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Abstract. The long-term safety assessment of a nuclear repository implies the investigation of different 

scenarios of the repository and their influence to the safety. The aim of this feasibility study is to investigate the 

applicability of a technical solution using a radar monitoring system to protect a repository from unauthorized 

access through the surrounding rock. In mining activities are related to drillings at least, so the question is if a 

small diameter drilling could be detected and separated from known mine work. Within this study the 

detectability of possible access types with different materials, sizes and geometries is investigated. It is shown 

that the detectability not only highly depends on the electrical properties of the object, but also on the 

geometrical position between object and radar antenna. The smallest detectability is estimated when the activity 

axis lies diagonal to the radiation path of the radar signal. In another step 2D-finite difference simulations were 

carried out to examine the influence of the geological environment and mining activities on the detectability of a 

possible unauthorized access. As a basis a section of the Gorleben salt dome was used. Though the expected 

signals of small diameter drillings were very low, modellings have shown that under low conductive conditions 

also low amplitude signals could be detected. 

 

 

1. Introduction 

 

A feasibility study in the framework of the German Support Programme investigates the applicability 

of the radar method for the monitoring of a geological repository. The aim of the technical solution is 

the detection and localization of unauthorized underground mining activities. The radar system should 

form a kind of protective shield around a repository to detect and localize possible activities in an 

early stage and in a sufficient distance (FIG 1).  

 

 

FIG 1: 3D sketch of protective shield built from dipole antennas, yellow: repository, blue: covering of 

radar system, red: unauthorized activity. Radiation patterns of antennas above or below the repository 

are hidden for better visibility. 

 

To date radar monitoring in the context of geotechnical engineering is restricted to few applications, 

mainly in form of repetitive linear measurements. Repetitive surveys out of boreholes or drifts are 

conducted with disadvantages concerning safeguarding requirements as high maintenance and 

positioning inaccuracies. In this study a static radar system is selected to omit these disadvantages.  

Directive radar antennas provide the direction of activities. A monitoring system consisting of an array 

of directed static radar probes could probably be realized as a highly accurate, durable and low-

maintenance automatic early warning system. The applicability of the radar method is restricted to 

locations with low conductive conditions like in dry rock salt and in some crystalline formations.  
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2. Unauthorized Activities 

 

The long-term safety assessment of a nuclear repository implies the investigation of different scenarios 

of the repository and their influence to the safety. The German working group on "Scenario 

Development“ investigated among other developments also scenarios of unintended human intrusion 

[1]. In this work intended unauthorized activities are considered. The motivation of an intrusion could 

be theft, sabotage, unauthorized access and illegal transfers.  

 

The safeguarding techniques radar and seismo-acoustic [2] are investigated to be capable for the 

detection of unauthorized activities in the surrounding rock of a repository. The activities could occur 

in unexploited rock or in backfilled mine openings from all sides of the repository.  

 

Unauthorized activities are classified into five access types: 

(i) Drillings 

(ii) Cavern Leaching 

(iii) Hydraulic Fracturing 

(iv) Explosives 

(v) Heading techniques 

 

Mining activities like cavern leaching and hydraulic fracturing are directly related to drillings. In 

advance of heading also exploration drillings could be expected. For the impact of the barrier system 

by explosives an access route is needed, e.g. by a borehole. It is most likely that a drilling would 

precede every access type. 

 

3. Detectability 

 

The detectability of an intrusion depends on several facts: The performance of the radar system, the 

geological parameter of the site, the geometry of the object and the reflected energy at the object 

(FIG 2). At a special location the electromagnetic parameter of the surrounding rock highly influences 

the data quality and penetration depth of a radar system. So the radar method is restricted to locations 

with low conductive conditions. In this study a geological formation of dry rock salt is considered, 

where penetration depths of several hundreds of meters are possible. In the following chapters the 

influence of the geometry and the material of the object to the reflected energy are investigated. The 

sensitivity of a radar system, the meaning of the measuring frequency and the influence of the site 

parameter on the penetration depth is out of the scope of this paper (see outlook in chapter 6). 

 

 

FIG 2: Radiation field of a point source detecting an object. Yellow: point source, red: radiation path, 

blue: object. 
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The amount of reflected energy can be expressed as the radar cross-section (RCS). The radar cross-

section (RCS) of an object can be defined as the hypothetical effective area which intercepts the 

transmitted radar power and re-radiates the energy isotropically. Quantitatively, RCS is calculated as 

 

       
   

  
                (1) 

 

where σ is the effective reflected area,    the incident power density at the object and    the scattered 

power density at a distance D [3]. The reflected energy depends on the material and size of the target, 

but also on the geometrical position between object and radar antenna (FIG 3).  

 

 

FIG 3: Possible geometries of antenna and activities, yellow: point source, red: radiation paths.        

1. Activity axis vertical to radiation path, 2. Activity axis crossing antenna, 3. Activity axis diagonal to 

radiation path 

 

In the first step the influence of the material on the radar cross section is estimated by calculating the 

reflection coefficient at a horizontal layer (second column in TAB 1). An ideal reflecting half space 

was used as a reference level with 100% reflected energy. High conductive materials like metal, brine 

and probably clay form such an ideal reflecting interface. The amount of reflected energy is lower for 

low conductive materials and depending on the dielectric constant. At interfaces between rock salt and 

oil or loose grain (dry) just about 20% of the energy is reflected back to the antenna.  

 

In the next two steps 2D-finite difference simulations were carried with the program ReflexW [4]. For 

these investigations also an ideal reflecting half space is used as reference level. The second 

investigation involves three different sizes of mining activities in the same geometrical position. The 

comparison of the amount of the reflected energy at a borehole of 0.125 m, a drift of 2 m and a drift of 

5 m diameter shows that the RCS is highly proportional to the size of the activity. Regarding a drift 

consisting of metal and of 5 m height which faces the antenna, almost ¾ of the energy is reflected 

compared to ideal reflecting surface (TAB 1). The reflected energy at the face of a small borehole is 

very low with about 6%. 

 

The third step involves an investigation of different geometrical positions of the access to the radar 

antenna (FIG 3). The highest values are achieved when the access faces the antenna (Pos. 2). For 

different geometries, the reflected energy is even lower. 

 

 

 



Symposium on International Safeguards IAEA Headquarters – Vienna, Austria                                                    

20 – 24 October 2014 

 

4 

TAB 1: Estimation of detectability of different mining activities. An ideal half space is used as a 

reference level with 100% reflected energy. The calculations and simulations are carried out using 

medium values for electromagnetic parameter.

Pos. 1 Pos. 2 Pos. 3 Pos. 1 Pos. 2 Pos. 3 Pos. 1 Pos. 2 Pos. 3

Steel / 

Copper*
100% 5% 6% 6% 15% 30% 7% 23% 73% 7%

Bentonite 

(Clay)*
100% 5% 6% 6% 15% 30% 7% 23% 73% 7%

Brine* 100% 5% 6% 6% 15% 30% 7% 23% 73% 7%

Water 58% 3% 3% 3% 9% 17% 4% 13% 42% 4%

Air 41% 2% 2% 2% 6% 12% 3% 9% 30% 3%

Oil 26% 1% 2% 2% 4% 8% 2% 6% 19% 2%

Loose salt 20% 1% 1% 1% 3% 6% 1% 5% 15% 1%

* estimated according high conductivity

Drift 5 mActivity/   

Medium

Half-

Space

Borehole 0.125 m Drift 2 m

 
 

To investigate the detectability of an access, all three parameters are combined. The combination of 

the different effects is summarized in TAB 1. The highest RCSs are achieved for high conductive 

materials with a great extension. However, the reflected energy is highly dependent on the geometrical 

position between activity and radar antenna. The lowest RCS is achieved for small diameter activities 

like boreholes. The detectability is further reduced when the object is filled with oil or loose salt. A 

small RCS is estimated for all access types when the activity axis lies diagonal to the radiation path 

(Pos. 3 in FIG 3). Compared to an ideal reflecting half space, at minimum 1% of the energy is 

reflected at the activities.  

 

In reality activities are even more complex consisting of several different materials. At discontinuities, 

reflections and diffractions occur. The heterogeneity of an activity will probably increase the radar 

cross-section of an activity. A higher amount of reflected energy results in a better detectability. 

 

4. Modelling of Activities 

 

The influence of geology and mining activities on the data of a stationary radar antenna is investigated 

by 2D finite difference simulations [4]. As a basis for the first simulations a section of the Gorleben 

salt dome is used. An area of 250 m x 200 m of the north western flank of the salt dome is selected for 

the modelling work. The section involves the main salt of the Zechstein Staßfurt series (z2HS2 and 

z2HS3) in which the repository was planned to be erected and the adjacent layers of the Staßfurt (z2) 

and Leine series (z3). Adjacent layers of small spatial extend are summarized to layer units.  

 

The model of the section of the Gorleben salt dome is shown in FIG 4a. Additional to the geological 

layers also backfilled drifts with metal installations are included in the model. The electromagnetic 

parameter of the model layers are chosen as mean values from different references. As a compromise 



Symposium on International Safeguards IAEA Headquarters – Vienna, Austria                                                    

20 – 24 October 2014 

 

5 

 

of resolution and range a measuring frequency of 50 MHz was chosen for the simulations. According 

to the wavelength of this frequency in rock salt, a discretization distance of 0.125 m in both directions 

and a time increment of 0.2 ns were selected. The maximum travel time of the modelling work is 

1,600 ns. To prevent reflections at the borders of the model, absorbing boundary conditions are used. 

The simulations are carried out with a idealized point source of the type “Küpper” which consists of 

two half cycles. The position of the point source in the model is (0 m/816.5 m). 

 

 

FIG 4: 2D finite difference simulations. a) Model of a section of the Gorleben salt dome used for the 

simulations. A horizontal borehole with diameter of 0.125 m approaches the potassium salt in a depth 

of about 856 m. b) Simulated wave field of the model in a) at a travel time of 536 ns.  

 

The electromagnetic wave is transmitted at the source point and is spread in all directions. After 

certain travel times reflections at the geologic boundaries and at the drifts occur. FIG 4b shows the 

wave field at a travel time of 536 ns. The reflected signal at the drift consists of several single 

structures. This is detailed composition is caused by the complex set-up of the drifts and its 

installations in the model.  

 

At the geological boundaries also reflections occur. The reflected signal at the boundary rock salt – 

kieserite layers has low amplitude. A high amplitude reflection occurs at the interface between 
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kieserite layers and potassium salt. Into the following layers clay and anhydrite low amplitude signals 

propagate. At the boundaries to clay and anhydrite no reflected signals are recognized. 

 

The electromagnetic contrast at the interface rock salt – kieserite layers is low. Hence the reflected 

signal at this boundary is also low but detectable with the radar system. At the interface to potassium 

salt with a higher contrast a higher reflected amplitude occurs. Due to the high energy reflection at the 

boundary, low energy is further transmitted into the potassium salt. Clay has a relatively high 

conductivity which leads to an absorption of the rest of the energy. It can be assumed that the clay 

layer acts as an absorber and the radar waves could not penetrate into the clay. 

 

FIG 5 shows the recorded trace of the model in FIG 4. Geological layers and drifts result in high 

amplitude signals in the data. In the next step an unauthorized activity is included in the simulations. 

The borehole with a diameter of 0.125 m reaches the repository site at a depth of about 856 m. When 

the borehole reaches the clay layer, no change in the signals is recognized. As the clay layer acts as a 

shielding interface behind this layer no activity can be detected.A borehole reaching the potassium salt 

and the layers afterwards results in a low amplitude signal. The borehole reaching the potassium salt is 

identified as a low amplitude signal at about 900 ns (FIG 5).   

 

 

 

 
 

FIG 5: Data trace for the model in FIG 4. 

 

5. Conclusions 

 

The investigations in this feasibility study show, that the expected signals of small size unauthorized 

activities could be very low. But modelling has demonstrated that under low conductive conditions 

also low amplitude signals could be detected up to several hundreds of metres from the antenna.  

 

To detect possible activities in an early stage and sufficient distance, the monitoring system has to be 

high sensitive. To improve the sensitivity even in greater distances the static radar system could be 

optimized in comparison to mobile radar systems. The layout of the radar system must be integrated 

into the repository concept. The optimization includes:  

(i) Directive antennas 

(ii) Several measuring frequencies 

(iii) Long time data acquisition 

(iv) Redundant design 

 

The behaviour of radar is highly dependent on the local electromagnetic properties. Location-specific 

information should contribute to the final decisions of a radar system at a location. Range and 
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resolution of the radar system are defined by the measuring frequency. In this study also the meaning 

of the measuring frequency and the influence of the local electromagnetic properties are investigated. 

 

The task of a radar monitoring system is to detect a low amplitude signal and to separate it from mine 

workings, geological conditions and technical and geological noise. Additionally every activity in the 

mine drifts changes the data. So the challenge of a monitoring system is not only to detect a signal but 

also to separate known mine workings from unauthorized activities. 
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