
 1 

Rock structure control of groundwater flow and stability – 
disposal of hazardous waste in abandoned mines 

 
Roland Pusch1, Viktor Popov2, Robert Adey3, Andres Peratta3  
 
1Luleå University of Technology, Luleå;  
2Ascend Technologies Ltd, Southampton, UK,  
3C M BEASY Ltd Ashurst, Southampton, UK 

 
Abstract 

 
Multibarrier isolation of hazardous waste is proposed by organizations and companies 
responsible for underground disposal of such waste. The host rock of repositories is of major 
importance and considerable effort has been made to assess its buffering capacity. This depends 
on the rate and distribution of groundwater flow after construction and filling the disposal rooms, 
which can be drifts and caverns in abandoned mines. The basis of determining these quantities is 
the rock structure, which is defined according to a categorization system that is practical and 
useful for groundwater and rock mechanical modeling on any scale. Computational models for 
the hydraulic and mechanical performance of the rock have been developed and used for 
calculating the risk of contamination of groundwater in nearby wells for drinking water. A 
reference case of disposal of used batteries in a large mine cavern shows that isolating the waste 
with expandable clay gives acceptable water quality for any period of time. Rock excavation 
damage creates continuous major flow paths that are responsible for the contamination of the 
wells by interacting with fracture zones and makes clay necessary for long-term isolation of the 
waste. Future changes of the water-bearing discontinuities in the rock by creep and external 
impact of seismicity and glaciations reduce its role to be a mechanical protection of the waste. 
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1 Rock structure  
The physical behaviour of a rock mass depends almost entirely on its discontinuities. They are 
weaknesses of all sizes, from crystal vacancies of atomic dimensions to fracture zones with 
lengths exceeding thousands of kilometres. Major ones are called faults, fracture zones, slip 
zones, gouge zones, fissures etc in daily talk but for technical/scientific purposes and for 
predicting its thermal, mechanical and hydraulic performances one needs to use definitions of 
discontinuity elements with typical properties respecting the hydraulic function and rheological 
performance. Such calculations must be made for assessing the overall function of a waste 
disposal site, which is assumed here to be a suitable abandoned mine. The principles for 
performing groundwater flow analyses coupled to rock structure were described in an earlier 
study of groundwater pollution as part of the EU project Low Risk Deposition Technology 
(LRDT), [1]. In the present document we will further examine the barrier role of rock. 
 
While minor fractures and fissures play a role for diffusive transport of contaminants practically 
important migration of them takes place in hydraulically interacting, macroscopic fractures, 
especially in major water-bearing fracture zones. They can be identified and investigated by 
geophysical methods, topographic analyses, core mapping, and cross-hole hydraulic and seismic 
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methods, for being considered in “far field” hydraulic and rock mechanical modelling. Most of 
the practically important discontinuities cannot be identified until construction of a new 
repository has started but can be directly identified if abandoned mines are planned to be used for 
waste disposal. Characterization of the rock immediately surrounding drifts and caverns for 
placing waste, i.e. the “near field rock”, requires detailed mapping and hydraulic and rock 
mechanical characterization. In this context the “excavation disturbance zone” (EDZ) by blasting 
and redistribution of rock stresses needs to be characterized since it plays an important role for 
groundwater flow. Structural modelling must hence include both “virgin” structural elements and 
those generated by the excavation.  
 
The categorization scheme in Table 1 is of general use [2,3].  Discontinuities of 1st, 2nd and 3rd 
orders cause difficulties in the construction stage and determine regional and local groundwater 
flow. Some of them can be identified by drillings and geophysical methods but in abandoned 
mines all relevant ones are usually well known from the mining activities. A generalized 
structural model for crystalline rock is shown in Figure 1. 
 
Table 1. Categorization scheme for rock discontinuities. 1st to 3rd are fracture zones, 4th to 7th are 
discrete fractures. VH=very high, H=high, M=medium, L=low, VL=very low, VVL=absent. A 
feature is categorized according to what can be observed or measured but is often part of a larger 
and more complex discontinuity. 
 

Order Length Hydraulic 
conductivity 

Gouge 
content 

Strength D-system 
(SKB) 

1st  >Kilometers VH VH VVL D1 
2nd Kilometers H H VL D2 
3rd Hundreds of meters M to H M L D3 
4th Tens of meters M to H L L to MH D4 
5th Meters L VL MH to H  - 
6th Decimeters VL VL H - 
7th <Decimeters VVL VVL VH - 
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Figure 1. Generalized rock structure models for hydraulic and mechanical calculations. Upper: 
typical granitic structure (After Witherspoon and Wittke). Lower: Complete generalized 
structural pattern in 3D [3]. 

The D-system has its equivalents in the structure schemes worked out by other organizations. 
Figure 2 shows major discontinuities of different size in regular patterns proposed by the Spanish 
equivalent to SKB, ENRESA. They are termed 1st order fractures, 2nd order fractures etc. and 
correspond to SKB’s categorization scheme using D1, D2, etc. in Table 1.   
 

 
 

Figure 2. ENRESA’s general rock structure model with major fracture zones [3]. 

In practice, the regularity of the various discontinuities and the rock stress conditions vary 
considerably, especially at depths down to a couple of hundred meters as illustrated by Figure 3, 
which represents granitic rock in the Forsmark area north of Stockholm. Deeper down the stress 
conditions are more homogeneous but still considerable as indicated by Figure 4 that shows 
trends in orientation and spacing of hydraulically and mechanically active (unsealed) 4th order 
discontinuities and of the rock pressure in the horizontal plane at 360 m depth in the granitic 
dome in the Stripa mine area a few hundred kilometres westwards from Forsmark, [2].    
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Figure 3. Variation in the stress field in shallow granitic rock in the Forsmark area north of 
Stockholm (After Carlsson &  Olsson), [2]. 
 
The variations in orientation and interconnectivity of the structural features explain why the 
average gross hydraulic conductivity can vary by orders of magnitude. These examples also 
demonstrate that a planned underground repository of hazardous waste can have some of the 
tunnels oriented favourably with respect to the principal stresses in the horizontal plane while 
others, differently oriented, can have high hoop stresses and be unstable. 
 

        
Figure 4. Sets of steeply oriented fractures in an approximately orthogonal pattern in granite. 
Blue sets are oriented in the direction of the highest rock stress and carry more water than the red 
ones that are compressed by this stress component. Distance between the lines is 30 m [3]. 

 
A further difficulty in characterization of rock structure for calculating groundwater flow and 
quantification of stability conditions is the excavation-damaged zone around shafts tunnels and 
rooms. It is called EDZ here and results from the mechanical disturbance and the stress changes 
related to the movement of the remaining rock towards the created opening. The matter has been 
dealt with in the literature to which the reader is referred [2,3]. The role of the EDZ for 
groundwater flow in rock with blasted tunnels and rooms using modern techniques is moderate to 
significant but very significant in mines where the comprehensive use of blasting did not have the 
purpose of preserving the rock.   
 

2 Groundwater flow and transport models in fractured porous 
media  

2.1 Basic 
The issue considered here is the risk of contamination of wells for drinking water caused by 
inflow of groundwater that has passed through rock with repositories hosting hazardous waste. 
Three specific questions dealt with are: 1) the impact of different rock structural components on 
the inflow rate into a well bored at a certain distance from such a repository, 2) the impact of the 
excavation technique, blasting, on the groundwater flow, and 3) how effective engineered barriers 
can be in preventing the risks of contamination of the well water.  

 

A

B

C

D

Meas. stress on  
principal planes

A 25 MPa

B 28

C 24

D 20
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Organization responsible for safe disposal of hazardous waste, like highly radioactive spent 
reactor fuel, commonly base their flow analyses on the assumption that flow takes place 
uniformly in plane fractures of largely unknown nature [4] while we assume here channel flow 
implying that hydraulic gradients drive water along intersections of discrete fractures and fracture 
zones  schematically shown in Figure 5. 

 
 

Figure 5.  Channels formed at intersection of discrete water-bearing fractures. 

 
Porous media exhibit a variety of heterogeneities. The crystalline bedrock consists of solid rock, 
cut by a network of fractures and fracture intersections through which water flows unevenly. 
Water flows along a portion of inter-connected fractures, while the rest contain essentially 
stagnant water. This can change in a few decades and most certainly in a few centuries because of 
stress concentrations, seismic events and external impact like glaciations. 
 
Several conceptual and theoretical models have been developed for analysis of flow and transport 
in fractured porous media. The selection of the modelling approach is usually carried out 
considering the geometry and scale of the fractured rock, the field data available and some 
practical limitations like capabilities of computational resources. General references on porous 
media flow and solute transport make use of the Darcy law for the flow, and the advection-
dispersion equation for the transport [5, 6]. 
  
A non-homogeneous model can be used for analysis of flow and transport processes in fractured 
porous media, where porosity and permeability are allowed to vary discontinuously and rapidly, 
as both quantities are significantly higher in fractures compared to rock mass. This approach, 
here referred to as the discrete fracture model, offers relatively high accuracy, since it introduces 
a smaller number of simplifications or approximations. However, the computational and data 
requirements are often too high for many practical applications. As an alternative, the 
discontinuous nature of the permeability and porosity can be avoided by replacing them by 
averaged values.  Such simplification is used in the equivalent continuum model [7], which does 
not contain fractures. However, the results obtained using this approach may be quite different 
from the ones obtained using the non-homogeneous model, depending on the geometry and 
properties of the fracture network. 
 
A progress in the continuum model approach has been achieved with the dual porosity models 
[8]. The model assumes that the fractured porous media is a continuum consisting of two 
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overlapping regions and therefore there is one equation for each region. A coupling term is used 
in the equations describing the exchange between the two pore systems [9]. 
  
A comparison of the three approaches [10] has shown good agreement in most of the cases for 
hydraulic heads and solute concentrations. The results for flow and solute transport fluxes 
showed that special care has to be taken when EC or DP models are used. 
 

2.2 3D Model for flow and transport in fractured porous media 
The model proposed here employs two of the above mentioned models, i.e., the discrete fracture 
model and the equivalent continuum model. The discrete fracture model enables one to include 
the major water-bearing fractures into the model, which have high impact on the flow and species 
transport. The equivalent model helps to take into account fractured rock where the fractures are 
not significant enough to be accounted for separately. One thing that needs to be considered in 
the model is the distance from a point of interest. If the rock is further from the point of interest, 
e.g., repository or a receptor, then the significance of the fracture is lower and vice versa. A 
fracture close to a point of interest that would be taken into account as a separate fracture in the 
model might be included in the equivalent continuum model if sufficiently far from the point of 
interest. This of course does not apply to major water-bearing fractures which are included in the 
model regardless of the distance from a point of interest. A good way of testing whether a 
fracture should be included in the model is to perform a sensitivity analysis at a point of interest. 
In Figure 5 three intersecting fractures are shown with their intersections. The rock surrounding 
the fractures is not shown. The model is three-dimensional (3D) and it takes into account the 
following entities, rock (3D entity in the discrete fracture model taken into account using the 
equivalent continuum approach), fractures (2D entities in the discrete fracture model), fracture 
intersections (1D entities in the discrete fracture model), intersection of fracture intersections (0D 
entities in the discrete fracture model).  
 
 

  
 
Figure 5. Three intersecting fractures and their intersections 
 
 
2.2.1 The discrete fracture model 
 
The discrete fracture (DF) model presented here considers the fractured porous media as 
incompressible non-homogeneous media.  
The equation that describes the transient case of saturated flow in isotropic porous media can be 
written as: 
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where C is the specific storativity [m-1], h  is the hydraulic head [m], K  is the hydraulic 
conductivity [ms-1], t  is time [s], Source  is the source term [s-1], ρw is specific weight of water [kg 
m-2 s-2],  α is compressibility of porous matrix [m s2 kg-1], n is porosity and β is compressibility 
of water [m s2 kg-1]. 
 
Equation (1) is valid for porous matrix, fractures and fracture intersections. The interface between 
two entities is treated in the same way as in any other case of non-homogeneous media (for more 
information see [11]). The flow velocity field is described by the Darcy law: 
 

hKV ∇−=


                                                                                                                                     (2) 
 

The following equation for transient solute transport is used: 
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where ci is the concentration of pollutant i, D is dispersion coefficient 

mDVD += ε                                                                                                                                  (4) 
and ε is the dispersivity (m), Dm is the molecular diffusion coefficient (m2s-1), V is the average 
water velocity (ms-1). Sj represent sources and sinks of the pollutant and R is retardation factor 
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where ρ is the bulk solids density (mass/volume) and η is the porosity. If we assume local 
equilibrium, KD is obtained as  

aq
i

soil
i

D c
c

K =                                                                                                                                      (6) 

in the linear portion of the isotherm at low concentrations, where csoil stands for concentration of 
species i in the immobile solid rock/soil phase and caq stands for concentration of species i in the 
mobile aqueous phase. 
 
The first term on the right–hand side of (3) describes the influence of the dispersion on the 
concentration distribution; the second term, between brackets, is the change of concentration due 
to advective transport.  

 
2.2.2 Equivalent-continuum model  
 
In the equivalent-continuum (EC) approach, the same equations as for the DF model, (1) and (2) 
for flow and (3) for solute transport are used, except that the fractures are not modelled explicitly. 
In this case they are treated as a continuum with properties derived from an averaging procedure. 
The hydraulic properties of the domain are averaged over the sub-volume, or representative 
elementary volume (REV) containing sufficiently large number of fractures. 

The equivalent properties used in the present EC model are estimated according to the equations 
for a simple case of flow through a domain intersected by a family of parallel fractures of equal 
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aperture (see Fig. 6 for representation of the geometry and Bear et al. [11] for theoretical 
explanation): 
 
- for porosity 
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- for hydraulic conductivity 
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where nf and nm are porosities of the fractures and matrix blocks in the REV, respectively, Vf and 
Vm are volumes of the fractures and matrix blocks in the REV [m3], respectively, Vt is total 
volume of the domain [m3], L is total thickness of the domain [m], b is aperture of the fracture 
[m], m is number of parallel fractures, ρ is fluid’s density [kg m-3], m is dynamic viscosity [kgm-

1s-1], and Kf and Km are hydraulic conductivities of the fractures and matrix blocks, respectively 
[ms-1]. 
 
The equivalent dispersion coefficient is calculated according to the following expression 

fm
equi m f

t t

VVD D D
V V

= ⋅ + ⋅                                                                                                             (9) 

where Df, Dm are dispersion coefficients in the fractures and matrix blocks [m2/s], respectively.  
 

 
Figure 6. Flow through porous media with parallel fractures used to estimate the parameters of 
the EC model. 

Although the EC model is commonly employed in describing fractured bedrock, the results 
obtained with the EC model represent averaged values over sufficiently large volumes of the 
domain, and therefore it is impossible to have a reliable estimate of the hydraulic head or 
concentration in a certain point of the domain. However, for the far field it is sufficient to obtain 
the averaged values of the field variables. 

  

2.2.3 Integration of the entities in the 3D model 
 
Figure 7 shows the way that matrix blocks, fractures and fracture intersections interact. Fractures 
can be modelled as 2D or 3D entities with certain thickness. The model has been solved by using 
the boundary element method (BEM). The BEM is particularly suitable in this case for solution 
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of the 3D porous blocks as discretization into elements is required on the boundary surfaces of 
the blocks, which effectively converts 3D into 2D problems [12].  
 

 
 
Figure 7. Coupling of matrix blocks, fractures and fractures intersections (pipes) 
 
2.2.4 Influence of the EDZ on the flow in the near-field 
 
The role of the excavation-disturbed zone (EDZ) is particularly important for the groundwater 
flow in mined drifts and rooms [13,14]. In the present study EDZ was included in the model by 
considering it as a 2D entity wrapping-up the repository. The main assumption taken into account 
for modelling the EDZ is that its thickness is small in comparison to its length and width. 

The influence of the EDZ on the flow around a mined repository is demonstrated by the example 
in Figure 8, consisting of a room of size 100m×100m×150m that will be filled with chemical 
waste isolated in clay. Three fracture zones intersect the EDZ. The size of the domain is 
300m×300m×450m. The hydraulic conductivities used were: for the EDZ E-7 m/s, for the clay E-
10 m/s, for the rock E-9 m/s, for the fracture zones E-7 m/s and for fracture intersections 1E-
6m/s. These values emanate from comprehensive field measurements in representative rock 
volumes. The fracture intersections (channels) have the highest permeability that can undergo 
changes in conjunction with macro- and megascopic shear displacements [3]. 
 
In Figure 8a the flow is shown around the repository for the case with no EDZ included in the 
model. It can be seen that the velocity field around the room has got a component that is directed 
away from the room. The reason is the lower permeability inside the room, due to the clay, which 
makes most of the flow be diverted around the room. The effect of the EDZ is obvious in Figure 
7(b) where the flow velocity has got a component, which is directed towards the repository. The 
reason for this effect is that the EDZ has a higher permeability than the surrounding rock so part 
of the fluid that would otherwise flow through the surrounding rock is diverted towards this zone. 
A continuous EDZ in an underground waste repository hence serves as a major flow path in the 
repository rock unless it is cut-off by constructing seals in strategic positions [3]. They can be 
constructed by combining on-site cast concrete and plugs of highly compacted blocks of 
smectite-rich clay [15]. For certifying long-term isolation of hazardous waste, the function of 
such seals has to be disregarded [16]. 
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Figure 8. (a) Flow around a room embedded in rock, when the EDZ is not included in the model; 
(b) Flow around a room embedded in rock with the EDZ included in the model. The prevailing 
regional hydraulic gradient drives groundwater from left to right. 
 

3 Calculation of stress conditions  
3.1 Considered case 

Here, we will outline the principles for calculation of the stress conditions in the near field of 
excavated space representing a repository for waste disposal. The same issue related to the 
categorization of rocks, which was mentioned previously for the case of calculation of 
groundwater flow and solute transport, applies here as well. We will see that the changes in the 
near field rock structure caused by stress changes and blast damage make the EDZ particularly 
important and that the impact of different rock structural components on the stability in a long 
term perspective can be substantial.  

 

3.2 Mohr Coulomb criterion1 

In rock mechanics the most used brittle failure criterion is the Mohr-Coulomb one. It establishes 
a limit for the difference between maximum and minimum principal stresses, depending on the 
minimum itself, often called “confining stress”. 
Here the equation representing the critical state is used: 
 

1'σ =σcm + kσ´3                               (10) 
 
 
 
In equation (10) 1'σ is the maximum principal stress (Eigen-value of the stress tensor), and 3'σ  
is the minimum. If 1'σ  is bigger than the linear function of 3'σ  the criterion is not satisfied. In 
the equation k represents a multiplication factor for the minimum stress and is equal to: 
 

                                                 
1 In this section the “geological convention” of considering positive the compression stresses applies, to be consistent with the 
description to find in all the classical books on the subject. 

(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 
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cmσ  is the uniaxial compressive strength: 
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3.3 The basic case: A big cavern and a tunnel leading to it  

Figure 9 shows a big room and a tunnel (drift) configuration located at 360 m depth in granitic 
rock both being intersected by fracture zones of 3rd order. The case represents an abandoned mine 
that we will take as an example in determining the rock stability and the contaminating effect on 
flowing groundwater on the water in a well located downstream. We will first consider the tunnel 
for showing the principle of stress and strain calculation focussing then on the big room. 
 
 

 
 
Figure 9. Example of host rock of repository used for stress/strain and hydraulic calculations. 
 
 
3.3.1 The tunnel 
EDZ Model 

The EDZs are generally thin layers surrounding the excavated spaces, which are normally split 
into number of regions as this improves the numerical stability of the model and allows for the 
definition of different properties of the rock in each of the regions (cf. Figure 10).  
 

 
Figure 10 EDZ sub-modelling of a tunnel interscted at half its length by a vertical fracture zone. 
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The new method that we propose uses a technique that can be used not only for this case but also 
for a general case of hybrid implementation of the finite element method (FEM) and the 
boundary element method (BEM) models. In order to have an idea of the extent of the critical 
Coulomb zone and of the mesh dimension necessary to represent it with sufficient precision, a 
number of simplified models were created with a section of rock with a tunnel in it, split by a 
fracture zone. Models with and without the excavation-disturbed zone EDZ were assessed, at the 
normal tectonic pressure of 20 MPa and at an increased pressure. The tectonic pressure was 
applied indirectly to the model, by forcing a compression displacement of the side walls of the 
model, which more accurately represents the actual rock behaviour. The stresses and 
displacements were obtained by scaling the model results to achieve the correct tectonic pressure.  

The first experiment was performed without the EDZ zones and with a tectonic pressure of 20 
MPa in the horizontal directions and the results indicated that the tunnel, walls, roof and floor, 
and also the surrounding rock are unstable based on the Mohr-Coulomb criterion. The extent of 
the unstable zone inside the rock is about 1.5 m on vault and walls, and about 2.5 meters under 
the floor. The maximum and minimum principal stresses show a tension on the tunnel walls of 
3.7 MPa peak. This means that the so-called “confining stress” cannot reach the walls. A small 
tension stress appears in the rock and endangers the local stability. In the present case not only 
the sides (where the tension develops) of the tunnel are unstable, but the roof and the floor as 
well. In the relaxed floor the maximum principal stress is practically 0 everywhere. 

 
A second experiment was performed using the same geometry, but with a 1 meter deep EDZ 
divided in sub-zones. This model is shown in Figure 11.  
   

  
Figure 11. Mesh of the second model with EDZ. In the right hand side picture the elements 
representing the EDZ can be seen as a “double” skin on the tunnel.  

The Mohr-Coulomb result shown in Figure 12 is practically the same as for the case without EDZ 
and the shape of the failure area in the fracture zone is also identical. The max stress, although 
showing the same pattern, is slightly higher due to the minimal support provided by the EDZ. 
The minimum stress is also practically identical in the two cases, which explains why the 
extension of the “Mohr-Coulomb failure zone” is identical for the two cases.  
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Figure 12. Max and min principal stresses in the model with EDZ.  

The compressive (blue) stress state in the fracture zone changes to become tensile near the tunnel 
except at the lower edges which carry high stresses (>20 MPa). The tunnel walls and roof are 
under low tensile stresses (<13 MPa). 
 

3.3.2 The big room  

Flow conditions 

For the rock around the big room illustrated in Figure 9 we have the general flow model for 
pervious media – the continuum approach – yielding the hydraulic head.                                       
One can derive expressions for “flow in the porous matrix”, representing rock with stochastically 
distributed 4th and higher order discontinuities and “flow in single discontinuity” (“fracture”) as 
well as “flow in fracture intersections”, which is of particular importance here. For any arbitrary 
connected fracture network a certain number (mf) will intercept each other converging into a 
common channel, which may have material properties different from those of the adjacent 
environment. The flow properties can be defined by integration of the continuity equation over 
the cross section Ap of the channel in Figure 13 [1]. 
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Figure 13. Intersection of two fracture zones. 
 
Rock that only contains fractures of 4th and higher order is suitably treated as a porous medium 
while zones termed 3rd and lower order discontituities are the ones that determine the gross flow 
of the rock and their crossings are fundamental importance in applied hydraulic analyses. Figure 
14 shows a structural model based on combinations of deep borings, cross-hole measurements, 
and geophysical measurements. Despite the apparent stringency the model is in fact only 
approximate and hypothetical, the main reason being that the axial extension can never be 
proven, that its straightness and continuity vary, and that the flow properties vary strongly axially 
and across any section.  
 
 

 
 
Figure 14. Fracture zones and their crossing in granitic rock planned to host a repository for high-
level radioactive waste. The letter combinations represent deep boreholes for samples and 
measurements. The scale in the XY plane is given. The depth Z extends down to 900 m [17]. 
 

Stability  
 
Caverns of possible use for waste storage in mines are large and can have a height of more than 
50 m, which makes the EDZ much larger and weaker.  This is illustrated by the example in 
Figure 15 from which one concludes that the movement of the eastern wall by 40 mm must have 
given the presumably 2-3 m deep EDZ a vertical and horizontal hydraulic conductivity of more 
than 1000 times that of the virgin rock. Expressed in terms of porosity this movement would have 
raised the average porosity from about 0.5 to 1.5 percent, which can be interpreted in terms of a 
deformation modulus. Following Belikov [2] this increase corresponds to a reduction of the 
compression modulus from E5 to 4E4 GPa (Figure 16). This is not enough to have any significant 
impact on the overall stability of the steep walls of the big room but some rock fall may take 
place depending on the orientation of natural and blasting-generated fractures. The most 
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important practical effect of the convergence of the cavern steep is the significantly raised 
hydraulic conductivity of the EDZ that follows from the rise in porosity.  

                                   
 
Figure 15. Example of lateral movements recorded at different stages of excavation of a large 
cavity in crystalline rock [2].   
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Figure 16. Belikov’s relationship between the porosity and compressive modulus of elasticity of 
crystalline rock (granite, gabbro, diabase), [2]. The relationship is exponential with very high 
moduli for porosities lower than E-2 and very low ones for porosities higher than E1. 

4 Reference case  
4.1 The Stripa mine 
As a reference case, the Stripa region, some 200 km northwest of Stockholm, with an abandoned 
mine is taken as an example of how a simple but sufficiently detailed rock structure can be 
worked out and used for calculation of groundwater flow.  
 
The abandoned Stripa iron ore mine reaches down to 410 m depth in a granite dome. Iron ore has 
been exploited in this mine from the year 1400 to about 1980. It was then used by the Swedish 
Nuclear Fuel and Waste Management Co (SKB) and Lawrence Berkeley Laboratories, 
California, as an underground laboratory for testing techniques for isolating nuclear waste as part 
of the international Stripa Project [4]. The mine has been considered as a possible repository for 
Hg disposal and this plan is re-examined here. Rock mechanical calculations for assessing the 
stability of typical drifts and rooms for waste disposal and for getting a basis for designing 
stabilizing constructions, and hydrological calculations for determining the risk of pollution of a 
hypothetic well for drinking water, will be described in the following sections. 
 
4.1.1 Regional rock structure 
 
The granitic region where the Stripa mine is located is characterized by 1st and 2nd order 
discontinuities oriented and spaced as in Figure 17. On this large scale the major low-order 
discontinuities make up two steep NW-SE and NE-SW oriented sets and one subhorizontal. 
Mapping of smaller discontinuities in drifts at depth has shown that those of 3rd and 4th orders 
also have these orientations. The sets of fracture zones and discrete fractures can be approximated 
to form rhombohedral or orthogonal systems, naturally complemented by minor erratic and local 
sets of differently oriented discontinuities of these two and higher orders. 
 

 
 
Figure 17. Discontinuities of 1st and 2nd orders in a 48 km2 area around the Stripa mine [2].  
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4.1.2 Local rock structure 

 
Based on comprehensive structural analyses a simple rock structure model defined and  shown in 
Figure 18, with boundaries represented by discontinuities of 2nd and 3rd orders. For the various 
hydrological and mechanical modelling attempts in the project these boundaries are given the 
physical properties shown in Tables 2 and 3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 18. Stripa rock structure model. Spacing of discontinuities of 2nd order 500-1000 m, of 3rd 
order discontinuities 50 to 100 m, and of 4th order 5 to 10 m. 
 
Table 2. Assumed physical properties of discontinuities and crystalline rock matrix for crystalline 
rock [1]. R4, R5 and R6 mean rock with discontinuities finer than 4th, 5th and 6th orders, 
respectively. 
 

Rock Hydraulic 
conductivity, m/s 

Transmissivity, 
m2/s 

Mohr/Coulomb 
friction angle, φo 

Mohr/Coulomb 
cohesion, c MPa 

1st order disc. E-7 to E-5 E-5 to E-2 15-20 0 

2nd order disc E-8 to E-6 E-7 to E-4 20-25 0 

3rd order disc. E-9 to E-7 E-9 to E-6 20-30 0 

R4 E-11 to E-9 - 20-35 0.1-1 
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R5  E-12 to E-10 - 35-50 1-10 

R6 E-13 to E-11 - 45-60 10-50 
 

The rock structure model in Figure 18 with all discontinuities grouped orthogonally adapts in 
principle to the Stripa region. The following generalised geometrical data of 3rd and 4th order 
discontinuities were applied for rock mechanical and hydrological modelling.  

3rd order discontinuities 

Steeply oriented 3rd order discontinuities with 75 m spacing are incorrepondence to the 2nd order 
zones. The actual spacing is about 50-100 m and typical of many granite rocks.  

4th order discontinuties 

Most of the 4th order discontinuities are in correspondence to the 3rd order discontinuity sets. 
Their spacing is in the range of 2-4 m and they persist for several tens of meters. 

 
4.1.3 Space for disposal of waste 

The Stripa mine has a number of drifts and tunnels and caverns of various sizes. Several of them 
are suitable for waste disposal and two, a drift and a big cavern, have been selected for the 
modelling work that is described here. With some generalisation they can be defined as a drift 
with 25 m2 horseshoe-shaped cross section, and a cavern with 50 m width, 50 m height, and 100 
m length in principal agreement with Figure 9. The center of both are located at approximately 
z=360 m. Thus, in the cubical rock element with 600 m edge length that contains the mine 
rooms: x=600 to 1200 m, W-E direction, y=100 to 700 m, S-N direction, and z=0 to 600 m, from 
ground surface downwards, there are three 2nd order discontinuities.  

 
Large-scale ventilation tests and comprehensive packer tests for determining the hydraulic 
properties of the rock around representative drifts have shown that excavation disturbance 
extended to 1 m distance from the periphery of the drift [1]. The higher charge once used for 
preparing the big room more than 50 years ago was estimated to have caused a 3 m deep EDZ.  
The principle of filling and isolating the waste in the big room, which we will discuss here, is 
illustrated in Figure 19.  

       
                            

Figure 19. Use of clay for isolating hazardous waste. The layers of waste are 
separated by thin layers of expansive clay compacted on site. The lower pointer 
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indicates 0.5-1 m on-site compacted expansive clay or blocks of highly compacted 
clay.  
 

4.2 Calculation of groundwater flow 
  

4.2.1 Hydrology in the far-field and near-field 
 

In general the far-field hydrology is determined by the 2nd and 3rd order discontinuities and 
the continuous EDZ that short-circuits the discontinuities. The near-field hydrology is 
determined by the 4th order discontinuities and the EDZ that forms a continuum and short-
circuits the discontinuities. In the Stripa mine the undisturbed granite mass that is confined 
by 3rd and lower order discontinuities has an average hydraulic conductivity of E-11 m/s as 
evaluated from careful inflow tests in tunnels [14]. For 2nd and 3rd order discontinuities 
Table 2 applies. All flow in the rock is assumed here to take place along the intersections of 
the various discontinuities forming pipe networks in the flow models. 

 
It is estimated that the EDZ around the periphery of the big cavern extends to about 1/5 of 
the width of drifts and rooms. The hydraulic conductivity of the EDZ is in the range of E-9 
to E-6 m/s; the average value being taken as E-7 m/s for the big room. The blasting-induced 
EDZ around the drifts and tunnels extends to about 0.5 m from the walls and roof and to 1.5 
m from the floor. Its hydraulic conductivity is E-9 to E-8 m/s. 
  
4.2.2 The issue of contamination of well water  

 
The contamination of the water in a well on a distance of 110 m from the end of the tunnel 
(see Figure 20), was taken to be a measure of the role of the system of discontinuities in 
distributing the groundwater flow. Water flowing through the cavern and drift would be 
retarded by the low conductivity and ion-absorbing capacity of the clay isolation, a 
commercial mixed-layer smectite/illite clay with an ion exchange capacity of 30 mg per 100 
g dry material. For determining the degree of contamination the source term must be defined 
and it was taken here as the average concentration of zinc at the interface at the clay/EDZ 
contact, assuming that the water here had reached complete saturation with dissolved zinc at 
the start of the groundwater percolation of the cavern (10000 ppm). The total porewater 
mass in the cavern, 50000 m3, contains 5000 metric tons of dissolved zinc corresponding to 
a total battery mass of about 20 000  metric tons. 
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Figure 20. Top view of the modelling domain showing the geometry of the mine and tunnel and 
the respective position of the observation well (legend below).  
 
 
4.2.3 Results  

 
The geometry of the investigated part of the mine is shown in Figures 19 and 20. The cavern and 
drift, taken to be 150 m long in the calculations, were assumed to be filled with hazardous waste 
consisting of zinc-rich batteries, embedded in expandable clay. The hydraulic boundary 
conditions representing steady flow and stress states are shown in Figure 21 and the hydraulic 
and transport properties of the constituents in Table 3. Table 4 and Figure 20 show the position of 
observation points, O1 – O3, in the model. The role of the clay component is to delay 
groundwater ingress into the waste and to provide support to the rock by its expandability. The 
transport of dissolved chemical species in rock fractures takes place both by moving with the 
flow of groundwater and by diffusion. 

 

 

LatLateral cut L-L 
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Figure 21. Assumed flow conditions in the repository host rock (Vertical section). 

 
Table 3. Hydraulic and transport properties of the different entities used in the model 
 

Parameter Clay fill 
(room and 
tunnel) 

Rock 
(porous 
matrix) 

Fracture 
zones 

EDZ 
close to 
the room 

EDZ close 
to the 
tunnel 

K m/s 1E-10 1E-9 1E-7 1E-7 1E-7 
D m2/s 1E-10 1E-9 1E-7 1E-7 1E-7 
R - 1 1 1 1 1 
kr 1/s 0 0 0 0 0 
width m - - 1 3 1 

 
 
Table 4. Definition of observation points 
 

Point Position Abs. Coords. (x,y,z) 
O1 Geometrical midpoint of the room 225, -400, 300 
O2 In the well, at the room’s level 535, -400, 300 
O3 In the well, at ground level 535, 0, 300 

 
 
Flow 
 
The results for the flow are shown in Figure 22. Figure 23 shows a close up view of the hydraulic 
head and velocity field near the room. The hydraulic head is represented as a density plot over the 
fracture network, whereas the velocity field is represented as a vector plot. Typical values of the 
velocity in the rock matrix are two orders of magnitude lower than in the network of fracture 
zones, which is due to the difference in hydraulic conductivities in the rock matrix and in the 
zones. The maximum gradient of hydraulic head over the whole domain is ∇h = 0.05. The 
influence of the EDZ can be seen in Figure 24, which shows that the flow is directed towards the 
EDZ in the inflow part of the EDZ/room, in the figure bottom-left side of the room, and away 
from the EDZ/room in the outflow part, in the figure top-right side of the room. This is a 
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consequence of the higher hydraulic conductivity of the EDZ in respect of the surrounding rock, 
making the EDZ take larger part of the flow in the vicinity of the room. 
 

 
 

Figure 22. Density plot of hydraulic head in m, and vector plot of Darcy velocity in the fracture 
network (Note: the size of the vector is proportional to the modulus of the velocity vector)  
 

 
 

Figure 23. Detail of the velocity field and hydraulic head in m close to the near field of the big 
room seen as a box. 

 
Transport of contaminants 
 
It was conservatively assumed that at t = 0 years the clay mixed with the assumed clay of 
expandable illite/montmorillonite/chlorite [1] in ratio 50:50 by volume was fully water saturated, 
and that the batteries are decayed in a way that the zinc can travel through the clay and into the 
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surrounding rock. It was further assumed that 25% of the batteries mass consists of zinc. Kd for 
this case was taken to be 0.02 m3/kg and using the following equation:  

dK
m

R ρ
+= 1                         (15) 

it is estimated that the retardation factor by sorption is approximately R = 121. 
 
The results for leakage and transport of zinc are shown in Figure 24. It can be seen that in this 
case the “short-term” should refer to the period of 100000 years. This is due to the retardation of 
the zinc during the transport through the surrounding rock.  

The results show that in the period of 120,000 years the concentration of zinc in the observation 
well will not exceed 2 ppm. These results represent a conservative case and in reality it would be 
very unlikely that the concentrations could reach such level, because of the following factors: 

1. In the analysis it was assumed that the clay is saturated with water at t = 0 years, 
2. Fully saturated flow was assumed, 
3. It is considered that the batteries have decayed at t = 0 in such way that zinc is free to 

travel through the clay and surrounding rock,  
4. It is not considered that the rock would absorb and immobilize part of the zinc, which 

would reduce the amount of zinc available for transport. The influence of the retardation 
factor R in the equations is to slow down the transport, it does not immobilize the zinc. 

 

 
 
Figure 24. Zinc concentration in the well (point O2 in Figure 19) as a function of time. 

 
 
4.3 Calculation of stability conditions  

  
4.3.1 General 

 
The Boundary Element Method has been applied to calculate stress distribution and stability of 
the big room in the Stripa mine with the structural build-up described in the preceding chapters. 
underground mines for disposal of chemical waste. A case similar to the Stripa mine in Sweden 
has been considered. The pre and post processor GiD and the Boundary Element software Beasy 
(http://www.beasy.com) have been used for model preparation, solution and result post 
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processing.  Modelling technology has been developed to enable the investigation of stability in 
the presence of a large number of fracture zones while at the same time determining the detailed 
stress near the mine. Results for stress and stability of the rock are here presented and discussed. 
In general, the vertical rock pressure represents the minor principal stress and equals the 
overburden pressure. Measurements in Stripa at 360 m depth have given σH=15-30 MPa 
(maximum horizontal pressure), σh=5-15 MPa (minimum horizontal pressure) and σv=10 MPa 
(vertical pressure). The average values σH=23 MPa, σh=12 MPa and σv=10 MPa have been used 
in the rock mechanical modelling for determining the stability conditions, which comprised 
assessment of the risk of block fall from roofs and walls, overstressing of the periphery of the 
rooms, and the role of the blasting-generated zone of excavation disturbance for the overall 
hydraulic performance of the near-field rock. The small dimensions and low rock stresses mean 
that the drift, which will be backfilled with slightly expansive clay that provides support, mean 
that the overall stability of the near-field rock will be sufficient under normal conditions, while 
that of the cavern may not. A special issue in this context is the long-term performance of the 
comprehensive EDZ of the cavern, which would require introduction of a creep strain condition 
but is left out in this paper. A basis for investigating whether critically high hoop stresses will 
cause breakage and what the associated extension of the EDZ will be is determined by the 
compressive strength of the rock according to Table 2.  
 
4.3.2 Global (outer) model 
 
An “outer” model was created starting from the complete one where only the “rock cubes” where 
represented. The model consists of 288 volumes and is shown in Figure 25. 
 

  
Figure 25. Outer model with refined mesh in the part surrounding the sub-model. 

The bottom surface has been constrained vertically, and the sides moved inward, squeezing the 
rock blocks. To have an equivalent stress of about 20 MPa on the sides, a normal displacement of 
few centimetres was applied to the external boundaries of the model. 
 
4.3.3 Sub-model  
 
The sub-model, sharing its external surface with the “outer” one, is depicted in 26. Since the 
experiments previously described showed that the presence of the EDZ would not sensibly 
change the stability conditions, a simplified model was prepared in which no EDZ was modelled, 

On the yellow surfaces the transition mesh, 
between the external coarse one and the 
internal, boundary of the sub-model. 
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assuming so a worst case. The displacement boundary conditions have been calculated from the 
“big” model and introduced in the data file. This model was solved successfully. 

        
 

Figure 26. Geometry and mesh of the sub-model. 

The material properties used for all the models are: E = 50 GPa; ν = 0.3; C0 = 1 MPa, φo
 = 35°. 

 
4.3.4 Results  

 Global Model 
The results of the global model are very simple to interpret, since the whole geometry shrinks 
horizontally, and, due to the confining pressure, it raises up slightly in the upper part 
(orogenenis). A lateral compressive stress linearly increasing with the depth results from the 
calculation, and its intensity varies from about 14.3 MPa near the surface, to about 23.4 MPa at 
the bottom. 

 Sub-model 
The displacement of the outer model on the surface shared with the sub-model was applied as 
boundary conditions to the sub-model without EDZ, assuming the presence of room and tunnel 
does not have any influence on the outer model solution. The software is designed to 
automatically interpolate and so map the results on one model to provide the loads and boundary 
conditions for the other using a radial basis function approximation to ensure accuracy. This 
makes the detailed study of regions of special interest easy to perform. The model was solved and 
the stress results are presented in the following figures (cf. Figures 27 and 28). 
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Figure 27. Min stress distribution in the sub-model. Here the end side of the tunnel is visible. 

In 28 the principal stresses on the tunnel far from the room are shown. As previously seen in the 
experimental models, a light tension (max principal stress) develops along the walls of the tunnel 
and the min principal stress is maximal there, so limiting the effect of the tension for the Mohr-
Coulomb failure. 

 
Figure 28. Max and min stress distribution in the sub-model. Here the room entrance side is 
visible. 

In the “face wall” of the room near the tunnel some tension (about 0.2 MPa) around the room 
walls was found but it is far less than the tensile strength of small rock elements. However, 
critically oriented 4th order discontinuities may widen and let water into the room, and rock 
blocks may fall before the room is backfilled.  
 

Min stress 

Highest compression 

Area of “only traction” 
tensional state. 
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Around the room, the more dangerous area appears to be the entrance wall, in correspondence 
with the tunnel access. The upper part of the wall shows failure, and would probably be the first 
to cause dangerous rock fall. The rest of the room appears to be safe, but another calculation not 
shown here, with an increased tectonic stress (30 MPa), shows it completely collapsing. The 
results suggest that the state calculated with 20 MPa tectonic stress is very near the load at which 
the instability propagates form the front wall to the rest of the room walls and ceiling. 
 
 
5 Conclusions and discussion   
 
Hydraulic conditions, groundwater contamination 

 
The following major conclusions can be drawn from the study that focused on the risk of 
contamination of drinking water in wells located rather near a repository for disposal of batteries 
the give off zinc as major hazardous element (Figure 29): 
 

 
 

Figure 29. Strongly corroded Hg batteries (Photo: R. Sjöblom).  

 
• the methodology used in the present study is suitable for determining the risk of contamination 

of wells bored in regions that contain repositories for hazardous waste. The boundary element 
method is particularly well suited for solving transport problems that include motion of 
dissolved chemical substances requiring only limited computer capacity, 
 

• the way of defining flow paths by considering them to be formed by intersecting fractures and 
fracture zones gives flow data that are believed to be more realistic than by assuming flow to 
take place uniformly in plane fractures [5], 

 
• the EDZ plays a major role for groundwater flow through a blasted repository by short-

circuiting the system of major discontinuities in the rock. Cutting it off by constructing long-
lasting plugs of concrete and dense expanding clay is required, 

 
• the creep strain of the EDZ and of the 2nd and 3rd order discontinuities will go on for ever and 

lead to changes in flow paths and rates. Seismically and tectonically generated strain can 
increase or decrease both, making safe prediction of the future contamination uncertain, 

 
• the retarding impact on the migration of dissolved zinc by the clay is of fundamental 

importance. Installing the clay at low water content means that it will take several hundreds or 
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thousands of years for it to become water saturated. Since the mobility of the porewater in the 
clay is vanishingly low the controlling rate of migration of zinc to repository surroundings will 
be the diffusion coefficient of zinc in water, which is lower than E-10 m2/s, 

 
• under the low regional hydraulic gradients that prevail in regions suitable for locating a mine 

repository for hazardous waste, contamination of drinking water in downstream wells can be 
negligibly small for any period of time. 

 
 
Rock mechanics  
 
• tools have been developed to investigate the stability of potential mine repository sites. 

Combining the facilities of BEASY for modelling fractured structures and extensive 
customization of the GiD program a convenient tool has been developed to model the stability 
of mine repository sites in highly fractured materials like crystalline rock, 
 

• a reference mine in crystalline rock with a fractured matrix (100 m distance between the 
fracture zones) has been investigated. Experiments on small detailed models showed that there 
was no influence of practical significance with the presence or absence of the EDZ. Therefore 
it was concluded that there is no need in this case to model the EDZ when assessing the 
stability, 

 
• a sub modelling approach was developed to map results and data from the large “regional” 

based model to the smaller but much more detailed local model. The big “regional” model was 
analysed first with the major tectonic boundary conditions applied. The results were then 
transformed to the sub model, which was solved to reveal the detailed stress and deformation 
in the immediate vicinity of the mine, 

 
• the stability analysis, performed using the Mohr-Coulomb failure criterion shows that the 

tunnel and some part of the room are unstable. A second model with increased tectonic forces 
30MPa indicated substantial instability with the room totally damaged. With this configuration 
the mine at tectonic loads of 20MPa or more would require strengthening. 
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