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Fate of repository gases (FORGE) 

The multiple barrier concept is the cornerstone 
of all proposed schemes for underground 
disposal of radioactive wastes. The concept 
invokes a series of barriers, both engineered and 
natural, between the waste and the surface. 
Achieving this concept is the primary objective of 
all disposal programmes, from site appraisal and 
characterisation to repository design and 
construction. However, the performance of the 
repository as a whole (waste, buffer, engineering 
disturbed zone, host rock), and in particular its 
gas transport properties, are still poorly 
understood. Issues still to be adequately 
examined that relate to understanding basic 
processes include: dilational versus visco-
capillary flow mechanisms; long-term integrity of 
seals, in particular gas flow along contacts; role 
of the EDZ as a conduit for preferential flow; 
laboratory to field up-scaling. Understanding gas 
generation and migration is thus vital in the 
quantitative assessment of repositories and is 
the focus of the research in this integrated, 
multi-disciplinary project. The FORGE project is a 
pan-European project with links to international 
radioactive waste management organisations, 
regulators and academia, specifically designed to 
tackle the key research issues associated with 
the generation and movement of repository 
gasses. Of particular importance are the long-
term performance of bentonite buffers, plastic 
clays, indurated mudrocks and crystalline 
formations. Further experimental data are 
required to reduce uncertainty relating to the 
quantitative treatment of gas in performance 
assessment. FORGE will address these issues 
through a series of laboratory and field-scale 
experiments, including the development of new 
methods for up-scaling allowing the optimisation 
of concepts through detailed scenario analysis. 
The FORGE partners are committed to training 
and CPD through a broad portfolio of training 
opportunities and initiatives which form a 
significant part of the project.  

Further details on the FORGE project and its 
outcomes can be accessed at 
www.FORGEproject.org.
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1. Objectives of the BHN experiment 

The objective of the BHN experiment (naturally hydrated bentonite) is to monitor the natural 
saturation of an argillaceous core in direct contact with claystones at an intermediate scale 
between that of the borehole tests in progress (diameter of around 10 cm of the PGZ tests) and 
the decametric scale of the seals.  

The test consists in inserting a core 3 m long into a borehole 75 cm in diameter, and monitoring 
its natural saturation using instrumentation installed inside and around the periphery of the 
core. The core will build with a mixture of bentonite pellets 32 mm in diameter (approximately 
70% of the mixture), and bentonite powder or crushed pellets (approximately 30% of the 
mixture). 

The internal modelling conducted estimates the saturation time to be at least 10 years (see 
paragraph 4). 

 

 

Figure 1 Location of borehole BHN1601 (red ellipse) 

 

2.  General configuration 

Borehole BHN1601, which is to be the location of this experiment, was excavated in gallery 

GAN in January 2013 (see Figure 1), in major stress direction H. The argillite is left without any 
coating. It is 11.5 m long borehole with a theoretical diameter of 75 cm. 

Figure 2 presents an overview of the equipment in borehole BHN1601. The bentonite core will 
be positioned at a depth of between 7 and 10 m, between 2 concrete support blocks (the 
upstream block occupying the borehole bottom) separated by obturators. 

The bentonite core will instrumented, with 10 total pressure sensors (in contact with the 
borehole wall and with the upstream and downstream packers), 9 water saturation sensors and 
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3 interstitial pressure sensors (at different points in the core). The sensors will be positioned on 
a carrying frame. 

The measurements programme associated with borehole BHN1601 comprises: 

 taking a 3D topological scan of the borehole, before the borehole is instrumented; 
 inserting the instrumented bentonite core into the borehole, at a depth of between 7 and 

10 m; 
 casting 2 concrete support blocks, either side of the bentonite core; 
 Instrumentation of the downstream concrete support block. 
 

 

 

Figure 2 General configuration of the BHN experiment in borehole BHN1601 

 

2.1 CHARACTERISTICS OF OBTURATORS 

The obturators are equipped with inflatable packers (Figure 3) which fit the geometric profile of 
the borehole, and therefore provide a leaktight seal between the bentonite core and the 
concrete support blocks. The obturator actuating rods in the borehole and the injection and 
vent ducts (as well as the concrete overflow collection tank) for the concrete support blocks are 
remotely disconnected and withdrawn from the gallery after the blocks have been cast. Only 
the hoses for inflating the packers and locking the obturator rams remain connected (and so 
will pass through the bentonite core in a protective sheath). 

The packers cannot be kept pressurised (water or air) throughout the experiment. So deflation 
of the packers after casting the concrete support blocks may cause a longitudinal expansion 
zone for the bentonite core around the periphery of the obturators, and therefore greatly limit 
its swelling pressure, especially the pressure transmitted to the downstream concrete block. To 
prevent this problem, the packers will be inflated with slurry comprising a mixture of mortar 
and bentonite. 
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Figure 3 Characteristics of the upstream obturator (CSM Bessac document) 

 

2.2 CHARACTERISTICS OF THE BENTONITE CORE 

The core is made of a mixture of pellets 32 mm in diameter, and 0-2 mm crushed pellets (Figure 
4). The objective of this mixture is to achieve a core dry density upon installation of around 1.6 
g/cm3, corresponding to a swelling pressure of 7MPa. 

 

 

 

Figure 4 Bentonite pellet-based materials used for the core  
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2.3 CHARACTERISTICS OF THE CORE INSTRUMENTATION 

The core instrumentation, to be frame-mounted, will comprise (Figure 5): 

 10 total pressure sensors (range 0-10 MPa, precision ±0.5%), spread around the periphery 
of the bentonite core (2 sections of 4 sensors, 2 of which horizontal, 1 at the crown and 
1 at the base), as well as in contact with the upstream and downstream obturators; the 
sensors have compact dimensions (contact surface 8 cm in diameter), so as to be as 
non-intrusive as possible; the sensors are placed in contact with the wall by a system of 
pneumatic rams mounted on the frame, enabling the sensor body to slide in a guide 
tube; 

 9 sensors for the water saturation measurement, spread throughout the core (2 sections 
of 3 sensors on the total pressure measurement sections, 1 sensor in the centre of the 
core, and 2 at the upstream and downstream ends); the measurement will be indirect, 
based on a relative humidity measurement of the core (range 0-100 %, precision 
±0.8%)1; 

 3 interstitial pressure sensors (vibrating strings, range 0-10 MPa, precision ±0.1%), 
downstream end of core. 

 

 

Figure 5 General configuration of the bentonite core instrumentation (CSM Bessac 
document) 

 

                                                      
1
 The sensors shown in figure 5 (in green) are the capacitive sensors initially scheduled for this measurement, 

abandoned in favour of RH sensors which are simpler to use and just as relevant. 



FORGE Report: D3.11 – Ver.1   

 8 

2.4 PROCEDURE FOR INSERTING INTO THE BOREHOLE 

The composition of the bentonite mixture used for the core (70% pellets 32 mm in diameter, 
and 30% crushed particles) makes it difficult to contemplate filling the core directly in the 
borehole (blast injection could generate dust and risk segregation of pellets/crushed particles, 
large diameter of injection pipe, risk of damaging sensors in absence of visibility). 

The solution adopted consists in pre-constructing the core as far as possible in the gallery 
before its insertion into the borehole (Figure 6): 

 the sensor carrying frame is inserted into a steel jacket (of around 650 mm in diameter, to 
factor in the borehole trajectory and its convergence from its excavation), with apertures 
for filling with pellets and crushed particles; 

 the jacket is closed off at the downstream end by the deflated downstream packer, and at 
the upstream end by a plastic heat-shrink film (the film should in principle cover the whole 
jacket); 

 once the jacket has been filled, all the parts are inserted into the borehole (the upstream 
packer has already been positioned and the upstream support block cast), until it comes 
into contact with the upstream packer; 

 the jacket is then extracted: as it is withdrawn (the plastic film will be torn off as it is 
withdrawn by the toothed upstream obturator, see Figure 4), the bentonite mixture will be 
deposited into the borehole, leaving a void in the upper part due to the difference in 
volume between the jacket and the borehole; to fill this void, crushed pellets will also be 
injected via a nozzle (diameter 2 inches) built into the upper surface of the jacket (in 
principle blast-injected); the downstream packer may also be pushed up to 20 cm to 
compress the core; 

 the overall injected weight (pre-construction in the gallery and extra when the jacket is 
withdrawn, for the pellets and crushed particles) will be measured and compared with the 
borehole volume at the core level (based on the 3D scan), which will enable the core density 
to be determined; 

 the downstream packer will then be expanded to contact with the wall, to enable the 
downstream support block to be cast. 

Note that the total pressure sensors (horizontal and if possible on the base) will be placed in 
contact with the borehole wall (pneumatic system) when the jacket is withdrawn, to prevent 
bentonite from lodging between the contact surface of the sensors and the wall. This 
procedure requires passages to be machined in the jacket, and so these must be plugged when 
the jacket is filled in the gallery, and inserted into the borehole (in principle the plastic film 
covering the jacket will be used to plug these passages, and the film will be torn off by cutter 
blades fixed to the sensors when the jacket is withdrawn). 
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Figure 6 Core filling jacket in gallery (CSM Bessac document) 

 

3. Associated measurements 

3.1 3D SCANNER  

The objective is to obtain the final geometry of the borehole, so as to find out the precise 
volume to fill with the core. This geometry is determined based on a series of cross-sectional 
measurements, made every 50 cm along the entire length of the borehole. 

The borehole geometry means that physical access to the walls to be scanned is impossible. So 
not only is it obligatory to manoeuvre the 3D scanner from the gallery, but also the sensor must 
be positionable and adjustable from this gallery. 

The scan is taken means of a wheel-mounted carriage (Figure 7). This compact carriage is 
pushed into the borehole using rods screwed in as it descends. It has the Faro scanner mounted 
on its head. This provides a 360° scan, but only the front 180° is used (the carriage conceals 
most of the rear part). 

Immediately behind, the carriage is equipped with 4 mini-prisms, forming a rigid quadrilateral. 

For each system stop position, every 50 cm, the 4 prisms are read with a high-precision total 
station, pre-adjusted to markers set up in the gallery. The device is positioned facing the 
borehole. A panoramic scan is run from a laptop computer via the Ethernet or Wi-Fi 
connection. 
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Figure 7 Example of scanning in a borehole 

The scanner resolution provides a mean density per position of 1 point / 2 mm along the 
borehole walls. The scanning precision of the mini-prisms is 2 mm, which ensures a calibration 
of each scan position to a precision of the same order. 

A first scan was taken immediately after the borehole was drilled (Figure 8 view of borehole 
after cleaning out the rubble to enable the scanner to pass). Figure 9 shows an overview of the 
scan along the full length of the borehole. 

 

Figure 8 Photograph of borehole BHN1601 
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Figure 9 3D scan of borehole BHN1601 

 

A second scan was taken 3 months later to precisely identify the diameter variations due to the 
borehole convergence. 

The deformations are primarily in the horizontal direction, whereas there is practically no 
vertical displacement. This is consistent with the observations made in the Meuse/Haute-

Marne underground laboratory for structures oriented in the same direction (H – major stress 
direction). The convergences observed in the horizontal direction after 3 months are between 1 
and 3 cm (see Figure 10). 

 

Figure 10 Profile of excavated borehole – comparison between scans of February 2013 and 
May 2013. 

 

A final scan will be taken a few days before inserting the core in the borehole, so as to find out 
the exact volume to fill, and therefore be able to calculate the core density. 
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3.2 EVOLUTION OF INTERSTITIAL PRESSURE  

Interstitial pressure measurements in boreholes in the vicinity of BHN1601 clearly show the 
influence of the gallery on the pressure fields. The measurement chambers closest to the 
gallery wall indicate a big pressure drop: a decrease of approximately 30 bars in 1400 days after 
drilling the borehole. The more the measurement chambers are placed inside the block, the 
more the water pressures stabilise to a value similar to the undisturbed geological layer (Figure 
11). 
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Figure 11 Evolution of interstitial pressures in borehole ALC1611, close to BHN1601. 

 

3.3 GEOTECHNICAL INSTRUMENTATION  

Use of “low pH” concrete for the support blocks will be harnessed to monitor the mechanical 
behaviour of this type of concrete. 

Hence the downstream support block will be instrumented, with at each end of the block, 3 
vibrating string extensometers (micro-deformation measurements axially, radially and ortho-
radially to the block) and two total pressure sensors (for a measurement in the axis of the 
support block and radially to the rock formation). These sensors will be positioned on frames 
and directly buried in the concrete when casting the block. 

The sensor cables will in principle use the same cable runs as the bentonite core 
instrumentation sensors, via the downstream obturator. 

Like those of the bentonite core, these sensors will be connected to the SAGD (Andra’s data 
acquisition and management system). 

Finally, a target will be positioned on the downstream face of the downstream packer, so as to 
be able to topographically measure from the drilling head any displacement of this obturator. 
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4. Saturation time estimates 

Calculations have been made by Andra to obtain an order of magnitude for the expected 
saturation rates. 

4.1.1 Modelling hypotheses  

We considered a fractured zone of claystones with a horizontal extension from the gallery  wall 
of the 4 m long: this zone is affected by a homogeneous permeability representative of the 
dense fracturing zone, i.e. 10-9

 m/s. 

At this stage, to simplify the model, an axisymmetric 2D model has been chosen (Figure 12). So 
the hydraulic impact of neighbouring vaults (if applicable) is not taken into account. 

The swelling clay plug will comprise a mixture of pellets and swelling clay powder. Numerous 
sample tests have revealed the complexity of the hydro-mechanical transient of water 
saturation of such mixtures: at the beginning of the transient, the water flows preferentially via 
the macroporosity of the mixture. The pellets start to saturate and swell up, which reduces the 
macroporosity, and therefore leads to a clear and rapid reduction in the permeability of the 
mixture toward its saturation value; wetting the bonds between the pellets weakens the 
mechanical stability of the mixture, and potential collapses, i.e. potential (temporary) 
reductions in the swelling pressure. 

For this preliminary assessment, explicit hydro-mechanical coupling was not taken into account. 

A purely hydraulic approach was adopted. The target dry density for the mixture was 1.5 g/cm3; 
and a saturation permeability of 10-12 m/s was considered, an intermediate value between the 
permeability of a pure bentonite and that of a bentonite/sand mixture with a high proportion 
of sand, for the same dry density of 1.5 g/cm3. 

To simplify, it was assumed that there is no water exchange between the swelling clay plug and 
the concrete plug (zero-flow condition). 

The hydraulic properties of sound claystones have undergone a host of measurements. It was 
chosen to allocate them an isotropic permeability of 10-13

 m/s. 

In the near field of the vault, an EDZ of characteristics conventionally used in the framework of 
similar hydraulic assessments was assumed, namely a thickness of 10 cm and a saturation 
permeability of 5.10-11

 m/s. In fact, this EDZ is likely to drain some of the water from the 
claystones towards the gallery, to the detriment of the swelling clay plug. The other properties 
of the modelled EDZ chosen were identical to those of sound claystones.  

The properties of the various materials chosen for the assessment are shown in Table 1. 
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Table 1 Hydraulic properties chosen for the various materials within the assessment 

Properties Swelling clay plug Sound claystones 

Porosity (-) 35% 18% 

Permeability at Saturation (m/s) 10-12 10-13 

Initial water saturation (-) 70% 100% 

Residual water saturation (-) 40% 1% 

Suction law 
Van Genuchten 

Pr = 1800 m n = 1.6 

Van Genuchten 

Pr = 1500 m n = 1.5 

Relative permeability law Mualem - Van Genuchten Mualem - Van Genuchten 

 

The gallery is considered to be constantly ventilated with air at a temperature of 22°C, and 
relative humidity 50%; which means applying a suction of 94.4 MPa on the gallery wall (Kelvin’s 
law), causing a water draining effect from the claystones with the gallery, and desaturation of 
the claystones in the near field of the gallery. Three phases are considered for the simulation: 

 phase 1: gallery only (vault not excavated); duration = 4 years; 

 phase 2: vault empty; duration = 1 week; 

 phase 3: vault plugged; duration = that of complete water saturation of the plug. 

 

The water from the claystones penetrates the swelling clay plug around its whole periphery. 
The assumption is made that there is no initial gap between the plug and the claystones (Figure 
12), and downstream between the concrete plug and the claystones. 

Furthermore, it is assumed that the EDZ around the swelling clay plug is hydraulically self-
sealed (at least partially), due to the swelling pressure applied by the clay; the permeability of 
this EDZ goes from 5.10-11

 to 10-12
 m/s. On the other hand, elsewhere the EDZ has a permeability 

of 5.10-11 m/s. 

The borehole bottom concrete block is taken into account via a non-modelled and therefore 
hydraulically non-transmissive zone (Figure 12). 
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Figure 12 Diagram of conceptual hydraulic model used to simulate the swelling clay plug 
water saturation test  
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4.1.2 Results and analysis 

The water from the claystones penetrates the plug around its whole periphery. There is a non-
negligible draining effect by the EDZ. This is shown on Figure 13 where can be seen the 
difference in saturation kinetics between the 2 ends of the plug. At the end of the plug on the 
gallery side, 98% degrees water saturation is reached at around 10 years. At the other end, 
water saturation is reached more quickly, in approximately 6 years. 

Consequently, the time taken to reach total water saturation of the swelling clay plug 
appears to be approximately 10 years. 

We can note that in the case of an EDZ hydraulically self-sealed along the entire length of the 
vault, i.e. in the case of a draining effect very limited by the claystones, in the direction of the 
gallery, the simulations indicate a shorter time taken to reach total water saturation of the 
plug, approximately 7 years. 

 

Figure 13 Evolution of water saturation times in the swelling clay plug 

 

4.1.2.1 SENSITIVITY TO THE LIQUID PRESSURE AMPLITUDE 

The sensitivity to the liquid pressure amplitude in the claystones around the plug is investigated 
by varying the depth of the plug in the borehole. This sensitivity is applied on a scenario 
without EDZ (which means allocating the EDZ a permeability of 10-13 m/s), in order to overcome 
the disturbance due to the draining effect and therefore highlight the influence of the liquid 
pressure in the claystones. 

Two scenarios were simulated: one plug between a depth of 7 and 10 m, and one plug between 
a depth of 5.5 and 8.5 m. The radial and axial pressure profiles around the plug used are shown 
in Figure 14. 
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Figure 14 Radial and axial pressure profiles for a plug situated at a depth of between 7 and 
10 m, or a depth of between 5.5 and 8.5 m 

 

The impact is limited overall to the time taken for complete water saturation of the plug (Figure 
15), with impact differences depending on the location: 

 At the bottom of the core, the impact is negligible; 

 On the downstream side, the time taken for complete saturation is slightly greater due to 
the influence of the slightly desaturated claystones zone. 

 

The main driving force of the flows is the high liquid radial pressure gradients between the plug 
(P = -50 MPa initially) and the claystones (P = 4.6 MPa). These gradients are similar in the 2 
scenarios presented here, as long as the suctions in the plug remain significant, i.e. throughout 
most of the saturation phase. 
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Figure 15 Influence of plug depth on resaturation time 

 

4.1.2.2 IMPACT OF DRAINING EFFECT 

Regarding the draining effect by the EDZ, 2 scenarios were compared, both for a plug situated 
at a depth of between 5.5 and 8.5 m: 

 With draining effect (Kedz = 10-12 m/s around the plug, 5.10-11 m/s elsewhere); 

 Without draining effect (Kedz = 10-13 m/s). 

 

Figure 16 shows that the draining effect has the impact of an incomplete water saturation state 
of the downstream end of the plug in permanent hydraulic regime. So it is strongly 
recommended to put the plug deeper as possible in the borehole. 
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Figure 16 Impact of the drain effect by EDZ on the resaturation time 

 

4.1.2.3 SUMMARY ON RESATURATION TIMES 

The preliminary simulations conducted, underline an already well-known fact, namely the 
importance of the exchange surface area between the swelling clay plug and the claystones, 
moreover in conjunction with the volume of swelling clay to be saturated around the exchange 
surface. Although this is important, the time taken to reach complete saturation remains no 
less significant, approximately 10 years due to the low permeability of the sound claystones 
compared to that of the swelling clay plug. Nonetheless, given the modelling hypotheses 
adopted, the value of 10 years must be considered an under-estimate: as emphasised above, 
experimental data on pellet saturation highlights the fact that the conventional hydraulic and 
hydro-mechanical models of porous media (model adopted at this stage) do not reproduce the 
macro-micro processes involved: hence we can observe times obtained by simulation half of 
those observed experimentally. Simulations with hydro-mechanical models with a good 
representation of pellet behaviour, such as that developed by UPC in Barcelona, will be used to 
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better assess the time taken to reach complete saturation, especially based on the hydraulic 
and hydro-mechanical characterisation data of the mixture. 

Finally, we must also consider the possible existence of a hydraulic interface which could 
greatly increase the time taken to reach complete saturation, or even prevent it. The self-
sealing property of claystones may lead to hydraulic self-sealing of an initial interface, limiting 
the water/gas transfers at the interface. 

Table 2 presents a summary of the resaturation times (with the adopted calculation 
hypotheses), for the various experimental options. 

 

Table 2 Estimated resaturation times for the various options 

Experimental option 
Time taken for complete water 
saturation of the plug (years) 

Comments 

Plug depth = 7 to 10 
m 

∼10  

Plug depth = 5.5 to 
8.5 m 

infinite 

Incomplete water saturation 
state at the downstream end of 
the plug (draining effect due to 
the EDZ), 100% saturation to half-
way through the plug at 15 years 

 

5. Conclusion and perspectives 

A borehole 75 cm in diameter and 11.5 metres was drilled. The design of the instrumentation 
intended to monitor the evolution of the bentonite plug has been finalised. The material 
adopted for the plug is a mixture of high-density pellets (2 g/cm3) and crushed pellets, in order 
to obtain an average swelling pressure of 7 MPa. In laboratory tests these mixtures have shown 
that the specified swelling pressure could be achieved.  

The techniques for inserting the pellets/ crushed pellets on a larger scale are in the test phase, 
so as to verify that the arrangements enable the specification to be achieved. 

The sensors installed in the bentonite core will make possible to monitor the evolutions of 
swelling pressure and the propagation front of water saturation. Given the resaturation time 
estimates (~10 years), a programme of tests at the end of the complete hydration phase may 
be considered, such as exposing the plug to water or gas stress once hydro-mechanical 
equilibrium has been reached (measuring saturation permeability, inlet pressure, etc.). This test 
sequence will be defined only according to the results of the saturation phase, and if the 
evolution of the plug is in line with expectations. 
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