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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.

Contact details: 
 
de La Vaissière, Rémi 
ANDRA 
Tel:  33 (0) 329 755 343 Fax  33 (0) 637 262 539 
email: remi.delavaissiere@andra.fr 
web address:  www.andra.fr 
Address  Laboratoire de recherche souterrain de Meuse / Haute-
Marne 
Route départementale 960 
BP 9 
55290 Bure FRANCE 
.



FORGE Report: D3.17 - D3.18   

 ii 

Foreword 

This report is the first ANDRA’s contribution to the Work Package 3 (deliverable 3.18: Report on 
experimental borehole results: PGZ2 experiment at Bure in the Andra’s URL). 

Acknowledgements 

Claude Gatabin from CEA/LECBA and his team should be gratefully acknowledged for preparing 
the bentonite plug and the seats. He also helped me for the interpretation of total pressure 
sensors. The team of Solexperts provided the multi-packers systems, performed the 
installation. The teams of AF Consult (JM. Lavanchy) and Intera (R. Senger) performed some 
calculation to evaluate the swelling of the plug. COFOR team had drilled the boreholes and 
Brisset-Veyrier make the topographic measurements. Egis team supervised the installation. 

A large number of individuals have contributed to the project. In addition to the collection of 
data, many individuals have freely given their advice, and provided the local. Jean Talandier has 
helped to review draft chapters of this report.  

 
 

 
 



FORGE Report: D3.17 - D3.18   

 iii 

 

 

Contents 

Foreword ............................................................................................. ii 

Acknowledgements ............................................................................. ii 

Contents .............................................................................................. iii 

Summary ........................................................................................... vii 

Introduction ......................................................................................... 1 
1.1 Mock-up tests ....................................................................... 1 
1.2 Summary of the configuration of in situ test PGZ2 ............ 32 

Boreholes PGZ1011, PGZ1012 and PGZ1013 ................................ 36 
1.3 Bentonite core saturation monitoring ................................. 36 
1.4 Gas injection borehole PGZ1011 ....................................... 50 
1.5 Measurements between October 2010 and December 201266 

New borehole PGZ1021: Installation report and findings from one year of measurements
 ............................................................................................................. 68 

1.6 Installation of the equipment in situ in borehole PGZ1021 68 
1.7 Configuration of borehole PGZ1021 .................................. 74 
1.8 Measurements ..................................................................... 77 

Conclusion .......................................................................................... 90 
1.9 PGZ1011, PGZ1012 and PGZ1013 .................................... 90 
1.10 PGZ1021 ......................................................................... 90 

Appendix 1 ......................................................................................... 91 
Appendix sub-head ....................... Error! Bookmark not defined. 

Glossary .................................................. Error! Bookmark not defined. 

References .......................................................................................... 91 
 

FIGURES 

Figure 1 Diagram of a cell for a "visual" understanding ................... 2 

Figure 2 View of a cell fitted with its half-plug before hydration ..... 2 

Figure 3 Scenario 1: Change in the swelling pressure measured axially by the force sensor 
and the pressure sensor ................................................................... 4 

Figure 4 Scenario 1: Change in the flow rate during the first 60 days of the test 5 

Figure 5 Scenario 2: Change in the swelling pressure, measured axially 10 



FORGE Report: D3.17 - D3.18   

 iv 

Figure 6 Water content measurements taken after dismantling of scenario 2 15 

Figure 7 Scenario 3: Change in the swelling pressure measured by the force sensor and the 
pressure sensor ................................................................................ 17 

Figure 8 Scenario 4 (test PGZ_4), diagram showing the areas supplying water to the core 21 

Figure 9 Scenario 4 (test PGZ_4), detail of the hydration device (in black) 22 

Figure 10 Scenario 4: Change in the axial pressure measured by the force sensor and the 
pressure sensor ................................................................................ 24 

Figure 11 New containment tube for scenario 4 ................................ 24 

Figure 12 Monitored total radial pressures for scenario 4 (stainless steel containment tube)
 25 

Figure 13 Monitored total pressure and force on the axis of the core for scenario 4 (stainless 
steel containment tube) ................................................................... 25 

Figure 14 Scenario 5: General view of the cell and the moist air production system 27 

Figure 15 Scenario 5: Results from the axial and radial pressure measurements 29 

Figure 16 New containment tube for scenario 5 ................................ 30 

Figure 17 Monitored total radial pressures for scenario 5 (stainless steel containment tube)
 31 

Figure 18 Monitored total pressure and force on the axis of the core for scenario 5 (stainless 
steel containment tube) ................................................................... 31 

Figure 19 Positions of the boreholes for test PGZ2 ............................ 32 

Figure 20 Location of the measuring points in the bentonite section (example of borehole 
PGZ1011) with SAGD numbering ...................................................... 33 

Figure 21 Pressure measurements taken along the bentonite boreholes, with SAGD 
references ......................................................................................... 35 

Figure 22 Monitored interstitial pressures on the upper edge in the bentonite section (mean 
daily values) ...................................................................................... 36 

Figure 23 Monitored interstitial pressures on the upper edge in the bentonite section (mean 
daily values) for the same time base ................................................ 37 

Figure 24 Examples of retention curves (Van Genuchten model) and gas and water 
permeability values (cubic model) for bentonite and COX (values taken from report no. UPC 
D.RP.0UPC.08.002). .......................................................................... 39 

Figure 25 Sensor inserted in the bentonite core ................................ 40 

Figure 26 Monitored interstitial pressures in the centre of the bentonite core (mean daily 
values) 40 

Figure 27 Monitored interstitial pressures in the centre of the bentonite core (mean daily 
values) for the same time base ........................................................ 40 

Figure 28 Monitored interstitial pressures at the fritted disc / bentonite interface (mean daily 
values) 42 

Figure 29 Monitored interstitial pressures at the fritted disc / bentonite interface (mean daily 
values) for the same time base ........................................................ 43 



FORGE Report: D3.17 - D3.18   

 v 

Figure 30 View of a connector, the fritted disc, the sensors and the metal ring 43 

Figure 31 Monitored total pressure values for the three bentonite boreholes (mean daily 
values) 44 

Figure 32 Monitored total pressure values for the three bentonite boreholes (mean daily 
values) for the same time base ........................................................ 45 

Figure 33 Comparison between total and interstitial pressure values for PGZ1012 46 

Figure 34 Comparison between total and interstitial pressure values for PGZ1013 46 

Figure 35 Gas pressure and injection flow rate in borehole PGZ1011 53 

Figure 36 Cumulative quantity of gas injected into each fritted disc, expressed in moles and 
volume 54 

Figure 37 Monitored interstitial pressures in the bentonite section of borehole PGZ1011 55 

Figure 38 Monitored total and interstitial pressures at the fritted discs in borehole PGZ1011
 56 

Figure 39 Interstitial pressure measurements on the GEX side for PGZ1011 58 

Figure 40 Interstitial pressure measurements on the GMR side for PGZ1011 58 

Figure 41 Pressure measurements between the spaces and upper longitudinal edge of 
PGZ1011 ............................................................................................ 60 

Figure 42 Monitored packer pressures in borehole PGZ1011 ............ 61 

Figure 43 All interstitial pressure measurements taken in PGZ1011 after the gas injection 63 

Figure 44 Monitored total pressure values in PGZ1011 after the gas injection 64 

Figure 45 Monitored total pressure values in all boreholes in PGZ2 experiment 66 

Figure 46 Monitored pore pressure values in all PGZ2 boreholes (frit sensor) 67 

Figure 47 Photos showing the drilling machine in the GMR tunnel and the exit point of 
borehole PGZ1021 in the GEX tunnel ............................................... 68 

Figure 48 Borehole diameters (Solexperts) ........................................ 69 

Figure 9 Inserting the first half-completion from the GMR tunnel .. 70 

Figure 10 Photographs taken during the installation and use of the powder and pellet 
injection system ................................................................................ 72 

Figure 11 Second half-completion (GEX side) assembled with the connector 72 

Figure 12 Locations of the boreholes for test PGZ2............................ 74 

Figure 13 Geometric configuration of the equipment installed in borehole PGZ1021 with 
SAGD reference numbers ................................................................. 75 

Figure 14 View of the bentonite section in borehole PGZ1021 with SAGD reference numbers
 76 

Figure 15 Monitored gas pressure and gas injection flow rate in borehole PGZ1021: 
measurements taken in the gas module in the GMR tunnel ........... 78 

Figure 16 Interstitial pressures measured around the two connectors in borehole PGZ1021 79 

Figure 17 Interstitial pressures measured in contact with the bentonite in borehole PGZ1021
 80 



FORGE Report: D3.17 - D3.18   

 vi 

Figure 18 Interstitial pressure measurements in the two clearance spaces in PGZ1021 81 

Figure 19 Total pressures measured at the fritted disc / bentonite interface in PGZ1021 82 

Figure 20 Total pressures measured on the two connectors in PGZ1021 83 

Figure 21 Example of the bulldozing experience with the appearance of fracture planes and 
grain movement ............................................................................... 84 

Figure 22 Total pressures measured during the two Bentogaz tests conducted by the 
CEA/LECBA ........................................................................................ 88 

Figure 22 Pore pressures measured during the short high constant flow rate test in PGZ1021 
(GMR side) ........................................................................................ 89 

Figure 22 Total pressures measured during the short high constant flow rate test in PGZ1021 
(GMR side) ........................................................................................ 89 

 

PLATES 

Aucune entrée de table d'illustration n'a été trouvée. 

TABLE 

Table 1: Specific data for scenario 1  ..................................................... 3

Table 2: Specific data for scenario 2  ..................................................... 9

Table 3: Specific data for scenario 3  ..................................................... 15

Table 4: Specific data for scenario 4  ..................................................... 20

Table 5: Specific data for scenario 5  ..................................................... 26

Table 6: Dry density of the mixture and initial water saturation of the three bentonite cores   34

Table 7: Volumes available to the gas   .................................................. 34

Table 8: Calculation of the permeability of the bentonite   ................... 41

Table 9: Percentage of recovery of the bentonite core under total stress   48

Table 10: Gas injection sequence in PGZ1011   .................................... 52

Table 11: Reaction of the bentonite under total stress when the gas injection was stopped   57

Table 12: Calculations of permeability along borehole PGZ1011   ....... 60

Table 13: List of operations performed after the gas injection in borehole PGZ1011   62

Table 14 Geometry of borehole PGZ1021   ......................................... 74

Table 15 Characteristics of the bentonite core in borehole PGZ1021   77

Table 16 Results from the compressibility tests in the two clearance spaces   81

Table 17 Interstitial pressures and total pressures measured on different dates near the 
fritted discs in borehole PGZ1021 (in bars)   ...................................... 85

Table 18 Characteristics of tests Bentogaz_1 and Bentogaz_2 at the CEA/LECBA   86



FORGE Report: D3.17 - D3.18   

 vii 

 

Summary 

This report describes the results on the in situ experiment PGZ2. PGZ2 is focus on the study of 
gas propagation in seals and interfaces.  
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Introduction 

The PGZ experiments are part of an experimental and demonstration test programme at the 
Meuse/Haute-Marne Underground Research Laboratory.  

One of the objectives of this experimental and demonstration test programme is to study the 
response of claystones to disturbances caused by a repository. In the PGZ experiments, the 
subject is the disturbances caused by gases generated by the radiolysis or anoxic corrosion of 
some of the waste packages and, where applicable, by the corrosion of the repository's steel 
components, e.g. high-level waste cells. This will particularly include gas transfer in undisturbed 
and disturbed claystones, as well as transfer through the sealing plugs and at interfaces. 

This is the second report on the PGZ experiments produced by ANDRA since the first pieces of 
equipment were installed in the GED drift. It follows the report entitled "Installation and initial 
results" (D3.2), which presents the aims of the PGZ2 experiments. 

This report presents all of the measurements taken for test PGZ2 up to the beginning of 
December 2012, and provides a detailed analysis of the test's main phases (saturation and gas 
injection). 

Prior to this, however, the report describes the observations and findings from the mock-up 
tests conducted at the CEA/LECBA in support of this test. 

1.1 Mock-up tests 
The CEA/LECBA contributed to test PGZ2 on two levels: 
• provision of the core, connectors and sensors inserted into the connectors; installation and 

monitoring of the measuring devices; 
• qualification of the cores and sensors to be installed; execution of mock-up tests. 

The aims of the mock-up tests were to: 
• observe the behaviour of the clay core during swelling, such as by checking how it extrudes in the 

vacuum around the connector, and how the swelling pressure develops; 
• test different scenarios for supplying water to the bentonite core to explain how the plug actually 

works and thus make better use of the results. 

To do this, a number of laboratory experiments were produced at the CEA/LECBA. The core's 
hydration dynamics was observed using a glass tube, placed horizontally, to simulate a 
borehole section. A synthetic water was used in all of these tests, representative of the water in 
the claystone. 

 

1.1.1 General configuration of the model tests 
The clay cores, representing a real half-core, were embedded into a connector plate made of 
304L stainless steel, thus forming a real half-plug. The cells, as illustrated in Figure 1, contained 
this half plug in a Pyrex glass tube for observation purposes. A second connector was used to 
block the other end of the glass tube, and provided support on the clay core. The connectors 
had an internal and external vent system for the main connector. The vents comprised a porous 
disc connected to a tube extending to the outside of the model. A valve was connected to the 
outer part of the tube. A total pressure sensor, placed in contact with the side of the core 
embedded in the main connector, and a force sensor inserted between this connector and the 
clamp plate, were used to measure changes in the swelling pressure. Figure 2 shows cell 1, with 
its half plug, prepared for hydration. 
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The cores were prepared by isostatic compaction at 200 MPa then machined, under the same 
conditions as the cores used for the in situ tests. 

 
Figure 1 Diagram of a cell for a "visual" understanding 

 

 
Figure 2 View of a cell fitted with its half-plug before hydration 

 

With the exception of a few equipment-related details, the same assembly procedure was used 
for all of the tests.  
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The nominal instrumentation comprised a force sensor to measure the core's force on the 
connector, a pressure sensor in the centre of the connector, and radial sensors for scenarios 4 
and 5, to measure the total pressure.  

1.1.2 Different tested hydration scenarios 
The different tested hydration scenarios were devised to cover a wide range of flow rates: 
• Scenario 1: slow hydration (> 20 days) by liquid water flowing into the annulus at a slow rate 

(technological vacuum); 
• Scenario 2: fast hydration (~ 2 days) by liquid water flowing into the annulus at a medium rate 

(technological vacuum); 
• Scenario 3: very fast hydration by flooding the annulus in less than 2 minutes. 

Feedback from experience and the simulations showed that in reality the water flows were, or 
would be, much slower. Furthermore, it was interesting to discover and to accurately quantify 
the radial vacuum's filling rate to: 

• determine when the contact between the core and the block would be sufficient to 
launch the gas pressure resistance tests; 

• be able to correlate the axial pressure measurement, which would only be available in 
situ, with this radial contact.  

To do this, two new scenarios were designed, implementing different hydration procedures and 
additional sensors: 
• Scenario 4: slow, occasional hydration (10cm3 / day) along one and then two horizontal edges and 

following the vertical axis. Addition of three total pressure sensors located radially. 
• Scenario 5: hydration through circulation of moist air (RH > 80%) in the technological vacuum. 

Addition of three total pressure sensors located radially. 

 

1.1.3 Findings from the different tested scenarios 

1.1.3.1 Scenario 1: Slow hydration 
The characteristics of scenario 1 are shown in Table 1 below. 

Table 1: Specific data for scenario 1 

Radial clearance (mm) 6  

Vacuum volume around core (cm3) 308 

Total radial vacuum volume (cm3) 559 

Total hydration time (days) 113 

Initial flow rate (cm3/day) 18 

Pressure atm 

The duration of this scenario was 112 days. Initially, the water was injected under the 
atmospheric pressure, but as the pump's pressure limit was set at 5 bars, the bentonite core 
quickly took control of the flow of injected water after the water inlet area was plugged. 
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Hydration occurred through the opposite side to the connector, via a 6mm annulus, delimited 
by the core at the centre and by the glass tube on the outside. The core's surface was separated 
from the water inlet's fritted disc by a thin stainless steel cap. However, the edge of the core 
drew up the water very quickly. This spread gradually to form a ring of gel around the core, 
causing the water inlet annulus to clog and, ultimately, the water pressure to rise and the 
injected flow to decrease at the same time. 

Figure 3 shows the changing swelling pressure measurements during the test.  

At the beginning of the test, the pressure sensor was under stress due to the addition of 
powder between the core's surface and the sensor membrane. This explains the initial 
measured mechanical pressure of approximately 22 bars. 
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Figure 3 Scenario 1: Change in the swelling pressure measured axially by the force sensor 
and the pressure sensor 

During the first few days, the core drew in water through the other surface and the swelling 
pressure increased to reach a maximum level after seven days. This was followed by a drop in 
the swelling pressure measured by the two sensors, which was due to the cracks releasing 
some of the axial stress. 

The force then increased again, while the core hydrated and the initial cracks disappeared. The 
core became more plastic, developing into the shape of an elephant's foot, and the powder 
that was used to apply a mechanical stress to the sensor membrane also became more plastic, 
releasing the initial pre-load stress. 

The force and the pressure then stabilised (on the 60th day) while the core hydrated with an 
increasingly low flow rate (Figure 12). The swelling pressure could only increase if the radial 
pressure was at least equal to the axial pressure.  

The plug that had formed at the water inlet meant that there was little change between the 
60th day and the 107th day, when the water supply was stopped, causing a rapid drop in the 
force and pressure. This phenomenon was linked to the absorption of water from the saturated 
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areas by the drier areas, which consumed the water contained in the fritted disc and thus 
reduced the injection pressure. 
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Figure 4 Scenario 1: Change in the flow rate during the first 60 days of the test 

 

Photographs 1 to 10 show changes in the appearance of the core as it hydrated. 

Photo 1 scenario 1/ 

 

t = t0 

Injection started with a very low 
flow rate of around 18cm3/day. 
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Photo 2 scenario 1/ 

 

t = t0 + 8 
hrs 

Injection started with a low flow 
rate of around 18cm3/day. At this 

point, a shallow water bed 
(approximately 6cm3) was 

present in the bottom of the 
tube. 

 
 

Photo 3 scenario 1/ 

 

t = t0 + 73 
hrs 

After three days of injection, 
providing just over 50cm3 of 

water, the entire circular area 
adjacent to the water inlet was 

hydrated. 

This caused spalling as a result of 
the core tearing in the dry area 

adjacent to the hydrated 
annulus. 

 

Photo 4 scenario 1/ 

 

t = t0 + 
73 hrs 

Detail of the spalling area. 

There was no visible impact on 
the core's rigidity. 
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Photo 5 scenario 1/ 

 

t = t0 + 5 
days 

The hydration front advanced 
slowly and the flow rate reduced 
as the water inlet clogged. This 
also caused an increase in the 
injection pressure (the pump's 
pressure limit was set at 5 bars 

for safety reasons). The 
permeability of the bentonite 

now controlled the injection of 
water. 

 

Photo 6 scenario 1/ 

 

t = t0 + 5 
days 

Detail of the spalling area: the 
cracks were deep but the crusts 
appeared to be less than 10mm 

thick. However, this 
phenomenon extended 

symmetrically along the core. 

  

Photo 7 scenario 1/ 

 

t = t0 + 7 
days 

The hydrated front continued to 
advance. The injection pressure 

fluctuated between 4 and 5 bars, 
limited by the pump's safety 
setting. (At this point, it was 

impossible to control the injection 
at the atmospheric pressure with 

the pump, as the clay's low 
permeability was controlling the 

system). 
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Photo 8 scenario 1/ 

 

t = t0 + 10 
days 

The test was changing slowly 
now. 

The force appeared to stagnate, 
while the total pressure inside 

the connector increased 
significantly. 

 

Photo 9 scenario 1/ 

 

t = t0 + 80 
days 

Detail of the bentonite core 
having assumed a tapered shape. 

A second cracking stage 
occurred. The test changed very 

slowly.  

  

Photo 10 scenario 1/ 

 

t = t0 + 113 
days 

State of the plug at the end of 
the test. 
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1.1.3.2 Scenario 2: Fast hydration  
The characteristics of scenario 2 are shown in Table 2 below. 

Table 2: Specific data for scenario 2 

Radial clearance (mm) 6 

Cross-section of annular vacuum (cm2) 18.1 

Vacuum volume around visible core, length 17cm (cm3) 308 

Vacuum volume around complete core, length 20cm (cm3) 362 

Total radial vacuum volume (including connector) (cm3) 559 

Total hydration time (days) 70 

Initial flow rate (cm3/day) 250 

Injection pressure (bar) 5 

Density on saturation after filling of annular vacuum 

(g/cm3)  

Hypothesis 1: vacuum filled over length of 17cm 

1.672 

Theoretical swelling pressure (bar)  25.8 

Density on saturation after filling of annular vacuum 

(g/cm3)  

Hypothesis 2: vacuum filled over length of 20cm 

1.616 

Theoretical swelling pressure (bar) 

Hypothesis 2: vacuum filled over length of 20cm 
16.0 

The swelling pressure, measured by the force sensor at the end of the test, was around 16 bars. 
This was a total pressure, which included the core's effective swelling pressure and an 
interstitial component of the hydraulic pressure maintained at 5 bars. Thus, hypothesis 2 
described in Table 2 appeared to be closer to reality than hypothesis 1. This was confirmed by 
the photographs and the extent of the extrusion area, which even affected the part of the core 
embedded in the connector. The quantity of extruded clay helped to reduce the density and, 
consequently, the swelling pressure. 

Figure 5 shows that the pressure measured by the pressure sensor had not yet reached its 
level. The configuration of the core here, embedded in the connector, meant that this was the 
last area to be saturated.  

When the equipment for second scenario test was dismantled (photos 20 to 23) after 70 days 
of hydration, the water content was found to be consistent over the entire accessible length of 
the core, as shown in Figure 14. It can be established that the density was consistent in this 
area and that, therefore, the swelling pressure was consistent here. 
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Figure 5 Scenario 2: Change in the swelling pressure, measured axially 

 

Photo 11 scenario 2/ 

 

t = 0 

General view of the PGZ_2 experiment 
before hydration began. 

 

Photo 12 scenario 2/ 

 

t = t0 + 30' 

Detail of the water inlet area before 
hydration began. The water had to enter 

through the annulus delimited by the cap, 
measuring 90mm in diameter, positioned 
on the fritted disc, measuring 102mm in 

diameter. 
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Photo 13 scenario 2/ 

 

t = t0 + 174' 

The water began to touch the core's lower 
edge causing immediate swelling. 

 

Photo 14 scenario 2/ 

 

t = t0 + 183' 

The core absorbed the water stagnating in 
the bottom of the tube more and more 

quickly and began to touch the porous disc, 
the source of the incoming water. 

 

Photo 15 scenario 2/ 

 

t = t0 + 220' 

The core then absorbed everything from 
the porous disc, slightly faster than the 

imposed flow rate. 

 

 

Photo 16 scenario 2/ 

 

t = t0 + 427' 

The hydrated clay front increased in height 
and length. However, this only involved the 
external crust of the core, which remained 

very rigid. 
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Photo 17 scenario 2/ 

 

t = t0 + 20 hrs 33' 

Two thirds of the core were covered by a 
gangue of hydrated clay (with or without 

gel), which filled the annular vacuum, 
except in the upper part, where a slow 
trickle of water continued to enter. The 

swelling occurred predominantly around 
the water inlet. 

  

Photo 18 scenario 2/ 

 

t = t0 + 20 hrs 38' 

Detail of photo no. 9 where cracks can be 
seen in the lower part of the core, caused 

by the huge stresses initiated in these areas 
by the swelling. 

 

 

Photo 19 scenario 2/ 

 

t = t0 + 22 hrs 

The hydration front advanced further. 

There were no longer any water or air 
"pockets" in the hydrated area. 

 

Photo 20 scenario 2/ 

 

t = t0 + 24 hrs 

The cracked areas disappeared. After only 
24 hours, four fifths of the core were 

covered by a gangue of hydrated clay in 
contact with the glass wall. 
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Photo 21 scenario 2/ 

 

t = t0 + 44 hrs 

The core was completely covered and the 
radial vacuum around it was filled. The free 

part around the connector was almost 
completely filled with water, and only one 
air pocket remained in the upper part. A 

small amount of water had escaped 
through the outer vent. The core did not 

move throughout this phase. 

 
 

Photo 22 scenario 2/ 

 

t = t0 + 5 days 

The clay, which had migrated to the radial 
clearance, seemed much more compact. 

One part had advanced in the annulus 
between the connector and the tube. The 

length occupied by the clay reached 23mm 
in places. 

 
 

Photo 23 scenario 2/ 

 

 t = t0 + 5 days 

Detail of the extruded area. This area had a 
very low density and involved only a very 

small mass of clay. Moreover, in places the 
clay did not adhere to the connector. 

 

 

Photo 24 scenario 2/ 

 

t = t0 + 10 days 

Very little changed in five days. The 
extruded area appeared to have advanced 
very slightly, while in the radial clearance, 

the clay had become darker in colour, 
indicating that the density had increased. 

The injection pressure was stable at 5 bars. 
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Photo 25 scenario 2/ 

 

t = t0 + 70 days 

The extruded area had advanced 
considerably. However the pale, almost 

white, colour indicated a material that was 
strongly hydrated and therefore not dense.  

 

 
 

Photographs 26 to 29 show the dismantling of scenario 2. 

 
Photo 26 scenario 2/ cutting the glass 
tube 

 
Photo 27 scenario 2/ initial sampling 

 
Photo 28 scenario 2/ sampling around the 
connector 

 
Photo 29 scenario 2/ cross-section of the 
core 

The water content measurements taken when the test was dismantled are shown in Figure 14. 
The samples were taken at a depth of 2 to 3 cm, as the core had remained very compact. A 
measurement was taken at the centre of the core after complete cross cutting. The measured 
water content values were to be compared with the theoretical value of 25.38% calculated with 
the density of 1.616 g/cm3. 
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Figure 6 Water content measurements taken after dismantling of scenario 2 

It should be noted that the liquid limit of the clay WH2 was around 500%. 

 

1.1.3.3 Scenario 3: Vacuum flooding 
The characteristics of scenario 3 are shown in Table 3 below. 

Table 3: Specific data for scenario 3 

Radial clearance (mm) 6 

Cross-section of annular vacuum (cm2) 18.1 

Vacuum volume around visible core, length 17cm (cm3) 308 

Vacuum volume around complete core, length 20cm (cm3) 362 

Total radial vacuum volume (cm3) 559 

Total hydration time (days) 70 

Initial flow rate (cm3/s) 5 

Injection pressure (bar) 5 

Density on saturation after filling of annular vacuum 

(g/cm3)  

Hypothesis 1: vacuum filled over length of 170mm 

1.656 

Theoretical swelling pressure (bar)  22.5 

Density on saturation after filling of annular vacuum 1.601 
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(g/cm3)  

Hypothesis 2: vacuum filled over length of 200mm 

Theoretical swelling pressure (bar) 

Hypothesis 2: vacuum filled over length of 200mm 
14.0 

 

Scenario 3 was identical to the previous test, but this time the technological vacuum was 
flooded in less than two minutes. The aim was to check the core's response in the event of a 
heavy influx of water by estimating the filling speed of the annular vacuum in conjunction with 
the sensors' responses.  

The water entered the cell via the fritted disc at each end, the base and the connector. Air was 
removed via the fritted disc in the centre of the connector. After 110 seconds, the technological 
vacuum was filled with water and only a small air pocket remained in the upper part, which 
could not be removed. The injection circuit was then switched over to a pump to establish a 
pressure of 5 bars in the cell, with a low flow rate. This pressure value was reached after 38 
minutes with an injection rate of 1cm3/min; this meant that the air pocket remaining in the 
upper mid-part of the core could be resorbed. The pressure of 5 bars was maintained 
throughout the test, except for a few hours on the 68th day due to a leak. 

As soon as the water entered, particles of clay that were completely saturated detached 
themselves from the core and fell into the bottom of the glass cylinder to form a bed of clay gel 
(see photos 30 to 39 and the associated remarks). After a few minutes, grains of sand were 
drawn into the falling matter and the layer of sediment soon became very thick. 

The duration of this test was 88 days, during which the axial pressures were recorded. These 
measurements are shown in Figure 7.  

As for scenario 2, the hydraulic pressure of 5 bars led to an immediate peak in the total 
pressure recorded, which could be seen on both sensors. The total pressure dropped rapidly by 
5 to 6 bars on the force sensor, and by around 1 bar on the pressure sensor, before increasing 
at a steady rate to reach the final value.  

The material's extrusion area beyond the limit of the connector (measuring 170mm) increased 
steadily (see photos) to 85mm in the upper part and 120mm in the lower part. The difference in 
colour between the core area and the extruded area was very clear. The whitish colour of the 
extruded area indicated a strongly hydrated material and, therefore, a very low density. 
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Figure 7 Scenario 3: Change in the swelling pressure measured by the force sensor and the 
pressure sensor 

The final total pressure values, 18 bars for the force sensor and 20 bars for the pressure sensor, 
more or less corresponded to the estimated swelling pressure of 14 bars added to the 
interstitial pressure of 5 bars. The material was completely saturated. 

 

Photo 30 scenario 3/ 

 

t = t0  

The cell was installed in the same 
configuration as for the two 

previous tests. The water was 
supplied through the two surfaces 

of the core. 
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Photo 31 scenario 3/ 

  

t = t0 + 60 s 

The water was already occupying 
half of the technological vacuum. 

Particles were beginning to separate 
from the core. 

 

 

Photo 32 scenario 3/ 

 

t = t0 + 120 s 

The technological vacuum was 
filled. Only an air pocket remained 

in the upper part. Particles 
continued to detach themselves to 

form a bed in the bottom of the cell. 

 

 

Photo 33 scenario 3/ 

 

t = t0 + 180 s 

The bed of particles increased 
steadily. The HPLC pump was 

connected and the water pressure 
increased. The air pocket was 

resorbed gradually. 

 

 

Photo 34 scenario 3/ 

 

t = t0 + 16 
mins  

The completely hydrated particle 
bed was clearly visible and occupied 
a sizeable part of the technological 
vacuum (estimated at around 20%). 
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Photo 35 scenario 3/ 

 

t = t0 + 2,2 
days 

The core came into contact with the 
wall of the tube after around 20 

hours. An air pocket was still 
present in the upper part, despite 

the water pressure of 5 bars. There 
remained one area in which the 
bentonite had not yet swelled. 

The particle bed was still visible. 

 
 

Photo 36 scenario 3/ 

 

t = t0 + 3 days 

The upper part of the core was now 
swelling and resorbing the vacuum. 

 

 

Photo 37 scenario 3/ 

 

t = t0 + 3 days 

Detail of the appearance of the 
upper part of the core, with cracked 

areas remaining. The swelling 
pressure was not yet high enough to 
close these cracks, which were filled 

with water and air. 

 
 



FORGE Report: D3.17 - D3.18   

 20 

Photo 38 scenario 3/ 

 

t = t0 + 6 days 

The core now occupied the entire 
technological vacuum, despite the 

continued presence of cracks in the 
upper part. The extruded area 

increased little by little.  

 

 
Photo 39 scenario 3/ 

 

t = t0 + 30 
days 

The saturation of the core 
continued. The hydraulic pressure 
was now 5 bars. The extruded area 

continued to increase, reaching 
120mm in the lower part and 80mm 
in the upper part. The difference in 

the colour of the bentonite was 
clearly visible.  

  
 

This test highlighted several points:  
• a heavy influx of water on a dry core caused particles to detach themselves and to form sediment in 

the lower part, due to gravity, thus modifying the space-filling symmetry. However, although this 
effect appeared significant, the mass of argillic material was small because the hydrated particles were 
close to the clay's liquidity limit (around 500%); 

• the contact with the wall was very quick, i.e. less than one day; 
• this configuration was asymmetrical due to the fact that it was difficult to remove the air that had 

accumulated in the upper part; 
• the extruded area in the vacuum between the connector and the wall of the tube was sizeable, even 

though the density of the extruded material remained low. 

1.1.3.4 Scenario 4: Hydration via the longitudinal edges 
The characteristics of scenario 4 are shown in Table 4 below. 

Table 4: Specific data for scenario 4 

Radial clearance (mm) 4 

Cross-section of annular vacuum (cm2) 12.32 

Vacuum volume around visible core, length 17cm (cm3) 209 

Vacuum volume around complete core, length 20cm (cm3) 246 

Total radial vacuum volume (cm3) 499 

Total hydration time (days) 9 
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Initial flow rate (cm3/hr) 0.42 

Nominal injection pressure (bar) 
Maximum injection pressure (bar) 

Atm 

5 

Density on saturation after filling of annular vacuum 

(g/cm3)  

Hypothesis 1: vacuum filled over length of 170mm 

1.786 

Theoretical swelling pressure (bar)  65.1 

Density on saturation after filling of annular vacuum 

(g/cm3)  

Hypothesis 2: vacuum filled over length of 200mm 

1.745 

Theoretical swelling pressure (bar) 

Hypothesis 2: vacuum filled over length of 200mm 
47.0 

In this experiment, the bentonite core was hydrated through contact with one and then two 
horizontal edges on each side of the core following the vertical axis (Figure 8). The aim here was 
to simulate contact with the core placed directly on the wall of the borehole. 

The glass tube simulating the borehole was modified to accommodate three total radial 
pressure sensors. These were placed 7cm (PTR1), 10cm (PTR2) and 15cm (PTR3) from the 
surface of the core, resting on the base and offset by 90° (see Figure 12). The base was also 
adapted to supply water to the two longitudinal devices, which were equipped with a fritted 
stainless steel plate and which served to hold the core over a length of 170mm, up to the edge 
of the connector (Figure 9). The connector part itself remained the same. 

In this configuration, the chosen hydration scenario began with the hydration of the lower part 
until the maximum injection pressure of 5 bars was reached. The upper circuit was connected 
at this time. The air was removed via the fritted discs on the connector. 

170 mm170 mmCoté embase

Hydratation ponctuelle

Hydratation ponctuelle

 
Figure 8 Scenario 4 diagram showing the areas supplying water to the core 
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Fritté supérieur

Fritté inférieur

Eau

 
Figure 9 Scenario 4, detail of the hydration device (in black) 

 

The hydration rate was set at 10cm3/day, equal to 0.42cm3/hour, with a pressure limit of 5 
bars. This hydration rate was of the same order of magnitude as that considered to hydrate the 
core in situ. 

To replicate the in situ tests as closely as possible, the core was machined to the nominal 
diameter of 94mm.  

The test was interrupted after six days of hydration when the containment tube fractured. 

Photographs 40 to 44 show different stages of the test. At the beginning, the hydration of the 
core was completely asymmetrical. The tensile forces generated within the core led to 
significant cracks along two and then three longitudinal axes. The core absorbed almost 60cm3 
of water. The total axial pressure measured by the force sensor reached around 10 bars, while 
the axial pressure sensor and the radial sensors did not measure anything (Figure 10). 

Photo 40 scenario 4/ 

 

t = t0  

Start of the test. Two of the three total 
radial pressure sensors can be seen 

positioned on the wall of the glass tube. 
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Photo 41 scenario 4/ 

 

t = t0 + 18 hours 

The first cracks appeared along the 
hydration axis. 

 
Photo 42 scenario 4/ 

 

t = t0 + 5 days 

The cracks opened out and increased in 
length along the hydration axis. Cracks 

also appeared on the upper part at 
around 45° on each side of the vertical 

axis.  

 

 

 
Photo 43 scenario 4/ 

 

t = t0 + 9 days 

The glass containment tube fractured. 
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Figure 10 Scenario 4: Change in the axial pressure measured by the force sensor and the 
pressure sensor 

 

As this test was unable to progress sufficiently to describe the entire development of the 
swelling of the cores, a new stainless steel containment tube with the same dimensions as the 
Pyrex tube was used as a replacement.  

 
Figure 11 New containment tube for scenario 4 
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Figure 12 Monitored total radial pressures for scenario 4 (stainless steel containment tube) 

All of the radial sensors responded at the same time, indicating a uniform contact with the 
containment tube wall after 10 to 15 days (Figure 12). The pressure measured by sensor PRT3 
located close to the end of the core (on the connector side) fell gradually, showing the 
extrusion of the bentonite along the connector, causing the density of the surrounding 
bentonite to lower. 

 
Figure 13 Monitored total pressure and force on the axis of the core for scenario 4 (stainless 
steel containment tube) 

The sensor located on the axis did not respond for 25 days, whereas the swelling was measured 
by the force sensor as soon as hydration began (Figure 13). The difference observed between 
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the measured force and the exerted pressure at the start was essentially due to the contact 
between the total pressure sensor's membrane and the bentonite core. 

Despite the continuous supply of water, we observed a drop in the exerted force after 40 days, 
indicating that saturation was balancing again within the core. This increased again after 100 
days, when a sudden jump was observed in the total pressure. 

1.1.3.5 Scenario 5: Hydration by moist air 
The characteristics of scenario 5 are shown in Table 5 below. 

Table 5: Specific data for scenario 5 

Radial clearance (mm) 4 

Cross-section of annular vacuum (cm2) 12.32 

Vacuum volume around visible core, length 17cm (cm3) 209 

Vacuum volume around complete core, length 20cm (cm3) 246 

Total radial vacuum volume (cm3) 499 

Total hydration time (days) 22 

Initial flow rate (cm3/hr) 0.42 

Injection pressure (bar) atm 

Density on saturation after filling of annular vacuum (g/cm3)  

Hypothesis 1: vacuum filled over length of 170mm 
1.786 

Theoretical swelling pressure (bar)  64.3 

Density on saturation after filling of annular vacuum (g/cm3)  

Hypothesis 2: vacuum filled over length of 200mm 
1.745 

Theoretical swelling pressure (bar) 

Hypothesis 2: vacuum filled over length of 200mm 
46.6 

This test differed from the others due to the fact that hydration was performed in a steam 
phase. The aims of this test were twofold, namely: 

i. to validate a likely water exchange scenario between the block and the core, in a steam 
phase, via the technological vacuum;  

ii. to compare the hydration kinetics and the core's behaviour with the various tests 
conducted with hydration in a liquid phase. 

The configuration of the cell was identical to that for scenario 4, with the addition of pipes to 
supply the moist air, positioned on the same axis at 180° on each side of the glass tube. The 
moist air was injected through both pipes simultaneously on the connector side, and released 
through both pipes simultaneously on the base side. 

The moist air was produced using a small compressor with a rubber membrane to circulate a 
flow of air over a surface of pure water. This water was held in a sealed tank and regulated by a 
thermostat at 1°C above the ambient temperature. The air in the circuit entered the tank, in 
which the relative humidity (RH) was close to 100%, mixed with the very moist air, then 
returned to the cell via the connector side. Here it came into contact with the core, exchanged 
its humidity and exited the cell on the base side to return to the tank. This circulation in a 
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closed loop was used to maintain the air flow at a relative humidity of ≈ 82% during the first 
few days of the test.  

  

Figure 14 Scenario 5: General view of the cell and the moist air production system 

This test continued for 22 days until the glass containment tube fractured. The core material 
made contact with the wall of the tube across its entire surface after around 4 to 5 days. 
Photographs 44 to 49 show how the test progressed.  

Photo 44 scenario 5/ 

 

t = t0  

View of the cell in preparation for the 
test. At the start, the air was injected 

through the upper and lower pipes via 
the connector side (on the left of the 

photo). It then exited through the 
upper and lower pipes via the base 

side. The copper T section at the back, 
positioned on the injection circuit, 

contained the RH monitoring sensor.  

 
 

Photo 45 scenario 5/

 

t = t0 + 5 hours 

Cracking started to occur when the 
moist air flow was delivered to the 

core; the connector made contact with 
the core. 
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Photo 46 scenario 5/ 

 

t = t0 + 22 hours 

After 22 hours of moist air circulation, 
the core had already swelled, causing 
significant cracks, particularly at the 

ends (strong tensile forces).  

 
Photo 47 scenario 5/ 

 

t = t0 + 27 hours 

View of the connector section. The 
cracks were increasing in size. The 

entire surface of the core was flaking 
and there was considerable swelling. 

 

 
Photo 48 scenario 5/ 

 

t = t0 + 2 days 

The swelling increased, giving the core 
a bobbin shape. The flow of moist air 

began to reduce significantly. The 
cracks were enormous and their depth 
was difficult to quantify. However, the 

core remained mechanically intact. 

 

 
Photo 49 scenario 5/ 

 

t = t0 + 4 days 

The swelling core now filled the entire 
technological vacuum. The depth of 
the cracks appeared to reduce and 

some of them closed up. The moist air 
was now circulating only through the 

cracks. 
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Figure 15 shows results from the measurements taken by the various sensors installed for 
scenario 5.  

 
Figure 15 Scenario 5: Results from the axial and radial pressure measurements 

 

In spite of several problems, including a power outage one Friday evening during the important 
technological vacuum filling phase, this scenario yielded some very useful findings:  
• a compacted bentonite core was found to swell very quickly in the presence of moist air; 
• the vacuum filled in a uniform way and, despite the cracks, the core remained mechanically intact; 
• although the axial pressure sensor indicated nothing (the inner parts of the material were probably 

not sufficiently plastic, or the tensile forces at the junction with the connector were too strong), the 
swelling pressure increased normally to reach high values. The force sensor, which was used to 
measure the axial swelling pressure exerted over the entire surface of the connector, responded 
instantly. 

As in scenario 4, the fractured glass meant that a new test had to be conducted with a 
replacement stainless steel containment tube (Figure 16).  
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Figure 16 New containment tube for scenario 5 

Figure 17 shows the rapid contact between the bentonite and the containment tube, which 
occurred in less than five days. As in scenario 4, the sensor located closest to the connector 
showed a drop in the measured pressure, indicating a loss in the density of the bentonite linked 
to its extrusion along the connector. Sensor PRT2 (in red) showed an operating fault at the 
beginning of the test, and the sudden pressure drop observed at 110 days could not be 
explained. 

In this scenario, as long as the annulus was not clogged, the core pumped the water from the 
moist air circulating along it. It was surprising to see that the radial pressure was maintained, 
even when the moist air was no longer able to circulate along the core.  

Conversely, the steady drop in the force and the total pressure observed on the core's axis 
(Figure 18) was consistent with the highly restricted exchanges of water in the steam phase 
towards the core. 
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Figure 17 Monitored total radial pressures for scenario 5 (stainless steel containment tube) 

 
Figure 18 Monitored total pressure and force on the axis of the core for scenario 5 (stainless 
steel containment tube) 
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1.1.4 Conclusions from the model tests 
Regardless of the hydration scenario, the core was found to swell extremely quickly. The 
differences between the responses of the force sensors and the total pressure sensors were 
due to the geometric configuration of the connector. Indeed, this was positioned slightly away 
from the fritted disc in order to mechanically protect the total pressure sensor's membrane. So 
long as the material did not come into contact with the sensor's membrane, the sensor did not 
take any measurements. 

Cracks appeared very quickly, partly due to the tensile forces exerted on the core, by both the 
absorption of water and the radial suction gradient, especially when the flow of water was not 
sufficient to enable uninterrupted or steady hydration. 

We were able to assess the volume and the density of the extruded material in the 
technological vacuum. In fact, this material, which was solid over 2 to 3cm then strongly 
hydrated at its end, did not pose any restrictions for the in situ tests. The friction between the 
material, containing 30% sand, and the external and internal walls (connector), limited the 
extrusion. Furthermore, the in situ configuration, with the block likely to take up part of the 
vacuum, would further reduce this phenomenon. 

 

1.2 Summary of the configuration of in situ test PGZ2 
The configuration of test PGZ2 is summarised briefly here to facilitate understanding of the 
chapters that follow. A new borehole PGZ1021 was installed in April 2011 (see section 1.6). 

1.2.1 Geometry 
Figure 19 shows the positions of the boreholes for test PGZ2.  

 
Figure 19 Positions of the boreholes for test PGZ2 
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The horizontal distance between the axes of boreholes PGZ1001 and PGZ1011/1012 was 
around 4m (Figure 19). Between boreholes PGZ1012 and PGZ1013, this distance was around 
1m. 

 

1.2.2 Bentonite section  

1.2.2.1 Pressure measurements 
The three boreholes PGZ1011, PGZ1012 and PGZ1013 had a bentonite section located half way 
between the GEX and GMR tunnels. In this section, the total and interstitial pressures were 
monitored. Two total pressure sensors per connector were positioned at the fritted disc / 
bentonite interface (Figure 20).  

 
Figure 20 Location of the measuring points in the bentonite section (example of borehole 
PGZ1011) with SAGD numbering 

On each connector, three interstitial pressure measurements were taken to monitor the re-
saturation of the bentonite core (Figure 20): 
• via a hydraulic line joining the upper longitudinal edge on the connector (SAGD references: 

PGZ10XX_PRE_07 or PGZ10XX_PRE_08); 
• via a pressure sensor located inside the bentonite (SAGD references: PGZ10XX_PRE_02 and 

PGZ10XX_PRE_04), inserted 5cm into the core; 
• via a pressure sensor located at the fritted disc / bentonite interface (SAGD references: 

PGZ10XX_PRE_03 and PGZ10XX_PRE_05). 

1.2.2.2 Characteristics of the cores 
The bentonite cores had the following characteristics: 
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Table 6: Dry density of the mixture and initial water saturation of the three bentonite 
cores 

 PGZ1011 PGZ1012 PGZ1013 

Dry density of mixture (g/cm3) 2.07 2.06 2.06 

Estimated dry density of bentonite in situ 
(g/cm3) 1.62 1.61 1.61 

Initial saturation (%) 73.54 72.16 73.02 

1.2.2.3 Volumes  
Table 7 summarises the volumes of the bentonite sections in each borehole. 

Table 7: Volumes available to the gas  

Volumes are shown in cm3 
PGZ1011 PGZ1012 PGZ1013 

GEX GMR GEX GMR GEX GMR 

Installation clearancea 1,219 4,223b 1,219 

Two hydraulic lines connected to the fritted 
discs up to the monitoring panels 73 100 89 63 67 66 

One hydraulic line to the upper longitudinal 
edge up to the monitoring panel 32 45 40 27 29 28 

Total volume available to the gas from the 
monitoring panels 1,469 4,442 1,409 

One hydraulic line connected between the 
gas modules and monitoring panel 119 74 121 74 - - 

Total volume available to the gas from the 
gas modules 1,662 4,637 - 

a Not including the break-outs 

b This difference in volume was due to the fact that one of the packers adjacent to the bentonite would not inflate (see §1.2.4) 

The uncertainty over the lengths of the hydraulic lines was approximately 10%; if the 
uncertainties over the installation clearances associated with the break-outs were taken into 
account, the total uncertainty would be approximately 20%. 

1.2.3 Packers and clearance spaces 
The pressures of the packers and the two clearance spaces in the bentonite sections of 
boreholes PGZ1011-1012-1013 are shown in Figure 21: 
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Figure 21 Pressure measurements taken along the bentonite boreholes, with SAGD 
references 

1.2.4 Contextual information 
The contextual information is summarised as follows: 
• For PGZ1012, the packer adjacent to the bentonite section on the GEX side broke, which led to the 

artificial, premature hydration of the bentonite. 
• A new borehole, PGZ1013, was made to replace PGZ1012. 

• For PGZ1013 (borehole made on 15 February, 2010), one of the packers adjacent to the clearance 
space on the GED side broke after 19 days (packer 6 or 7 in Figure 21). Resin was injected to fill the 
cavities, which plugged this space (PRE06).  
• The purpose of the borehole, which was to monitor the natural re-saturation of the 

bentonite, was not put at risk, since the water from the packer had not reached the 
bentonite section. 

• The PRE06 measurement was no longer representative of the claystone's interstitial 
pressure. 

• Fortunately, the pressure measured by the set of packers 6 and 7 (PPK04) seemed to be 
representative of the interstitial pressure in the claystone. 

• Several series of qualitative tests were conducted: 
• On PGZ1011, PGZ1012 and PGZ1013, specific series of CO2 tests were performed (with a 

gas level below 2 bars for a few minutes) in the bentonite section; these tests were 
conducted over several weeks after installation to assess how the clearances would be 
taken up by the swelling bentonite; 

On PGZ1011 and PGZ1012, specific series of vacuum tests were conducted in the areas 
between packers, over several weeks after installation, to demonstrate the existence of 
bypasses along the packers (by vacuum pumping for a few minutes). 

 

 



FORGE Report: D3.17 - D3.18   

 36 

Boreholes PGZ1011, PGZ1012 and PGZ1013 

1.3 Bentonite core saturation monitoring 
Observations relating to PGZ1011 during and after the injection of gas (nitrogen) are detailed in 
Chapter 1.4. 

1.3.1 Interstitial pressures in the bentonite section 

1.3.1.1 On the upper edge 
Figure 22 and Figure 23 show the monitored interstitial pressure levels measured by the 
sensors on the upper edge of the connectors in the bentonite section (mean daily values), with 
the time and duration since the boreholes were created shown respectively on the X-axis. 

It should be noted that these pressure measurements were taken through hydraulic lines 
leading up to the tunnel. These lines were filled with air at the outset, followed by CO2 (and 
nitrogen for PGZ1011 during the gas injection phase). The volumes of these lines were between 
27 and 45cm3 depending on the borehole (see Table 7). 

The extrusion of the bentonite along the connectors was able to cover the area where the two 
hydraulic lines led to the connectors' upper edges. The bentonite resembled a gel (see Figure 
6). 

The measured interstitial pressure could be either a gas pressure, a gas and water pressure, 
or a water pressure. 

However, in spite of this, it was still possible to gather some information on the behaviour of 
the system. 

 
Figure 22 Monitored interstitial pressures on the upper edge in the bentonite section (mean 
daily values) 
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Figure 23 Monitored interstitial pressures on the upper edge in the bentonite section (mean 
daily values) for the same time base 

The pressure difference between boreholes PGZ1012 and PGZ1013 during the first 100 days 
can be explained by the fact that the CO2 used for the many tests performed during the re-
saturation1

For PGZ1012, the rise in pressure, followed by the drop observed from mid-February 2010, was 
due to the excavation of borehole PGZ1013 located one metre away.  

 of the core was not removed from PGZ1013 via the break-outs along the borehole. 
After 100 days, the increased pressure levels in PGZ1012 and PGZ1013 were particularly similar 
in terms of their amplitude and gradient.  

The two figures above show for PGZ1011 that the gas injection started at the moment when 
the pressure was beginning to increase markedly, indicating that the water was reaching the 
bentonite section. 

The pressure levels increased rapidly from: 
• 110 days for PGZ1012; 
• 100 days for PGZ1013; 
• 80 days for PGZ1011.  

1.3.1.1.1 Low pressure phase lasting 80 to 110 days 
As soon as the equipment was installed, the water in the moist air of the borehole was pumped 
through the bentonite by suction. Furthermore, the drilling caused a hydraulic disturbance, 
affecting the pressures around the borehole, which delayed the arrival of the water front in the 
bentonite section. The drilling even had the potential to de-saturate the claystone on the wall. 
As a result of these two factors, a low pressure was maintained around the bentonite core. 
During this time, as long as the rate of water pumped through the core was equal to or greater 
than the flow rate provided through the claystone, the pressure in the section would remain 
low. 

                                                      
1 See D.NT.AMFS.09.0085 for details of these CO

2
 tests 
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Moreover, as soon as the bentonite came into contact with the claystone, the suction pressure 
(tens of MPa) was enough to be able to de-saturate the claystone, which may also explain the 
duration of this stage. 

Finally, the air initially contained in the installation clearances also needed to be removed 
through the claystone or via the borehole interfaces. The mechanisms for removing this gas 
phase involved: 
• transferring the gas along the interfaces or into the network of cracks in the disturbed claystone 

(EDZ);  
• dissolving the gas in the interstitial water before diffusion/convection;  
• percolating the gas in the claystone pore network.  

The initial volume of air in the clearances around the core and the connectors was around 1.5 L 
for PGZ1011 and PGZ1013 and 4.5 L for PGZ1012 (see Table 7). For PGZ1011 and PGZ1012, a 
large proportion of the air could be removed from the bentonite section by the CO2 and 
vacuum tests (revealing the bypasses around the packers). For PGZ1013, much of the gas (CO2 
and other gases in the air) clearly did not escape along the borehole, but did not prevent the 
water from reaching the bentonite section. 
1.3.1.1.2 Rapid pressure increase phase lasting 10 to 20 days 
The sudden increase in the interstitial pressure can be explained by two scenarios, which may 
be concomitant: 
1. a sudden increase in the flow rate from the formation, linked to a possible de-saturation of the 

claystone during the previous phase; 
2. a sudden drop in the rate of water pumped through the bentonite core, associated with two 

processes:  
1. a significant decrease in the suction forces in the outer layers of the core. In the case of the Van 

Genuchten model (Equation 1 and Figure 24) which connects suction to water saturation, at least 
98% saturation must be achieved for the capillary pressure to drop by several orders of 
magnitude.  

Equation 1    

- where Pr corresponds to a pseudo-air intake pressure 
2. at the same time, the bentonite's gas permeability decreases as the bentonite saturates from the 

periphery towards the centre of the core (Figure 24). The air or gas occluded in the porosity of the 
bentonite core becomes increasingly difficult to evacuate, which slows down the saturation 
process towards the centre of the core. Moreover, this gas permeability decreases significantly 
when saturation exceeds 96% (with a model frequently used for bentonite, based on a cubic law). 
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Figure 24 Examples of retention curves (Van Genuchten model) and gas and water 
permeability values (cubic model) for bentonite and COX. 

 

1.3.1.2 At the centre of the core 
Figure 26 and Figure 27 show the monitored interstitial pressures measured by the sensors in 
the bentonite core (inserted 5cm into the axis of the core) in the bentonite section (mean daily 
values), with the time and the mean daily duration since the boreholes were created shown 
respectively on the X-axis. 

These measurements were taken by a membrane sensor positioned at the height of the fritted 
disc. The pressure was transmitted to the membrane via a capillary and a fritted disc at the end 
(Figure 25). 

 

Sensor's fritted 
disc 

Capillary 

Membrane 
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Figure 25 Sensor inserted in the bentonite core 

Even this type of sensor contained occluded air at the start of the test. This air is difficult to 
remove. 

The measured interstitial pressure could be either a gas pressure, a gas and water pressure, 
or a water pressure. 

 

 
Figure 26 Monitored interstitial pressures in the centre of the bentonite core (mean daily 
values) 

 
Figure 27 Monitored interstitial pressures in the centre of the bentonite core (mean daily 
values) for the same time base 
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The figures above for PGZ1012 and PGZ1013 show a rapid increase in the interstitial pressure in 
the centre of the bentonite core, reaching approximately 25 bars. This increase was very similar 
in each case, just as for the measurements taken on the upper edge.  

The rise in pressure accelerated at 112 days for PGZ1013 and at 125 days for PGZ1012. This 
corresponded to a time delay in the arrival of water of 12 and 15 days respectively for PGZ1013 
and PGZ1012, between the measurement taken on the upper edge and that taken in the centre 
of the core. 

The rise in pressure was consistent with the water movements initiated by the jump in pressure 
from the periphery of the core (see Figure 23) and by the suction that was still occurring. If the 
time delay could be analysed in terms of the permeability of the bentonite (using the erroneous 
hypothesis that the bentonite was a saturated, consistent medium), the permeability for 
different specific storage values could then be inferred from the hydraulic diffusivity of the 
bentonite (the distance between the two measuring points was around 15cm). See Table 8: 
• PGZ1013: where time delay = 12 days, D = 1.1 10-8 m²/s, 
• PGZ1012: where time delay = 15 days, D = 8.7 10-9 m²/s. 

Table 8: Calculation of the permeability of the bentonite 

K (m/s) Specific storage (1/m) 

Diffusivity (m²/s) 10-6 10-5 10-4 

1.1 10-8 1.1 10-14 1.1 10-13 1.1 10-12 

8.7 10-9 8.7 10-15 8.7 10-14 8.7 10-13 

The ESDRED report (E.NT.0GME.05.0005) suggests a relationship between the permeability and 
dry density of the bentonite in the mixture:  

Equation 2 k = 9.10-12 x (pd clay) -12.363 in m/s  

If we take a dry density in situ of 1.61 g/cm3, this gives a permeability of 2.5 10-14 m/s, which is 
of the same order of magnitude as the value calculated by the phase difference between 
measuring points. 

In PGZ1013, several CO2 tests were performed up to the month of June via the hydraulic line 
leading to the connectors' upper edges2

In PGZ1012, the interference caused by the excavation of borehole PGZ1013 was visible from 
mid-February.  

. Various pressure levels could be observed, 
corresponding to an accumulation of occluded air and CO2. The rapid drop observed at the end 
of May was consistent with occluded air being discharged into the environment immediately 
surrounding the sensor. The physical process(es) involved must still be determined. 

The chaotic variations observed for PGZ1011 and PGZ1012 from April 2010 (especially on the 
GMR side) cannot be explained. A sensor problem seems unlikely. Bacterial development 
remains a possible explanation, but the most likely hypothesis is the discharge of surges of 
occluded air from the sensors. The gas removal process also remains to be defined. This 
hypothesis will be verified if these variations disappear subsequently. 

1.3.1.3 Core / fritted disc interface 
Figure 28 and Figure 29 show the monitored interstitial pressure levels measured by the 
sensors located at the interface between the bentonite core and the fritted disc (mean daily 

                                                      
2 No vacuum tests were performed in PGZ1013 



FORGE Report: D3.17 - D3.18   

 42 

values), with the time and duration since the boreholes were created shown respectively on the 
X-axis. 

The pressure was measured directly by a sensor positioned at the same height as the 
connector's fritted disc but isolated from it by crimped stainless steel. Provided that the sensor 
was pushed in by a few hundredths of a millimetre in relation to the fritted disc, then it would 
be in line with the volume represented by the connector's fritted disc and the two hydraulic 
lines injecting the gas, as long as the bentonite did not swell and isolate the sensor. 

The measured interstitial pressure could be either a gas pressure, a gas and water pressure, 
or a water pressure. 

 
Figure 28 Monitored interstitial pressures at the fritted disc / bentonite interface (mean 
daily values) 
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Figure 29 Monitored interstitial pressures at the fritted disc / bentonite interface (mean 
daily values) for the same time base 

The figure above shows that the pressure at the bentonite / fritted disc interface remained 
close to the atmospheric pressure for around six months (180 days) before slowly increasing. 
No rapid pressure increase was observed, as seen with the other two interstitial pressure 
measurements (at the centre of the core and on the upper edge). However, for PGZ1012, the 
pressure was seen to increase more rapidly from the beginning of June (280 days). 

This slower response indicated a different hydraulic transient from that observed for the other 
interstitial pressure measurements. This was due to the system's local geometry, with a 
bentonite core fitted into a metal ring, measuring 3cm in length, and restricted by the fritted 
disc at the side (Figure 30). 

 
Figure 30 View of a connector, the fritted disc, the sensors and the metal ring 

In this area, the bentonite could only hydrate with a near-constant volume, whereas outside, 
the installation clearances caused the bentonite to hydrate with free movement. As the 
bentonite hydrated, a gradient of density was created between the area within the ring and the 
rest of the core. If the density of the bentonite was the same as that in its initial state, i.e. a dry 
density of the bentonite in the mixture equal to 1.88 g/cm3 then the hydraulic conductivity 
would be 3.7 10-15 m/s in accordance with Equation 2. The bentonite's gas permeability with 
this density should also be lower. 

Furthermore, the bentonite was in contact with a large volume of air or gas behind the fritted 
disc (see Table 7). Water from the bentonite core would flood this volume as a result of the 
pressure differential and gravity, by passing through the bentonite fitted into the metal ring, 
until an equal pressure was reached. The gas would be compressed by the water and removed 
by the mechanisms described in paragraph 1.3.1.1.1.  

Fritted disc 

Ring 

PRE02 or PRE04 

PRE03 or PRE05 

PRT01 or PRT03 

PRT02 or PRT04 
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The system's local geometry and the volume of air available behind the fritted disc explain this 
slow hydraulic transient observed for this interstitial pressure measurement. 

1.3.2 Total pressure values 
Figure 31 shows the swelling of the bentonite core monitored via the total pressure values (the 
mean value from the two sensors for each connector).  

We observed similar behaviour for the three boreholes, namely a rapid increase, followed by a 
drop, and finally another increase in the pressure. This behaviour was consistent with the 
typical progression presented in the previous PGZ2 report, approaching a structural effect 
linked to the specific geometry (presence of radial clearance). This behaviour was very similar 
to that observed in Figure 5 in the case of the fast hydration of the core. 

 
Figure 31 Monitored total pressure values for the three bentonite boreholes (mean daily 
values) 
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Figure 32 Monitored total pressure values for the three bentonite boreholes (mean daily 
values) for the same time base 

For boreholes PGZ1011 and PGZ1012, the pressure levels continued to increase after more than 
360 days. For PGZ1012, a pressure differential of around 10 bars was still observed between 
the two sides of the core at 360 days. This was probably due to the difference in volume on the 
two sides of the core. On the GEX side (where the packer was ruptured) the bentonite was able 
to extrude to a greater degree. As it extruded, the density of the bentonite reduced within the 
core close to the metal ring, causing the swelling potential to fall (see Figure 12). For PGZ1011 
and PGZ1013 (Figure 31), the total pressure values were similar on each side of the core, 
showing that it had a uniform density and a good plasticity. 

With the exception of PGZ1012, which underwent artificial hydration, the increase in pressure 
initiated on the GEX or GMR side appeared to be random. 

For all of the boreholes, a delayed pressure increase was observed after an accelerated 
pressure increase on the opposite side (five days for PGZ1012 and around 14 days for PGZ1011 
and PGZ1013). This delay was associated with the geometry of the connector, where the 
sensor's membrane was positioned slightly away from the fritted disc (see §1.1.4). It is 
remarkable that the pressure increase gradient was identical on each side of the core. 

The maximum amplitude reached was dependent on the dry density of the core and the radial 
vacuum around it. The more limited the radial vacuum (limited break-outs), the higher the 
maximum measured axial pressure would be. For PGZ1012, the radial vacuum to be filled 
around the core was smaller than in the other two boreholes. 

1.3.3 Comparison between the total and interstitial pressure values 
Figure 33 and Figure 34 show both the total and interstitial pressure values for boreholes 
PGZ1012 and PGZ1013 respectively. 

A sudden rise in the total pressure values was observed, linked to the recovery of the bentonite 
under total stress with the jump in the interstitial pressure, which was measured on the upper 
edge on around: 
• 20 December 2009 for PGZ1012; 
• 8 June 2010 for PGZ1013. 
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Figure 33 Comparison between total and interstitial pressure values for PGZ1012 

 
Figure 34 Comparison between total and interstitial pressure values for PGZ1013 
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Table 9 shows the percentage of recovery of the bentonite core under total stress, linked to the 
interstitial pressurisation in the bentonite section. 
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Table 9: Percentage of recovery of the bentonite core under total stress 

 PGZ1012 PGZ1013 

In bars 1 
December 

1 
February Delta % 1 June 1 July Delta % 

PRE07-08 2.2 25.1 22.9 
57.2 

5.8 22.4 16.6 
81.9 

Mean rec. 67.6 80.7 13.1 50.2 63.8 13.6 

 

The partial recovery of the interstitial pressure under total stress (divergence in accordance 
with Terzaghi's principle) was due to the friction between the bentonite and the metal ring and, 
in particular, to the still inadequately saturated state of the bentonite.  

1.3.4 Conclusion 
In spite of one of the packers leaking in borehole PGZ1012, which accelerated the onset of re-
saturation, the information provided by this borehole was highly comparable to that obtained 
from the other two boreholes. This means that the physical phenomena involved were 
identical. Irrespective of borehole PGZ1012, the bentonite core appeared to take up the water 
very quickly.  

Making a link with the model tests, the random nature of the onset of the swelling of the core 
in situ (on the GEX or GMR side) suggests that the core hydrated in accordance with the 
scenario described below.  

1.3.4.1 Core re-saturation scenario 
1. First, suction was applied during the steam phase via the moist air surrounding the core (scenario 5, § 

1.1.3.5, see Photo 48). The duration of this phase was between a few hours and a few days.  
• During this phase, the total pressures on the axis did not yet react,3

Figure 17
 unlike the radial 

pressure which was soon evident (see ). The radial clearance was filled very 
quickly but not in a uniform way (cracking occurred along the core). 

2. As soon as part of the core came into contact with the claystone (the spatial position was random due 
to the flakes from the swelling bentonite), the core would hydrate more quickly. On the whole, the 
amount of water reaching the core was sufficient to maintain the swelling pressure, contrary to what 
was observed during scenario 1 (see Figure 3 and Figure 4). The core hydrated radially, from the outer 
layers to the centre, and then to the part of the bentonite fitted into the connectors. 
• The total axial pressure: 

1. first increased significantly (for 20 to 40 days) because of the water hydrating the outer layers 
of the core. Most of the forces were applied axially due to the rigidity at the centre of the 
core, whose state of saturation was close to its initial state; 

2. then decreased (for 10 to 30 days) as a result of the water re-balancing from the outer layers 
of the core to the centre, which became increasingly plastic;  
- The outer layers of the core, or even the claystone, could de-saturate during this phase. 

As a result, the water supplied to the core would be briefly interrupted; 
3. increased again, indicating the uniform saturation of the core and, therefore, the uniform 

swelling pressure. 
• The interstitial pressure: 

4. remained low for several months (between 80 and 110 days) for as long as the water flow 
pumped through the bentonite was equal to (or greater than) the flow rate supplied by the 
claystone; 

                                                      
3 Although axial swelling did occur, as demonstrated by the model tests. 
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- The outer layers of the bentonite (or even the claystone) could de-saturate during this 
phase; 

5. increased significantly in a few days to reach the hydrostatic pressure around the periphery 
and then at the centre of the core. There are two possible reasons for this: 
- a possible intake of water from the claystone if it was de-saturated in the area around the 

core; 
- increased saturation inside the core, associated with two processes: 
i. causing the level of suction in the outer layers of the bentonite core to reduce 

significantly; 
ii. causing the gas permeability in the outer layers of the bentonite core to decrease, limiting 

the removal of the occluded gas from the pores at its centre. The centre of the bentonite 
then re-saturated more slowly; 

6. increased slowly for the measurement taken at the fritted disc / bentonite interface. The same 
physical driving forces described above were in operation, but locally the density of the 
bentonite was greater, reducing the gas and water permeability. In addition to this was the 
presence of a free volume filled with gas, connected to the fritted discs; this volume would fill 
with water, requiring the removal of the gas. 

In this re-saturation scenario, any de-saturation of the claystone by suction, followed by an 
intake of water, seems unlikely as we cannot explain how the total pressures increased again 
without a flow of water being maintained from the claystone. 

1.3.4.2 Gas phase removal mechanisms 
This re-saturation scenario must also coincide with one or more methods for removing the gas 
phase from the area around the core, and from the bentonite, the hydraulic lines and the 
sensors.  

In the conceptual gas transfer model, the gas is removed: 
3. by dissolving it in the interstitial water and then by diffusion or convection.  

• Although gases dissolve quickly in water, the diffusion of dissolved gases is extremely 
slow, and this is what will ultimately control the gases' ability to escape in this way. 

• During the re-saturation phase, the hydraulic gradients move from the claystone to the 
bentonite section. Thus the convection of the interstitial water prevents the removal of 
the dissolved gas. 

4. by percolation in the bentonite and claystone (capillary flow).  
• In a medium that is not saturated with water, it is the medium's gas permeability that 

controls its transfer. This gas permeability decreases significantly when the medium is 
re-saturated (see Figure 24). The transfer of gas using this method is very limited. 

• In a medium that is saturated with water, the gas must first penetrate the porosity by 
overcoming the capillary forces. The difference between the gas pressure and the 
interstitial pressure must be greater than the capillary pressure. Everything then 
depends on the pore network: 
- In bentonite and healthy claystone, the pores are small so the capillary pressures are high 

(based on the Young-Laplace equation). A "considerable" gas pressure is needed for the gas 
to penetrate; 

- In situ, consideration must be given to the borehole's clearances and interfaces, which form a 
network of pores in which the capillary pressure is nil. The gas is then able to penetrate these 
interfaces (claystone / packers, stainless steel / bentonite and borehole EDZ) very easily and 
escape by convection or gravity. This method is the fastest and the most obvious. 

In PGZ1013, the gas phase around the bentonite core did not seem to escape through the 
interfaces, which did not prevent the re-saturation of the core (see Figure 23). Furthermore, 
the measurements taken by the inserted sensors (see Figure 26) would show the removal of 
the occluded gas around the sensor.  



FORGE Report: D3.17 - D3.18   

 50 

1.3.4.3 Saturation state of the bentonite cores 
When the gas test started, in the strictest sense, the bentonite core in PGZ1011 was practically 
re-saturated around the periphery (above 98%). However, in the areas around the fritted discs, 
the bentonite was probably closer to its initial state (around 80-85%). The saturation of the 
bentonite at the interface with the metal ring (see Figure 30) was unknown but logically it 
should increase with the distance from the fritted disc.  

When 360 days had elapsed since the in situ experiment was set up, the bentonite core for 
boreholes PGZ1011 and PGZ1012 did not appear to be completely saturated, as the total 
pressures, together with the interstitial pressures at the fritted disc / bentonite interface, were 
still changing.  

For PGZ1012, considering a Biot coefficient of 0.8, the core's swelling pressure on 9 September 
2010 would be as follows: 
• GEX side: total pressure ~ 95.5 bars and interstitial pressure at the fritted disc ~ 27 bars, so swelling 

pressure ~73.5 bars; 
• GMR side: total pressure ~ 87.5 bars and interstitial pressure at the fritted disc ~ 18.5 bars, so 

swelling pressure ~72.8 bars. 

This swelling pressure was uniform and close to that intended (7 MPa). This uniformity 
contradicts the observations made in paragraph 1.3.2. However, the swelling pressure was 
calculated at an instant t using the hypothesis that the Biot coefficient would be identical on 
both sides, which was probably not the case in reality. 

 

1.4 Gas injection borehole PGZ1011 

1.4.1 Gas injection phase 

1.4.1.1 Gas injection procedure 
To recap, the aim of this gas injection phase was to assess the impact of the gas on the re-
saturation and swelling of the bentonite core. 

The gas injection began on 17 November 2009 and finished on 28 January 2010. The injection 
sequence is detailed in 
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Table 10. The gas (nitrogen) was injected through hydraulic lines leading to the fritted disc in 
borehole PGZ1011 and to the surfaces of the bentonite core at the same time.  

A set of tests was performed at a constant pressure (pressure level). During each pressure 
increase phase, the gas was injected at a constant rate for a few hours until the pressure set-
point was reached. The gas pressure was then regulated automatically by a flow controller to 
maintain the pressure set-point. 
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Table 10: Gas injection sequence in PGZ1011 

Date Time since 
installation  

Action 

17/11/09 84 Start of gas injection: level of 15 bars 

18/11/09 84.9 Level at 30 bars 

19/11/09 85.9 Inflation of packers 4 and 5 at 55 bars and level at 40 bars 

25/11/09 92.1 Start of interference test 1: increase to 45 bars on GMR side (level at 45 bars) and injection stopped 
on GEX side 

27/11/09 94.2 End of interference test 1: injection stopped on GMR side 

30/11/09 97 Increase in pressure 50 bars (level) 

02/12/09 99 Level at 60 bars 

09/12/09 106.1 Inflation of packers at around 70 bars 

15/12/09 112 Start of interference test 2: injection stopped on GMR side and gas line purged from 60 to 30 bars 
(in a few minutes). Injection continues at 60 bars on GEX side 

28/01/10 156.1 Injection fault on GEX side (gas injection stopped) and end of interference test 2 

29/01/10 157.2 Gas line purged from 50 to 30 bars on GEX side 

For the final levels, the gas injection pressure was greater than the interstitial pressure of the 
claystone. 

Two interference tests were performed to assess the gas permeability of the core during re-
saturation by imposing a pressure gradient between the two fritted discs: 
• The first interference test lasted two days, between 25 and 27 November 2009; 
• The second test took place over 44 days, between 15 December 2009 and 28 January 2010. On the 

two occasions when the gas injection was stopped on the GEX and GMR side (15 December and 29 
January), the hydraulic lines were purged quickly to increase the pressure gradient within the core. 

Figure 35 shows the gas pressures and the flow rates measured in the gas modules (located in 
the GEX and GMR tunnels). The measured flow rates are expressed in mLn/min i.e. under 
standard temperature and pressure conditions (0°C or 273.15  K and 101.325 kPa or 1 atm). 
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Figure 35 Gas pressure and injection flow rate in borehole PGZ1011 

 

In Figure 35 (pressure and flow rate), we can see that in spite of the set-points, the modules did 
not prevent fluctuations due to the daily temperature variations in the GEX and GMR tunnels.  

Figure 36 shows the cumulative quantities of injected gas in moles, as well as the corresponding 
volume, under the temperature4

                                                      
4 The temperature was measured in the connectors and was almost constant at around 22.3°C 

 and pressure conditions in the fritted discs; the volume was 
calculated using the ideal gas law.  
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Figure 36 Cumulative quantity of gas injected into each fritted disc, expressed in moles and 
volume 

The final quantity of gas injected into the bentonite section of borehole PGZ1011 was around 
2.9 moles on the GMR side and 6 moles on the GEX side. 

The available volume for the gas in the bentonite section of borehole PGZ1011 included (see 
Table 7): 
• the installation clearances (without break-outs): 1.2 L; 
• the hydraulic lines (connected to the gas modules) and fritted discs: around 0.25 L for each side, 

equal to 0.5 L; 
• the porosity of the bentonite: volume unknown but very small. 

From the first few hours, the volume of injected gas exceeded the volume of the hydraulic lines 
and fritted discs. The cumulative quantity of injected gas, expressed by volume, was greater 
than the volume available to the gas in the bentonite section, which was around 1.7 L from the 
beginning of December. 

1.4.1.2 Interstitial pressure measurements in the bentonite section 
Figure 37 shows the interstitial pressure measurements in the bentonite section of borehole 
PGZ1011 when the gas was injected. 
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Figure 37 Monitored interstitial pressures in the bentonite section of borehole PGZ1011 
• Sensors PRE02, PRE03 and PRE05 responded instantly to the different gas levels in the fritted disc, 

unlike sensor PRE04, which responded much more slowly. We can note, however, that sensor PRE04 
did respond when the gas injection stopped on the GMR side (15/12/09) and subsequently on the GEX 
side (28/01/10). 

• PRE03 and PRE05 dropped quickly to a level close to the atmospheric pressure after the purge phases 
(15/12/09 on the GMR side and 29/01/10 on the GEX side). 

• PRE07 and PRE08 responded differently to the injection sequence, except when the gas injection 
stopped on the GMR side on 15/12/09. 

• Finally, all of the sensors except PRE05 responded when the gas injection stopped on 28/01/2010. 

When comparing sensors PRE02 and PRE03 (GEX side) and PRE04 and PRE05 (GMR side), we 
can see that: 
• PRE02 and PRE03 displayed perfectly synchronous variations, dependent on the temperature 

fluctuations in the GEX tunnel. The gas followed its course along sensor PRE02 (inserted 5cm into the 
core) but pressure drops occurred due to the fact that a pressure differential of around 7-8 bars was 
maintained between these two sensors throughout the entire duration of the gas test.  

• PRE04 appeared to be isolated from the fritted disc, as the same fluctuations seen on the GEX side 
were not observed.  

The level of saturation of the bentonite between the two sensors inserted into the core and the 
fritted disc was different when the gas test started; it was higher on the GMR side. 
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1.4.1.3 Interference tests 
During the two interference tests it was not possible to assess the core's gas permeability in the 
re-saturation phase. Indeed, if the gas was passing through the core, we were expecting to see 
an increase in the interstitial pressure on the side where the injection had stopped, and an 
increase in the gas flow on the side where the injection was continuing. Figure 35 and Figure 37 
do not show these expected observations. 

1.4.1.4 Comparison between the total and interstitial pressures measured at 
the fritted discs 
Figure 38 shows both the total pressures and the interstitial pressures measured at the fritted 
discs. 

 
Figure 38 Monitored total and interstitial pressures at the fritted discs in borehole PGZ1011 

Each time the gas level changed, the gas injection led to an increase in the total pressure on 
both sides of the bentonite core. When the injection stopped, this caused an immediate rise in 
the pressure (a few tenths of a bar), followed by a rapid fall in the total pressure of a few bars, 
then a slow rise and, finally, a drop which seemed to follow the trend before the gas injection 
stopped.  

Table 11 shows the amplitudes of the pressure drops each time the gas injection was stopped: 
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Table 11: Reaction of the bentonite under total stress when the gas injection was stopped 

 GEX side GMR side 

25/11/09: injection stopped 
on GEX side Drop less than a bar Pressure increase stops 

27/11/09: injection stopped 
on GMR side No reaction Drop of 2 to 3 bars 

15/12/09: injection stopped 
on GMR side (gas line purge) No reaction Drop of 2.5 to 5 bars 

29/01/10: injection stopped 
on GEX side (gas line purge) Drop of 6 to 7 bars Drop accentuated? 

When the gas injection was stopped on the last two occasions, the hydraulic lines were partly 
purged to make the pressure drop suddenly by 19.3 bars on the GEX side (measured by PRE03) 
and by 31.7 bars (measured by PRE05). The lines were then closed at the control panels to 
isolate the bentonite section. 

The oscillation of the total pressure during the purge phases was due to a hydro-mechanical 
coupling, whereby the immediate rise and initial drop in the total pressure appeared to be the 
result of a somewhat mechanical effect of the core, linked to the sudden drop in the interstitial 
pressure in the fritted discs. However, the increase in total pressure is more complex to explain 
as it did not appear to be connected to the interstitial pressure, which continued to fall rapidly. 

No indication of the first purge (GMR side) was seen in the total pressure measurements taken 
on the opposite side of the bentonite core. The second purge (GEX side) accentuated the 
pressure drop on the opposite side of the core, as the total pressure on the GMR side seemed 
to have reached a maximum. 

1.4.1.5 Interstitial pressure measurements along the borehole 
1.4.1.5.1 Clearance spaces PRE01 and PRE06 
Figure 39 and Figure 40 show the interstitial pressure measurements along borehole PGZ1011. 
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Figure 39 Interstitial pressure measurements on the GEX side for PGZ1011 

 
Figure 40 Interstitial pressure measurements on the GMR side for PGZ1011 

 

The interstitial pressures measured in the two clearance spaces (PRE01 and PRE06) responded 
differently to the gas injection in the bentonite section.  
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Between 17 December 2009 and the beginning of January 2010, the pressure increased in these 
spaces, irrespective of the gas injection in the bentonite section. The rework carried out on the 
raft could be one explanation for this increase. 

However, different behaviour was observed when the gas injections were interrupted:  
• During the first interference test (25 and 27 November 2009) and at the beginning of the second 

interference test (15 December 2009), there was no evidence of the interruptions to the gas injection 
in these two clearance spaces; 

• When the gas injection was stopped for purging (29 January 2010 on the GEX side), this seemed to 
prompt an almost instant decrease in the interstitial pressure in both spaces. 
• As with the total pressures (see Figure 38) or the interstitial pressure measured by PRE07 

and PRE08 along the upper longitudinal edge of the bentonite section, the pressure 
drop seemed to start before the gas injection was interrupted. The only certainty is that 
the decrease in pressure was accentuated by the interruption to the gas injection and 
the purging of the fritted disc. 

• This last interruption would reveal a transfer of pressure on each side of the bentonite 
core. 

1.4.1.5.2 Transfer of pressure along the borehole 
The increase in the gas pressure in the fritted discs caused an overpressure, which moved along 
the borehole. If we were to consider a purely hydraulic, saturated phenomenon (at least along 
the borehole and at the beginning of the gas injection phase), the time delay in the pressure 
increase between PRE07 and PRE01 (GEX side) and PRE08 and PRE06 (GMR side) would allow 
us to estimate the equivalent permeability between these measuring points using the same 
method as that presented in paragraph 1.3.1.2). Here, the distance between the two series of 
points is around 2 metres. 

Figure 41 presents the measurements taken by PRE01, PRE06, PRE07 and PRE08 on the same 
chart, between 16 November and 6 December 2009. 

On this chart:  
• the first inflection point for the PRE01 and PRE06 curves was obtained using the tangent method: 

• For PRE01, on 19/11/09 at around 12:50; 
• For PRE06, on 19/11/09 at around 16:40. 

• The first inflection point for the PRE07 and PR08 curves is clearly visible, occurring on 18/11/09 at 
around 16:00. 
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Figure 41 Pressure measurements between the spaces and upper longitudinal edge of 
PGZ1011 

If the inflection observed for PRE01 and PRE06 is a result of the same overpressure as that 
observed for PRE07 and PRE08, then the delay and diffusivity are as follows: 
• PRE07->PRE01: delay

1
 = 0.84 days and D = 5.5 10-5 m²/s; 

• PRE08->PRE06: delay
2
 = 1 day and D = 4.6 10-5 m²/s. 

Table 12 shows the equivalent permeability for different specific storage values: 

Table 12: Calculations of permeability along borehole PGZ1011 

 K (m/s) Specific storage (1/m) 

 Diffusivity (m²/s) 10-6 10-5 10-4 

PRE07->PRE01 5.5 10-5 5.5 10-11 5.5 10-10 5.5 10-9 

PRE08->PRE06 4.6 10-5 4.6 10-11 4.6 10-10 4.6 10-9 

 

Despite the high uncertainties surrounding the estimation of the delay, the permeability values 
obtained are those for the completion / claystone interface rather than for the disturbed 
claystone (EDZ), which should be considerably lower. 

This method cannot be applied to the other gradient changes in curves PRE01 and PRE06 
because as the gas level sequence progresses, the different disturbances overlap. For example, 
it is difficult to know which level should be associated with the change in the gradient observed 
on 3 December 2009. 

1.4.1.6 Packer pressures 
Figure 42 shows the monitored packer pressures in borehole PGZ1011. 

delay1 

delay2 
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Figure 42 Monitored packer pressures in borehole PGZ1011 

The packers responded to the phases during which the gas injection pressure was increased or 
decreased, but not with the same amplitudes in either case.  

The pressure drop observed for PPK03 (corresponding to packer 5, adjacent to the bentonite 
section on the GMR side, see Figure 21) appeared to be unrelated to the gas purge performed 
in the fritted disc on the GMR side on 15 December 2009, as this phenomenon was not 
observed for PPK02 during the purge performed on 29 January 2010. Only an increase in the 
volume of packer 5 would explain this pressure drop and subsequent stabilisation. This increase 
in volume may have been due to the rubber in the packer expanding in the borehole space, or 
to a local surface tear developing on the packer without causing it to break. Packer 5 was 
inflated again on 7 April 2010. 

Packers 2 to 7 were inflated on 9 December 2009 to assess the impact of the pressure of the 
packers on any flow of gas through the claystone / packer interface or through the EDZ. 
Between 9 and 15 December 2009, no notable influence on the interstitial pressures (see Figure 
37, Figure 39 and Figure 40) or the gas flow rates (see Figure 35) was recorded. 
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1.4.2 Post-injection phase 

1.4.2.1 List of operations 
After the gas injection phase, the following operations were performed in borehole PGZ1011: 

Table 13: List of operations performed after the gas injection in borehole PGZ1011 

Date Action 

17-18/02/10 Helium leak tests 

16/03/10 Clearance space compressibility tests (PRE01 and PRE06) 

07/04/10 Packer 5 re-anchored at 65 bars 

These operations gave the following results: 
• After the gas injection phase, a helium injection test was performed to determine whether there were 

any leaks between the fritted disc and the internal completion tubing. This test was conducted on 
both sides of borehole PGZ1011 on 17 and 18 February 2010 by injecting helium at low pressure. 
After the helium was injected, the fritted disc was flushed with nitrogen and returned to the same 
pressure as before the test. 
• No helium leaks were detected in the internal tubing within the tested pressure range. 

• The compressibility tests gave the values of 6.4 10-8 and 1.4 10-7 1/Pa for PRE01 and PRE06 
respectively. These values were higher than those normally measured in the claystone and suggest the 
presence of gas in these two spaces. 

• The pressure of packer 5 stabilised at 47.5 bars instead of at the intended 65 bars.  
• The pressure of the packer was now different from the formation pressure, showing that 

it had not broken. However, the amplitude of the pressure recovery and the pressure 
drop observed between December 2009 and January 2010 (see Figure 42) indicated an 
abnormal deformation in this packer compared to packer 4 (which was symmetrical to 
packer 5, see Figure 21). 

1.4.2.2 Interstitial pressures 
Figure 43 shows all of the interstitial pressure measurements taken in PGZ1011 from 14 
December 2009. 
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Figure 43 All interstitial pressure measurements taken in PGZ1011 after the gas injection 
1.4.2.2.1 PRE03 and PRE05: Bentonite / fritted disc interface 
After the fritted discs were purged with gas at around 30 bars (on the GMR side and then on 
the GEX side), the hydraulic lines were closed. The two interstitial pressure sensors located at 
the bentonite / fritted disc interface (PRE03 and PRE05) showed a rapid pressure drop in a few 
days, which reached: 
• a minimum of 2.8 bars after 14 days on the GMR side; 
• a minimum of 0.9 bars after 9 days on the GEX side. 

This pressure drop, once the system had been closed, showed that the gas had been escaping 
from the fritted disc for reasons yet to be determined. After this phase, the pressures (PRE03 
and PRE05) increased slowly according to a kinetics similar to that observed in PGZ1012 (see 
Figure 28). 
1.4.2.2.2 PRE02: Inserted sensor 
The sensor inserted 5cm into the core on the GEX side (PRE02) showed: 

iii. a sudden drop of 6 bars after the fritted disc was purged on 29 January 2010, due to the 
mechanical relaxation of the bentonite around the sensor;  

iv. a steady drop similar to that observed at all of the other measuring points (except PRE03 and 
PRE05), as a result of a process that remains to be determined; 

v. a greater drop between 16 February 2009 and 9 March 2009; 
vi. a sudden reversal of the trend, to reach a stabilised pressure of 31.2 bars. 

The decrease in pressure observed from 16 February 2010 seemed to coincide with the helium 
test performed in the fritted disc. Before the helium was injected, a vacuum was created in the 
fritted disc for a few minutes; the helium was then injected at the same pressure as before the 
vacuum. This brief vacuum seemed to have triggered the removal of occluded gas from around 
the sensor inserted in the bentonite. The reversal of the trend would then be linked to the 
water reaching the sensor and sealing it permanently. 
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1.4.2.2.3 Inflation of packer 5 
The re-inflation of packer 5 on the GMR side (7 April 2010) led to an overpressure, which could 
be seen from the measurements taken by PRE08 (GMR), PRE04 (GMR), PRE07 (GEX), PRE02 
(GMR) and PRE06 (GMR), in decreasing order of amplitude. This overpressure was due to the 
slight deformation of the packer, which modified the volume in the bentonite section. 

1.4.2.3 Total pressure values 
Figure 44 shows the monitored total pressure values from 14 December 2009. 

 
Figure 44 Monitored total pressure values in PGZ1011 after the gas injection 

 

The total pressures increased slowly after the gas injection, indicating a rise in the interstitial 
pressure within the core. 

1.4.3 Conclusion 
The gas injection sequence in borehole PGZ1011 revealed: 

7. the existence of a highly permeable interface along the borehole in PGZ1011, at least between 
each connector and the clearance spaces (see Table 12); 

8. an anisotropic saturation state between the GEX side (more saturated) and the GMR side when the 
gas injection started. Notwithstanding the high density of the bentonite in the area where the core 
had been fitted into the metal ring, gas was flowing along sensor PRE04; 

9. that the gas managed to escape from the fritted discs (see Figure 43: pressure drops measured by 
PRE03 and PRE05 after the purges); 

10.that the increase in the interstitial pressure at the fritted disc after the gas injection ultimately 
came very close to the measurements obtained in PGZ1012 (see Figure 29). The gas injection in 
the core had delayed the re-saturation of the bentonite core;  

11.that the behaviour of packer 5 suggested that it was faulty (see Figure 42 and §1.4.2.2.3); 
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12.that the re-inflation of the packers when the injection level reached 60 bars had no notable 
influence on the gas flows (see Figure 35);  

13.that despite stopping the injection on one side (during the last interference test), the gas still 
escaped on each side of the bentonite core at the interface or through the EDZ (if present) (see 
§1.4.1.5.1). 

1.4.3.1 Gas escape method 
Here we return to the gas escape methods presented in paragraph 1.3.4.2, i.e. in a water phase 
and a gas phase. 
• In the water phase, the gas could only escape extremely slowly.  

• A quick calculation using PHREEQC showed that a balanced volume of water with 60 bars 
of nitrogen contains 0.042 moles of nitrogen per litre of water, which means that 23.8 
litres of water would be needed for 1 mole of nitrogen to dissolve. This amount of water 
was not available in the bentonite section (see § 1.4.1.1 for the volume of the bentonite 
section). Furthermore, the permeability relative to the water in the claystone (excluding 
the interface) and the bentonite (see Figure 24) would not sufficiently renew the supply. 

• Most of the gas therefore escaped in the gas phase.  

1.4.3.2 Gas escape route 
When investigating the escape of gas, we needed to consider either the interfaces (metal ring / 
bentonite, packer / claystone and resin / claystone) or a leak inside the completion.  
• With regard to a leak inside the system, nothing was revealed by the helium test. It appears that this 

hypothesis can be excluded, because if there was a leak through: 
• a sensor, then it would stop operating; 
• a thread, then the water pressure would not be measured. Indeed, when the gas pressure 

dropped (see Figure 43) it fell to a level lower than the water pressure at that time.  
• With regard to the circulation of gas along the interfaces, although the compressibility of the two 

clearance spaces (PRE01 and PRE06) was not measured before the gas injection sequence started, it 
did reveal the presence of gas inside them. 

The gas seemed to escape through the interfaces, and there is no need to suggest a leak in the 
porosity of the bentonite or in the healthy or damaged claystone (EDZ), where the capillary 
pressures were higher. 
1.4.3.2.1 In the bentonite section 
In the bentonite section, the gas escaped through the interface created by the metal ring (on 
the lower surface), despite the high local density of the bentonite around the fritted discs 
(considerably reducing the gas permeability). The gas then passed through the interface of the 
metal ring (on the upper surface) and possibly through the bentonite, which had a much lower 
density and, therefore, a much higher gas permeability. Indeed, the extruded bentonite was 
more akin to a bentonite gel (see Figure 6) and we should also remember that the extrusion of 
the bentonite along the connectors caused it to lose density around the metal ring, as shown in 
the last two model tests (see Figure 17). 
1.4.3.2.2 Along the borehole 
Outside the bentonite section, the gas passed through the packer / claystone interface, then 
through the resin / claystone interface, despite the re-inflation of the packers (see point 12. The 
gas would pass along the apex where possible, as it is difficult to apply a perfect coat of resin to 
this part of a sub-horizontal borehole (rising by 1.6 cm/m towards the GEX side). 
1.4.3.2.3 Along the bentonite core 
The last time the gas injection was stopped, there appeared to be an almost immediate transfer 
of pressure on each side of the core (point g). However, neither of the two interference tests 
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demonstrated any such transfer of gas on the sides of the bentonite core (no increase in gas 
flow or pressure). 

These contradictory findings indicate that we still have only a partial understanding of the 
phenomena involved. Particular consideration could be given to the effects of the swelling 
pressure of the bentonite or the packers on the gas transfers at the interfaces. For example, if 
the local stresses between the GEX and GMR tunnels were much lower than those in the 
natural stress field, then the pressure from the packers or from the swelling of the core could 
further damage the borehole's initial EDZ. 

 

1.5 Measurements between October 2010 and December 2012 
The natural hydration of the bentonite cores in boreholes PGZ1011, 1012 and 1013 was 
following until December 2012 (and continue). Figure 45 and Figure 46 show the total pressure 
and pore pressure monitoring for PGZ2 boreholes.  

 

 
Figure 45 Monitored total pressure values in all boreholes in PGZ2 experiment 
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Figure 46 Monitored pore pressure values in all PGZ2 boreholes (frit sensor) 

 

Comparison between total pressure and pore pressure show that after 400 to 500 days full 
saturation of the bentonite cores is obtained. 

In autumn 2011, hydraulic tests were performed for the 3 bentonite cores. Water permeability 
values are closed to 1 to 5 10-13 m/s. Those values are in agreement with the target value based 
on dry density of bentonite-sand mixture. The gas injection test performed in PGZ1011 during 
hydration had no impact on the value of the water permeability.  

The only difference for PGZ1011 concerns the pore pressure build-up which is slightly slower 
than the other bentonite core. 
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New borehole PGZ1021: Installation report and findings from 
1,5 year of measurements 

This section, which describes the geometry of borehole PGZ1021, and the measurements 
obtained from it over a period of 20 months, relates to test PGZ2.  

The difference between this borehole and the other three boreholes containing a bentonite 
core (PGZ1011, 1012 and 1013) relates to the type of bentonite filling. PGZ1021 contains a 
mixture of powder and pellets based on pure MX-80 bentonite. Its composition is similar to that 
envisaged for the storage concept, where only pellets would be used. 

The purpose of this new borehole was to monitor the competition between the re-saturation of 
the core and the injection of gas, as with PGZ1011. However, instead of injecting the gas at 
different levels of pressure, it would be injected at a constant rate, immediately after 
installation, on one of the surfaces of the fritted disc. 

 

1.6 Installation of the equipment in situ in borehole PGZ1021 

1.6.1 Chronology 

1.6.1.1 Drilling and installation 
Borehole PGZ1021 was drilled during the nights of 4 and 5 April 2011 by COFOR. No bolts were 
intersected during the drilling.  

The borehole was drilled from the GMR tunnel, between arches 043 and 044GMR, to the GEX 
tunnel, where it opened into the section between arches 043 and 044GEX. The borehole 
emerged 35cm above its theoretical exit point (Figure 47). 

 
View of the drilling machine on the GMR side 

 
View of the borehole on the GEX side (the red 

cross marks the theoretical exit point) 

Figure 47 Photos showing the drilling machine in the GMR tunnel and the exit point of 
borehole PGZ1021 in the GEX tunnel 

A camera was inserted by GEOTER between 6am and 7.30am on 5 April 2011. This revealed a 
break-out zone, which had developed between 3.6m from the face on the GMR side to 3.2m 
from the face on the GEX side, equal to a length of around 12.8m. Samples were taken to 
measure the water content. 
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The Solexperts and CEA/LECBA teams then arrived to install the completion and the bentonite 
core during the day of 5 April 2011. 

A four-arm calliper was first inserted by Solexperts to determine the diameter of the borehole 
in two directions, but only one arm was functional. Figure 48 shows the diameters measured by 
the calliper. 

 
Figure 48 Borehole diameters (Solexperts) 

The diameter measuring process was sensitive to the presence of flaking and, in such areas, the 
measurements were not representative of the average diameter of the borehole. These non-
representative measurements are shown in the figure above. The measurements only appeared 
to be representative between 7 and 18.5m from the face of the GMR tunnel.  

It should be noted that the calliper arm had a tendency to position itself across the borehole at 
the points giving the greatest diameter.  

The calliper measured diameters of up to 120mm in some places, where the drilled diameter 
was 101mm. This difference was due to the presence of break-outs.  

After finding numerous flaking surfaces, Solexperts passed a brush through the borehole and 
then COFOR inserted a suction device to clean it. The borehole was completely cleared by 
around 13:30 on 5 April 2011. 

The first half-completion was assembled with the connector before it was slid into the 
established position in the borehole from the GMR tunnel (Figure 49). The sensor and packer 
assembly was connected to the control panel and to the SAGD (data acquisition and 
management system). The packers were inflated to around 20 bars to keep the half-completion 
in place before injecting the powder and pellet mixture into the bentonite section. 
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Figure 49 Inserting the first half-completion from the GMR tunnel 

At the same time, the CEA/LECBA installed its filling device in the GEX tunnel and prepared the 
powder and pellets (photos 1 and 2, Figure 50). The filling device was then inserted into the 
borehole up to its pre-defined position to enable the injection of the mixture (photo 3, Figure 
50). The camera provided a view of the break-outs adjacent to the bentonite section (photos 4 
and 5, Figure 50). 

 
Photo 1: Installing the filling system in the 

GEX tunnel 

 
Photo 2: Filling system 
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Photo 3: Inserting the injector nozzle and 

camera from the GEX side 

 
Photo 4: Bentonite section 

 
Photo 5: Bentonite section 

 

 
Photo 6: Connector on the GMR side 

 
Photo 7: Batches of powder and pellets 

 

 
Photo 8: Inserting the mixture into the borehole 
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Photo 9: Injecting the powder (top) and 

pellets (bottom of image) 

Ph
oto 10: Injecting the powder at the top 

Figure 50 Photographs taken during the installation and use of the powder and pellet 
injection system 

Before the mixture was injected, the second half-completion was prepared by Solexperts. 

 
Figure 51 Second half-completion (GEX side) assembled with the connector 

The mixture was injected over a period of 17 minutes, from 16:35 to 16:52 (see photos 8 to 10 
in Figure 50). The injection system was then dismantled to allow the second half-completion to 
be inserted. This would push the slope formed by the mixture. The slope was raised by pushing 
it once, before the packer immediately adjacent to the bentonite section was inflated. From 
this point in time, the core was confined and began to hydrate at a constant volume. 

The formation of the slope is not shown in photos 9 and 10 in Figure 50. Similarly, the video 
footage from which the photographs were taken does not provide any information on the 
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gradient of the slope. Given the difficulty in compacting the slope with the second half-
completion, we were far from able to guarantee that the borehole would be filled evenly. The 
voids were probably similar to, or even greater than, those seen during the surface tests (Figure 
52). 

 

 
Figure 52 Laboratory test to investigate filling a tube with a mixture of powder and pellets 
(CEA/LECBA) 

 

1.6.2 Filling the clearances with water and applying resin 
Solexperts returned on several occasions to vacuum test the completion to assess the level of 
connectivity along the borehole i.e. bypasses.  

The two clearance spaces were filled with water on 12 May 2011 and the areas between the 
packers were subsequently treated with resin. 
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1.7 Configuration of borehole PGZ1021 

1.7.1 Location of borehole PGZ1021 
This new borehole, named PGZ1021, was parallel to the other "bentonite" boreholes, half way 
between boreholes PGZ1001 and PGZ1012 (approximately 2m away) (Figure 53). 

 
Figure 53 Locations of the boreholes for test PGZ2 

1.7.2 Geometry 
Table 14 details the geometry of borehole PGZ1021 (the point coordinates were provided using 
the Lambert 1 coordinates system). The measurements presented in this table are taken from 
the values provided by Brisset Veyrier Mesures, who were appointed by the drilling company, 
COFOR, to take the trajectory measurements. 

The 3D length corresponds to the length between the entrance of the borehole on the GMR 
side and its exit point on the face of the GEX tunnel.  

 

Table 14 Geometry of borehole PGZ1021 

  PGZ1021 

Coordinates 
of borehole 

entrance 

X 
(m) 823205.04 

Y 
(m) 1091634.94 

Z 
(m) -124.68 

Diameter (mm) 101 

3D length  19.72 
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Entrance - exit (m) 

Azimuth (°) 154.78 

Incline (°) + 1.75 

Coordinates 
of borehole 

exit 

X 
(m) 823213.44 

Y 
(m) 1091617.11 

Z 
(m) -124.07 

1.7.3 Location of the clearance spaces 
Figure 54 shows the geometry of the completion installed in borehole PGZ1021, together with 
the dimensions of the clearance spaces at each end of the bentonite section (also see Erreur ! 
Source du renvoi introuvable.). 

 
Figure 54 Geometric configuration of the equipment installed in borehole PGZ1021 with 
SAGD reference numbers 

In the two clearance spaces marked 1 and 2 in Figure 54, the interstitial pressure and the 
temperature were measured and marked PRE01 and TEM01 on the GEX side, and PRE10 and 
TEM04 on the GMR side respectively.  

Unlike the other boreholes, PGZ101, 1012 and 1013, the pressure measurements for packers 2 
to 7 were recorded in the SAGD. Previously, the packers around space 1 were connected to the 
same hydraulic line, and the pressure for this packer group was recorded in the SAGD (and the 
same on the GMR side). 

1.7.4 Measurements in the bentonite core 
The bentonite section corresponds to the central area shown in Figure 54. It was delimited by 
two packers measuring 1m in length and was 1,125mm long. 
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It comprised three areas: 
• The first area, measuring 265mm, consisted of the packer sleeve, joined to the connector; 
• The second area, measuring 595mm, was the bentonite core; 
• The third area, measuring 265mm, was symmetrical to the first area. 

Figure 55 details the positions of the hydraulic lines attached to the connectors, and the 
sensors on the GEX and GMR sides of the bentonite section.  

 
Figure 55 View of the bentonite section in borehole PGZ1021 with SAGD reference numbers 

As with the connectors in boreholes PGZ1011, 1012 and 1013, there were two total pressure 
sensors per connector (top left and bottom right) and two interstitial pressure sensors (bottom 
left and centre) in contact with the bentonite. The latter sensor was inserted by 25mm on the 
GMR side and by 50mm on the GEX side, creating a slight asymmetry. The hydraulic line passed 
along the upper longitudinal edge of the borehole and was connected to a pressure sensor in 
the tunnel. 

Unlike the old connectors, two pressure sensors were added on the mid-plane (on the sides of 
the connector) to measure the interstitial pressure (PRE03 on the GEX side and PRE08 on the 
GMR side) and the total pressure (PRT01 on the GEX side and PRE06 on the GMR side). The 
total pressure sensors would show whether the clearances would close around the connector 
due to the creep of the claystone. 

1.7.5 Characteristics of the bentonite core 
The total dry mass of pellets and powder inserted into the borehole to form the core was 
7,922.1g. The length of the core was exactly 595mm. Based on a mean diameter of 105mm, the 
mean dry density on installation was estimated by the CEA/LECBA to be 1.54 g/cm3. The mass 
of powder lost behind the connectors was assumed to be negligible. 

595 mm 



FORGE Report: D3.17 - D3.18   

 77 

The swelling pressure was expected to be between 3 and 5 MPa (Table 15). 

Given the presence of break-outs along the borehole, a small amount of powder would be able 
to pass behind the fritted disc on the GMR side. The amount of powder lost was difficult to 
quantify. This is not taken into account in Table 15. 

Table 15 Characteristics of the bentonite core in borehole PGZ1021 

 

1.8 Measurements 
The measurements presented in this chapter were taken over a period of around 14 months, 
from the time of installation (April 2011) to the end of June 2012. An addendum, which 
presents a short test performed in November 2012 is presented in section 1.8.5. 

On 17 October 2011, the offsets for some of the sensors were corrected, which caused certain 
measurements to jump on this date. 

1.8.1 Gas injection 
The gas injection started on 6 April 2011, the day after installation. It began in good time before 
the two clearance spaces were filled with water and before the areas between packers were 
treated with resin (12 May 2011).  

The gas was injected at a constant rate of 1 mLn/min on the surface of the fritted disc on the 
GMR side.  
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The gas injection continued at the same flow rate over the 14-month duration. However, there 
was an erratic period between the end of December 2011 and the end of January 2012 due to 
the fact that the gas pressure reached the pressure regulator's set-point pressure. The pressure 
upstream from the pressure regulator was then increased to 40 bars. 

 
Figure 56 Monitored gas pressure and gas injection flow rate in borehole PGZ1021: 
measurements taken in the gas module in the GMR tunnel 

The gas pressure in the injection line followed the interstitial pressure also measured in the 
bentonite section. 

The quantity of gas injected was approximately 24 moles over 14 months, equal to a volume of 
580,000cm3 at 22°C and 1 atmosphere. This volume was much greater than the volume 
available in the bentonite section, which was approximately 3,000cm3.  
• The volume of the bentonite section comprised a pore volume in the bentonite (estimated at 

2,054cm3) and a volume of 753cm3 around the connectors5

• The volumes of the hydraulic lines up to the control panels on the GEX side and the GMR side were 
104 and 100cm3 respectively. 

. 

The fact that the gas pressure did not exceed the interstitial pressure measured adjacent to the 
section (see 1.8.2.1), and the comparison between the volumes, show that the gas managed to 
escape from the bentonite section. 

1.8.2 Interstitial pressures  

1.8.2.1 In the bentonite section 
The interstitial pressures measured around the connectors are shown in Figure 57.  

                                                      
5 Based on a mean borehole diameter of 105mm. 
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Figure 57 Interstitial pressures measured around the two connectors in borehole PGZ1021 

This shows four main stages: 
• An initial phase of around 100 days during which the pressures remained low and close to the 

atmospheric pressure, bearing in mind the sensor offsets;  
• A rapid rise in pressure, reaching 15 bars in a few days; 
• A fall of 4 to 5 bars over a few days; 
• A second, very rapid rise in pressure over a few days, which then strongly reduced to stabilise at 33 

bars. However, a fall in the interstitial pressure was noted at the beginning of October 2011. 

Apart from the fall in pressure, the stages described above are very similar to what was 
observed in the other boreholes: PGZ1011, 1012 and 1013. In particular, the duration of the 
first phase at atmospheric pressure was similar to that observed in the other three boreholes 
(80 days for PGZ1011 and 110 days for PGZ1012). 

The same phenomena occurred in the bentonite section of PGZ1021 as were observed in the 
other "bentonite" boreholes, apart from the brief fall in pressure. Thus, the water entered the 
bentonite section from mid-July 2011 and stabilised quickly at the formation pressure. 

A compressibility test was conducted on 10 July 2012, 15 months after installation and the start 
of the gas injection phase on the GMR side. The findings are shown below and indicate the 
presence of a gas phase on each side of the core seal: 
• Upper longitudinal edge on the GEX side (PRE02): 1.94 10-6 Pa-1, 
• Upper longitudinal edge on the GMR side (PRE09): 2.75 10-6 Pa-1. 

 

This gas phase, which was present on both sides of the core, may have been air occluded since 
the equipment was installed or nitrogen from the gas injection. We subsequently came to 
realise that it was probably nitrogen from the other side of the plug (see §1.8.2.3). 
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1.8.2.2 In contact with the bentonite 
The interstitial pressure measurements were taken at the fritted disc / bentonite interface for 
sensors PRE04 and PRE07 and inside the bentonite core for sensors PRE05 and PRE06. Sensor 
PRE05 (GEX side) was inserted 5cm into the core, whereas sensor PRE06 (GMR side) was 
inserted by only 2.5cm (see Figure 55). 

 
Figure 58 Interstitial pressures measured in contact with the bentonite in borehole PGZ1021 

The measurements in Figure 58 show the same stages as those described in the bentonite 
section. However, they are slightly more erratic than those in the bentonite section.  

The rapid fall in pressure around mid-August 2011 was particularly extreme. For PRE04, PRE06 
and PRE07, the pressures returned to their values prior to the pressure increase. The pressures 
then increased again very quickly before falling by a few bars (PRE04, PRE05 and PRE06). This 
drop was related to the texture of the bentonite core with pellets (see §1.8.4.1). 

The pressures then increased more slowly but still dropped at times.  

Only the PRE06 pressure measurements displayed very different behaviour: at the end of 
December 2011 there was a fall of around 15 bars followed by a rise from the end of January 
2012. This fall coincided with the interruption to the gas injection between the end of 
December 2011 and the end of January 2012 (see Figure 56). 

The rise in pressure shown by PRE06 in early February 2012 could have been linked to the gas 
injection restarting. However, the inversion of the pressure measurement occurred slightly 
earlier than this.  

The fall can be explained by the escape of occluded gas around the pressure sensor, and the 
rise by the water reaching the sensor. 



FORGE Report: D3.17 - D3.18   

 81 

1.8.2.3 In the clearance spaces 
As a reminder, these two clearance spaces were filled with water on 12 May 2011 and the areas 
between the packers were treated with resin on the same day.  

Two compressibility tests were conducted in each space, on 2 August 2011 and 10 July 2012. 

Table 16 Results from the compressibility tests in the two clearance spaces 

Pa-1 2 August 2011 10 July 2012 

Space 1 - GEX side (PRE01) 6.5 10-9 1.72 10-7 

Space 2 - GMR side (PRE10) 1.1 10-7 1.95 10-7 

In August 2011, four months after installation and the start of the gas injection, the 
compressibility in clearance space 2 showed the presence of a gas phase in the water. In 
clearance space 1, the compressibility was within the range of that normally measured in 
saturated chambers of completions with multi-packers. 

In July 2012, 15 months after installation and the start of the gas injection, the compressibility 
in clearance space 2 on the GMR side had not changed. Conversely, the compressibility in space 
1 on the GEX side had increased by two orders of magnitude. This test showed the presence of 
a gas phase in this space. The gas injected on the GMR side had also migrated to the other side 
of the bentonite core. 

Figure 59 shows the interstitial measurements in the two clearance spaces. 

 

 
Figure 59 Interstitial pressure measurements in the two clearance spaces in PGZ1021 

The rise in pressure in these two spaces was unlike that normally seen in completions with 
multi-packers, where an increase tends to be asymptotic, reaching a pseudo-stable state after 
1.5 to 2 months.   
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The pressure increase accelerated in September 2011 but this did not occur at exactly the same 
time on each side. This sudden rise may have been due to water or gas passing along the 
borehole.  

The pressures stabilised at 30 bars on the GMR side and close to 33 bars on the GEX side. The 
time taken to reach the hydro-static pressure was considerably longer than for standard 
completions with multi-packers (around 8 months). In comparison, it was around 7 to 8 months 
for PGZ1012 and 12 months for PGZ1013. The re-saturation of the bentonite delayed the 
pressure equilibrium for this type of borehole as the bentonite was "consuming" the water. 

1.8.3 Total pressure values  

1.8.3.1 At the fritted disc / bentonite interface 
Figure 60 shows the total pressures measured in contact with the bentonite. 

 
Figure 60 Total pressures measured at the fritted disc / bentonite interface in PGZ1021 

As soon as the bentonite core was installed, a swelling pressure was exerted on the axis of the 
borehole. This was greater on the GMR side near sensor PRT05. This sensor was located in the 
lower section of the borehole, where the powder and pellet mixture was the densest.  

The total pressure reached a plateau and even fell before rising again from July 2011. The 
increase in the total pressure was interrupted for a second time in the last two weeks of August 
2011. This phenomenon could be seen in both the total pressure and the interstitial pressure 
measurements.  

The total pressure levels then increased rapidly and fell again slightly at the beginning of 
October 2011 before rising again very slowly. The total pressures had still not stabilised by the 
end of June 2012.  



FORGE Report: D3.17 - D3.18   

 83 

The total pressures on the GEX side were lower than on the GMR side, where it was assumed 
that the borehole had filled more successfully. On the other hand, the total pressure 
differential on the GEX side, between the top and the bottom of the borehole section, was low, 
indicating that the space had filled in a relatively uniform way. However, the mixture in the 
crown of the borehole on the GEX side were assumed to be less dense, given the observations 
made during the laboratory tests (see Figure 52).  

Conversely, on the GMR side, the PRT04 measurement in the upper part of the borehole 
section showed a difference of around 6 bars. This difference had been relatively constant since 
September 2011. 

There appeared to be a contradiction between the supposed quality of the filling at the 
beginning and the quality deduced from the total pressure measurements.  

1.8.3.2 In the bentonite section 
Figure 61 shows the total pressures measured in the bentonite section. These two sensors were 
located on the mid-planes of the connectors (see Figure 55). Their purpose was to monitor the 
clearances being taken up around the connectors by the convergence of the claystone. They 
were located where the break-outs were the most accentuated. However, the convergence 
results obtained from other structures (boreholes or cells), focusing on the main horizontal 
stress, showed that the convergence values were higher in a horizontal. Despite faster 
convergences on the mid-plane of the borehole, the sizes of the overbreaks probably meant a 
slightly longer contact time with the sensor in this configuration. 

 
Figure 61 Total pressures measured on the two connectors in PGZ1021 

From the time of installation, there was a difference in total pressure of around 7 bars between 
the two sensors on each side of the core seal. This delta persisted throughout the monitoring 
period with varying levels of constancy. It was still at 7 bars in June 2012.  

Different hypotheses may be suggested: the presence of a flake of claystone wedged next to 
sensor PRT06 on the GMR side; bentonite powder that had found its way behind the connector 
during installation or, finally, a sensor offset. However, the first two hypotheses seem less likely 
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than the third, as it is not possible to explain how the delta remained constant over more than 
a year. This is because the bentonite and the claystone would have swelled slightly and then 
cleaved. 

The phases of rising and falling pressure could be seen on these total pressure sensors. The 
measurements correlated perfectly with the interstitial pressure measurements (see Figure 57) 
as well as the amplitude. Up to this point, these total pressure sensors had measured the water 
pressure around the two connectors, but with an offset for sensor PRT06 on the GMR side.  

1.8.4 Interpretation of measurements 

1.8.4.1 Core swelling process 
Interpreting the increases and decreases in the total pressure values requires knowledge of the 
mechanics of granular media. This is because the bentonite section was filled with materials of 
two different sizes: the pellets, with a diameter of 7mm, and the powder. The powder particles 
were supposed to be spherical in shape with a diameter of much less than a millimetre (0.2 to 
2mm). The dry mass distribution was 68.1% (pellets) and 31.9% (powder) according to Table 15. 

The bentonite section probably did not fill up perfectly, with a void below the crown of the 
borehole. The mixture began to hydrate almost instantly as a result of the contact between the 
bentonite and the claystone. Due to the geometry of the borehole, the hydration mainly 
occurred from the outside, moving towards the centre, except at the crown because of the 
clearance at that level. 

The few layers of powder and pellets that began to hydrate around the edges of the bentonite 
core would begin to swell and exert significant stress on the granular medium that was not yet 
hydrated. The mechanical resistance of this mixture was assumed to be low (the granular 
medium had not stabilised). The behaviour of the unhydrated granular medium with very low 
cohesion was controlled by the friction between the grains. 

However, the local density of the granular medium revealed that some total pressure sensors 
respond more than others, in particular PRT05 on the GMR side (Figure 60). All of the sensors, 
except PRT04 on the GMR side, showed a drop in the total pressure. This meant that the local 
stress had exceeded the granular medium's fracture threshold. The material that had not yet 
hydrated was suddenly rearranged. This resulted in the grains compacting and/or shifting, and 
finally filling the crown of the borehole (most probable scenario) (Figure 62). 

 
Figure 62 Example of the bulldozing experience with the appearance of fracture planes and 
grain movement 

The increases in the total pressure indicated that the core was continuing to swell, i.e. that the 
bentonite was still hydrating from the edge towards the centre. The pressure drops involved 
the same mechanisms as described previously. The mixture rearranged itself and compacted at 
the centre and/or the crown, depending on the stress applied and the local distribution of the 
voids in the medium. 
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This scenario was perfectly consistent with the interstitial pressure measurements. The first 
time the materials were rearranged, in association with the fracture mechanisms, the core, 
which had not been hydrating for long, did not yet reveal any liquid phase according to the 
interstitial pressure sensors. When the liquid phase formed adjacent to the sensors, the 
slightest relaxation of the stresses subjected the hydrated bentonite to volumetric strain. The 
pores dilated, which caused a drop in the interstitial pressure on the sensor. This process 
explains the drops in the interstitial pressure around the connectors in the bentonite section. 

We raised the point that there was a contradiction between the initial filling and the total 
pressures measured between the tops and the bottoms of the fritted discs (see §1.8.3.1). Based 
on the process described above, the explanation is that on the GEX side, there were probably 
more pellets than powder in the upper section so it would be easier for the grains to be 
rearranged. However, on the GMR side, the lower density in the upper section could have been 
due to a loss of material (exclusively powder) behind the fritted disc. Here, it would be more 
difficult for the grains to rearrange themselves, due to a greater proportion of powder than on 
the GEX side, and it would be even more difficult as the core hydrated. 

During the tests performed in the laboratory on powder and pellet mixtures (such as the 
bentogaz_1 test at the CEA/LECBA, see §1.8.4.3.1), the total pressure was seen to drop only 
once while the mixture was hydrating (see Figure 63). In the bentogaz_1 test, the major 
difference compared to filling borehole PGZ1021 in situ was the distribution of the initial voids, 
which was very low. Indeed, the sample was initially subject to settlement, which increased the 
compactness of the mixture. During hydration, the only fall in the total pressure was solely due 
to the dual porosity in the mixture. 

1.8.4.2 Core swelling pressure 
Table 17 shows the interstitial pressures and the total pressures measured on different dates 
near the fritted discs on the GEX and GMR sides of borehole PGZ1021.  

Table 17 Interstitial pressures and total pressures measured on different dates near the 
fritted discs in borehole PGZ1021 (in bars) 

01/11/2011 01/12/2011 deltaP 01/06/2012 01/07/2012 deltaP
t2 - t1 t2 - t1

PRE04-GEX 23,03 24,3 1,27 28,62 30,18 1,56
PRT02-GEX 38,75 41,1 2,35 48,48 48,99 0,51
PRT03-GEX 39,67 41,49 1,82 47,43 48 0,57
moy PRT-GEX 39,21 41,295 2,085 47,955 48,495 0,54

PRT02-GEX - PRE04-GEX 15,72 16,8 19,86 18,81
PRT03-GEX - PRE04-GEX 16,64 17,19 18,81 17,82
moy PRT-GEX - PRE04-GEX 16,18 16,995 19,335 18,315

PRE07-GMR 19,3 21,4 2,1 25,99 26,74 0,75
PRT04-GMR 46,74 48,77 2,03 53,74 54,13 0,39
PRT05-GMR 53,11 54,9 1,79 59,75 60,24 0,49
moy PRT-GMR 49,925 51,835 1,91 56,745 57,185 0,44

PRT04-GMR - PRE07-GMR 27,44 27,37 27,75 27,39
PRT05-GMR - PRE07-GMR 33,81 33,5 33,76 33,5
moy PRT-GMR - PRE07-GMR 30,625 30,435 30,755 30,445

GE
X

GM
R

 
If we were to consider the total recovery of the interstitial pressure under stress, in accordance 
with Terzaghi's principle6

                                                      
6 This hypothesis was probably not checked over the entire length of the core, which was not yet fully saturated. 

, the core's swelling pressure in PGZ1021 would be around 18 to 19 
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bars on the GEX side and 27 to 33 bars on the GMR side. Maintaining this hypothesis, the 
swelling pressure would be greater where the filling material was initially the densest. This 
would be close to the lower limit given in Table 15 by the CEA/LECBA. However, it was 
significantly lower on the GEX side compared with Table 15. This is not necessarily surprising 
given the break-outs. Indeed, the second connector on the GEX side served to push the slope. 
With the overbreaks, a small amount of bentonite would have been able to pass over the sides 
of the connector on the mid-plane, reducing the density of the mixture on the GEX side.  

On the GMR side, the swelling pressure was constant from November 2011, while it changed a 
little on the GEX side.  

Finally, if we compare the variations in the interstitial pressure and the total pressure over 
time, it appears that the interstitial pressure increased more than the total pressure. The 
explanation for this no doubt lies with the interstitial pressure sensor. This contained a dead 
volume filled with air which would not escape easily. This air compressed gradually when the 
water reached the sensor's fritted disc. An overpressure may have been created in the sensor. 

1.8.4.3 Saturation state 
The measurements show that the total pressures were still increasing at the end of June 2012, 
and that there was still an interstitial pressure differential between the measurements in the 
bentonite or in contact with it, and those around the connectors. This indicates that the core 
seal was still hydrating after 14 months. In the other bentonite boreholes, the hydraulic and 
mechanical equilibrium was reached after around 450 to 550 days. In PGZ1021, the equilibrium 
was still quite far from being attained. 

This slower kinetics in PGZ1021 was due to the particular texture of the core and to the gas 
injection.  

1.8.4.3.1 Effect of the core texture 
The two tests, bentogaz 1 and 2, conducted by the CEA/LECBA, were particularly enlightening 
with regard to the saturation rate between the two cores with different textures. The 
characteristics of these two tests are described in the following table: 

Table 18 Characteristics of tests Bentogaz_1 and Bentogaz_2 at the CEA/LECBA 

 Bentogaz_1 Bentogaz_2 

Bulk mass (g) 1,956 2,267 

Water content W (%) 10.2 12.4 

Bulk mass (g) 1,775 2,017 

Height (mm) 106.5 100 

Diameter (mm) 120 120 

Volume (cm
3
) 1,199 1,131 

Bulk density (g/cm
3
) 1.64 2.00 

Dry density (g/cm
3
) 1.49 1.78 

Dry density of clay (g/cm
3
) 1.49 1.56 

Porosity (%) 46.4 35.0 
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Swelling pressure expected 
(MPa) 3< Pswell<5 7 

Swelling pressure measured 
at saturation (MPa) 3.8 6.8 

 

Bentogaz_1 involved a mixture of powder and pellets (50-50% by mass) whereas bentogaz_2 
used a compacted block of bentonite and sand (70-30% by mass). The saturation procedure 
was identical for both of these tests, with hydration at the atmospheric pressure with 1m of 
water through the base of the cell, and the occluded air removed through the top. The cell 
volumes were almost identical, but the dry density of the bentonite was greater for 
bentogaz_2. 

The total pressure measurements showed that the core in bentogaz_2 was saturated after 
around 350 days, whereas the core in bentongaz_1 was saturated after around 500 days (Figure 
63). 

The saturation period for the powder and pellet mixture (bentogaz_1) appeared to be 
significantly longer than for the other cell.  

Intuitively, the presence of two particle sizes including highly dense pellets (dry density of 2.2 
g/cm3 on average) suggests that a pellet would probably take longer to become completely 
saturated than a block with a lower density (of an equivalent volume). Furthermore, other 
factors may also slow down the process: 
• A large amount of air can be trapped in the spaces between the particles during hydration. This 

occluded air will, in itself, slow down hydration; 
• The surface of the pellets is particularly impermeable due to the fact that they are glazed during 

manufacture; 
• Finally, when the first layers of smectite hydrate on the surface of the pellets, this forms a gel, which 

is also quite impermeable. 
 

 
Bentogaz_1 
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Bentogaz_2 

Figure 63 Total pressures measured during the two Bentogaz tests conducted by the 
CEA/LECBA 

1.8.4.3.2 Effect of the gas injection 
The last compressibility tests in July 2012 unambiguously showed the presence of a gas phase 
around the connector on the GEX side and in clearance space 1 on the GEX side. We are 
therefore certain that the gas injected at the fritted disc on the GMR side passed through the 
core or through the bentonite / claystone interface.  

The gas probably migrated to this interface via the crown of the borehole, as the density of the 
bentonite was lower in this area.  

The gas injection most certainly slowed down the complete re-saturation of the core but this is 
difficult to quantify as we have no point of comparison by way of a witness borehole.  

1.8.5 A new short test at high flow rate 
A short test at constant flow rate (100 mLn/min) was performed during 2-3 hours the 23th 
November 2012 at the GMR side of the bentonite section.  

The Figure 64 and Figure 65 show the pressure responses during this short test. No differences 
in term of delay and amplitude are observed in the opposite side of the bentonite section. This 
result means that exist a gas pathway connexion between the two sides of the bentonite core.  
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Figure 64 Pore pressures measured during the short high constant flow rate test in PGZ1021 
(GMR side) 

 
Figure 65 Total pressures measured during the short high constant flow rate test in PGZ1021 
(GMR side) 
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Conclusion 

1.9 PGZ1011, PGZ1012 and PGZ1013 
The main results obtained since the boreholes were created for test PGZ2 show that core re-
saturation followed exactly the same scenario in all three bentonite boreholes. First, the core 
resaturation is due to relative humidity of the surrounding air. Then water is coming from the 
claystone, as soon as a contact with the wall of the borehole occurs resulting from the swelling 
of the bentonite. The re-saturation of the core was reasonably homogeneous around its 
periphery and the level of saturation soon exceeded 98%. Conversely, at the centre of the core 
and approaching the fritted discs, the saturation was not uniform. This was dependent on 
where the initial contact occurred between the bentonite and the claystone. 

Thus, the injection of gas into the core in borehole PGZ1011 started when saturation around 
the periphery of the core reached at least 98%. This was because the gas needed to be injected 
at the fritted discs once the radial clearance was taken up by the swelling bentonite. 

The gas injection test showed that the gas did not penetrate the bentonite (based on the gas 
pressures and flow rates tested), even though it was injected directly in contact with the core 
close to the borehole's axis. This indicates that all of the bentonite / stainless steel, packer / 
claystone and resin / claystone interfaces play a major role in the transfer of gas in this type of 
configuration. Thus, some of the gas migrates along the borehole, and this migration is clearly 
facilitated by its geometry. The borehole's initial break-outs do not favour ideal contact 
between the rubber of the packers and the claystone, despite the convergence of the claystone 
around the packer. Furthermore, in a borehole with a very slight incline, the resin-claystone 
contact is not always sealed along the apex.  

In this initial test phase, the role of the bentonite / claystone interface in the transfer of gas has 
not been clearly established. Specific tests will be carried out on this interface as soon as the 
core is completely re-saturated with water.  

The comparison with the "test" borehole (PGZ1012 - artificial then natural re-saturation) 
showed that the injection of gas had only a very minor impact on the re-saturation of the core. 
The main observation was a delay in the re-saturation of the bentonite close to the fritted discs 
when gas was injected.  

In conclusion, this gas injection test has shown the major role played by the interfaces during 
this stage of the test, and the minor impact of the gas on the re-saturation of the bentonite 
core. 

 

1.10 PGZ1021 
The measurements taken in PGZ1021 were, on the whole, fairly close to those taken in the 
other compacted bentonite cores (PGZ1011 to PGZ1013). The main difference was in the 
saturation period, which would be considerably longer than in the other boreholes. 
Furthermore, the re-saturation process appeared to be more complex due to the granular 
texture of the core. 

The compressibility tests conducted in August 2011 and then in July 2012 showed that some 
gas have migrated from the other side of the bentonite core, probably via the crown of the 
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borehole where the mixture of powder and pellets was less dense. At the end, both faces are 
still connected to gas. Two hypotheses could be proposed; (i) a structural effect which could 
induce a residual gap between the bentonite and the claystone, (ii) gas has prevented the total 
water resaturation of the bentonite and maintained open a pathway for gas. The next stage of 
the test will consist in shutting off the gas injection. It will be the opportunity to observe if the 
gas pathway could be closed by swelling effect due to water saturation.  
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