is modelled for a spatially 

variable medium, where, the heterogeneity in the soil properties is described by using 

random field theory which is presented in section (2.1). The random field is approximated 

by KL expansion and given by  

(12) 

For the present study, the parameter (hydraulic conductivity) is modelled as a log-normal 

random field. So, the expansion becomes [16]   

                                                (13) 

 

where 𝜇𝑙𝑛 - the mean of underlying normal field.  

The statistical parameters of log-normal random field are given as  

 

𝜎𝑙𝑛= √ln( 1 + (𝜎⁄𝜇)2) (14) 

𝜇𝑙𝑛= ln 𝜇 − 0.5𝜎2 (15) 

The random field presented in the above equation is discretized analytically using the 

method given by Ghanem and Spanos [26].  These equations are coded in python program 

and, the stochastic analysis to generate the random field are automated. The hydraulic 

conductivity of soil was described as two-dimensional isotropic log-normal random field. 

The statistical parameters of the random field are μ = 0.05 m/day, COV = 10%, and auto-
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correlation length of 2m. Using the python program, the values of a random field (for a 

given realization) at different points of the soil mass are computed. Typical realization of 

random field in the numerical model is presented in Fig. 9. The random field values are 

assigned to different elements of a deterministic mesh which is indicated by the colour 

bands throughoutthe domain in Fig. 9. However, the hydraulic conductivity is same at any 

given point in both x and y directions confirming the isotropic nature of the medium.  

 
Fig. 9. Spatially varying hydraulic conductivity along the domain 

 

Deterministic analysis. The deterministic analysis is performed by generating a domain 

and assigning mean value of hydraulic conductivity. The timeframe considered for the 

analysis is 200000 days (i.e., around 550 years) and beyond this time period the 

concentration values reached insignificant levels. Fig. 10 presents the concentration trends 

evolving in time at different distances from the source. The results show decrease in peak 

concentration value with the increase in distance from the source.   
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Fig. 10. Concentration versus time at observation points located 80 m and 100 m from the source  

As mentioned in the previous example, the reduction in concentration value with distance 

is due to the influence of decaying source concentration and, the distribution coefficient 

which retards the mobility of the contaminant. The endpoints of assessment, maximum 

radiation dose and corresponding risk values of 129I reaching the human habitat through 

drinking water pathway are computed by using the radiological model given in section 

4.1.3 as 0.66 mSv/y and 4.95 × 10-5 y-1 respectively. These values are within the 

regulatory limits and, the risk due to LILW radioactive waste disposal has an almost 

negligible radiological impact from the disposal facility on the human health and 

environment. 

Probabilistic analysis: Integrating the K-L expansion and subset simulation. To estimate 

the failure probability, subset simulation algorithm and K-L expansion are linked. This 

methodology is presented by Ahmed and Soubra [3]. The general algorithm of subset 

simulation remains the same as mentioned in section 4.1. Two steps are introduced to the 

algorithm in order to integrate both the methods. They are  

1. The vector 𝜉𝑖,{𝑖 = 1 ⋯𝑀} generated in the first step of subset simulation is 

substituted in the K-L expansion. Then, these values are assigned at the centres 

of the different elements of the deterministic finite element mesh to simulate the 

random field.   

2. By assigning these values to the mesh a new deterministic model (i.e., 

realization) is created each time. Using this model, the corresponding system 
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response is computed. This process is repeated till the random field belonging to 

the last failure region is estimated.  

The above methodology is coded in python to automate the simulations. The stochastic 

responses (i.e., concentration trends evolving in time) for spatially variable soil medium 

(𝑙ln𝑥 = 5 m, COV = 50%) is illustrated by running a set of Monte Carlo simulations. These 

responses were compared with the result for deterministic case and presented in Fig. 11.  

 

 

Fig. 12. Probability of failure versus correlation length for different cases  

      Fig.11. Concentration versus time for various cases 
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In the deterministic case, same hydraulic conductivity is assigned all over the domain 

indicating that themedium is homogeneous and, this result is represented by thesolid line. 

In the spatially variable case (i.e., heterogeneous medium), the concentration trend at 

mean is represented by dash dot line. The spectrum of concentration trends (blue lines) 

occur due to the randomness in the system, which is ignored in the deterministic case. So, 

Fig. 11. highlights the need to account for spatial variability and quantify its uncertainty 

by adopting probabilistic techniques. The probability of radiation dose exceeding its 

permissible value i.e., probability of failure (𝑃𝑓) is determined using subset simulation 

method and the results are presented in Fig. 12. In the figure, it can be observed that, the 

𝑃𝑓 values lie in the range of 10-9-10-1. The 𝑃𝑓 value is highest for homogeneous soil (black 

lines in Fig. 11) due to faster rate of radionuclide movement through the medium. In 

spatially variable case, the probability of failure increased with the increase in auto-

correlation distance. In Fig. 12. it can be observed that, an increase in autocorrelation 

length (𝑙ln𝑥) from 2 m to 5 m, showed reduction in failure probability by a factor of 103. 

Further an increment of 𝑙ln𝑥 from 5 m to 10 m and more, the reduction in Pf is 10 times 

which is not very significant. So, there is a notable influence of auto-correlation distance 

between 2 m - 5 m which suggests that in this range the parameter is sensitive to 

radionuclide transport. For small correlation length, the scale of transition in the 

conductivity values become more often along the length and cause the radionuclide to 

travel slower. For very high auto-correlation length, radionuclide concentration becomes 

independent of variance and tries to attain a value close to the homogeneous case. Thus, 

the results from this study shows that the extent of heterogeneity influences the safety of 

the system, and it is important to consider spatially variability in the medium to 

understand the behaviour of radionuclide transport and assess the radiological impact 

from the disposal system. 

 

4.3  Numerical model to describe the flow and transport of radionuclide in fractured 

rock  

 The presence of a complex geological environment near the disposal facility affects the 

geosphere transport component and this effectively contributes to the overall performance 

assessment of radioactive waste disposal systems. The influence of this factor with soil as 

the geological medium of transport is discussed in the previous two models. In this 

example, probabilistic performance assessment framework for an NSDF is developed, 

where, the radionuclide transport in modelled in fractured rocks. Thus, the radiological 

impact caused by radionuclide release from an NSDF into the groundwater, which further 

lead to its migration through fractured rock mass is assessed. As mentioned in the 

previous examples, the failure of disposal facility is caused due to the infiltration of water 

leading to an eventual release of radionuclides into geosphere. Further, the radionuclides 

get transported in groundwater to the near-field geosphere which is a fractured rock 

medium. So, the radiological impact caused due to the radionuclide transport through 
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rocks to the nearby environment is assessed from the model. Typically rocks possess 

properties like low-permeability, low groundwater velocity and, molecular diffusion is the 

primary solute migration process. However, fractures, the natural discontinuities within 

the rock can form pathways for the migration of radioactive waste released to the 

subsurface environment. A simple source-term model as given in section 4.1.1 is used to 

estimate the inventory value of radionuclide evolving in time. Once the radionuclide is 

released into the geosphere, the transport process in described by geosphere transport 

model which is presented below.  

Geosphere transport model.  The contaminant transport through fractured rock mass is 

described by generating fractures and developing a model that predicts the contaminant 

transport through the fractured medium. A statistical rule-based algorithm developed by 

Riley [59] is employed to generate fractures observed in layered sedimentary rocks. Using 

this algorithm, the fracture trace length distributions and fracture spacing distributions are 

derived for a given fracture density and orientation distribution of layered rocks. The 

parameters of the fracture generation model are fracture density ; orientation 

distribution, ; speed of fracture propagation uk and; the fixed probability that fracture 

terminates , given a fracture set k. The first two parameters ( ) are determined from 

field data. The other parameters  are used to match the statistical distributions of 

fracture trace lengths estimated from the method with those determined from field 

observations. Let us consider two fracture sets, set1 and set 2. u1 is given by the speed of 

crack propagation from set 1 and  represents the angle between fracture sets 1 and 2. 

The fracture from set 2 intersects with an already existing fracture from set 1. By 

incorporating the concepts of probability theory, the fracture trace length distribution for 

two fracture sets (set 1 and set 2) is given by the equation 

 
where x, r are displacements of fracture 1 and fracture 2 from the seed points and 𝜉, 𝜁 are 

growing tip of fractures 1 and 2 respectively. The above equation can be implemented as 

an iterative scheme for simultaneously calculating 𝑃𝑘(𝑥) and the fractures generated from 

these realizations become the conductive elements in a fracture network. In this study a 

two-dimensional finite element model is developed with a fractured network generated 
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based on discrete fracture network concept. Based on the formulation developed for 

fractures and porous matrix in FEFLOW 6.2 (discussed in section), an integrated fractured 

rock network is generated.  

 

Validation with analytical model . The efficiency of numerical model is tested by 

comparing the numerical model results with an analytical solution. The analytical solution 

developed by Tang et al [67] is used to predict the contaminant migration through a 

horizontal fracture. A two-dimensional finite element mesh is generated with 3288 nodes. 

The fracture is modelled as 1D discrete finite elements sharing the edges of rock matrix 

and they are assumed to follow Hagen-Poiseuille law of flow motion. A typical non-

reactive contaminant is considered for the analysis and the concentration of contaminant 

varying over time is estimated at 0.76 m from the source point and the results are 

presented in Fig. 13.  

 

 

Fig. 13. Comparison of relative concentration versus time for analytical and numerical models with 

different molecular diffusion values  

From the figure it can be observed that, the concentration trends from numerical and 

analytical solutions match well. It is evident that the movement of contaminant through 

fracture can be simulated efficiently using the numerical model.   
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Modelling the aperture variations along the fracture. One of the popular concepts of 

describing the local aperture variations is by adopting local parallel plate concept. In this 

study, the local aperture variations along the fracture are simulated by approximating each 

fracture as a series of 456 '𝑁𝑝' discrete segments with different aperture sizes. Each 

segment within the fracture is modelled as a parallel plate. The number of segments in 

each fracture is a function of the length of each element in finite element mesh, the length 

of fracture and also the extent of variations observed from in-situ investigations. By 

integrating the effect of all these factors, maximum number of segments in a fracture is 

given by  

(18) 

Where 𝑁𝑝, 𝑙𝑓 and 𝑙𝑒 are the maximum number segments in each fracture, length of fracture 

and the length of element in the finite element (FE) mesh respectively. In the present 

study, each fracture is segmented into five parts and the range of aperture values 

considered are 1×10-5 m to 5×10-5 m [29, 74]. A random combination of aperture sizes are 

considered for the analysis as shown in Fig. 14. To examine various factors involved in 

contaminant transport modelling through fractured rock mass, a geosphere transport 

model has been developed that includes generating fractures, generating a finite element 

mesh that can model fluid flow and contaminant transport process in fractures and intact 

rock matrix and, generating aperture variation along the fracture. These three components 

are integrated by coding in python programming interface. The computational efficiency 

of the model increased by automating these components.   

 

 

Fig. 14. Schematic of aperture variation along the fracture 
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Input parameters considered in the model . The input properties of radionuclide to solve 

the source term which include the inventory and geo-chemical properties of Iodine and the 

geo-hydrological properties of the medium are taken from the literature and presented in 

the previous models (Table 2 an Table 3). From the previous studies, it could be noted 

that the general range of fracture orientations observed from the field and modelling 

investigations was 0° - 130° [8, 47, 75]. In the present study, fracture orientations (𝜃𝑘) 
considered are 45°- 90°. The input parameters considered for fracture generation are 

presented in Table 5. The geological and transport properties of fractured rock mass are 

taken from the literature and presented in Table 6. The distribution coefficient in the intact 

rock matrix is calculated using empirical equation given 480 by Krishnamoorthy et. al., 

[38].   

(19) 

Where 𝐾𝑓 - distribution coefficient in fracture (m1/g); 𝜌𝑠 - specific density (g/cm3); 𝑟 - 

particle radius (cm).  A rock mass of size 20 m × 20 m with fracture network of dimension 

10 m × 10 m is modelled within the domain and it is shown in Fig. 15.   

 

Fig. 15. Finite element mesh generated for the problem   

486 This domain is discretized into a two-dimensional quadrilateral mesh with 40401 nodes 

and the fractures are modelled as one-dimensional discrete elements. To model the 

inclined fractures in FE mesh, each quadrilateral element is divided further into four small 

triangular elements leading to 80401 nodes in the mesh, are shown in Fig. 15. The flow 

motion along the fracture is assumed to follow Hagen-Poiseuille law. The contaminant 
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flow is considered both along x-direction and y-direction to examine the influence of 

heterogeneity in fractures. The fluid flow and mass boundary conditions (bc) for flow 

along x-direction are presented in Table 7. The same bc conditions are applied in y-

direction for the cases when the contaminant flow is along y-direction.  

Table 5. Input data considered for fracture generation  

Sr. 

No  

Property  Value  

1  Length of domain in x-direction (m)  10  

2  Length of domain in y-direction (m)  10  

3  Number of fracture sets  1, 2, 3  

4  Density of fractures (m-1)  1, 2  

5  Probability of continuation after fracture intersection (m)  0, 0.1, 0.2  

6  Velocity of propagation  2,1  

7  Inhibition distance for initial point simulation (m)  0.1  

Table 6. Geological properties of rock and transport properties of the contaminant 

 

 
Quantity  Value  

Intact rock matrix 

Isotropic hydraulic conductivity (m/s)  10-9  

Porosity  0.13  

Molecular diffusion (m2/s)  5×10-10  

Longitudinal dispersivity (m)  1  

Transverse dispersivity (m)  0.05  

Fracture 

Fracture area (m2)  6×10-5 

Hydraulic aperture (m)  1.2×10-4 

Hydraulic radius (m2)  6×10-5 

Longitudinal dispersivity (m)  0.1  

Molecular diffusion (m2/s)  5×10-9 

Distribution coefficient (ml/g)  2.6  
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Table 7. Fluid flow and mass transport boundary conditions 

 

Deterministic analysis. The movement of radionuclide in the fractured medium is 

nonintuitive due to the presence of an interconnected system of randomly oriented 

fractures. Some critical observation points are considered for the analysis and shown in 

Fig. 16. The evolution of contaminant concentrations over time are evaluated at these 

points. From Fig. 16 (a) and 16 (b), it can be noted that observation points are ordered 

along x-direction and y-direction. The results of contaminant concentrations are evaluated 

at different observation points spread along and across the network. To investigate the 

radionuclide migration through a fractured rock mass and demonstrate the efficiency of 

the radionuclide transport model, the simulations are presented for 45°- 90° fracture 

network. The fracture network generated from the algorithm is shown in Fig. 17. 

 

 

                                     (a)                                                                    (b) 

Fig. 16. Observation points when the contaminant flow is (a) along x-direction (b) along y-direction  

 

  

  

Section Quantity Value 

Fluid Flow 

AB Dirichlet type bc at LHS (-5≤y≤15;x = -5)(m) 10 

DC Dirichlet type bc at LHS (-5≤y≤15;x = 15)(m) 0 

              Mass Transport  

- Initial condition of contaminant concentration (Bq/m3) 1 

EF Decaying mass bc at LHS (0 ≤y ≤10; x = -0 m) 

(Bq/m3) 

0.05 
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Fig. 17. 45°- 90° Fracture pattern generated from fracture generation algorithm  

When two fracture sets are considered a total of 200 fractures are generated and the results 

of concentration trends for flow along x and y directions are presented in Fig. 18. These 

results give an idea of the concentration profiles for the 45°- 90° fracture set. Fig. 18 (i) 

and Fig. 18 (ii) present the concentration trends evolving in time when the contaminant 

flow is along x-direction and y-direction respectively. Due to the reactive nature of the 

contaminant, there is a postpeak decay in the concentration trends.  Through visual 

inspection, it can be observed that the concentration trends in Fig. 18 (i) and Fig. 18 (ii) 

are not similar. So, the pathway of radionuclide movement is different (i.e., preferential 

movement) when the is flow along x and y direction indicating the effect of heterogeneity 

in the fracture network. The time of arrival of maximum concentration (around 150 years) 

is same in both the cases, however, the peak concentration is around 8000 Bq/m3 in the 

Fig. 18 (i)), whereas, it increased to around 12000 Bq/m3 in Fig. 18 (ii). The influence of 

local aperture variation on the radionuclide transport process is tested by running 

simulations for scenarios with and without considering the variations.  
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(i)Along x direction  

 

(ii) Along y direction  

Fig. 18. Concentration versus time for 45°- 90° fracture set  

It is interesting to note that, the peak concentration value remained almost same in both 

the cases, however, the time of arrival of maximum concentration increased by twofold 

(i.e., increased from 149 years to 354 years). These results suggest that the time taken to 

reach the endpoint of interest changes drastically when the local aperture variations along 

the fractures are taken into account in the model. The same observation is made both for 

flow along x-direction and y-direction. Further, the radiation dose and risk to a member of 

the critical group through consumption of ground water for drinking are calculated from 
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the radiological model. The risk estimated falls in the range of 10-4 to 10-5 y-1. These 

values are low in comparison to the risk due to natural catastrophes and natural 

background radiation. Similar observations were made for risk values calculated in the 

case of contaminant flow along y-direction. Hence, the risk values evaluated for 

deterministic analysis fall within the safe limits indicating safe disposal of radioactive 

waste.   

Probabilistic analysis. An integrated safety assessment model considers the effect of 

uncertainties. So, probability that the quantities (i.e., radiation dose or risk) exceed the 

design threshold is estimated by carrying out reliability analysis. This value provides a 

prior indication of radionuclide contamination in the environment due to any release of 

radionuclide from disposal facility. The mean values (underlying normal distribution) of 

the input parameters (in Table 4), the probabilistic distribution and coefficient of variation 

(COV) [4, 10, 55,59 65] have been assumed from literature and presented in Table 8. The 

𝑃𝑓 values are estimated as 6.7 ×10-6 for 15% COV and for 30% COV from subset 

simulation. These values indicate that, with the increase in the COV, the 𝑃𝑓 increases by a 

factor of 104. So, higher is the radiological impact and risk to the near-field biosphere in 

the second case and the disposal system needs immediate attention to stop intrusion of 

radiation further to the environment.  

Table 8. Input data considered for fracture generation  

 

S.No Property Iodine Distribution 

Mean COV 

Intact Rock matrix 

1 Distribution coefficient (ml/g) 2.6 0.15,0.3 Lognormal 

2 Porosity 0.13 0.15,0.3 Lognormal 

Fracture 

3 Fracture aperture (part 1) (μm) 50 0.15,0.3 Lognormal 

4 Fracture aperture (part 2) (μm) 10 0.15,0.3 Lognormal 

5 Fracture aperture (part 3) (μm) 20 0.15,0.3 Lognormal 

6 Fracture aperture (part 4) (μm) 40 0.15,0.3 Lognormal 

7 Fracture aperture (part 5) (μm) 30 0.15,0.3 Lognormal 

8 Diffusion coefficient (m2/s) 5×10-9 0.15,0.3 Lognormal 

9     Longitudinal dispersivity (m) 10 0.15,0.3 Lognormal 

  

The results from this model reiterates the need to account for the contributions from 

fractures, local aperture variations in fractures, geological and radionuclide transport 

properties in the fractured rock media to estimate the performance of the radioactive waste 

disposal facility.  
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5    Conclusions 

 Various contaminant (i.e., radionuclide) transport models are developed to predict the 

subsurface contamination caused by the migration of contaminants in the geosphere. 

These models are integrated to the probabilistic performance assessment modelling 

framework to quantitatively estimate the radiological impact and risk caused due to the 

release of radionuclides from radioactive waste disposal systems to the biosphere. The 

influence of the geological media (ie., soil, rocks) and the different forms of uncertainties 

(ie., spatial variability, parameter uncertainties) on the performance of radioactive waste 

disposal systems (ie., NSDFs) are encapsulated in these models.  

The main conclusions from each model are:  

(a) Numerical model to describe the flow and transport of radionuclide in soil 

 

1. A three-dimensional radionuclide transport model with a decaying source 

concentration is modelled 564 numerically and the concentration, radiation dose of 

radionuclide Iodine (129I) is computed.   

2. The deterministic analysis results showed that potential risk due to 129I to the nearby 

human habitat through drinking water pathway calculated from the model is  and it is 

observed to be lower than the risk observed from industrial accidents and natural 

catastrophes (1x10−3–1x10−4y−1).  

3. The uncertainties in the input parameters porosity, hydraulic conductivity, 

groundwater velocity, diffusion coefficient and distribution coefficient are propagated 

through the model and quantified. The probability of failure (i.e., radiation dose 

exceeding permissible value) is 10-9. The low value of probability of failure show that 

the system is safe from the risk due to radiation through the drinking water pathway.  

(b) Numerical model to describe the flow and transport of radionuclide in spatially 

varying soil0 

1. The transport of radionuclide in geosphere is modelled numerically to understand 

the influence of spatial 574 variability in soil on radionuclide transport process.  

2. From the deterministic analysis, the risk values of 129I reaching the endpoint 

through drinking water pathway 576 is calculated as 4.95 × 10-5 y-1 which is 

lower than the risk observed from industrial accidents and natural catastrophes.  

3. The radionuclide migration process in a homogeneous medium (traditional case) 

and spatially varying medium are compared and, the results showed that the rate 

of movement of radionuclide was faster in a homogeneous medium than the 

latter case. In the spatially varying case, the frequent fluctuations in conductivity 

led to a slower rate of flow leading to lower concentration at the endpoint.  
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4. The Pf values increased monotonically with an increase in the spatial correlation 

length and its value is maximum for homogeneous case. The range of auto-

correlation length that has significant effect on Pf is identified from the 

probabilistic analysis indicating its sensitivity on the radionuclide transport 

process. From the design point of view, by modelling the medium to be 

homogeneous the possibility of failure in the system is overestimated which is 

uneconomical.  

(c) Numerical model to describe the flow and transport of radionuclide in fractured rock:  

1. A numerical model that describes the flow and transport behaviour of a 

contaminant in fractured rock mass is developed. It simulates the fracture 

patterns from a stochastic algorithm, models the flow and transport of 

contaminant (through fractures and rock) and, quantifies the contaminant 

migration through the system.  

2. The risk estimated from the model for 45°- 90° fracture set is 10-5 y-1 and this 

value is low in comparison to the risk due to natural catastrophes and natural 

background radiation.  

3. The influence of local aperture variations along the fracture is also investigated. 

The results showed that by incorporating the local aperture variations, the time of 

arrival of maximum concentration increased by twofold. Since the temporal 

aspect of contaminant plume movement is also critical in the safety assessment, 

it becomes critical to account for this factor in the geosphere transport modelling 

in fractured rocks.  

4. The uncertainties in the geological properties of fractures and intact rock matrix, 

transport properties of radionuclide iodine are propagated through the model and 

the effect of these uncertainties are quantified using subset simulation. The 

probability of failure values are estimated as 6.7 ×10-6 for 15%COV and 6 × 102 

for 30% COV. With the increase in the COV of random variables, the 𝑃𝑓 value 

increased. The 𝑃𝑓 value for 30% COV is very high indicating a higher 

probability of risk and radiological impact on biosphere.  The results from each 

model demonstrates their computational efficiency, highlights the influence of 

the groundwater contaminant transport process in analyzing the safety of the 

disposal systems and the need to account for various uncertainties in the 

geosphere (which include the geohydrological properties of the medium and the 

contaminant transport properties) to estimate the risk and radiation caused by the 

radionuclides on the environment and public health. The probabilistic 

performance assessment modelling framework presented in this paper helps in 

improving the quality of risk and radiological impact assessment for the 

practitioners. 
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