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ABSTRACT 

The Tunnel Sealing Experiment (TSX) was conducted to address construction and 
performance issues of full-scale seals for potential application to deep geological repositories 
for radioactive waste. The TSX was performed by an international partnership representing 
Japan, France, the United States and Canada. The experiment was installed at the 420-m 
depth of Atomic Energy of Canada Limited's Underground Research Laboratory in the 
granite rock of the Precambrian Canadian Shield. The experiment involved the construction 
of two full-scale tunnel seals at either end of a single excavation. One seal was an assembly of 
pre-compacted sand-bentonite blocks and the second seal was a single cast of Low-Heat 
High-Performance concrete. The objective of the TSX was to assess the applicability of 
technologies for construction of practicable concrete and bentonite bulkheads; to evaluate the 
performance of each bulkhead; and to identify and document the parameters that affect that 
performance. This report documents the construction and operation of the experiment over 
its first five years. During this period, the experiment was designed, tunnels were excavated, 
and the seals were constructed. The sand-filled region between the two bulkhead seals was 
filled and pressurized with water to 800 and 2000 kPa. A tracer test was conducted at a 
tunnel pressure of 800 kPa to assess the solute transport characteristics of full-scale tunnel 
seals. The most important outcome from the TSX is that functional full-scale repository seals 
can be constructed using currently available technology. Factors identified as potentially 
affecting seal performance included: excavation method and minimizing the excavation 
damaged zone (EDZ); keying bulkheads into the rock to interrupt the EDZ; compacted 
sand-bentonite placement method; treatment of clay bulkhead-rock interface; rate of clay 
saturation compared with the rate of water pressurization; clay bulkhead volume expansion; 
the resealing properties of bentonite; concrete heat of hydration; concrete shrinkage; grouting 
of the both EDZ and the concrete-rock interface; cracking of the concrete and debonding of 
the concrete-rock interface. The conclusions arising from the TSX are directly applicable to 
either tunnel or shaft seals constructed in potential host rock environments under 
consideration for radioactive waste disposal, and the results have direct application to the 
repository sealing programs of the participating countries. 
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RÉSUMÉ 

L'expérience de scellement de galerie TSX (Tunnel Sealing Experiment) a été menée afin d'aborder la 
construction et les performances de scellements en vraie grandeur en vue d'une application possible dans 
les dépôts géologiques pour les déchets radioactifs. TSX a été réalisée dans le cadre d'un partenariat 
international entre le Japon, les Etats-Unis, la France et le Canada. L'expérience a été mise en oeuvre 
dans le laboratoire souterrain de recherches d'Énergie Atomique du Canada Limitée, EACL, à 420 m de 
profondeur, dans le granite du bouclier canadien précambrien. Deux scellements de galerie à échelle 1 
on été construits pour l'expérience à chaque extrémité d'une même excavation. Un des scellements 
consistait en un assemblage de blocs de sable-bentonite pré-compactés et le deuxième était constitué de 
béton à haute performance, faible échauffement, coulé en une fois. TSX visait à évaluer la faisabilité de 
technologies de construction d'ouvrages en béton et en bentonite, à évaluer la performance de chacun et à 
déterminer et documenter les paramètres influant sur leurs performances. Le présent rapport documente 
la construction et le déroulement de l'expérience au cours des cinq premières années. Au cours de cette 
période, l'expérience a été conçue, les galeries excavées et les scellements construits. La section de sable 
entre les deux serrements a été remplie et pressurisée avec de l'eau jusqu'à 4 000 kPa. Des essais par 
traceur à une pression d'eau de 800 puis de 2000 kPa ont été menés afin d'évaluer les caractéristiques 
du transport de fluides au travers des scellements. Les facteurs suivants peuvent avoir un effet sur la 
performance du scellement: la méthode de creusement, le traitement de la zone endommagée par 
l'excavation (EDZ), l'ancrage des scellements dans la roche saine afin d'interrompre l'EDZ, le mode de 
placement de la bentonite compactée, le traitement de l'interface bentonite-roche, l'expansion du noyau 
d'argile par gonflement de la bentonite, la chaleur d'hydratation du béton, son retrait, l'injection de 
coulis à l'interface béton-roche, la fissuration du béton et le décollement du béton de la roche. Les 
conclusions tirées de TSX s'appliquent directement aux scellements de tunnels, voire de puits, construits 
dans les environnements de roche hôte considérés pour le stockage de déchets radioactifs. Les résultats 
peuvent également être mobilisés dans les programmes de scellement des pays participants. 
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FOREWORD 

by Dr. Charles Fairhurst 

Identification and qualification of a site for geological isolation of high-level nuclear waste requires 
several decades of detailed investigation. A substantial part of the effort is devoted to demonstration 
that the rate at which radionuclides could migrate from the repository via natural pathways - such as 
by transport in the groundwater regime at the site - is very slow, and that the concentration of any 
radionuclide that may eventually reach the biosphere does not pose a significant health risk. 
Relatively little attention is given in these studies to the effect that the excavation essential to develop 
the repository will have on the isolation capacity of the site. Yet, if not sealed adequately, these shafts 
and tunnels could constitute a direct short-circuit of the natural pathways. It appears to be assumed 
implicitly that engineering designs able to guarantee the long-term seals will be available when 
needed. 

The problem of tunnel (and shaft) sealing, however, involves more than the excavated spaces. Rock at 
depth is subject to gravitational and tectonic forces, which become redistributed locally in the vicinity 
of excavations. Fracturing and damage in the rock around the periphery of the excavation usually 
results. An annular zone, referred to as the Excavation Damage Zone (EDZ), develops, extending 
sometimes for a significant fraction of the excavation radius into the rock. Depending on the 
continuity (and extent) of these fractures, the EDZ can have a hydraulic conductivity several orders of 
magnitude greater than that of the intact rock. Sealing of the EDZ becomes comparable in importance 
to sealing of the excavation itself. 

Thus, study of tunnel sealing technology and demonstration that seals can be installed successfully is 
an essential element of a repository safety strategy. This is true for all rock types and locations under 
consideration. All repositories require excavations; all involve force redistribution; and all tend to 
exhibit some degree of rock damage and EDZ. There are differences, but in all cases there is interest 
in ensuring that the EDZ and the interface between the tunnel and the backfill are eliminated as 
potential preferred pathways for flow. Given this common overall objective, more or less 
independent of the rock medium, there is considerable merit in collaborative studies of tunnel sealing 
technology between scientists and engineers associated with repository programmes in various 
countries and in various rock types. Cost sharing between the countries participating in such large-
scale URL experiments is an obvious benefit. The interaction between international research groups, 
each bringing different traditions and perspectives to the problem, yields considerable technical 
benefit. The collaboration is particularly valuable in assuring a critical public that international 
expertise is being engaged in the research. 

The Tunnel Sealing Experiment, or TSX, at the Atomic Energy of Canada Limited (AECL) 
Underground Research Laboratory (URL) in Pinawa, Manitoba, is such a multinational endeavour 
that has completed the first, five-year, stage of field research. It is one of several international 
experiments currently underway in URLs around the world. As this report describes in detail, the 
TSX is a pioneering multinational effort that has significantly advanced the state of the art of tunnel 
seal design for nuclear waste repositories. Effective techniques for fabricating and placing concrete 
bulkheads and clay seals have been developed and demonstrated. The overall design of the TSX, and 
the variety of experimental techniques, both traditional and innovative, are impressive, and have been 
applied with considerable success to monitor and understand the basic physics involved in the 
performance of the seals. Given the success of the TSX to date, there is good reason to be optimistic 
that technologies for effective long term sealing of repository tunnels and shafts will be available 
when needed. 
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1. INTRODUCTION 

The first phase of the Tunnel Sealing Experiment (TSX) was organized as a five-year project 
with international participation by Japan, France, U.S.A. and Canada. In the five years 
following the start of the experiment in 1995, the experiment was designed and installed and 
the first phase of testing of seal performance was completed. Although additional phases of 
testing are planned, this report summarizes the first five years of the project. The report 
documents the design and construction of the experiment, the results from the first phase of 
testing and provides a summary of the implications from the results of the experiment on seal 
design. 

The report is loosely organized according to the three experiment objectives: to document 
construction; to measure seal performance; and to document the factors that affect 
performance. These topics are described in Chapters 2, 3 and 4 respectively. Implications for 
bulkhead design are summarized in Chapter 5. Chapter 1 describes the various concepts for 
sealing as put forward by experiment participants, and summarizes the experiment 
objectives, conceptual design, and management of the project. 

Concepts for isolation of radioactive waste in a deep underground repository, as advanced by 
many international organizations, include bulkheads or plugs in the repository shaft, or at the 
entrances to disposal rooms, or both. The requirement of a bulkhead is to act as a barrier to 
the flow of water, and hence the potential advective transport of radionuclides, through the 
backfill or near-field Excavation Damaged Zone (EDZ) in the rock. The TSX was designed to 
characterize the sealing potential of well-constructed, full-scale bulkheads. 

The TSX includes two bulkheads in a full-scale horizontal excavation. One bulkhead is 
composed of highly compacted sand-bentonite blocks, while the second has been constructed 
using Low-Heat High-Performance Concrete (LHHPC) . The region between the bulkheads 
was filled with sand and saturated. The water in the tunnel has been pressurized to 2 MPa, 
and seepage past the two bulkheads collected. Seepage data, together with solute transport 
data from a tracer test, were used to quantify the sealing characteristics of the two bulkheads. 
The experiment was conducted at Canada's Underground Research Laboratory (URL) , in a 
region of unfractured granite, at a depth of 420 m below the surface. 

1.1 INTERNAT IONAL CONCEPTS FOR TUNNEL OR SHAFT SEALING 

Many countries (Canada, France, Japan and the United States among them) are each 
developing concepts for the deep geological disposal of radioactive waste materials. The 
safety of the respective disposal systems relies on the combined performance of the natural 
barriers (host rock) and engineered barriers, variously comprising: the waste form; the waste 
container; the buffer barrier; and the room, tunnel and shaft backfill material. The use of 
bentonite-based buffer materials and clay-based backfills is common to most international 



- 2 -

disposal concepts. The use of concrete as a component in a bulkhead system is also widely 
being considered. 

The TSX was jointly conducted by Atomic Energy of Canada Limited (AECL) , the Agence 
national pour la gestion des déchets radioactifs ( A N D R A ) of France, the Japan Nuclear Cycle 
Development Institute (JNC), and the Waste Isolation Pilot Plant ( W I P P ) through their 
science advisor at Sandia National Laboratories with funding from the United States 
Department of Energy (USDOE) Carlsbad Field Office. Each organization provided both 
financial and in-kind contributions to the TSX. The objectives of this experiment directly 
address the needs of the four participant countries. The respective concepts for sealing of 
excavations in a radioactive waste isolation facility, and how these concepts were addressed by 
the TSX are provided below. 

1.1.1 Canada 

The Canadian concept for disposal of Canada's nuclear fuel waste is described in the 
Environmental Impact Statement (EIS) prepared by Atomic Energy of Canada Limited 
(AECL 1994). That report states that the containers of waste would be emplaced either in 
rooms excavated in the plutonic rock of the Canadian Shield, or in boreholes drilled from the 
rooms. Buffer material, which would be comprised of a highly compacted swelling clay, would 
surround each container. The buffer is intended to limit the rate of corrosion of the container, 
limit the rate of dissolution of the waste form, should groundwater seep into the container, 
and retard the movement of contaminants released from the waste-form and the container. 

Each room would be sealed with backfill and other vault seals, made of materials containing 
clay or cement. These seals would keep the buffer and containers securely in place, and retard 
the movement of any contaminants released from the waste, container and buffer. 

All tunnels and shafts would ultimately be sealed in such a way that the disposal facility 
would be passively safe; that is, long-term safety would not depend upon institutional 
controls. The tunnels and shafts would be sealed to keep people away from the waste and to 
retard the movement of any contaminants released from the disposal rooms. Studies in 
Canada have focused on clay-based and cement-based sealing materials. 

Simmons and Baumgartner (1994) note that, although there are advantages to keeping 
disposal rooms open for some time period (e.g., to allow for ventilation cooling of emplaced 
waste, to provide access for performance monitoring, and to provide access for disposal 
container retrieval, if this were necessary), the benefits of prompt sealing are greater. The 
integrity of the clay-based buffer material is enhanced by backfill placement before the buffer 
begins to swell. Upon completion of backfill placement, the final step in disposal room sealing 
is the construction of a concrete bulkhead seal at the entrance to the room. The bulkhead 
restrains the buffer and backfill as they swell, and isolates the room hydraulically from the 
main access tunnel. The excavation damaged zone around the tunnel entrance would be 
grouted if feasible and appropriate. Both cement- and clay-based grout could be used, with 
cement-based grout being an important component owing to its strength and resistance to 
erosion. Fractures surrounding the bulkhead would be first grouted, followed by grouting of 
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FIGURE 1.1: A Schematic Illustration of a Tunnel Seal Used to Isolate a Hydraulic ally Active 
Fracture Zone (Simmons and Baumgartner 1994). 

the concrete-rock interface in the event that concrete shrinkage occurs. 

Concrete bulkhead seals would also be installed in strategic locations in the tunnels 
(Figure 1.1). These bulkheads are similar to disposal room bulkheads and may include 
sections of highly-compacted bentonite blocks that will exert a radial load on the walls of the 
excavation being sealed. In situ compaction of a bentonite-based material may also be 
practicable. Possible locations for bulkhead installations are in sound rock near tunnel 
intersections and near the intersections of tunnels with significant fracture zones. 

The Tunnel Sealing Experiment addresses the research and development requirements of the 
Canadian program as outlined in the EIS (AECL 1994). With respect to vault seals, the EIS 
noted a need to understand the behaviour of potential vault seals in order to develop methods 
for sealing of a disposal vault and to develop models for estimating the rate of transport of 
contaminants through the seals. The TSX examined potential sealing materials and seal 
designs, as put forward by Simmons and Baumgartner (1994), and was constructed and 
operated with many of the research and development requirements of the Canadian program 
in mind. 
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1.1.2 France 

Feasibility and safety studies are being conducted in France on two types of geological 
formations for the implementation of a radioactive waste repository: clay and granite. 
A N D R A already has an argillaceous site on the eastern border of the Paris Basin, where the 
Meuse/Haute-Marne underground laboratory will be implemented; the sinking of the main 
shaft started at the end of 2000. The geological formation chosen consists of a 
130-million-year-old (Callovo-Oxfordian) marl situated at a depth of 400-500 m. The search 
for a granitic site is still ongoing. 

Engineered barriers, seals and backfill are defined as follows in ANDRA 's preliminary disposal 
concepts. 

Engineered barriers 

Clay-based engineered barriers used for high-level waste, vitrified exothermal waste and spent 
fuels, should be distinguished from cement-based engineered barriers used for 
intermediate-level waste. 

• The first role of clay-based engineered barriers is to constitute a physico-chemical buffer 
between exothermal waste packages and the host rock with a view to limiting any 
package-induced disturbances and to ensure their proper integration within the 
geological environment. Their second role is to form a hydraulic and diffusion barrier by 
limiting water and solute flows around the packages in order to delay container 
corrosion and to reduce both leaching and radionuclide release. 

The use of swelling clays is contemplated due to their outstanding swelling and 
plasticity properties, their (very) low permeability and their high retention capability. 
Swelling and plasticity would ensure the ability of those materials, once emplaced 
between the packages and the geological environment, to constitute a porous medium 
that is low in permeability, homogeneous, continuous (without any hydraulic 
discontinuities), self-healing and tolerant to thermohydromechanical disturbances. 

• Cement-based engineered barriers proceed from the principle of an acidobasic 
hyperalkaline buffer. The objective is to impose a chemical environment (fluids and 
solids) that is constant and deemed favourable for the containment of all or part of the 
radionuclides present in intermediate-level waste on the basis of the solubility and 
retention of those radionuclides. However, limited solute-flow-and-transfer properties 
(from 1 0 - 1 1 to 1 0 - 1 2 m 2/s) would be required of cement-based engineered barriers, due 
to the difficulties involved in achieving or demonstrating (very) good hydraulic 
performances for large-scale and complex-geometry structures. 

Portland cements and slag-based cements have been selected as cement reference 
materials, due to: 

— Their high chemical reactivity creating an appropriate alkaline-buffer capacity, 

— Their simplicity, 

— Their capacity to achieve very good hydraulic and mechanical performances, 
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— The feedback relating to them, notably with regard to surface repositories. 

Drift and shaft seals 

The main purpose of sealing repository drifts and access shafts is to create a hydraulic barrier 
in order to re-instate to the largest extent possible the required hydrodynamic performances 
of the geological environment. The use of swelling clays and specific concretes are 
contemplated as sealing materials. 

The selection of swelling clays results from similar considerations to those used for engineered 
barriers, while the selection of sealing concretes relates to a different approach from the 
concretes used for engineered barriers. The time scale considered for the hydraulic function 
(up to several thousands of years) would tend to call for concretes with a low chemical 
reactivity with the waters of the geological environment, either due to the intrinsic chemical 
composition of those concretes or their low permeability and low solute-diffusion coefficient. 
That is the reason why, in parallel with the engineered-barrier concretes, high-performance 
concretes (on the basis of their mechanical properties) and low-pH concretes are also being 
considered as sealing materials. Low-pH concretes contain a pore fluid with a pH varying 
between 9 and 10. Since these concretes are obtained by doping with acidic compounds (silica 
fume), they contain no portlandite. The ensuing low chemical reactivity with the neutral or 
slightly alkaline waters of the various geological environments under investigation presupposes 
adequate durability of these concretes. 

The precise location and the implementation techniques of the seals have not yet been 
defined. However, the design of the various seals is based on the concept of a central 
hydraulic bulkhead anchored in undamaged or slightly disturbed rock by a key that is small 
in size compared with the structure to be sealed. That key will be designed to neutralise or 
limit very strongly the effect of the Excavation Damaged Zone where the hydraulic 
conductivity is high. On the other hand, in the case of the clay site, preference is given to the 
use of compacted clay blocks. 

• In the case of swelling clays, the central bulkhead presents a containment problem, 
because it is necessary to maintain a containment corresponding to swelling pressures of 
at least several megapascals over the medium and long terms. The seal design would 
rely on: 

— A sound selection of argillaceous materials capable of providing low permeability 
and sufficient swelling pressure, 

— The design of a natural support mechanism (granular-material type) capable of 
maintaining containment at an acceptable swelling-pressure level. 

However, in the short term, the use of concrete supports would be sought in order to 
contain the clay before swelling and thus ensure both a perfect hydraulic interface 
between the concrete and the rock, notably at the level of the anchoring key, and a 
proper hydraulic self-healing of the joints between the blocks. 

• In the case of concretes, the specific problem of the seal implementation concerns the 
hydraulic interface with the rock at the level of the anchoring key. It may be resolved 
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by selecting appropriate concrete formulae that limit shrinkage and appropriate 
concrete-lapping mechanisms around the key. 

Backfill 

The purpose of backfilling drifts and shafts is to minimize over time any mechanical 
disturbance of the geological environment around the structures, with a view to limiting or 
preventing the extension of the disturbed zone (hydraulically) of the geological environment. 

Due to the large volumes of required backfill, preference is given to the use of excavated rock. 
Nevertheless, in the case of the Callovo-Oxfordian argillite, the use of materials with a higher 
mechanical rigidity may be envisaged, such as rock embankments or concretes, or even 
swelling-clay materials. 

Seal experiments 

Sealing tests are not scheduled in drift or shaft of the Meuse/Haute-Marne underground 
laboratory before the submission of a report to the French government in 2006. In order to 
have at that time technical and scientific elements on the feasibility of those structures, 
A N D R A is seeking the cooperation of foreign underground laboratories. 

In that context, the Agency participates in the Mol argillaceous site (Belgium) in a shaft 
sealing test, RESEAL, with a bulkhead made of a mixture of bentonite pellets and powder. 

The Agency is also involved in the TSX, where both sealing materials (Kunigel bentonite and 
Low-Heat High-Performance Concrete) are being tested in a full-size tunnel, from the 
technological aspects of the material preparation and implementation up to the measurement 
of the hydraulic performances of the whole sealing structures. Within the TSX, ANDRA 's 
effort focuses on two topics. One is EDZ characterization, aimed at defining efficient key 
shapes, the other is understanding and modelling of clay and concrete bulkhead behaviour. 

1.1.3 Japan 

Japan Nuclear Cycle Development Institute (JNC) recently published the second progress 
report for the geological disposal of High Level Waste (HLW) in Japan (H12 report) (JNC 
2000a). In a supporting report (JNC 2000b), JNC documented the current sealing concept in 
Japan. 

Tunnels of the underground facilities are a temporary means of transport during the 
installation of the engineered barrier system (EBS). After the EBS has been installed, these 
tunnels must be filled and sealed without damaging the integrity of the system. If tunnels 
excavated to construct a repository are left open and unattended, they may have significant 
adverse influences on the barrier performance of an entire repository, such as: the mechanical 
stability of a tunnel may be damaged by rock stresses and an open tunnel may provide a fast 
pathway for ground water flow. If excavations connecting underground facilities directly with 
above ground installations are left open, they may provide a channel linking a repository with 
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FIGURE 1.2: The Concept of Backfilling of Underground Facilities in Japan. 

the human environment or people may inadvertently intrude into the repository. In order to 
achieve the basic objective of a geological disposal system to isolate a repository from humans 
and their sphere of life, underground excavations such as pits and tunnels must be properly 
backfilled. Those tunnels and shafts subject to backfilling include disposal tunnels for the 
disposal-pit vertical-emplacement concept and main tunnels at the operation stage, and 
connecting tunnels and access tunnels at the closure stage. As shown in Figure 1.2, the 
underground facilities are expected to be backfilled by combining plugging, grouting, and 
other basic technologies to seal the system. 

Backfilling material 

To date, data obtained clearly indicate that deep underground rock masses have low 
hydraulic conductivity. To prevent tunnels from becoming preferential flowpaths, they must 
be backfilled with materials that have a hydraulic conductivity as low or lower than the intact 
rock. Backfilling materials that have a swelling quality will come closely into contact with the 
wall of a tunnel so that interface between them will not let water pass through. In addition, 
the extrusion of the buffer can be compensated by the swelling of backfilling materials. The 
design requirements of backfilling material include, therefore, the ability to restrict extrusion 
of the buffer, to ensure stability of tunnels, and to maintain low hydraulic conductivity with 
respect to the surrounding rock. A repository filling material conditioned to have such 
properties is called the "backfilling material". 

Concrete Plug (to seal the buffer inside the disposal tunnel) 

The buffer is a swelling material; therefore, it will swell following its permeation by 
groundwater. This swelling characteristic is one of the key functions of the buffer, but 
attention must be paid to some of the phenomena resulting from this swelling characteristic. 
Measures to maintain the barrier function of the buffer for some time after emplacement are 
required. If the main/connecting tunnel leading to a horizontal disposal tunnel is kept open, 
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FIGURE 1.3: The Function of the Concrete Plug. 

it is considered that the swollen buffer may extrude into the main/connecting tunnel. If such 
extrusion of the buffer occurs, the initial filling density required of the buffer cannot be 
assured. To re-establish the initial density for the buffer once it has extruded is not easy 
considering that this will entail excavation of the emplaced buffer. One of the methods to 
prevent such an extrusion event is to provide the disposal tunnel with plugs at both ends. 
The plug is required to have the capacity to prevent movement and extrusion of the buffer, 
and it is also required to have sufficient strength to withstand the temporary swelling stress 
of the buffer that occurs due to the infiltration of groundwater from the rock. Figure 1.3 
shows the conceptual drawing of a functional plug. During the time between emplacement of 
the buffer and the backfilling of the repository, which may be several years to tens of years, 
tunnels in the vicinity are kept open for operations in other disposal tunnels. During this 
period, the buffer in the disposal tunnel will generate swelling pressure due to the infiltration 
of groundwater at any location. Therefore, it is necessary to support the swelling stress in the 
buffer and completely seal the buffer inside the disposal tunnel by plugs 1 and 2 (Figure 1.3). 

After the repository is backfilled, conspicuous movement or extrusion of the buffer (hence, a 
decrease in density) will not occur inside the tunnel even if the plug loses its pressure 
tightness. In the vertical emplacement method, the buffer and waste are emplaced in a 
disposal pit. The disposal tunnel is then backfilled and sealed with a concrete plug. In the 
horizontal emplacement method, the buffer and concrete plug are emplaced sequentially. For 
either emplacement configuration, both ends of the disposal tunnel are completely sealed with 
concrete plugs after the disposal tunnels are backfilled, and as bentonite can rapidly alter 
under certain high-pH conditions, a low-alkali concrete is considered appropriate. The design 
and installation concept of the concrete plug is the same for either emplacement method. 

Clay-Based Plug (for isolation of the potential fractures) 

Fractures with flowing groundwater are treated using water-stopping countermeasures during 
construction and operation periods, as needed. The effects of these countermeasures are. 
however, temporary, and the function degrades over a long period of time. Eventually, the 
fractures may once again become water pathways. These water pathways may erode the 
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FIGURE 1.4: Treatment of the Fracture During Backfilling. 

buffer and backfilling materials and may influence barrier functions. Consequently, all 
fractures that are expected to contribute to erosion of buffer and backfilling materials must 
be adequately treated at the closure stage. An effective treatment for these fractures is to 
sandwich them with clay plugs that have excellent water-stopping performance and will 
experience little alteration over a long period. As seen in Figure 1.4, first the clay base grout 
is pumped into the fractures to filling them with a low permeability clay. Then, the fractures 
are sandwiched by highly compacted clay block plugs. The plugs must have excellent sealing 
capability, so they will have a high dry density, and contain a higher bentonite content than 
the backfilling materials, in order to provide a high swelling property. 

Expected results of the TSX for the sealing concept in Japan 

Full scale concrete and clay-based plugs have been constructed in crystalline rock in the TSX. 
The TSX has demonstrated the feasibility and current technology for construction of the 
full-scale plugs for a real repository and has identified the future research and development 
needs. Sealing performance of the TSX concrete plug, especially stability against high 
pressure, illustrates the feasibility of the a concrete cap for the disposal tunnel after 
emplacement of the engineered barrier system (EBS). The sealing performance of the TSX 
clay-based plug has shown the feasibility of the bulkhead for the isolation of fractures. These 
plug performances have been examined under test conditions that consider the expected 
conditions at an actual repository in Japan. The results of the TSX will demonstrate the 
feasibility of the portion of the Japanese sealing concept for crystalline rock that is related to 
the plugs. 

1.1.4 U.S.A. - Waste Isolation Pilot Plant 

WIPP Shaft Sealing System 

The purpose of the shaft seal system at W I P P is to limit fluid flow within four existing shafts 
after the repository is decommissioned. Such a seal system would not be implemented for 
several decades, but to establish that regulatory compliance can be achieved at that future 
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date, a shaft seal system has been designed that exhibits excellent durability and performance 
and is constructable using existing technology. The basic design guidance for W I P P shaft 
seals is to prevent the shafts from becoming a pathway that compromises the repository's 
ability to meet performance objectives. Implicit in the fundamental design criteria is the 
assumption that if seal components are less permeable than the host rock, the sealing system 
will be adequate. To return an open shaft to a state of low permeability, the seal design must 
account for three cross-sectional elements: 

• The massive plug material that fills the opening, 

• The interface between the plug and the host rock, and 

• The disturbed rock around the shaft. 

The designed shaft seal system comprises 13 elements that completely fill the shaft with 
engineered materials possessing high density and low permeability (Figure 1.5). The seal 
materials include: 

• Freshwater Portland cement concrete, 

• Salt-saturated concrete, 

• Compacted salt, 

• Compacted clay, 

• Asphalt, 

• Cementitious grout, and 

• Clay or earthen fill. 

Each material possesses particular favorable attributes. All the materials are described by 
USDOE (1995) and SNL (1996) with respect to their intended functions. 

International Collaboration and the TSX 

The USDOE Carlsbad Field Office (CBFO) provided technical and financial support to the 
Tunnel Sealing Experiment for the first five years of execution. The implementing agency on 
behalf of the CBFO is Sandia National Laboratories, who also serves as the science advisor 
for WIPP . Together Sandia and CBFO engage repository research with several international 
partners including Canada, Sweden, Switzerland, Germany, France, and consortia comprising 
multiple countries. The US programs believe that underground research laboratory testing, 
repository technologies, and assessment methodologies provide benefit to WIPP. 

By open collaboration around the globe, the W I P P program helps sustain repository 
technology from the perspective of a certified and operating nuclear waste repository. The 
regulatory process in the US also mandates re-certification of compliance every five years. 
During the operational period, science and engineering will improve the foundation upon 
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which W I P P is licensed, through valuable exchange with international peers and repository 
programs. Benefits include research results, modeling approaches, performance assessment, 
and site characterization strategies employed by international peers in address of pressing 
nuclear waste disposal needs. 

Technical issues in repository sciences often involve specific details of common concern, which 
is certainly the case for the TSX and WIPP. Details such as concrete specification and 
performance, clay-block production and construction, instrumentation, test design, and 
analyses are mutual, technical challenges. Design and construction of the experiment itself 
equals the importance of the experiment operation. The concrete construction process 
involved batching and mixing at the surface, transport to the underground and placement of 
over 60 cubic metres, very similar to the practice anticipated for W I P P panel closure systems. 
In fact, the ultrafine grout used to close the interface between the host rock and the concrete 
bulkhead was developed cooperatively between Sandia and Canadian partners. Bentonite 
block construction for the TSX utilized a compaction machine developed by Sandia for 
small-scale seal tests at WIPP . Over 14,000 high-quality blocks were produced for the TSX, 
of which 9000 were placed in the clay seal component. 

The full-scale deployment of seal system components openly demonstrates the feasibility of 
W I P P seal systems. By virtue of five years of participation with the TSX, W I P P has 
effectively indemnified its seal system designs with respect to performance, construction, and 
materials. 

1.2 THE UNDERGROUND RESEARCH L A B O R A T O R Y 

The TSX was constructed in Canada's Underground Research Laboratory (URL) , which is a 
geotechnical research and development facility constructed by AECL as part of the Canadian 
Nuclear Fuel Waste Management Program. The URL, located in southeastern Manitoba, is 
located in the Lac du Bonnet Batholith, near the western extreme of the Canadian Shield 
(Figure 1.6), and provides a representative geological environment in which to conduct 
large-scale multidisciplinary experiments. Results from research at the URL are being used in 
the assessment of the feasibility and safety of deep geological isolation of nuclear fuel waste. 

The Lac du Bonnet batholith is considered representative of many granitic intrusions of the 
Canadian Shield and trends east-northeast with a surface area of 75 by 25 km and extends to 
a depth of about 10 km. The batholith, dated late Kenoran age (2680 ±81Ma), lies in the 
Winnipeg River plutonic complex of the English River gneiss belt of the Western Superior 
Province. The batholith is a relatively undifferentiated massive porphyritic 
granite-granodiorite. The massive, medium- to coarse-grained porphyritic granite is relatively 
uniform in texture and composition over the batholith, although locally it displays 
subhorizontal gneissic banding (Brown et al. 1989). Low dipping thrust faults and associated 
systems of predominantly north-northeast striking subvertical joints occur throughout the 
batholith. 

The URL consists of a shaft to a depth of 443 m, with shaft stations at 130-m and 300-m 
depths and major experimental levels at 240-m and 420-m depths (referred to as the 
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FIGURE 1.6: The Location of the URL on the Western Extreme of the Canadian Shield 
Within the Lac du Bonnet Granite Batholith (inset). 

240 Level and 420 Level respectively). The URL shaft intersects two major thrust faults that 
dip about 25° to 30° (Figure 1.7). These thrust faults are represented by chloritic slip 
surfaces which grade into complex cataclastic zones where movement has been significant 
(Everitt et al. 1990). The cataclastic zones range in thickness from 20 to 1000 mm and 
contain breccia and clay gouge. These faults are referred to as Fracture Zone 3 (FZ3) and 
Fracture Zone 2 (FZ2). The blocks between the fracture zones are cross-cut by one or more 
sets of subvertical fractures, the pattern and frequency of which varies from one block to the 
next. The frequency of subvertical fracturing, the continuity of fractures and their complexity 
decreases with increasing depth below the surface. Fracturing increases in frequency in the 
immediate proximity of the fracture zones. The grey granite is gradually altered to pink as 
the fracture zones or intra-block subvertical fractures are approached. Reverse dip slip 
displacement of 7.3 m has been identified for FZ2 and at least 1.0 m for FZ3. 

FZ2 and Fracture Zone 2.5 (FZ2.5), a splay off FZ2 (Figure 1.7), divide the local geology of 
the URL into three domains characterized both by extent of fracturing and in situ stresses. 
Between the surface and FZ2.5 several subvertical fracture sets are present, although 
non-systematic fractures are common. Within this upper domain, but below FZ3, fracturing 
is greatest in the regions adjacent to the thrust faults and a northeast striking fracture set 
predominates. Maximum horizontal stress in this region is typically less than 20 MPa and 
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parallel to the northeast striking fracture set (Figure 1.8) (Martino et al. 1998). Stress 
magnitudes are comparable to the average of in situ stress measurements from elsewhere in 
the Canadian Shield at similar depths (Herget 1993). Alteration has resulted in the granite 
throughout this upper domain being pink in colour. 

The domain between FZ2.5 and FZ2 is a transitional region with in situ stress magnitudes 
ranging from average to high. The 240 Level excavations are within this domain. Subvertical 
fractures are generally confined to the immediate vicinity of the fracture zones although there 
are very few flowing fractures intersecting the 240 Level excavations and associated boreholes. 

Below FZ2 fracturing is very sparse and relatively few fractures have been identified either 
within the excavations or in exploration boreholes. The horizontal stresses in this region are 
high compared to stresses measured elsewhere in the Canadian Shield. The maximum 
horizontal stress has rotated by 90° to a northwest direction, parallel with the dip direction 
on the FZ2 and FZ3. Chandler and Martin (1994) relate this stress direction and magnitude 
discontinuity to stress relief caused by slip along FZ2. Stress measurements at the URL, 
particularly those determined using deep doorstopper overcoring between 650 and 950 m 
depth (Martino et al. 1998), indicate little vertical variation in in situ stress magnitudes and 
suggest that the stresses at the URL approach the average Canadian Shield stresses at 
1000 m depth or more. The apparent high horizontal stress regime at the 420 Level of the 
URL is related to the lack of fracturing below FZ2, resulting in a very stiff rock mass capable 
of carrying higher lithological stresses. 

In summary, the URL provides two distinct stress domains for conducting in situ experiments. 
Above FZ2, the stresses are sufficiently low that the rock mass around the excavations 
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The Tunnel Sealing 
Experiment 

FIGURE 1.9: The Underground Research Laboratory. 

responds essentially as an elastic material. Below the fracture zone, failure occurs in the rock 
immediately adjacent to excavations in regions of high compressive stress concentrations. The 
TSX is located on the 420 Level of the URL which is approximately 150 m below FZ2. The 
volume of rock in which the experiment has been constructed is sparsely fractured and highly 
stressed. The location of the experiment in the URL is shown in Figure 1.9. 
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1.3 OBJECTIVES OF THE TSX 

Excavation seals, constructed for the purpose of radioactive waste isolation, will be required 
to act as barriers to the flow of water, and hence, to the potential advective transport of 
radionuclides. The TSX was designed to characterize the sealing potential of 
well-constructed, full-scale bulkheads under representative hydraulic conditions. 

The experiment was conducted with two bulkheads in a full-scale horizontal excavation. One 
bulkhead was composed of highly compacted sand-bentonite blocks, while the second was 
constructed using Low-Heat High-Performance Concrete (LHHPC) . The interval between the 
bulkheads was filled with water-saturated sand with capability to pressurize the water 
between the bulkheads to a magnitude similar to the ambient pore pressure in the far-field 
rock. The experiment was constructed at a depth of 420 metres below the surface in an 
unfractured rock mass, where the ambient pore pressure was approximately 4 MPa. 

The objective of the experiment was: 

To assess the applicability of technologies for construction of practicable concrete 
and bentonite bulkheads; to evaluate the performance of each bulkhead; and to 
identify and document the parameters that affect that performance. 

The experiment was designed to characterize an achievable bulkhead performance using 
currently available technologies. In this context, performance was defined as the ability of the 
bulkhead to restrict the flow of water in the axial direction of the tunnel. However, it was 
recognized that the true measure of the performance of a seal in the role of waste isolation is 
its ability to limit the transport of radionuclides. In addition to this overall objective, a 
number of sub-objectives are included: 

• To design and construct a concrete bulkhead. 

• To design and construct a bulkhead comprising highly compacted bentonite-based 
material. 

• To design and construct excavations which minimize the EDZ. 

• To appraise alternative methods for sealing or cutting off the EDZ. 

• To measure the seepage and solute transport through and around each bulkhead under 
an applied hydraulic gradient, and to determine the factors which most influence the 
rate of seepage or transport. 

The results from the TSX define achievable sealing performances for concrete and highly 
compacted bentonite bulkheads within an initially unfractured host rock. The advantage of 
conducting the experiment within the unfractured rock mass at the URL was in the ability to 
readily distinguish flow through the EDZ from that which flows through the intact rock. This 
allowed characterization of the performance of the seal in cutting off flow through the EDZ. 
Information gained from this experiment can be used to set performance criteria for seals for 
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safety assessment analyses of repositories. The product of the experiment was requisite 
information for the design and construction of repository sealing systems. 

The design and construction of the experiment, which includes not only the construction of 
the clay and concrete bulkheads but also the excavation of the tunnel, had an equal 
importance in meeting experiment objectives as the measurement of seepage past the 
bulkhead or the responses from instrumentation. A large portion of this report is dedicated 
to describing experiment design and construction. 

1.4 DESIGN PHILOSOPHY A N D THE DESIGN PROCESS 

The design philosophy adhered to throughout construction and operation of the TSX was to 
select design alternatives that best met experiment objectives, with the primary objective 
being to construct practicable seals using available technology. The definition of the term 
practicable is capable of being put into practice (feasible) and capable of being used (usable). 
Therefore, the underlying experiment objective was to demonstrate the feasibility of 
constructing seals that could be used in a deep geological repository. Every design decision 
had to meet the criterion of not adversely affecting the integrity or sealing capability of the 
two bulkheads. 

The second objective was to evaluate the performance of the two bulkheads, and assess the 
factors that affect that performance. This objective has two facets as a design criterion: 1) to 
keep seal designs sufficiently simple that performance can be evaluated; and 2) to install 
instrumentation, collect measurements and operate the experiment to best quantify the 
performance factors in the experiment. 

Fundamental design simplifications in the TSX included: locating the experiment in a volume 
of unfractured rock as opposed to a moderately fractured rock environment; and using only 
one seal material in each bulkhead as opposed to construction of composite seals. Locating 
the seals in a region devoid of natural fractures resulted in background seepage rates through 
the undisturbed host rock that were small in comparison with seepage past the bulkhead. 
This facilitated a better assessment of bulkhead performance. The construction of 
single-material bulkheads facilitated the characterization of sealing performance of each 
material. By minimizing the influence of the host rock and by simplifying the seal designs, 
the results of the experiment are more universally applicable to the various international 
programs. 

The overall seal performance was defined as the seal's ability to minimize transport of solutes. 
Factors that were seen to affect performance included, but were not limited to, hydration of 
the clay bulkhead, cracking in the concrete and rock, stresses induced in or around the 
bulkheads, and differential displacements along interfaces. Design decisions could not affect 
the ability to measure performance, and in particular, could not affect the collection of total 
seepage past either bulkhead. Tracer sampling points were included and instrumentation was 
installed to make it possible to analyse the solute transport results from a tracer test. 
However, the selection and location of instrumentation, and the routing of instrumentation 
leads, were not allowed to compromise sealing performance. 
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Numerical tools were used in design wherever possible. Calculations of rock damage, clay 
bulkhead hydration, clay bulkhead displacements, concrete strains, and interface 
displacements were used in the design of excavation damage zone cut-offs, instrumentation 
selection and location, operation protocol (rate of pressurization), and concrete-rock interface 
grouting strategy. Although the numerical tools were useful in the design process, 
recommendations arising from modelling activities were not always incorporated into the 
designs. The selection of design alternatives considered the conclusions from modelling in 
parallel with observed physical responses and the experience of the technical specialists. 

The final design of the experiment was developed following the principles of the 
Observational Method. For example, the size and shape of the test tunnel were dependent 
upon observations of rock damage during access tunnel construction. The size, location and 
shape of the bulkheads relied on observations made following the excavation of the test 
tunnel. Observations from trial placements of concrete, clay blocks and grout were used to 
design the construction method for each bulkhead. Alternative design methods were tested 
prior to construction wherever possible. There was not one overall design report detailing all 
aspects of the experiment, but a series of reports outlining the design of each experiment 
component. These design reports included: 

• Conceptual design, 

• Rock engineering and excavation, 

• Acoustic emission monitoring, 

• Borehole drilling, 

• Shape and location of bulkhead keys, 

• Pressure system design and operation, 

• Clay bulkhead and steel restraint design, 

• Concrete bulkhead design, and 

• Sand-filled pressure chamber design. 

All the above noted design reports are unpublished documents prepared for use by 
experiment participants. Most of the content of these reports are reproduced in the following 
sections of this report. The staged approach to design resulted in design and construction 
tasks being conducted in parallel. For example, many clay bulkhead design elements were 
developed during excavation, and concrete bulkhead design occurred primarily during clay 
bulkhead construction. Employing this staged approach to design, as opposed to designing 
the entire experiment before excavation began, resulted in a more effective use of available 
technical resources. 

The following staged design activities were undertaken during the implementation of the 
TSX, more-or-less in the order listed: 
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Evaluation of the extent and nature of the Excavation Damage Zone (EDZ) 
surrounding the TSX tunnels excavated using drill and blast techniques. 

Assessment of the influence of tunnel shape and orientation from trial excavations 
constructed for access to the rock mass surrounding the TSX location. 

Numerical evaluation of the geometry and orientation of the test tunnel, and the 
geometry of the EDZ cut-off keys. 

Arrangement and selection of geomechanical and hydrogeological instrumentation 
installed in the rock prior to test tunnel excavation. 

Characterization of the hydraulic properties of intact and excavation damaged rock. 

Design of the instrumentation layout and development of installation procedures for 
those instruments installed in boreholes drilled from within the test tunnel or at the 
rock-bulkhead interface. 

Design of a system for monitoring the seepage around each bulkhead. 

Design of the structural resistance against axial displacement of the compacted clay 
bulkhead. 

Design of the pre-compacted clay block bulkhead, including material placement and 
compaction methodology, instrumentation locations, cable routing, and construction 
specifications. 

Design of bentonite grout injection into the EDZ around the clay bulkhead, including 
methodology and material specifications. 

Design of the sand-filled pressure chamber between the bulkheads including the pressure 
system itself, placement methodology for the granular fill, and instrumentation required 
for experiment operation. 

Design of the tracer test, including location of instrumentation and sampling points in 
the sand-filled pressure chamber. 

Design of the concrete bulkhead including the concrete mixing, delivery and placement 
methodology, instrumentation locations and cable routing, formwork, and construction 
specifications. 

Design of grout placement at the concrete bulkhead-rock interface. 

Design of experiment operation protocol including filling the pressure chamber with 
water, the rate of tunnel pressurization, definition of alarm conditions, responses to 
alarms, servo-control systems, and procedures for data collection and management. 
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to Accommodate Stress Field 

FIGURE 1.10: Conceptual Configuration of the Tunnel Sealing Experiment. 

1.5 CONCEPTUAL DESIGN 

The original conceptual configuration of the TSX is illustrated in Figure 1.10. The final 
design of the experiment is illustrated in Figure 1.11. The concept of the TSX was to 
construct two bulkheads on either side of a sand-filled pressure chamber in a single 
excavation. One bulkhead was to be constructed of highly compacted bentonite-based 
material. The volume expansion of the bentonite in this bulkhead would be confined on one 
side by the sand in the pressure chamber, and on the other by a structural restraint bearing 
on the rock. The second bulkhead would be constructed of concrete. The excavation 
dimensions would be representative of full-scale excavations in a repository. Experience at the 
URL indicated that fracturing around the excavations would be induced by redistribution 
and concentration of the in situ stresses. This EDZ was expected to provide a hydraulic 
pathway around the bulkheads if left untreated. Therefore, the conceptual design of the 
concrete and clay bulkheads included an excavated key into the rock to cut off flow through 
the EDZ. The pressurization system installed in the pressure chamber between the bulkheads 
would be capable of supplying pressurized water at 4 MPa, which is equal to the ambient 
pore water pressure in the rock. As can be seen in Figure 1.11, all the conceptual design 
elements were incorporated in the final design. The evolution from conceptual to detailed 
designs is described in the various sections on the design and construction of each element of 
the experiment. 

The conceptual design of the experiment also included a second phase of experiment 
operation. The second phase would include heating of the water in the pressure chamber to 
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FIGURE 1.11: Final Design of the Tunnel Sealing Experiment. 

assess the influence of elevated temperature on bulkhead seal performance. The original 
concepts of the experiment suggest an operating temperature of 85°C, however, the operating 
temperature will be defined by the results of pre-test numerical modelling. The thermal phase 
of the TSX is not described in this report. However, the thermal phase imposed a conceptual 
requirement on the all phases of the experiment that the instrumentation and pressure supply 
system would potentially operate at temperatures of up to 85°C. The water supply system 
needed to be designed in a manner that allowed it to be readily modified to include water 
heating elements and circulation pumps. A concise summary of the conceptual design criteria 
for the TSX is itemized in Table 1.1. 
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TABLE 1.1 

SUMMARY OF CONCEPTUAL DESIGN CRITERIA 

DESCRIPTION CONCEPTUAL DESIGN CRITERIA 

Overall objective • Determine the performance of well-constructed concrete and 
clay bulkheads. 

1. Test tunnel • Minimize the potential for the formation of a breakout notch 
and the associated zone of highly fractured rock. 

• Minimize blast-induced fracturing through use of controlled 
blasting. 

• Monitor rock damage during tunnel excavation and bulkhead 
key construction using an acoustic emission/microseismic 
(AE/MS) system. 

2. Bulkhead keys • Interrupt the EDZ, with consideration given to the potential 
for the creation of a damaged zone around the key itself. 

• Eliminate blast-induced fracturing using mechanical 
excavation. 

• Facilitate construction of the concrete and clay bulkheads 
through geometric design (i.e., the design geometry is differ
ent for each bulkhead). 

3. Hydrogeology • Monitor near- and far-field pore pressures using borehole 
packers. 

• Monitor axial and radial hydraulic gradients in the vicinity 
of the bulkheads using packer strings and piezometers. 

• Determine transport properties near the bulkhead seals using 
a conservative tracer. 

4. Clay bulkhead • Minimize seepage through and around the bulkhead. 
• Provide uniformity of placement density and water content. 
• Ease of placement of clay material. 
• Minimize fluid movement through careful design of the 

bulkhead-to-rock interface. 
• Measure advance of the wetting front, and the thermo-hydro-

mechanical interactions using instrumentation. 
• Minimize the potential for damage to instruments and leads 

during construction. 
• Potential pathways for axial water flow to be avoided along 

instruments and leads. 
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TABLE: 1.1 

5. Clay bulkhead restraint • Restrain the combined pressure exerted by the swelling ben
tonite (1 MPa) and the hydraulic pressure (4 MPa ) with min
imal displacements. 

• Extrusion of swelling bentonite around the outer extremes 
was not allowed. 

• Allow the bulkhead outer surface to act as a zero hydraulic 
pressure boundary, and facilitate the collection of seepage. 

• Allow the measurement of total stress acting against the re
straint and to collect the leads from all instruments within 
the clay bulkhead. 

• Facilitate clay sampling without removal after completion of 
the ambient temperature phase of the TSX, and allow re
moval after completion of the experiment with no disturbance 
to the clay bulkhead. 

6. Granular fill material • Sufficiently high permeability to allow near-uniform hydraulic 
pressures throughout the tunnel. 

• Sufficient density to provide axial restraint against swelling 
of the bentonite in the clay bulkhead. 

• Inhibit extrusion of bentonite into the sand adjacent to the 
clay bulkhead through selection of material composition. 

• Select instrumentation to monitor hydraulic pressures and 
temperatures. 

7. Pressure system • Water supply rate to achieve at least 1 L/min at 4 MPa 
pressure. 

• Available water system to supply up to 2000 L/d with only 
remote potential for interrupted supply. 

• Injection/withdrawal system to facilitate uniform pressures, 
bleeding of air during filling, and injection of tracer. 

• a Backup water supply tank and pressurization system for 
possible system failure. 

8. Concrete bulkhead • Minimize seepage through and around the bulkhead. 
• Select placement methodology to facilitate sealing of 

concrete-to-rock interface, with particular attention given to 
placement of concrete at the top of the bulkhead. 

SUMMARY OF CONCEPTUAL DESIGN CRITERIA (cont.) 
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TABLE: 1.1 

8. (continued) • Facilitate installation of instruments and leads without in
creasing the potential for axial seepage. 

• Select instrumentation to measure concrete strains, temper
ature and stress at the concrete-to-rock interface. 

9. Grouting • Decrease the axial seepage along the concrete-rock inter
face by the pressure grouting a cement-based grout into the 
interface. 

• Reduce permeability of damaged rock near the clay bulk
head by injection of bentonite-based grout into the excava
tion damaged rock around the clay bulkhead. 

• No interface grouting for the clay bulkhead. 
10. Thermal phase • The water supply system required to supply heated water into 

the test chamber, to continuously circulate the water through 
the test chamber, and to provide a steady water temperature 
of up to 85°C. 

• The water injection/withdrawal system to provide uniform 
temperatures throughout the test chamber. 

• Temperature to be measured throughout the experiment. 
• Rock damage monitored during heating using an AE/MS 

system. 
• Bulkhead keys and concrete bulkhead to be stable under ther

mal loading. 
• Packer strings and instrumentation to be operable at elevated 

temperatures. 

1.6 EXPERIMENT SCHEDULE 

Figure 1.12 is a simplified schedule of activities in the experiment. The open boxes represent 
the schedule anticipated during the conceptual design phase; the filled boxes represent the 
actual time required for each stage of the experiment. 

The construction of the experiment began with drilling and excavation activities in 1996 
October and was completed with pouring of the concrete bulkhead in 1998 September. The 
original schedule estimated completion of experiment construction by the end of 1997. 
Although some activities took longer than expected, there was no one activity that could be 
identified as being responsible for the delay. In some instances the plan was to conduct two 
activities simultaneously in the test tunnel, whereas space and access considerations made it 
only possible to conduct the activities sequentially. One source of delay was beyond the 
control of the experiment team. An ice storm in the province of Quebec shut down operations 

SUMMARY OF CONCEPTUAL DESIGN CRITERIA (concl.) 
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FIGURE 1.12: Simplified Tunnel Sealing Experiment Schedule as of 2001 March 

at the steel fabrication plant supplying the 2000 bolts for the clay bulkhead steel restraint. 
Construction of the clay bulkhead was deferred for several weeks while an alternative source 
for the bolts was found. A commentary of the time required for each construction activity is 
provided in the sections describing experiment construction. 

1.7 EXPERIMENT M A N A G E M E N T 

A multidisciplinary team of engineers, scientists and technologists performed the TSX. An 
Experiment Manager with input and advice from AECL, JNC, A N D R A and W I P P technical 
specialists directed TSX activities. The TSX experiment management framework is 
illustrated in Figure 1.13. 

The responsibilities of the Experiment Manager included: 

• Managing the planning, design, implementation and reporting of the experiment, 

• Managing the financial aspects of the experiment, 
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• Ensuring proper integration of the TSX with other experimental activities at the URL, 

• Specifying, developing, and implementing appropriate quality assurance for the 
experiment, and 

• Providing the status and technical progress reports. 

The experiment organization was originally partitioned into five areas of technical 
responsibility: concrete technology, bentonite technology, grout technology, hydrogeology, and 
rock mechanics. A specialist in each field assumed the responsibility for the technical 
direction and design details of that particular aspect of the experiment. This included 
development of methodologies for construction, selection of instrumentation, preparation of 
design reports, analysis and interpretation of data, and reporting of the results. Technical 
activities supporting the TSX tracer test were later added as a sixth area of responsibility. 

Two committees provided oversight of the overall planning of the TSX: the Experiment 
Committee and the Steering Committee. The Tunnel Sealing Experiment Committee was 
comprised of the Experiment Manager, the six technical specialists, a Design Coordinator, 
external technical peer reviewers, and representatives from the participating organizations 
(Figure 1.13). Additional participants in Experiment Committee meetings were invited at the 
discretion of the Experiment Manager who chaired the meetings. The responsibility of the 
Experiment Committee was to review the technical progress of the experiment and to provide 
advise with respect to technical direction. The Experiment Committee was not the decision 
making body. 

The TSX Steering Committee made decisions regarding the fundamental direction or changes 
to experiment scope. The Steering Committee was responsible for accepting the experiment 
designs as proposed by the six technical specialists. The steering committee included the 
Experiment Manager and a designated representative from each of the other three 
participating organizations (JNC, A N D R A and W I P P ) . An International Coordinator, whose 
role was to obtain a consensus among participants on all design and operational issues, 
chaired the meetings. The Experiment Committee and Steering Committee both met 
approximately semi-annually to review experiment progress and plan the activities for the 
following months. The following is a list of the Experiment Committee meetings and the 
dates held: 

1. 1995 July 26 

2. 1996 April 9 & 10 

3. 1996 September 12 & 13 

4. 1997 June 25 & 26 

5. 1997 December 2 & 3 

6. 1998 July 20 & 21 

7. 1999 April 21 & 22 
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8. 1999 October 20 & 21 

9. 2000 September 12 & 13 

10. 2001 April 3 & 4 

TSX Steering Committee Meetings were held immediately following the last seven experiment 
committee meetings in the above list. 

The TSX was integrated within the experimental program at the URL, and utilized the URL 
infrastructure. As illustrated in Figure 1.13, a Design Coordinator facilitated the integration 
of TSX activities with other URL activities. Support for the experiment was provided by a 
staff of qualified technologists, by the managers of surface and underground facilities at the 
URL, by data management personnel, and by administration/quality assurance personnel. 
The TSX also required one person to be dedicated to the management of instrumentation 
procurement, calibration, pressure testing, sealing, labelling, installation, and data 
management. 

Experiment Manager (AECL) 

International Coordinator 

Representatives from 
Participating Organizations 

JNC 
WIPP 
Andra 

TSX Steering Committee 

External Peer Reviewers 
Dr. C. Fairhurst 
Dr. Y. Ishijima 

Design Coordinator 

Technical Specialists 
Rock Mechanics 

Hydrogeology 
Tracer Testing 

Clay Technology 
Concrete Technology 
Grouting Technology 

Tunnel Sealing Experiment Committee 

External Consultants 
-AE/MS 
- Engineering design support 

(Concrete bulkhead, steel 
restraint, pressure system) 

URL Facilities 
- surface facilities manager 
- underground facilities manager 
- technical staff 
- data management 
- instrumentation 

FIGURE 1.13: Management Structure for the TSX. 
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1.7.1 Quality Assurance 

The Tunnel Sealing Experiment complied with the general requirements of AECL's Waste 
Technology Division Quality Assurance (QA ) Program. It was the specific responsibility of 
the technical specialists for each of the main technical disciplines to ensure that QA 
requirements were achieved for activities within their area of responsibility. Oversight of the 
QA of the TSX was the responsibility of the Design Coordinator. Working procedures were 
followed for all experiment activities, and checklists and related quality records were filed in 
the URL project registry. Many procedures had to be updated or modified to reflect the 
specific requirements of the TSX, and several procedures unique to the experiment were 
developed and added to the URL Procedures Manual. 

The TSX involved the excavation of 160 m of tunnels for both access to the volume of rock 
surrounding the experiment and the test tunnel itself. Approximately 2200 m 3 of rock were 
excavated using drill-and-blast technology. An additional 71 m 3 were mechanically excavated 
from one trial key, and from the clay and concrete bulkhead keys. Excavation took place 
24 hours per day over 156 days. Excavation design and construction is described in the 
following section. 

2.1.1 Rock Engineering Objectives 

The primary role of the rock engineering component of the TSX was to develop excavations 
with near-field conditions that support the overall sealing objectives of the experiment. The 
goal is to achieve a stable test chamber with excavation damage representative of potential 
conditions expected in repository rooms. There are also rock engineering sub-objectives 
related to broader issues associated with repository design addressed by this experiment. 

These sub-objectives are: 

• To investigate the effects of tunnel geometry, orientation and excavation method on 
rock strength, failure mechanisms and damage zone development. 

• To enhance knowledge and understanding of the nature of the excavation damaged zone 
(EDZ) in granite, including the relationship between excavation damage and hydraulic 
properties. 

• To investigate the effectiveness of cut-off keys in bulkhead design. 

• To assess numerical modelling capabilities. 

2. CONSTRUCTION OF PRACT ICABLE BULKHEADS 

2.1 EXCAVATION 
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2.1.2 Location, Alignment and Geometry of Tunnels 

The main excavation of the TSX was the central test chamber in which the sealing operations 
will be conducted. Additional excavations were required to provide access to both ends of the 
test chamber and to allow drilling of instrumentation boreholes for hydrogeological 
monitoring and monitoring of acoustic emissions and microseismicity. The size, shape and 
orientation of the test chamber and access galleries, and their relative spacing, affected the 
near-field conditions around the test chamber. 

The arrangement of excavations at the 420 Level is shown in 2.1. In this layout, there are 
several excavations on three different levels, constructed to access the volume of rock selected 
for the Tunnel Sealing Experiment. 

2.1.2.1 Influence of in situ Stress and Tunnel Geometry 

There were two series of excavations. The first series involved the excavation of Rooms 418, 
417 and 421 on the upper, middle and lower levels respectively. These tunnels were excavated 
1995 November to 1996 May with the purpose of assessing the influence of excavation 
geometry on tunnel stability. The second series of tunnel excavation involved the excavation 
of Rooms 423, 424, 419 and the test tunnel itself (Room 425). This second series, excavated 
1996 November to 1997 March, provided direct access to the TSX volume of rock and 
information for refinement of the test tunnel design. 

F IGURE 2.1: Arrangement of the TSX Tunnels on the 420 Level of the URL. 
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FIGURE 2.2: Tunnel Profiles Used in the Excavation Stability Study and the Maximum Com
pressive Stress on the Boundary for Each Shape. 

The first series of excavations had two experimental purposes, first to provide improved 
access to the TSX area and second, to provide a detailed study of the effect of geology and 
excavation geometry on excavation stability. A series of nine different shaped cross-sections 
(Figure 2.2) were excavated through granite and granodiorite in roughly the same alignment 
relative to the in situ stresses. Ovaloid and circular shapes were excavated based on the 
results of preliminary calculations. For the ovaloid shapes, several different aspect ratios were 
used to determine the limiting cases for the development of progressive failure (Martin and 
Chandler f994). Based on these studies, it was recommended that the test tunnel geometry 
be designed such that the maximum compressive stress on the periphery of the excavation be 
less than 120 MPa, the lower limit of stress corresponding to the initiation of progressive 
failure in some tunnels. 

This series of excavations was referred to as the Excavation Stability Study and is described 
in detail by Read and Chandler (1996, 1997) and Read et al. (1998a, 1998b). The Excavation 
Stability Study was funded by Ontario Hydro (now Ontario Power Generation) as part of the 
Canadian Used Fuel Disposal Technology Program. There are many technical and 
non-technical considerations in designing the arrangement of excavations, however, the in situ 
stress state is the most important for rock at the URL, where there are few fractures. The in 
situ stress tensor at the 420 Level has been determined to a high degree of certainty through 
back analyses of measurements from the Mine-by Experiment (Read and Martin 1996). These 
analyses provide the best estimate of principal stress magnitudes and orientations (given as 
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trend/plunge) : 

«ri = 60±3 MPa (145°/11°), 

cr2 = 45±4 MPa (054°/08°), and 

cr3 = 11±2 MPa (290°/77°). 

o~i, (72, and 0 3 are the maximum, intermediate and minimum principal in situ stresses 
respectively. 

The near-field stress conditions around an underground opening depend on the shape and 
orientation of the tunnel relative to the in situ principal stresses. The high in situ stresses 
and highly anisotropic stress ratios at the 420 Level create compressive stress concentrations 
in the roof and floor areas of the tunnel periphery which can result in the development of an 
excavation damaged zone (EDZ) and, if the in situ strength of the rock mass is exceeded, in 
tunnel instability. The development of tensile stresses in the wall of the tunnel can likewise 
result in radial tensile cracking and extensional damage. Aligning the tunnel parallel with the 
maximum principal stress direction, and adjusting the aspect ratio of the opening to 
accommodate the in situ stress conditions reduced the severity of these stress concentrations. 

The relative size and spacing of multiple openings can also affect the near-field stress 
conditions. The minimum height of an opening is dictated mainly by clearance requirements 
for construction equipment. The aspect ratio of the room (i.e., ratio of width to height) 
affects the stability of the tunnel periphery, which then dictates the type and amount of 
support required. The volume of excavation, in turn, influences both the construction 
schedule and associated construction costs. Therefore, there is a trade-off between larger 
aspect ratios to improve tunnel stability, and smaller aspect ratios to reduce excavation 
volume and overall cost. Accordingly, the height of access excavations was minimized and 
openings were spaced at least five tunnel diameters apart wall-to-wall to minimize the 
interaction of stress concentrations around adjacent rooms. Roof areas of the access tunnel 
were screened for safety, and a new refuge station was constructed near the start of the access 
to the experiment area at the 420 Level. 

2.1.2.2 Numerical Models as Design Tools 

The rock mass response to excavation on the 420 Level of the URL is consistent with the 
calculated behaviour of a linear-elastic solid. Read (1994) notes that stresses and 
displacements around the Mine-by tunnel were modelled using three-dimensional linear elastic 
solutions. However, these models were only valid for portions of the tunnel where breakout 
notches did not form. In the design of the Excavation Stability Study Read and Chandler 
(1996) modelled the various tunnel cross-sections using two dimensional, linear elastic closed 
form solutions. The stresses in the rock on the periphery of elliptical and ovaloid excavations 
were calculated using the analytical solutions of Greenspan (1944). The solution was used as 
design tool for excavations in that study. The maximum compressive stresses on the various 
tunnel perimeters calculated using the Greenspan solution are provided in Figure 2.2. 
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The design criterion for these excavations was that the granite was expected to be stable (no 
notch formation) if the maximum compressive stress was less than the long-term in situ 
strength. The long-term strength of granite was estimated to be 120 MPa, with granodiorite 
being slightly stronger at 150 MPa. Observations from the Excavation Stability Study, for the 
most part, supported the use of these design criteria at the URL. Read et al. (1998) note that 
an examination of the three-dimensional effects at the face of an advancing excavation should 
ideally be part of a stability analysis. However, due to complexity of geometries and the 
higher requirement for computing power, three-dimensional numerical modelling of excavation 
advance is not always feasible and two-dimensional models must be relied upon. The 
maximum stress criterion of 120 MPa for granite was intended not to simply represent the in 
situ strength of granite but to also account for potential three-dimensional near-face effects. 

The design of the shape of the TSX test tunnel was selected based on a similar maximum 
stress design criterion. In addition, tensile stresses in the sidewalks were avoided as a design 
criterion. The tensile strength of Lac du Bonnet granite based on laboratory Brazilian test is 
approximately 6 MPa. It was apparent from the analysis of stress versus strain in samples 
under tension, that tensile microcracking initiates at tensile stresses less than the tensile 
strength. This cracking could enhance the permeability in the walls of the tunnel. A tensile 
stress design criterion of 2 MPa (one-third the tensile strength) was selected as limit for 
tensile stress the wall of the tunnel. The solution for tangential stress (at) around the 
perimeter of an elliptical excavation in an elastic solid is as follows: 

_ 2ab(Pl + p 2) + (px - p2)[(a2 - b2) cos 2/3 - (a + b)2 cos 2(/3 - n)} 
a2 -\-b2 — (a2 — b2) cos 2t] 

where p\ and P2 are the minimum and maximum in situ stress in the plane perpendicular to 
the tunnel axis with p\ acting at an angle j3 with respect to the horizontal plane. The values 
of a and b are the half-width and half-height of the tunnel respectively and 77 is an angle 
between 0 and 2tt representing position on the surface of the ellipse. The three principal 
stresses in the rockmass were contoured in Section 2.1.2.1. The alignment of the tunnel axis 
is almost parallel to the direction of the maximum principal stresses, however, if p\ and P2 are 
corrected for a rotation of 11° the stresses in the plane perpendicular to the tunnel are 
defined by the following parameters: 

pi = 12.8 ± 2 MPa, P2 = 45 ± 4 MPa, and (3 = 8°. 

A tunnel having a horizontal to vertical aspect ratio of 1.25 would be represented by a = 1.25 
and b =1 . The stresses around the perimeter of the tunnel are illustrated in Figure 2.3. 
Under these stress conditions, the maximum compressive stress around the TSX tunnel is 
105 MPa, while the minimum stress is -0.5 MPa (tension). 

If we consider the extreme condition where p\ = 11 MPa and P2 = 49 MPa (the lowest 
probable value for p\ and the highest value for P2), the maximum compressive stress 
anywhere around the tunnel is 117 MPa. The tension in the sidewalls is very sensitive to the 
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FIGURE 2.3: Tangential Stresses Around the Circumference of the TSX Tunnel as a Function 
of Angle r\. 

magnitude of stress p\ and under the extreme conditions the calculated tensile stress in the 
sidewalks would be increased to 10 MPa. The compressive stress criterion was satisfied by 
both mean and extreme in situ stress conditions. However, the tensile stress criterion was 
satisfied by only the mean estimate of in situ stress conditions. To reduce the tensile stress to 
less than 2 MPa under these extreme conditions, the width of the tunnel would have to be 
increased from 4.4 m to 6.0 m. Attempting to increase the aspect ratio of the tunnel to meet 
the tensile stress criterion under extreme in situ stress conditions would result in almost 
double the excavated volume in return for little apparent benefit. It was the judgment of the 
experiment team that an aspect ratio of 1.25 satisfied the design criteria under the mean 
estimate of in situ stresses. 

The stresses further into the rock surrounding the TSX tunnel were modelled using linear 
elastic continuum analysis software. Two software packages were used: FLAC* and 
Examine 2 Z )L The stress analysis using FLAC is reported by Martino (2000). Examine 2 1 5 is a 
boundary element stress analysis program in two-dimensions and the calculated stresses 
surrounding the TSX test tunnel are illustrated in Figure 2.4. 

2.1.2.3 Geology and Experiment Location 

The volume of rock selected for use in the tunnel sealing experiment was to the southwest of 
excavations constructed for the Mine-by Experiment. Information on geology was 
extrapolated from information collected from surface mapping of the excavations and from 
boreholes drilled into this volume of rock. A map of the approximate geology, the location of 

*Fast Lagrangian Analysis of Continua, Version 3.3, Finite difference software code commercially available 
from Itasca Consulting Group, 708 S. 3rd St., Suite 310, Minneapolis, MN, USA 

tAvailable from RocScience Inc., 31 Balsam Ave, Tononto, ON, Canada 
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FIGURE 2.4: Near-Field Stress Contours in the Vertical Plane Perpendicular to the TSX Test 
Tunnel (MPa) : a) Maximum Two-Dimensional Stress (P ) , b) Minimum Two-
Dimensional Stress (Q) , and c) the Two-Dimensional Stress Difference (P-Q) . 
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FIGURE 2.5: Approximate Distribution of Granite and Granodiorite in the TSX Volume. 

the boreholes, and the planned TSX tunnel excavations is provided in Figure 2.5. 

The granite on the 420 Level is predominantly a medium-grained gneissic granite with up to 
10% biotite and trace magnetite. This medium-grained granite is grey in colour and relatively 
homogeneous, but has a small-scale layering, or gneissosity, which gives it slightly anisotropic 
material properties. Included within the medium-grained grey granite is both leucocratic 
granite and xenoliths. The leucocratic granite is coarser-grained and has less than 5% mafic 
minerals. The large grain size gives this material a lower strength. The xenoliths are 
amphibolite or biotitic-feldspathic meta-volcanics. 

A granodiorite dyke swarm is the dominant lithology at the 420 Level. Within the 
granodiorite dyke swarm there are large inclusions of older gneissic grey granite (such as is 
shown between the granodiorite dykes depicted in Figure 2.5). The granodiorite has smaller 
grains than the granite, but these are of relatively uniform size. A higher mafic content gives 
it a darker colour. Pegmatite dykes tend to cross-cut the granodiorite dykes on the 420 Level. 
These are comparatively thin intrusions of quartzo-feldspathic minerals. 

Information from the Mine-by Experiment indicated that the granodiorite has a higher in situ 
strength than the grey granite and breakout notches that formed in the granodiorite were 
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generally smaller. Therefore, constructing the TSX bulkheads within granodiorite would have 
the potential for reducing stress-induced damage in the roof and floor of the tunnel, thus 
possibly increasing the effectiveness of the constructed seals. Everitt (2001), however, 
identified that the strength of the granodiorite is strongly anisotropic, and in some 
orientations it can be slightly weaker than that of the grey granite. Only six natural fractures 
were encountered on the 420 Level excavations, none of which was hydraulically active and all 
were small extent cooling fractures in the granodiorite dykes. Avoiding fractured rock for the 
experiment was not a consideration. Using geological information on rock type would be 
recommended for selection of seal locations in a repository and, in keeping with the objective 
of building the best practicable bulkheads, granodiorite was selected as optimum locations for 
seal construction. Based on both experience and mapping of tunnel walls, it was expected 
that it may not be possible to completely avoid the granite inclusions that exist within the 
granodiorite dykes. The final selection of tunnel location would consider information obtained 
from access tunnel construction, and would have the main objectives of (1) minimizing the 
amount of grey granite inclusions at each seal location and (2) having approximately the 
same geological characteristics at each of the two seal locations. 

2.1.2.4 Test Tunnel Location and Borehole URL-5 

Large-scale discontinuities, or open boreholes, in the experiment area could potentially alter 
the hydraulic properties of the region and affect the experimental results. Consequently, 
characterization of the experiment area, including detailed geological mapping and 
photography, was conducted in openings adjacent to the experiment area. No natural 
fractures were detected from TSX characterization activities. However, one borehole (URL-5) 
was drilled through volume of rock identified for the TSX experiment, as shown on 
Figure 2.5. This borehole was drilled from surface and contained a hydraulic packer system 
with Westbay casing in the upper 300 m. The lower portion of the borehole was open, and 
had the potential to intersect the planned tunnel location. The location of borehole URL-5 at 
the 420 Level was estimated from a borehole survey, but there was a large uncertainty 
associated with these results given the length of the borehole and some difficulty associated 
with the original survey of the collar orientation. 

The presence of URL-5 would not affect the boundary conditions of the experiment since the 
water pressure in the borehole would be the same as the water pressure in the rock. However 
the estimated accuracy of the Sperry-Sun borehole survey was 1%, which at 420 m depth 
translates into a potential error of 4 m. This potential error could have conceivably put the 
borehole very close to the experiment test tunnel. Therefore, it was important to locate 
URL-5 as it passed through the volume of rock surrounding the TSX. 

Radar surveys (Figure 2.6) were carried out in Rooms 418 above the experiment, and in 
Room 421 below, prior to excavation of the test tunnel (Figure 2.1 for tunnel locations). 
Radar surveys were believed to be effective in locating water-filled boreholes at the URL 
within a distance of about 7 m from the tunnel wall. The chemistry of the rock pore fluid 
attenuates the radar signal after this distance. Evidence of boreholes show up as diffraction 
hyperbolas on the radar surveys. The initial radar surveys identified two separate diffractors, 
one above the test tunnel and one below. The two diffractors lined-up approximately along 
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FIGURE 2.6: Photograph Showing the Radar Survey Conducted to Determine the Location 
of Borehole URL-5. 

the same trend and plunge as the Sperry Sun survey but approximately 7 m to the northeast 
of the surveyed location. This borehole location was very close to the design perimeter of the 
planned test tunnel at the clay bulkhead seal location. Based on the results of this survey the 
alignment of the tunnel was moved 7 m to the southwest. The option of moving the tunnel in 
the northeast direction was not selected because: (i) the distance of intact rock between the 
end of Room 415 and the clay bulkhead would have been reduced to about 15 m; and (ii) the 
rock mass though which the TSX test tunnel would be excavated was known to be weaker 
and more variable, with a greater potential for excavation instability and notch formation. 

Following excavation of the test tunnel (Room 425) and the upper access gallery (Room 419), 
the radar survey was conducted along the walls of both tunnels. No diffractors were identified 
adjacent to the test tunnel (Room 425) itself, however one was identified near Room 419, the 
room above the test tunnel. Extrapolation of the borehole from this diffractor suggested that 
the borehole passed only a metre away from the test tunnel wall. It was believed that this 
diffractor was an anomalous geologic feature and not URL-5 since the borehole was not 
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FIGURE 2.7: The Best Estimate for the Location of Borehole URL-5. 

evident in the Room 425 radar survey. The original radar survey which suggested that the 
borehole was approximately 4 m to the northeast of the tunnel was believed to be 
representative of the actual borehole location. 

To increase confidence in the borehole location, the collar survey for URL-5 was repeated. An 
error in calculation of the borehole alignment was identified and corrected, and the resulting 
surveyed location of the borehole was much closer to that from the results from the radar 
survey. Based on the recalculated Sperry-Sun survey, URL-5 was estimated to be 7 m away 
from the tunnel wall. Since the borehole was not identified from radar surveys conducted 
along the wall of Room 425, and since radar surveys are effective to within 7 m, it was 
concluded that URL-5 was at least 4 m, and probably more than 7 m from the wall of the 
TSX test tunnel. The conclusion from these surveys was that the location of URL-5 was not 
a consideration in the design of the bulkhead keys. The best estimate for the location of 
URL-5 is illustrated in Figure 2.7. 

2.1.2.5 The Use of Access Tunnel Excavation in Design Confirmation 

Three tunnels were constructed during the second series of excavations to provide access for 
the Tunnel Sealing Experiment. At the main level, Rooms 423 and 424 provide access to the 
TSX test tunnel (Room 425), and Room 419, at the upper level, provides drilling access for 
instrumentation installation (Figure 2.1). Rooms 423, 424 and 419 provides information for 
selection of the test tunnel geometry. In particular, Room 419 had the same shape and 
alignment as the test tunnel to permit an assessment of the damaged rock that would be 
expected. The nominal room shapes and dimensions are shown in Figure 2.8. All the tunnels 
were designed with a slight grade to facilitate drainage of drill-water. 
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Room 419 Room 423 Room 425 
TSX Test Tunnel 

Room 424 

FIGURE 2.8: Shape and Nominal Dimensions of the Main and Access Tunnels for the TSX. 

The room geometries were chosen to achieve specific near-field stress conditions. Room 423 
was a 3.5-m-diameter circular tunnel oriented parallel to the main test chamber. Based on 
the in situ stress tensor given in Section 2.1.2.1, the maximum compressive stress at the 
boundary of the opening was 122 MPa, and the minimum stress was -7 MPa (tension) in the 
sidewalks. Rooms 424 and 419 are 3 m high elliptical tunnels with aspect ratios of 2.25 and 
1.25 respectively. Room 424 is aligned orthogonal to the test chamber and approximately 
perpendicular to the maximum in situ stress. In this alignment, the large aspect ratio for the 
room was required to reduce the peak boundary stress to 115 MPa. The stress analysis 
indicated a small tensile region in the sidewalls of Room 424, with a calculated peak tensile 
stress of about -3 MPa. Room 419 is parallel to, and has the same aspect ratio as the test 
chamber. The calculated maximum and minimum tangential stress around this room was the 
same as calculated in the previous section for Room 425, 105 MPa and -0.5 MPa respectively. 

Two options were originally considered for the alignment of Room 425: 

• Parallel to the azimuth of the maximum principal stress ( 0 1 ) , and 

• Parallel to the azimuth of the intermediate principal stress (o^). 

The second option was nearly parallel to the Mine-by Experiment excavation. The rationale 
for considering this alignment was to have the database of information produced for the 
Mine-by Experiment (Read and Chandler 1996) available to the TSX for comparative 
analyses. A stable excavation in this alignment would have required the same aspect ratio as 
Room 424. Since drilling equipment required a clearance of 3.5 m, the width of the test 
tunnel, had it been in this alignment, would have been at least 7.9 m. Considering that the 
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seals were expected to be keyed into the rock a distance of at least 1 m, the width of the 
tunnel seal constructed in this alignment would have been nearly 10 m. The first option was 
more preferentially aligned with the in situ stresses on the 420 Level of the URL. This option 
was selected to minimize both the aspect ratio required to maintain tunnel stability, the 
volume of excavation and the volume of the tunnel seals. 

The smaller tunnel aspect ratio was also considered to be more applicable to tunnel designs 
anticipated by the various international partners. The high maximum to minimum stress 
ratio of 6:1 at the URL, the factor contributing to a large aspect ratio of the tunnel cross 
section, is not anticipated to be a factor in repository design in other international programs. 
Aligning the tunnel so that a stress ratio of approximately 4:1 acts in the plane perpendicular 
to the tunnel axis is more representative of anticipated conditions. Also, an aspect ratio of 
1.25 was considered small enough to allow some numerical analyses of experiment results to 
be conducted using the assumption of axisymmetry (i.e., assuming the tunnel is circular in 
cross-section). This would allow two-dimensional models to be applied in some cases, greatly 
simplifying software requirements and numerical effort. The designed nominal dimensions for 
the TSX test tunnel, therefore, were 3.5 m height by 4.38 m width. 

2.1.2.6 Interference from Adjacent Tunnels 

The hydrogeological conditions around the test tunnel were considered to be very important 
in the analysis of flow pathways around the two seals. Every excavation will have a region of 
influence surrounding it perturbing the hydrogeological conditions. Packer strings were to be 
installed in the rock surrounding both bulkheads to allow investigation of hydraulic gradients. 
One of the objectives of experiment design was to locate the test tunnel sufficiently far away 
from adjacent tunnels as to minimize the hydrogeological disturbance in the rock near the 
two seals. It was also deemed important to move the two seals sufficiently far apart that 
hydraulic perturbations caused by the seals themselves would not interfere with each other. 

A general rule for experiment design is to move the boundaries of the experiment five 
borehole diameters away from the test itself. This rule is often a simple matter to address in 
laboratory or borehole experiments. The TSX, however, had a nominal dimension of 4 m 
making it a requirement to move the seals 20 m away from each other, and from any adjacent 
excavations. The test tunnel, therefore, would have had to have been at least 60 m long 
which would considerably affect excavated volumes and costs. As a compromise, the design 
objectives for the experiment were to locate the axis of the test tunnel (Room 425) at least 
22 m away (20 m wall to wall distance) from the tunnels above, below and to either side of 
the tunnel, but to have the centre of the tunnel seals at least three tunnel diameters (12 m) 
from each other and from the two ends of the tunnel. Figure 2.9 illustrates the separation of 
the tunnel seals from the adjacent access tunnels and from each other. 

2.1.3 Instrument ation 

The instrumentation installed in the rockmass around the excavations is described in detail in 
Section 3.4.2. The objectives in instrumentation selection were that results could be used in 
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FIGURE 2.9: 12 m (red) and 22 m (blue) Radii Areas of Influence Considered in the Design 
of the TSX Tunnel: Vertical Cross-Section (left) and Plan View (right). 

the assessment of sealing performance of the bulkheads and surrounding rockmass. Three 
main parameters were monitored: microseismicity, pore pressure and temperature. 
Instrumentation was installed prior to tunnel excavation to monitor the influence of 
excavation on rock damage and pore pressure. 

Microseismicity is an indicator of rock damage. Regions of increased rock damage would be 
identified as potential pathways for flow around seals. A microseismic monitoring system was 
installed around the TSX volume of rock to capture microseismic events that occurred as a 
function of excavation, time-dependent stress-induced damage, bulkhead construction and 
experiment operation. In addition to the microseismic system, an acoustic emission 
monitoring system was installed around a portion of the clay bulkhead seal to continuously 
monitor smaller magnitude higher frequency events near the surface of the seal. The 
advantage of microseismic and acoustic emission monitoring over measurements of stress 
change and rock displacement is that the monitoring systems are installed to remotely 
monitor entire volumes of rock rather than conducting intrusive point measurements in 
boreholes. 

The pore pressure within the volume of rock surrounding the TSX defined the boundary 
conditions for the experiment. Measurements close to the seals provided information on 
hydraulic gradients, and hence seepage rates through the rock that surrounds each seals. Two 
planes of hydrogeological measurements were defined in the experiment: a vertical plane 
above the test tunnel; and a horizontal plane to the southwest of the test tunnel. Five 
boreholes were drilled into these planes of measurement, and the boreholes were fitted with 
borehole packers (borehole locations are illustrated later in Section /refsect:hydro). The 
isolated zones between the packers were allowed to come into equilibrium with the pore 
pressure in the rock surrounding the experiment. Pulse tests, which would perturb the local 
hydrogeology, were not conducted in these regions during experiment construction and initial 
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phases of experiment operation. The location of all other boreholes (for cable routing or 
water supply headers) were not drilled in the vicinity of the two planes identified for 
hydrogeological monitoring. 

Thermistors were installed in each of the boreholes drilled for microseismic monitoring. The 
measurement of temperature records any gradual warming or cooling of the rockmass as a 
result of proximity to excavations during the ambient temperature portion of the experiment. 
The thermistors were also considered to be important for monitoring rock temperature during 
any future heated phase of the experiment. 

2.1.4 Summary of Excavation Design Criteria 

The criteria considered in the design of the TSX excavations a summarized in Table 2.1. 
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TABLE 2.1 

SUMMARY OF DESIGN CRITERIA FOR TUNNEL EXCAVATION 

Criteria Excavation Design 

1. Minimize maximum 
compressive stress 

Maximum compressive stress around the tunnel was less 
than 115 MPa to reduce the potential for formation of 
a breakout notch and the associated zone of highly 
fractured rock. 

2. Minimize tension 
in sidewalls 

Tension in the sidewalls could result in increased 
permeability due to microcracks opening in extension, 
and in the extreme case tensile fracturing. Tension in 
the sidewalls was reduced to less than one-third the 
tensile strength or 2 MPa. 

3. Reduce blast-induced 
fracturing 

Blast-induced fracturing reduced through use of 
controlled blasting methods. 

4. Simplified analysis 
and construction 

To simplify the analysis of the experiment results an 
elliptical cross-section was selected. The analysis was 
further simplified by making the aspect ratio as close 
as possible to 1 (axisymmetry) given the stress design 
constraints (item 1 above). The construction was 
simplified by using horizontal and vertical axes for the 
elliptical cross-section (rather than inclining the 
axes parallel to the in situ stresses). 

5. Access tunnels Access tunnels were at least five tunnel diameters away 
from main tunnel. The cross-sections of the two access 
tunnels parallel with the main tunnel were selected as 
potential design shapes for main tunnel (i.e., circular 
and elliptical with a 1.25 aspect ratio). Selection of 
the elliptical test tunnel cross-section was based on 
observations of damage around access tunnels. 
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TABLE: 2.1 

SUMMARY OF DESIGN CRITERIA FOR TUNNEL EXCAVATION (cont.) 

Criteria Excavation Design 

6. Tunnel length A nominal minimum distance of three tunnel diameters 
(12 m) was maintained between the two bulkheads and 
between the bulkheads and adjacent access tunnels. A 
distance of three tunnel diameters was considered a 
compromise between optimum for experimental conditions 
(five tunnel diameters) and large excavated volume 
(excessive costs and tunnel backfill requirements). 

7. Instrumentation Instrumentation was selected to monitor or characterize 
the damage in the rock due to excavation. A microseismic 
system was installed to monitor microseismic events 
during excavation. Packer strings were also installed 
prior to excavation to monitor the effects of excavation 
on pore water pressure. 

8. Drilling and Drilling and construction equipment needed a minimum 
construction equipment head room of 3.5 m. 
access 

9. Minimize excavated Excavation time, experiment construction time, and 
volume hence costs, were reduced by reducing the excavated 

volume. Ventilation requirements were also reduced. 
10. Discontinuities, Rock mass volume selected for the experiment based 

geology, and upon stronger rock (smaller grain-sized granite or 
pre-existing boreholes granodiorite), the availability of characterization 

information, and the location of pre-existing boreholes. 
One vertical borehole (URL-5) was within the TSX rock 
volume. The tunnel location was selected to avoid URL-5 
by as much as possible within other design constraints. 
No fractures were identified; granite-granodiorite 
contacts were avoided to the extent possible. The final 
tunnel location was a compromise between avoiding 
contacts, having similar geology for both bulkheads, and 
avoiding URL-5. 

11. Safety Roof support was required to ensure safety. 
TSX excavations resulted in the requirement for a new 
refuge station on the 420 Level. 
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2.1.5 Summary of Tunnel Excavation 

The excavation blast-rounds for all tunnels were typically 3.5 to 3.8 m in length and were 
excavated using a careful full-face drill-and-blast technique. Most tunnels were excavated at a 
0.5% grade to allow drainage of the excavations. Rooms 418 and 421 were designed with a 
grade of 15.5%. Room 418 was excavated upwards and Room 421 downwards to increase the 
separation between these tunnels and the TSX test tunnel (Section 2.1.2.6). Each excavation 
round was surveyed, and detailed construction logs recorded the number and length of each 
borehole drilled into the face of the excavation round and the mass of explosives per borehole. 

The blast design for Room 425, the TSX test tunnel, is provided in Figure 2.10 and a 
photograph is shown in Figure 2.11. This blast design is typical for all excavations related to 
the TSX. The dimensions shown in this blast design are slightly smaller than the nominal 
dimensions of the tunnel (3.5 m high by 4.38 m wide). All the perimeter boreholes were 
angled outward. The end of the blast round was 300 mm higher and wider than the 
dimensions at the perimeter borehole collar location. This was required to provide enough 
room to set up the drill at the same perimeter borehole locations for the next blast round. 
The result was excavations with 150 mm steps at the end of each blast round, and average 
tunnel dimensions equal to the designed dimensions. 

A typical full-face excavation round incorporated a burn-cut with three 100-mm-diameter 
reamed relief boreholes. A varied number of 41-mm-diameter boreholes were drilled into the 
face of the excavation and loaded, or charged, with explosives. Five different types of 
explosives were used in one blast design. The production blastholes were pneumatically 
loaded with Amex II, an ammonium nitrate-fuel oil mixture (AN/FO) primed with one 
cartridge of Power Primer, an ammonia gelatin dynamite. A ring of cushion blastholes was 
drilled 300 mm in from the designed excavation perimeter. The cushion blastholes were 
loaded with Lomex III, a blend of ammonium nitrate, emulsion explosive and polystyrene 
beads, and primed with two cartridges of Power Primer. The perimeter blastholes were 
loaded with Primaflex detonating chord with two cartridges of Power primer. A "birdie" plug 
was placed down the hole in front of the primer and another at the borehole collar, each 
stemmed with duct seal. Lifter blastholes, at the bottom of the tunnel and on the perimeter 
of the excavation, were charged with cartridges of Primer Power. 

A powder factor, the mass of explosives per excavated volume, was calculated for each blast 
round. The number of boreholes drilled was dependent upon the geometry of the excavation. 
In a controlled blasting arrangement, the outer ring of boreholes (perimeter boreholes) was, 
in general, more lightly charged than the next ring of boreholes (cushion boreholes). The 
production boreholes within the central region of the blast round were the most highly 
charged. This controlled blasting arrangement reduces the explosive energy imparted on the 
rock nearest the excavated opening, thus reducing the blast-induced damage to the rock. 

Upon completion of the blast, the total length of blasthole remnants, or half-barrels, 
remaining on the tunnel walls was measured. The total length of blasthole remnants divided 
by the total length of perimeter blastholes drilled, expressed as a percent, is an indicator of 
excavation quality. The half barrel percentage is affected by excavation geometry and in situ 
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CUT DESIGN # of holes LOADING 

200 300 

300 

3 0 
26 m 

16 o 
6 o 
20 o 

100 mm reamed hole 
A m e x II, collars of 250 mm for cut, 300 mm for easers 
and production (1 x 25 x 200 mm Power Primer) 
Lomex III, 400 mm collar (2 x 25 x 200 mm Power Primer) 
Power Primer (25 x 200 mm), tamped, 200 mm collar 
Prima-flex (2 x 25 x 200 mm Power Primer) 
400 mm double-over with a 300 mm collar 
2 x birdie plug and stemmed 
Type of Detonators: E X E L 

0.5 1.0 1.5 

1 : 40 

(metres) 

Drilling: Length 3.8 m Lookout 150 mm 

All blastholes are 41 mm diameter 
N O T E : cut to be flipped on alternate rounds 

FIGURE 2.10: Blast Design for Room 425; Numbers Represent Detonation Sequence. 
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FIGURE 2.11: Photograph Showing Blast Hole Locations for the TSX Excavations. 

stresses but provides a measure to compare similarly shaped blast rounds along the same 
tunnel alignment. The average half-barrel percentage for Room 425 was 67%. Owing to the 
high horizontal stresses on the 420 Level of the URL, it would not be possible to obtain a 
half-barrel percentage even close to 100%. The compressive stress concentrations would result 
in thin slabs (1 to 2 cm in thickness) of rock peeling off the roof and floor of the tunnel, 
regardless of whether the tunnel was excavated by drilling-and-blasting or by mechanical 
excavation. 

The rate of excavation advance when working on only one heading at three shifts per day was 
approximately 2.f m/d. However, Rooms 417, 418 and 421 were excavated simultaneously, 
with crews drilling in one heading, while removing waste rock from excavation ("muck") from 
another. This allowed an increase in excavation rate of advance to 3.6 m/d. The installation 
of rock bolts and screen was necessary throughout the excavations for safety. Although rock 
burst conditions did not exist, the potential for loose rock to fall from the roof was a serious 
safety hazard. Bolting wire screen to the tunnel roof to within one round length of the tunnel 
face was standard procedure. Mechanical rock bolts 0.6 m and 1.2 m in length were installed 
in the roof to support 9-gauge galvanized steel chain-link mesh. The bolts themselves were 
not installed to provide mechanical stability to the roof, but rather to support the wire mesh 
and accumulated loose rock. Regular scaling of loose rock was carried out by mining and 
inspection crews prior to, and during, work periods in the tunnel. Fresh air was supplied to 
the 420 Level by a surface downcast fan, capable of supplying a maximum of 11.5 m 3/s of air. 
Auxiliary fans were located on the 420 Level to provide ventilation to the TSX excavations. 
Ventilation was supplied to the face of the excavations through 762-mm-diameter metal 
ducting. 
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2.1.5.1 Quality Control 

AECL inspectors were present on all working shifts and monitored all aspects of excavation. 
Stringent drilling and blasting specifications, typical of all controlled blasting techniques used 
at the URL, were followed throughout the excavation. The technique includes careful 
perimeter blasthole alignment, adherence to blasthole loading design and detailed surveying 
of each round. Inspectors were required to fill out activity records for each shift, a checklist 
and approval form for loading of explosives, a procedure and checklist for conduct of the 
blast, and a blast evaluation form. All the completed forms are kept on record at the URL. 
Procedures for blast inspection and as-built excavation surveying are part of the formal set of 
work instructions on file at the URL. 

2.1.5.2 Excavation of Rooms 417, 418 and 421 

Tunnels accessing the volume of rock surrounding the TSX were excavated in two stages. The 
first stage included Rooms 417, 418 and 421. These tunnels were excavated using eight 
different tunnel cross-sections as illustrated in Figure 2.2. The three different rooms were on 
three different levels. By cycling through each excavation heading and by working three shifts 
per day it was possible to excavate one blast round per day. During the excavation of these 
rooms, boreholes were drilled into the tunnel walls to facilitate acoustic velocity 
measurements using a borehole micro-velocity probe ( M V P ) . Tunnel convergence was also 
measured at a number of locations. These measurements are described in full by Read et al. 
(1997). Excavation of these three tunnels began 1995 November 28, and was completed 1996 
April 9. Excavation details are provided in Table 2.2. For these three excavations, there were 
62 blast rounds, having a total excavated volume of 2813 m 3 over 203.4 m length of tunnel. 

2.1.5.3 Excavation of Rooms 419, 420, 423, 424 and 425 

As part of the construction of the TSX access tunnels, the original 420 Level refuge station 
was extended to become the main access to the TSX area (Room 417). As a result, the room 
could no longer be maintained for the purposes of emergency refuge. A short tunnel 
(Room 420) was excavated off the side of Room 417 to replace the original refuge station. 
This tunnel involved only 3 blast rounds (11 m of tunnel) for a 130 m 3 excavated volume. 

Room 423 was excavated during two excavation sequences. The first 12 blast rounds were 
excavated between 1996 April 8 and May 9. Between 1996 May and September, the size 
length and alignment of the TSX test tunnel were finalized, allowing the final design of access 
tunnels to also be completed. Room 423 was then extended to its full length of 51 m in five 
additional blast rounds excavated between 1996 November 19 and December 10. The access 
Rooms 419 and 424 were also excavated between 1996 October 10 and 1997 January 29. 
Room 419 required 10 blast rounds and had an excavated volume of 307 m 3 . Room 424 
required 14 blast rounds and had an excavated volume of 464 m 3 . The main test tunnel 
(Room 425) required 13 blasts to excavate the 40 m long tunnel. 
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TABLE 2.2 

EXCAVATION DETAILS FOR ROOMS ACCESSING THE TSX VOLUME OF ROCK 

Excavation Excavation Volume Cycle Time Length Cycle Time 
Time (h) m 3 m 3/8h day Excavated (m) m/8h day 

417* 1293 88.6 
418* 925 65 
419* 307 23 
420 120 130 8.67 10.9 0.73 
421* 595 54.12 
423 616 630 8.18 51.1 0.66 
424 464 535 9.22 27.2 0.47 
425 416 510 9.81 40.0 0.77 

Test key 400 14.8 0.30 
Clay key 592 31.2 0.42 

Concrete key 776 24.7 0.25 
Total 4996 360 

* time records were unavailable for Rooms 417, 418, 419 and 421. 

2.1.5.4 Geological Characterization of the Tunnel 

Axial distance in the TSX tunnel is measured in metres of "chainage" from the zero location 
at the intersection between Rooms 425 and 417. Chainage increases along the length of the 
tunnel in the south-east direction. The concrete bulkhead is between chaînages 11+50 (11 m 
and 50 cm) and 15+00. The clay bulkhead is between chaînages 26+40 and 29+00. 

Subtle changes in geology at the 420 Level can influence the susceptibility of the rock mass to 
excavation induced damage. The geology also affects the magnitude of the strength reduction 
from the high strengths measured in unconfined laboratory tests to the in situ strength. 
Granite at the depth of the 420 Level is generally coarsely crystalline with an inequigranular 
structure, whereas granodiorite is finely crystalline with an equigranular structure. The finer 
and more uniform crystal structure of granodiorite makes it less susceptible to damage 
development. From observations made on existing underground openings on the 420 Level of 
the URL, excavations in granite are stable at or below a peak boundary stress of 
approximately 120 MPa, while those in granodiorite can sustain boundary stresses 
approaching 150 MPa (Read and Chandler 1996). These values can be considered the lower 
bound for in situ strength for the respective lithologie units. 

The geotechnical properties of both granite and granodiorite have been estimated from an 
extensive series of laboratory tests on representative samples that contained little or no 
damage resulting from stress-relief (Read and Martin 1996). These tests showed that there is 
little difference in the elastic modulus of the two materials (65 GPa) and the uniaxial 
compressive strength of granodiorite (238 MPa) is only slightly greater than the uniaxial 
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compressive strength of granite (213 MPa) . The tensile strength of granodiorite is strongly 
anisotropic, however, the average tensile strength of samples of granodiorite (8.5 MPa ) is 
about 30% greater than the tensile strength of granite. 

Owing to its inequigranular structure and abundance of large feldspar crystals, the grey 
granite is expected to have a lower crack initiation stress than granodiorite. Based on in situ 
and laboratory data, the crack initiation threshold for granite was found to be 73 MPa while 
laboratory tests on granodiorite samples suggest a crack initiation threshold of about 
100 MPa. Consequently regions of granodiorite in situ would sustain less damage related to 
stress concentrations around and ahead of an excavation, and will also develop less 
pronounced break-outs (should they occur), than regions of granite under identical stress 
conditions. The same is true for the development of extensional damage in tensile regions. 

The geology encountered in the TSX tunnel is illustrated in Figure 2.12. Most of the tunnel 
is within the granodiorite dyke. The transition from granodiorite to grey granite cross-cuts 
the tunnel over the first three blast rounds adjacent to Room 417. The contact between the 
granite and granodiorite passed through a portion location used for the concrete bulkhead. A 
large grey granite inclusion is within the granodiorite dyke and is a prominent feature at the 
clay bulkhead location. A thin pegmatite dyke, 40 to 100 mm in thickness, runs subparallel 
to the axis of the tunnel at chainage 18+00 and higher. 

The main geological feature at the concrete bulkhead location was the contact between 
granite and granodiorite, however this was a tight contact and was not considered to have an 
affect on rock mass permeability. The grey granite inclusion was expected to affect the 
strength of the rock surrounding the clay bulkhead. Rock damage would be greater in the 
grey granite than the granodiorite and breakout notches had a greater potential to form in the 
roof and floor of the tunnel at the clay bulkhead location. The hydraulic characteristics of the 
pegmatite dyke were not well defined, however the pegmatite had similar grain size to that of 
the grey granite and was expected to have many similar properties. Since the pegmatite dyke 
extended across the length of the clay bulkhead, it was considered as feature that may affect 
the bulkhead's sealing performance, although this effect was expected to be minimal. 

2.2 INTERRUPT ING EXCAVATION DAMAGE W I T H BULKHEAD KEYS 

2.2.1 The Excavation Damaged Zone (EDZ) 

The EDZ is generally defined as the region of rock adjacent to an excavation, which has 
undergone irreversible changes to the basic properties of strength, deformation moduli or 
permeability. In brittle, crystalline rock, such as granite, these changes can only be brought 
about by cracking. The cracking could be microscopic, by inducing new microcracks or 
lengthening existing ones. In the other extreme, the damage may be in the form of new 
macroscopic fractures tens of centimetres in length, induced by stress redistribution or as an 
end result of blasting. 

If occurring in sufficient density, the microcracks will have an effect on the long-term strength 
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of the rock (Martin and Chandler 1994), however an even greater crack density is required to 
affect the rock's hydraulic properties. Microcracks will open under conditions of extensional 
strain in zones of either tension or reduced compression, but will tend to remain closed in 
zones of increased all around compression. Acoustic wave velocities are more greatly 
attenuated in the extension regions suggesting an increase in crack porosity. However, tension 
near underground openings can only occur when the in situ stress ratio is high, for example, 
greater than three for a circular tunnel. Even under conditions of high in situ stress ratios, 
such as that at the 420 Level of the URL, only a very small volume of rock near the 
excavated openings contains stresses which become tensile as a result of excavation. The 
volume of rock under conditions of reduced compression (extension) is only slightly larger. 
The porosity of the rock, and hence the volume of connected pathways, will not increase 
substantially as a result of microcrack growth in regions or tension of extension. Although 
the permeability in the regions of extension will increase the volume of rock in extension is 
small and is not expected to contribute greatly to increased hydraulic conduction. 

The macroscopic fractures (100's of mm in length) in the EDZ will be either stress-induced or 
excavation blast-induced. Stress-induced fractures generally take the form of thin slabs of 
rock spalling in zones of high compressive stresses (Figure 2.13). Experience from the Mine-by 
Experiment (Read and Martin 1996) has shown that these surface parallel fractures can create 
10 to 20 mm thick slabs overlying one another to a depth of 50 to 100 mm, and covering a 
surface area generally less than a square metre. Results from the Connected Permeability 
Experiment (Chandler et al. 1996) suggested that the connectivity between these fractures is 
limited. The greatest potential for a stress induced hydraulic pathway is the formation of a 
region having a high concentration of shear fractures over a small cross-sectional area 
(0.05 m 2 in the Mine-by tunnel). This zone of intense fracturing (also called a process zone) 
will only occur in the region of highest compressive stress concentration and is required for a 
break-out notch to form. Since the process zone will increase the hydraulic conductivity of 
the rock by several orders of magnitude, it is necessary to minimize the potential for a 
process zone to form through careful excavation design. The photographs in Figure 2.14 are 
from the Mine-by Experiment and illustrate the zone of highly fractured rock near the stable 
rock surface with no visible fracturing occurring at distances further away from the opening. 

Blast-induced fractures have not been studied to the same level of detail as the stress-induced 
fracturing surrounding the Mine-by tunnel. However, the length of blast induced fractures 
has been measured in a few locations at the URL and in the ZEDEX tunnel at Aspô, Sweden. 
The fractures are believed to be deeper and more pervasive in zones of tension or low 
compression, and some have been measured to extend to more than 0.5 m from the excavation 
boundary. In zones of high compression, blast-induced fractures either do not exist in the 
rock or will run somewhat parallel to the excavated rock surface, similar to stress induced 
fractures. Although blast-induced fractures are not likely to be interconnected, if they do 
form connected pathways around the bulkhead they would be difficult to seal effectively. 

2.2.2 The EDZ and Connected Permeability 

Results from connected permeability tests at the URL (Chandler et al. 1996) have shown 
that blast-induced or stress-induced damage in the near-field intact rock can provide 



FIGURE 2.14: The Face of the Mine-by Connected Permeability Experiment Observation Slot 
(left) and a Close-up View of the "Process" Zone at the Notch Tip (right). 
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pathways for the flow of water. Stress-induced damage is generally limited to depths of less 
than one-half metre from the stable tunnel profile, with the greatest component of fracturing 
occurring within the first 50 to 100 mm. These fractures are most common in the region of 
highest compressive stress (the roof and floor of tunnels at the URL ) . In the extreme case, a 
small, localized, zone (less than 0.1 m 2 in cross-sectional area) of intense fracturing could 
form as a result of stress redistribution and this zone could have a hydraulic conductivity up 
to 6 orders of magnitude greater than that for intact rock. 

A preliminary investigation of the number of blast-induced fractures observed on the walls of 
a few excavations at the URL concluded that visible blast-induced fracturing was more 
apparent where the stresses in the rock were tensile, or in very low compression. A small 
number of blast-induced fractures were over-cored to measure fracture length. The longest 
fracture trace was approximately 0.8 m, propagating radially outward from the excavation, 
however all the remaining fracture traces were less than 0.5 m. No tests have been conducted 
to assess the transmissivity of blast-induced fractures, however, hydraulic tests in the floors of 
excavations on the 240 Level measured increases of hydraulic conductivity up to three orders 
of magnitude within 0.5 m of the excavation surface. Beyond 0.5 m the measured hydraulic 
conductivities were similar to the conductivities measured for intact rock several metres away 
from an excavation. 

2.2.3 Key or No Key 

Results from the Mine-by Experiment (Read and Martin 1996), the Excavation Stability 
Study (Read et al. 1997) and connected permeability tests at the URL (Chandler et al. 1996) 
have shown that blast-induced or stress-induced damage in the near-field intact rock is 
generally limited to depths of less than 0.7 m from the stable tunnel profile. The greatest 
component of fracturing occurs within the first 50 to 100 mm in the high compressive stress 
region (i.e., the roof and floor of tunnels on the 420 Level of the URL ) . As noted above, stress 
redistribution can result in formation of a small zone of intense fracturing near the rock 
surface, with this zone having a very high hydraulic conductivity. 

The high ratio of horizontal to vertical in situ stresses at the URL generally produced a zone 
of tension in the rock near the walls of the excavations. Preliminary permeability 
measurements conducted prior to construction of the TSX indicated that regions of rock in 
tension have hydraulic conductivities increased by up to two orders of magnitude. 
Calculations using the stress information provided in Section 2.1.2.1 indicated that the 
cross-sectional area of the tensile region in the TSX is small (less than 0.1 m 2 ) . 

In designing the TSX, the anticipated maximum hydraulic gradient was of the order of 200. 
Assuming a highly fractured damage zone exists in the roof and floor of the tunnel, with each 
zone having a hydraulic conductivity of 1 0 - 7 m/s and a cross-sectional area of 0.1 m 2 , the 
resulting flow through the EDZ is calculated to be 240 mL/min. For comparison, the 
calculated flow through two tensile region in the wall of the excavation would be 
0.02 mL/min. This simple calculation suggested that measurable seepage through damaged 
rock was expected only where the rock was visibly fractured. The primary purpose for keying 
the bulkheads into the rock, therefore, was to interrupt any zone of visible excavation-induced 



- 56 -

fracturing. Keying bulkheads into zones of tension of low compression in the rock in order to 
interrupt pathways of slightly increased permeability due to microcracking was not a criterion 
for the design of the depth of keys in the TSX. 

A 1-m-deep excavation key would interrupt virtually all the stress-induced and blast-induced 
damaged rock zones around the TSX tunnel. However, potential difficulties in placing 
material (either concrete or clay blocks) tightly against the excavation surfaces and up to the 
top of the keyed excavation were recognized. It was also acknowledged that the process of 
excavating the key could create a new damaged rock zone outside of the key. All these issues 
considered, the following conclusions were drawn regarding the key or no key decision: 

• The no key approach had the potential for measurable flows of water through 
blast-induced fractures in the near-field rock. 

• Avoiding drill-and-blast excavation techniques in key construction would minimize new 
damage around keys. 

• Potential effects from rock-bulkhead interface flow paths at the top of the keys could be 
minimized through careful concrete and clay bulkhead design and construction. 

The consensus of TSX participants was to key both bulkheads into the rock a minimum 
depth of 1 m. The selected shape for the bulkhead keys was based on the results of numerical 
analyses and practical considerations, as discussed in the next section. 

2.2.4 Numerical Modelling as a Tool for Designing Excavation Cut-Offs. 

Considerable numerical modelling was conducted to evaluate the optimum shape for the two 
bulkhead keys. Three modelling groups conducted numerical analyses of the stresses in the 
rock surrounding an excavated key. These teams included personnel from AECL, 
Itasca-France and Golder Associates. Each team investigated only the potential for new 
fracture formation in the rock and used the shear-stress criterion defined in the Mine-by 
Experiment for the formation of microcracks (ci - 0 3 = 70 MPa) as a lower limit for EDZ 
formation. Various key shapes were analysed and these shapes usually included a combination 
of angled and vertical faces (examples are provided in Figure 2.15). Itasca-France 
investigated the potential for crack growth in the tensile region in detail, and Itasca-France 
and Golder Associates also examined possible effects due to heating in future phases of the 
experiment. Only the conclusions from each modelling effort are summarized here. 

• AECL. The most effective cut-off key based on the AECL modelling was a thin 
rectangular section (or slot). Since this shape is more difficult to excavate than a 
wedge-shaped key, a key having one vertical surface and one surface inclined at 45° was 
proposed as a compromise between practicality and performance. Increasing the depth 
of the key from 1 m to 1.5 m resulted in a more effective break between the damaged 
rock around the key and the damaged rock around the tunnel on the inclined surface of 
the key. The EDZ was defined by o\ - 0 3 = 70 MPa, and was interrupted over almost 
the entire area of the vertical face. The damage criterion is plotted as an isosurface in 
Figure 2.16. 
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• Itasca-France. Itasca-France concluded that interruption of the damaged zone is feasible 
using a key depth of f .5 m or more and with at least one of its sides having an angle 
between 45° and 50° from the tunnel axis. The model again used the criterion of 
°"i " °>3 = 70 MPa for rock damage and examined the influence of temperature. A 
vertical face on the key was not modelled but a face having an angle of 60° resulted in 
the tensile strength criterion of <r3 > -5 MPa being exceeded along the steeper face. 
Thermal stresses had negligible effects. 

• Golder Associates. Keys having a vertical face were the only shapes which interrupted 
the connected fracture system. The key should be located at the outer face of the 
concrete plug to minimize the effect of thermal stresses. The outer edge of the key 
should be angled to minimize shear stresses along the concrete-rock interface and to 
increase the normal stresses to between 0.2 and 1 MPa when the experiment is 
pressurized to 4 MPa. The angled surface also provided a good abutment for the 
concrete bulkhead and improved its mechanical integrity. The key design modelled had 
one 45° angled face and a vertical face. Thermal stresses were considered and the stress 
criterion for rock damage was a~\ - 0 3 = 70 MPa. 

Exceeding the stress difference criterion of o~\ - 0 3 = 70 MPa did not mean that connected 
damage would occur, but rather that some microcracks (millimetres to centimetres in length) 
would be expected. Continuous zones where the stress difference criterion is exceeded in the 
numerical models only indicated that microcracks should be expected to be prevalent 
throughout but not that these microcracks necessarily link to form continuous hydraulic 
pathways. These microcracks may result in reduced strength of the rock mass. However, 
before large-scale fracturing of the rock would occur, the compressive stresses would have to 
be much higher than the strength criterion for microcrack initiation. Although the usefulness 
of the stress difference criterion is unclear, a zone of compressive stress damage will not occur 
if o~ 1 - (73 does not exceed 70 MPa. 
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The dark surfaces represent the o~i — 0 3 = 70 MPa isosurface. 

AECL Modeling Results for a Key having One Angled (top) and One Vertical 
(bottom) Surface. 
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All three numerical models agree that a minimum slope of 45° for at least one side of the key 
is important for the interruption of the zone of damaged rock. Two of the modelling teams 
agreed that a vertical face in conjunction with sloping face would improve the effectiveness of 
the key. The third modelling team did not investigate the effect of a vertical face, although 
tensile fracturing was of concern in steeper faces. All the modelling teams recommended that 
the key depth should be at least 1.5 m for keys having an angled face. This requirement was 
effective in interrupting the continuity of shear-induced microcracking along the inclined face. 
Golder Associates recommended that an unkeyed section on the pressurized side of the 
bulkhead tended to reduce the effect of thermally-induced stresses in the thermal phase. 

The mode of crack growth in the rock depended upon the shape of the key. In the rock 
adjacent to the angled face, the mode of failure was shear, whereas tensile cracking was 
apparent near the vertical face of the key. The shear criterion tends to follow along the roof 
and floor, while the tensile criterion is exceeded in the tunnel walls. Therefore, a combination 
of a vertical face and an angled face would decrease the potential for continuous cracking by 
changing the mechanism and location of rock damage between the upstream (vertical) and 
downstream (inclined) portions of the key. 

2.2.5 Shape of The Concrete Bulkhead Key 

It was decided that best shape for each key would be different for the two different materials. 
Vertical faces on the keys were seen to be important for interrupting any zones of 
shear-induced microcracking that could lead to zones of damage in the rock. However, an 
inclined face of between 45° and 60° could interrupt the zone of tensile stresses and, if greater 
than 1.5 m in depth, still interrupt the zone of possible shear microcracking. An additional 
factor in the size of the bulkhead is the stability of the concrete bulkhead itself. To maximize 
rotational stability, the concrete bulkhead should be as least as long as it is high (i.e. the 
length should not be the minimum dimension). The Golder Associates model also showed 
that an angled downstream face is better able to transfer some of the load from the pressure 
chamber onto the rock. The resulting increase in normal stress on the angled surface resulted 
in a decrease in the potential for shear slippage along this concrete-rock interface. 

From a construction perspective, a key shape having a combination of one inclined and one 
vertical face was considered easier to excavate than a rectangular key. It was expected that 
once the perimeter boreholes were completed, the rock isolated by the two faces would fall 
out with minimal rock breaking required. The rectangular-shaped key was expected to 
require considerably more rock splitting to remove the rock from the key. Grouting the 
concrete-rock interface was another construction consideration. It was expected that the 
interface would require grouting in order to create an effective seal. During the design of the 
key shape it was considered more feasible to drill grout injection boreholes along the angled 
concrete-rock interface. The 45° downstream surface of the concrete bulkhead key, therefore, 
had an additional benefit from this construction perspective. 

Based on these considerations, the shape for the concrete bulkhead was established as 3.5 m 
in length, the same as the height of the test tunnel, with a 1.75 m long (one-half the total 
length) keyed section and a 1.75 m long unkeyed section. The key had one vertical face and 
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FIGURE 2.17: Shape of Concrete and Clay Bulkhead Keys. 
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FIGURE 2.18: Rounding-Off of the Corner of the Concrete Bulkhead. 

one face angled at 45° as shown in Figure 2.17. The sharp corner at the tip of the key was a 
potential location for stress concentrations within the rock and the concrete. This corner was 
to be "rounded" by slightly misaligning the sloping perimeter boreholes as shown in 
Figure 2.18. 

2.2.6 Shape of The Clay Bulkhead Key 

Construction issues for the clay bulkhead lead to different design requirements from those of 
the concrete bulkhead. Where the design requirements for the concrete bulkhead key were 
primarily based upon the minimization of damage in the rock, transfer of stress from the 
concrete seal to the rock, and the ability to effectively grout the concrete-rock interface, the 
clay bulkhead key design also considered practical aspects associated with pre-compacted 
block placement. The concrete bulkhead key design requirements led to the proposal for an 
inclined downstream surface combined with a vertical upstream surface, whereas a 1-m deep 
rectangular-shaped key was selected for the clay bulkhead key (Figure 2.17) based on the 
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following requirements: 

• Block placement. The difficulty in placing clay blocks on a curved 45° surface made the 
inclined surface impractical for the clay bulkhead from a construction point of view. 
Placing rectangular blocks on such a surface would have resulted in a greater potential 
for voids in the block construction and would have required a larger volume of low 
density pneumatically placed clay (shot-clay) to fill the voids. The end result had, 
perhaps, the risk of compromising the sealing capacity of the bulkhead to a greater 
extent than the benefit obtained from keying the excavations into the rock. 

• Transfer of stresses. The rigidity of the clay bulkhead was less than the rigidity of the 
concrete bulkhead. A lower proportion of the axial stress from the tunnel was therefore 
transferred from the clay bulkhead to the rock than for the concrete bulkhead. In the 
clay bulkhead, most of the load from the 4 MPa of fluid pressure in the test chamber 
was expected to be resisted by the steel restraint system on the downstream side. 
Including an angled surface in the key, similar to the design of the concrete key, would 
result in much lower compressive stresses normal to the rock-clay interface than that 
calculated for the concrete-rock interface in the Golder model. Ensuring the 
development of swelling pressure by the clay as it saturates was of greater importance 
than load transfer from the pressure chamber, and swelling pressure would be greatest if 
volume expansion of the clay bulkhead was minimized. 

• Construction perspectives. In the concrete bulkhead, the angled key provided a 
concrete-rock interface that was accessible for grouting after bulkhead construction. For 
the clay bulkhead, use of a clay grout was planned for reducing the permeability of 
damaged rock adjacent to the bulkhead, however grouting of the interface would not be 
attempted. It was anticipated that the clay-rock interface, and the block-to-block 
surfaces, was to be sealed by the swelling bentonite as water becomes available for 
hydration of the clay. The potential benefits from including an angled surface in the key 
(i.e., increased normal stress and accessibility of the interface for grouting) were not as 
great for the clay bulkhead as they were for the concrete bulkhead, and were 
out-weighed by the requirement for minimizing voids to obtain greater swelling 
pressures. A cylindrical (rectangular in profile) shaped key (Figure 2.17) was selected to 
facilitate a constructable and effective clay block seal. 

• Stress difference criterion. Modelling of stresses in the rock surrounding a 
rectangular-shaped key was conducted by both AECL and Golder Associates. The 
general conclusion form both models was that the two vertical sides of the key 
interrupted the zone of potentially damaged rock. The interruption of the isosurfaces of 
the stress difference criterion on the vertical face of the key is illustrated in lower part of 
Figure 2.16. 

• Tensile stress criterion. The tensile damage criterion isosurfaces for a 1.0 m deep and 
1.5 m deep rectangular key is shown in Figure 2.19. The 0 3 = -5 MPa isosurface is 
continuous over the vertical face for both 1 m and 1.5 m deep keys. However, the 
isosurface is not continuous around the key but is interrupted by the base of the 
rectangular-shaped key. Figure 2.19 indicates that there is no advantage in increasing 
the depth of the clay key from 1 m to 1.5 m. 
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• Continuity of damage. Neither the stress difference (shear) nor tensile isosurfaces were 
continuous around the entire rectangular key. However, together they formed a 
continuous zone from the tensile isosurface to the shear isosurface then back to the 
tensile isosurface. In Figure 2.20 this transition is represented by the connectivity of the 
red to green to red isosurfaces around the far bulkhead. However, the 
rectangular-shaped key met the requirement that neither the tensile nor shear criteria 
are continuous on their own. The model implies that there is no potential for formation 
of a continuous zone of either tensile fracturing or a shear-induced microcracking. 

• Previous URL experience. A 4 m long and 2 m deep rectangular key was excavated in 
the floor of the Mine-by Tunnel for the Connected Permeability Experiment (Chandler 
et al. 1996). Although the floor of the Mine-by Experiment tunnel experienced 
breakouts extending to a depth of over half a metre, and stress-induced fracturing for 
an additional 0.3 m, there was no visible fracturing along the floor of the key itself 
(Figure 2.14, left photograph). There was some evidence of extensile fracturing parallel 
with the vertical surfaces of the key, although one of the vertical faces was stable for 
many years (i.e., no spalling of rock slabs off the face). The geometry and alignment of 

1.0 m Qt&p key 

1.5 m amp kay 

FIGURE 2.19: Isosurfaces for 0 3 = -5 MPa for f .0 m Deep Cylindrical Key (top) and 1.5 m 
Deep Key (bottom). 
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FIGURE 2.20: Isosurfaces for Tension (red) and Stress Difference (green) Damage Criteria for 
the Final TSX Bulkhead Shapes. 

the TSX tunnel were selected such that the stress concentrations around keyed 
excavations in the TSX would be much less than stress concentrations around the 
Mine-by Connected Permeability Test resulting in even less apparent damage around 
the key. 

Once the decision was made to excavate a clay key with a rectangular profile, the following 
factors were considered in selection of either a 1.0 m of 1.5 m key depth. As can be seen in 
Figure 2.19, the rock mechanics analysis suggested that there was no benefit in increasing the 
key depth beyond 1.0 m. The 1.0 m and the 1.5 m models produced essentially the same 
numerical results. It would be easier to place the blocks tightly up into the roof of a shallower 
key. The placement of the final blocks into the top of the key was one of the more difficult 
aspects of the clay bulkhead design and construction. A depth of 1.0 m was chosen based on 
the need to simplify the construction of the clay block bulkhead and still meet the necessary 
requirements for interruption of the zone of excavation-damaged rock. The final key shape 
design is provided in Figure 2.17. 

2.2.7 Bulkhead Key Locations 

Geology of the TSX test tunnel is shown in Figure 2.12. The concrete bulkhead was located 
towards the northwest end of the test tunnel while the clay bulkhead was located towards the 



FIGURE 2.22: Photograph Showing the Excavated Face on the Downstream End of the Clay 
Bulkhead Location; the Granite Inclusion and Pegmatite Dyke are Visible. 
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southeast. There were three prominent geological features: 

• The contact between the granodiorite and grey granite towards the northwest end of 
the tunnel. 

• The granite inclusion which makes up approximately half of the excavation in the 
vicinity of the clay bulkhead. 

• A pegmatite dyke having a strike subparallel to the TSX tunnel and intersecting the 
tunnel throughout its southwest end. 

In the region selected for the concrete bulkhead, the most apparent feature was the contact 
between the host granite and the granodiorite dyke swarm (Figure 2.21). Although this 
contact was tight and no fracturing was observed where the contact intercepted the tunnel, it 
represented a discontinuity in the rock types and was, therefore, given consideration. The 
large granite inclusion within the granodiorite dyke swarm was another feature considered in 
locating the concrete bulkhead. Results from the Mine-by Experiment illustrated that 
excavation damage was more prevalent in the granite inclusions than in the granodiorite. 
Observations from excavations in Room 417 (adjacent to the TSX test tunnel) suggested that 
even the host grey granite to the west was less likely to have extensive excavation damage 
than granite inclusions within the granodiorite. In the portion of the TSX tunnel passing 
through granite inclusion, however, there was no visible indication of excavation damage in 
the roof or floor of the tunnel that might give rise to breakout notch formation. However, 
since stress-induced microcracking was possibly more prevalent in the granite inclusion it was 
decided to avoid bulkhead construction within this inclusion where possible. 

The concrete bulkhead was installed between chaînages 11+50 and 15+00 as shown in 
Figure 2.12. The contact between granite and granodiorite passed along the west edge of the 
bulkhead key. The contact, however, did not extend continuously from the upstream side to 
the downstream side of the bulkhead. Although the contact may not be a water conductive 
feature, it was decided to avoid having the contact pass completely through the bulkhead. 
The granite inclusion extended just into the unkeyed portion of the concrete bulkhead. Like 
the granite-granodiorite contact, the granite inclusion was not a through-going feature. The 
selected location of the concrete bulkhead was a balance between avoiding these two features. 

The clay bulkhead key was located between chaînages 26+70 and 28+70 and was centrally 
located within a single blast round. The geology (Figure 2.12) at this site was not simple. The 
keyed region was entirely within the granodiorite dyke swarm. However, the granite inclusion 
encompassed one-half the tunnel (Figure 2.22). The pegmatite dyke which striked subparallel 
to the TSX tunnel also passed completely through the clay bulkhead. As described above, the 
potential for rock damage was greater in the granite inclusion. The pegmatite dyke presented 
another potential pathway for fluid flow, although the magnitude of flow along the dyke was 
not expected to be large. These two geological features, however, could not be avoided by 
simply moving the bulkhead a few metres in either direction. It was also recognized that in a 
repository setting it would be difficult to avoid small but pervasive features such as these. 
The clay bulkhead key, therefore, was placed entirely within one blast round to avoid the 
visible blast-induced fracturing that was more evident at the ends of each blast round. 
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2.2.8 Room 419 Trial Key 

A trial key was excavated in Room 419 prior to final design of the keys in the TSX test 
tunnel. Room 419 was selected for the location of the trial key since the excavation had a 
similar geometry and alignment, and, therefore, similar stress concentrations in the rock. The 
purposes of excavating the test key were to refine drilling, reaming and rock splitting 
techniques, and to provide estimates for the time required for clay and concrete key 
excavations. The trial key was also used in an examination of the damage created around the 
keys as a result of the drilling and splitting process. Both triangular and rectangular key 
profiles were accommodated in the trial. A triangular key with a 26.5° face was excavated 
first and then enlarged to create a two metre wide by one metre deep rectangular key. Five 
boreholes were drilled in the region prior to key excavation. A micro velocity probe (MVP ) 
was used to record shear-wave velocities of the rock as a function of depth along the borehole. 
Changes to velocity as a consequence of excavation would indicate damage in the rock due to 
key excavation. The five boreholes examined damage in the floor and sidewalls, on the 
vertical face of the key, in the corner of the key and in the floor or the key. The trial key 
geometry and the location of the M V P boreholes are provided in Figure 2.23. A photograph 
of the completed trial key is provided in Figure 2.24. 

The results from velocity surveys are presented in Figure 2.25. There was no difference in 
velocity below the floor of the tunnel before and after key excavation, suggesting that the 
excavation of the key did not introduce damage at the base of the key. There was a velocity 
reduction in the walls of the tunnel where the rock was undergoing extensional strain as a 
result of excavation. These strains resulted in microcracking in the walls of the tunnel. A 
consequence of key excavation was that the extensional strain, and hence microcracking, was 
pushed outward into the rock mass. This conclusion was supported by the velocity surveys 
presented in Figure 2.25 (centre). However, the depth of velocity reduction (i.e., the thickness 
of the EDZ) decreased from 0.6 m before key excavation to about 0.2 m after key excavation. 
This implied that there was a smaller region of extensional cracking in the walls of the tunnel 

result of key excavation. 

A decrease of 150 m/s in shear-wave velocity occurred approximately 0.3 m outside of the 
vertical face of the excavated key (bottom of Figure 2.25). Key excavation reduced the 
compressive stress in this region and this stress reduction resulted in decreased velocity. 
However, it was probable that extensional strain acting towards the excavated key resulted in 
the microcracking that caused most of the velocity reduction. This implied a damage zone 
along the face of the excavated key. This damage zone would not include large (more than 
10 mm long) fractures opening up in extension since such fracturing would have resulted in a 
more significant decrease in measured velocity. 

The conclusion from the M V P surveys was that excavation of the keys did not introduce a 
larger zone of stress-induced rock damage than existed around the tunnel prior to key 
excavation. In fact, the size of the zone of microcrack damage in the walls of the tunnel was 
decreased as a result of key excavation. Excavation of the key would remove the highly 
conductive near-surface damage resulting from drill-and-blasting and hence would have an 
overall beneficial effect on tunnel sealing. 
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FIGURE 2.23: Design of the Trial Key in Room 419 and the Location of the 5 M V P Boreholes. 
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FIGURE 2.24: Photograph Showing the Completed Trial Key Excavation in Room 419. 

2.2.9 Design Criteria for the Bulkhead Keys 

The design criteria for selection of the bulkhead key shape and location is summarized in 
Table 2.3. 
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FIGURE 2.25: Velocity Surveys in the Floor (top) and Wall (centre) of Room 419 and Near 
the Vertical Face of the Key (bottom) Before and After Key Excavation. 
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TABLE 2.3 

SUMMARY OF DESIGN CRITERIA FOR BULKHEAD KEYS 

Criteria Concrete Bulkhead Clay Bulkhead 

1. Sufficient 
bulkhead 
separation 

Conceptual TSX design includes 12 m separation between bulkhead 
keys; the proposed keyed portions of the bulkheads are 13.45 m 
apart. 

2. Minimize 
blast-induced 
fracturing 

Blast-induced damage extends outwards to 0.5 m in the rock and 
is interrupted by excavation keys which are 1 m or more in depth. 

Minimize 
stress-induced 
damage 

The shear criterion for stress-induced damage is conservative and 
is based on the potential for random microcrack initiation. 
Shear-induced cracking does not 
occur along the vertical face, 
and is interrupted along the in
clined face if the slope is greater 
than 45° and deepest point is 
more than 1.5 m. 
Tensile cracking is not expected 
along the inclined face (if less 
than 60°), but is continuous 
over the vertical face. 

Tensile cracking is expected 
along the vertical face towards 
the side walls while shear-
induced microcracking will oc
cur in the roof and floor, cre
ating a discontinuity in damage 
type and location. 

Shear-induced cracking does not 
occur along either vertical face 
of the cylindrical key; micro
cracking is expected along the 
floor and roof of the "flat" sec
tion of the cylinder. 
Tension is continuous over both 
vertical faces but is not contin
uous over the entire key. The 
continuity of zones of poten
tial tensile cracking is not af
fected by increasing the key 
depth from 1 m to 1.5 m. 
In the cylindrical key the po
tential zones of tensile cracking 
and shear-induced microcrack
ing will not be continuous on 
their own. 

Maximize ease of 
bulkhead 
construction 

Wedge-shaped keys are more 
easily excavated. During con
crete pouring, air can be easily 
removed from the "point" of the 
key. Grouting of the concrete-
rock interface can be carried out 
by drilling grout injection bore
holes along the inclined surface. 

A clay block construction is 
more feasible in a cylindrical 
key; inclined surfaces will result 
in greater voids and a potential 
for misaligned blocks. The last 
section of blocks must be lifted 
up into the top of the key as 
a group, therefore smaller keys 
(i.e., 1 m) lead to more feasible 
construction. 
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TABLE: 2.3 

SUMMARY OF DESIGN CRITERIA FOR BULKHEAD KEYS (cont.) 

Criteria Concrete Bulkhead Clay Bulkhead 

5. Increase potential 
for bulkhead 
integrity 

A bulkhead length greater than 
or equal to the height of the 
tunnel will resist rotation. The 
inclined surface will transfer 
stresses from the test chamber 
out into the rock, will increase 
normal stresses on the interface, 
and will decrease the potential 
for shear slippage along the in
terface. "Rounded" corners of 
the concrete bulkhead will im
prove the integrity of the con
crete at the "point". 

The keyed width of the bulk
head was increased to 2 m 
to provide greater internal re
sistance to shearing and an 
increased ability to transfer 
stresses to the rock through 
arching. 

6. Minimize the 
influence of 
geology 

The proposed location for the 
concrete bulkhead avoids poten
tial flow pathways created by 
the granite-granodiorite inter
face and the granite inclusion 
within the granodiorite. 

The proposed location for the 
clay bulkhead is centrally lo
cated within a single blast-
round. Moving the bulkhead ei
ther way would not avoid any 
geological features or any po
tential through-going hydraulic 
pathways. 

7. Monitor damage 
development in 
the EDZ 

Acoustic emission monitoring 
system installed to examine de
velopment of damage around 
the clay bulkhead key. The sys
tem would allow velocity mea
surements to facilitate monitor
ing changes to damage char
acteristics of rock around clay 
bulkhead key during the course 
of the experiment. 
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2.2.10 Construction of Bulkhead Keys 

The line-drilling and rock-splitting method of excavation was used to construct both the clay 
and concrete keys. The method required line-drilling a series of perimeter holes around an 
excavation (Figure 2.26), and then removing the interior portion using hydraulic rock 
splitters (Figure 2.27). An electric-hydraulic drill jumbo and pneumatic jacklegs were utilized 
during the drilling phase of the clay and concrete bulkhead keys. Insufficient headroom in the 
tunnel allowed use of the drill jumbo for only the boreholes angled at 45° in the concrete key. 
Darda hydraulic rock splitters, capable of exerting a maximum load of 320 tonnes, were used 
to excavate the interior portion of both keys. 

A series of 32-mm-diameter pilot holes were first drilled around the perimeter of the 
excavation with 90 mm spacing between holes. A pneumatic "jackleg" drill was used to drill 
the vertical faces of the keys (top of Figure 2.26). The pilot boreholes fanned outward 
increasing the distance between adjacent boreholes with depth. Spacing of the pilot holes was 
critical so that the rock bridge between the finished reamed holes was minimal or 
non-existent. The pilot holes were reamed to their full length using an 89-mm-diameter 
reaming button bit. Once perimeter drilling was complete, 45-mm-diameter holes were drilled 
into the interior of the key excavation and were used as rock-splitter holes for rock breaking. 
These holes were generally 250 mm longer than the reamed perimeter holes, leaving remnants 
of the holes on the surface of the clay key (as shown in Figure 2.28). There were no remnant 
boreholes on the surface of the concrete key owing to its wedge-shaped geometry. As in a 
production blast round, a central section was initially broken and removed to allow for ease in 
breaking rock using adjacent splitter holes. Mechanical rock bolts were installed in the 
overhead sections of both keys to provide support during breaking out. All mechanical rock 
bolts and anchors were removed upon completion of the excavation. 

The width of the clay bulkhead key was designed such that maximum distance from the 
opposite edges of the reamed boreholes was 2.0 m. That is, the centres of opposite 
100-mm-diameter reamed boreholes were set apart by 1.9 m. The depth of the key was 1.0 m. 
The key was excavated by line drilling slots in the rock that formed the two vertical faces. 
Slots of overlapping boreholes were then drilled in a one metre by one metre rectangular grid. 
This isolated blocks of rock that were held in place only on one side. The blocks were then 
broken out using the rock splitter. In the case of the overhead portion of the clay key, the one 
cubic metre blocks of rock were held in place by a rock bolt during rock splitting for safety of 
workers. Excavation of the lower portion of the key proceeded more smoothly than the 
overhead portion. The excavation of the 31 m 3 clay bulkhead key required approximately 600 
hours, or 25 days at 3 shifts per day. For the clay bulkhead key, all the 32-mm-diameter pilot 
boreholes, 89-mm-diameter reamed boreholes, 45-mm-diameter interior rock-splitter 
boreholes were drilled using a pneumatic jackleg drill. The completed clay bulkhead key is 
shown in Figure 2.29. 

As noted previously, the concrete bulkhead key was of a wedge-shaped design. Construction 
of the key required drilling of a 1.75 m deep vertical slot into the perimeter of the tunnel. 
The 32-mm-diameter pilot boreholes and 89-mm-diameter reamed boreholes of this vertical 
slot were drilled using the pneumatic jackleg drill. A second slot, angled at 45° to the 



FIGURE 2.26: Photographs Showing Successive Stages of Clay Bulkhead Key Excavation. 
Line drilling shown in the upper photograph and a partially excavated key in 
the lower photograph. 
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FIGURE 2.27: Photograph Showing the Hydraulic Rock Splitter. 

excavation surface, was drilled towards the vertical slot until the two slots intersected. The 
45-mm-diameter pilot boreholes and 100-mm-diameter reamed boreholes for this angled slot 
were drilled using the drill jumbo. These angled boreholes were longer than the vertical 
boreholes, and as they fanned outwards, the rock bridging between adjacent reamed boreholes 
became greater. Therefore, larger diameter reamed boreholes were required for this angled 
slot than for the vertical slot. The 45-mm-diameter interior rock-splitter holes were again 
drilled using the pneumatic jackleg drill. The completed concrete bulkhead key is shown in 
Figure 2.30. The 25 m 3 concrete bulkhead key required approximately 780 hours to excavate, 
or 32 days at 3 shifts per day. 

2.2.11 Geological Mapping of the Bulkhead Keys 

Clay Bulkhead Key 

The location of the clay bulkhead cut through a granodiorite dyke swarm and a grey granite 
inclusion within the swarm. Approximately one-third of the rock mass within the key was 
granodiorite (Figure 2.3f). A 4 to 10 cm thick medium-grained pegmatite dyke was identified 
near, and parallel to, the granodiorite-grey granite contact. Sub horizontal layering within the 
grey granite persisted throughout. 

Small breakout notches (about 0.2 m in depth on the upstream side and 0.5 m in depth on the 
downstream side) formed at the roof of the tunnel where it intersects both vertical faces of 
the key. Spalling of rock from the vertical face is evident at these two locations over the areal 
extent indicated in Figure 2.3f. Spalling of rock from the vertical face of the key was greater 
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FIGURE 2.28: Photograph Showing the Remnant Boreholes ("Bootlegs") on the Lateral Rock 
Surface of the Clay Bulkhead Key. 

on the downstream face (28+70) as compared with the upstream face (26+70). There was 
neither notching nor spalling of rock slabs in the floor of the tunnel or on the lower vertical 
face. The spalling was the result of the half-barrels created by line-drilling the vertical faces 
breaking off to create a smoother surface. Photographs of the upper vertical faces illustrate 
the extent of spalling (Figure 2.32). The notching in the roof of the TSX tunnel (evident in 
the upper photograph of Figure 2.32) continued along the downstream side for a distance of 
about 2 m from the key. Line-drilling and rock splitting induced some cracking on the outer 
surfaces of the cylindrical key, however the cracks were limited in size and not interconnected. 
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FIGURE 2.29: Photograph Showing the Completed Excavation of the Clay Bulkhead Key. 

Concrete Bulkhead Key 

The concrete bulkhead straddles the contact between the grey granite and the granodiorite. 
Cross-sections of the geology at both the wide and narrow ends of the triangular key are 
provided in Figure 2.33. The granite-granodiorite contact is on the southwest side of the 
excavation. The contact was sub-vertical and within the concrete bulkhead key, 
approximately 0.5 m from the southwest wall. The granodiorite was divisible into two distinct 
zones: a massive homogeneous zone, and a strongly flow-banded and inclusion bearing zone. 
The foliated zone was significant in that spalling in the lower left corner (as seen in 
Figure 2.33) appeared to have taken place by separation along a plane of coarse biotite. The 
pegmatite dykes were very irregular in width and extent, and comprised dilational zones filled 
with drusy feldspar and quartz, separated by finer grained zones. They were largely confined 
to the foliated zone of the granodiorite. Two sets of dykes were present: one with a 
north-south strike and a steep dip to the west, and a second set that followed the local 
foliation with a an east-west strike and a shallow southward dip. 

There were no natural fractures and the contacts between the rock types and along the 
pegmatite dykes were tight. Excavation-damage fractures were visible on the vertical face of 
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FIGURE 2.30: Photograph Showing the Completed Excavation of the Concrete Bulkhead Key. 

the key and were typically oriented circumferentially following the tunnel perimeter. The 
depth of these fractures was limited to f 00 mm from the tunnel surface. These excavation 
induced fractures appeared to be related to fracturing near the end of the blast round that 
terminated 40 cm from the vertical face of the key. Figure 2.33 shows the region of spalling 
off of the half-barrels formed by the line-drilled overlapping boreholes. These regions of 
spalling were predominantly in the roof of the tunnel. 

The unkeyed portion of the concrete bulkhead was almost entirely within the massive, 
homogeneous region of granodiorite. Visible blast-induced fracturing was evident near the 
end of the blast round, which terminates at chainage f3+60. 

2.3 SAND-BENTONITE (CLAY ) BULKHEAD 

The bulkhead composed entirely of pre-compacted blocks of a mixture of sand and bentonite 
was constructed first. Throughout this document, the sand-bentonite bulkhead is referred to 
as the clay bulkhead. This section of the report describes the design of the clay bulkhead, 
fabrication of the clay blocks, trials of block placement and grout injection, a physical 
simulation testing the clay block sealing ability, numerical models as design tools for the clay 
bulkhead, the design and construction of the bulkhead restraint system, and the construction 
of the clay bulkhead itself. 

For purposes of orientation within the experiment the term "upstream end" refers to the 
water pressurized face of the bulkhead. This is the end of the bulkhead adjacent to the 
sand-filled and water-pressurized central region of the tunnel. The term "downstream end" 



FIGURE 2.31: Cross-Section of the Geology of the Vertical Faces of the Clay Key at Chainage 
26+70 Looking Northeast (top) and at Chainage 28+70 Looking Southwest 
(bottom). 
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FIGURE 2.32: Photographs Showing the Spalling of Rock and Notch Formation on the Upper 
Vertical Faces of the Clay Bulkhead Key; Upstream Face (top) and Down
stream Face (bottom). 
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FIGURE 2.33: Cross-Section of the Geology of the Concrete Key at Chainage l f +50 (top) 
and on the Visible Vertical Face of the Key at Chainage f3+25 (bottom). 
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refers to the unpressurized face of the bulkhead open to the accessible excavations. This is 
the end of the bulkhead at which seepage is collected. The upstream and downstream 
terminology is used for both clay and concrete bulkheads. 

2.3.1 Design 

Approximately 150 Mg of bentonite was required for use in construction of the TSX 
bulkhead, material characterization, and testing and development of placement methodology. 
The Kunigel V I bentonite used in the TSX was provided by JNC. Bentonite-based seals are 
considered in most international radioactive waste disposal programs. However the proposed 
methods for placement and composition of the bentonite-based material may differ. Inert 
material, such as sand, is added to the bentonite in many programs. Dixon and Gray (1985) 
showed that the addition of sand will not greatly affect the important sealing characteristics 
of swelling pressure and saturated permeability, while increasing the thermal conductivity 
and decreasing cost. The optimum percentage of sand within the sand-bentonite mixture will 
depend upon the characteristics of the bentonite. In Japan, much work has been conducted 
using clay-based sealing materials composed of 70% Kunigel V I bentonite and 30% sand. This 
material composition was used in large scale experiment at the Big-Bentonite (BIG-BEN) 
facility (Fujita et al. 1996), and again in the T-H-M in situ experiment in the Kamaishi mine 
(Chijimatsu et al. 1999). There has been a reasonable amount of characterization of this 
material, some of which is documented by Fujita et al. (1996). The same composition of 70% 
Kunigel V I bentonite clay and 30% graded silica sand was used in the TSX. The selection of 
the placement method used in the TSX is described in the following sections. 

2.3.1.1 Compaction Method 

One objective of the TSX was to investigate the practicality of emplacing massive clay-based 
tunnel seals in a full-scale excavation. The tunnel seal involved placement of 67 m 3 of densely 
compacted sand-bentonite material under conditions of constrained geometry. Three 
techniques were considered for bulkhead construction: 

1. In situ compaction of the sand-bentonite material, 

2. Placement of pre-compacted blocks, and 

3. Pneumatic placement of sand-bentonite mixtures. 

The design criteria for material placement were: 

• Achievement of the minimum density spécification of the material. 

• Uniformity of the material in both initial density and moisture content throughout the 
bulkhead. 

• Easy material placement and feasible quality control. 
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• Ease of instrumentation installation within the clay, and the avoidance of damage to 
instrumentation and associated leads during placement of the sand-bentonite material. 

• Consistency of the emplacement methods with the potential sealing concepts of the 
experiment partners. 

Preliminary trials of all three installation methods were conducted. Pneumatic placement did 
not achieve the required minimum densities. Although the densities were achieved using in 
situ compaction, the density uniformity of the emplaced material was greatly affected by the 
size of the compaction equipment and the thickness of each compacted lift. Larger equipment 
was required to compact thicker lifts. Also, the thicker the lift, the greater the density 
variation within each individual lift. There was also concern that the energy imparted by 
larger compaction equipment would damage instrumentation during construction. 

Experience by AECL in the Buffer/Container Experiment (Chandler et al. 1997) and the 
Isothermal Test (Dixon et al. 2001) demonstrated that it was feasible to compact a 
sand-bentonite material in situ in 50 mm lifts using a hand-held pneumatic impact hammer. 
Use of the impact hammer did not damage any instrumentation placed in the underlying lift. 
In the design of Buffer/Container Experiment, it was concluded that random destructive 
sampling for density quality control was not in keeping with the requirements for placement 
of a uniform material. A method specification was developed to ensure that density 
requirements were achieved. Based on the results from the preliminary in situ compaction 
trials for the TSX it was concluded that it would be difficult to develop a method spécification 
for larger compaction equipment or for compaction of thick lifts of uniform density. However, 
the method used for in situ compaction in the Buffer/Container Experiment using the smaller 
hydraulic impact hammer could have been used in the TSX, if desired. 

Preliminary block compaction trials were conducted using the facilities of a local paving stone 
manufacturing company. Based on the results of these trials it was concluded that 
pre-compacted blocks of sand-bentonite could be readily manufactured at a practical size and 
sufficient in number for use in the TSX. Blocks compacted using a static press would achieve 
the minimum density specification and would be relatively uniform throughout. There was 
also considerable experience in the use of pre-compacted blocks by A N D R A (as a participant 
of FEBEX* EURATOM 2000) and W I P P in their Small-Scale Sealing Tests (Knowles and 
Howard 1996; Stormont and Finley 1996). The equipment used for FEBEX could not feasibly 
be adapted for use in the TSX, however the W I P P block compaction machine had many 
attributes in favour of its use. In addition to being relatively simple and inexpensive to 
operate and having proven block fabrication capabilities, the machine was portable and could 
be moved to the URL to allow on-site block fabrication. The machine was also capable of 
producing more than 100 blocks per hour. 

The final selection of block compaction over in situ compaction considered many factors: 

• Construction time. The Buffer/Container Experiment in situ compaction method 
specification required 50 minutes of compaction time per square metre for a single 

* Full-scale Engineered Barrier Experiment, conducted at the Grimsel Laboratory in Switzerland by ENRESA 
(Spain), NAGRA (Switzerland) and ANDRA (France). 
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50 mm lift. Allowing an additional 15 min/m 2 for spreading of the pre-mixed 
uncompacted material resulted in an estimated total compaction time of 20 h/m 3. 
Block placement would only need to exceed a rate of eight blocks per hour to meet this 
placement rate. 

• Quality control. Blocks not meeting quality control specifications would simply be 
discarded before installation, whereas the removal of an entire lift of compacted 
material could have a potentially damaging effect on the experiment. 

• Practicability. There was no available compaction equipment capable of compacting the 
clay in situ to density spécifications in the region near the roof of the excavation. As a 
minimum, pre-compacted blocks would need to be placed in the upper one to two 
metres of the tunnel in the case of in situ compaction. The result would be a clay 
bulkhead having upper and lower regions with distinct material characteristics. This 
was considered inconsistent with the design philosophy of the experiment. That is, the 
resulting design would not be sufficiently simple to facilitate the evaluation of seal 
performance and the assessment of the factors that affect that performance (Section 
1.5). 

• Programmatic issues. Although all participant programs consider both block placement 
and in situ compaction as feasible alternatives, the EIS in Canada (AECL 1994), the 
second progress report in Japan (JNC 2000a), and the W I P P sealing system design 
report (USDOE 1995) all describe placement of pre-compacted blocks as a component 
of the sealing system. Although programmatic issues were not an overriding factor in 
the TSX design, they were considered. 

2.3.1.2 Sand-Bentonite Mixing 

Kunigel bentonite was extensively tested in the laboratory to determine its expected swelling 
pressure and saturated hydraulic conductivity. These are two important parameters that 
influence the sealing performance of the material. Dixon and Gray (1985) showed that both 
the hydraulic conductivity and swelling pressure of bentonite-based materials are dependent 
upon the effective clay dry density. This parameter considers the sand as an inert filler and 
the effective clay dry density is calculated based only on the mass of the clay material and the 
volume not occupied by the sand. Relationships between clay dry density and hydraulic 
conductivity and swelling pressure for Kunigel V I bentonite are provided in Figures 2.34 
and 2.35. A dry density of 1.9 Mg/m 3 for the bentonite-sand mixture used in the TSX 
translates to an effective clay dry density of approximately 1.7 Mg/m 3 . At this density, the 
expected hydraulic conductivity of the clay blocks would be less than 1 0 - 1 2 m/s and the 
expected swelling pressure would be approximately 1 MPa. 

The clay and sand components were blended in 2.1 Mg batches with the moisture initially 
conditioned to a gravimetric moisture content of 14%. The sand-bentonite mixture was mixed 
in a 2 m 3 rotary drum concrete mixer. The material required 20 minutes of continuous 
mixing following completion of the water addition. The water content of the dry material was 
determined for every batch and was entered into servo-control software. The amount of water 
required to bring the mix to its target moisture content was automatically calculated, 
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FIGURE 2.34: Relationship Between Effective Clay Dry Density and Hydraulic Conductivity 
for Kunigel V I Bentonite. 

FIGURE 2.35: Relationship Between Effective Clay Dry Density and Swelling Pressure for 
Kunigel V f Bentonite. 
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measured and added by the mixing equipment. Six moisture content samples were taken from 
every batch, three from the first load transferred to the block making machine and three from 
the last batch. All the samples were averaged to provide an average moisture content for all 
the blocks produced from that batch. A total of 90 batches were mixed to produce the 14,000 
blocks fabricated for use in the experiment. 

Each batch consisted of fifty-four 25 kg bags of Kunigel bentonite and 566 kg of dry sand. 
The average initial moisture content of the bentonite was approximately 6%. At 14% 
moisture content the total volume of water in the batch, including the water initially in the 
bentonite, was 260 L. The particle size distribution of the sand used in block making is 
provided in Figure 2.36. 

2.3.1.3 Block Fabrication 

The block compaction machine used in the W I P P Small Scale Sealing Performance Tests 
(Finley and Tillerson 1992) was provided to the TSX for fabrication of the pre-compacted 
blocks for the clay bulkhead. The block compaction machine was adapted from similar 
machines used for mass production of adobe blocks, a popular material used for construction 
of small buildings in New Mexico. The block maker produced the blocks by static 
compression of the loose material and is illustrated in Figure 2.37. 

The pre-mixed material was dumped into the hopper of the block maker (Figure 2.38). A 
fixed volume of loose material would fall by gravity into a chamber at the base of the hopper. 
Two pistons would compress the loose material, first in one direction, then the second piston 



FIGURE 2.38: Dumping Pre-Mixed Material into the Hopper of the Block Maker. 
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FIGURE 2.39: Photograph of a Block as it Comes Out of the Block Compaction Machine. 

would compress the block on the opposing direction from the opposite side. This double 
compression minimized density gradients within the block in the direction of compression. 
Such density gradients are evident in pre-compacted blocks compressed from only one 
direction or within individual lifts of material compacted using in situ techniques. As blocks 
were pushed out of the block maker (Figure 2.39) they tended to stick to the load application 
piston. A Teflon sheet was fixed to the surface of the piston to prevent the blocks from 
sticking and potentially breaking apart. 

Extensive compaction trials were conducted to optimize the compaction process. There were 
three operational variables: moisture content, block size, and hydraulic compaction pressure. 
The block maker operated at hydraulic pressures of between 5.5 and 24 MPa. The clay 
moisture content controlled the ability of the uncompacted material to flow into the 
compression chamber by gravity from the hopper. Above moisture contents of 14.5% the clay 
became too sticky to fall smoothly. At moisture contents below 12% the clay was too dry to 
provide cohesion for production of stable blocks. Using a clay material having a moisture 
content in the range of f 3 to 14% the block maker produced blocks having dry densities that 
ranged between 1.9 and 2.05 Mg/m 3 . Density was primarily dependent upon the compaction 
pressure. 

The minimum dry density specification for the material to be used in the TSX was 
1.85 Mg/m 3 or 90% of the modified proctor density. The block machine was not only capable 
of meeting this specification, but the lowest density it could produce was 1.9 Mg/m 3 with the 
hydraulic pressure at its minimum setting of 5.5 MPa. The dry density of f.9 Mg/m 3 
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FIGURE 2.40: Photograph of a Block Produced by the Block Compaction Machine. 

subsequently became the target dry density for block fabrication and the hydraulic pressure 
was set at its lower limit. 

At this lower compaction pressure the block consistency was sensitive to the size of the block 
produced, although the control on block thickness was inexact. The length and width of each 
block was constrained to 0.105 m by 0.36 m. The height of the block was dependent upon the 
compaction pressure, by the amount of material that was allowed to fall into the compression 
chamber, and to some extent, the time over which the pressure was applied. Thick blocks 
(>175 mm) produced at low compaction pressures (5.5 MPa ) resulted in blocks which were 
visibly non-uniform in degree of compaction. Sectioning of these large blocks indicated that 
they were much less dense in the central third of the block, with a variation of 1.88 Mg/m 3 in 
the centre to 1.95 Mg/m 3 near the edges. Density consistency was improved when the block 
thickness was reduced to 175 mm or less. Based on the results of these trials it was 
recommended to fabricate blocks at the lower limit of hydraulic pressure (5.5 MPa) , with a 
block thickness of 150 to 175 mm and a gravimetric moisture content of 14%. 

One other control allowed by the block maker was the duration of the applied pressure. The 
block maker was capable of producing 10 blocks per minute, however blocks produced at 
these higher rates were not uniform in density and were often produced with cracks 
perpendicular to the direction of compression. The optimum rate of block production was 
approximately two blocks per minute. The resulting blocks had uniform distributions of 
density and moisture content, and had smooth planar surfaces (Figure 2.40). The blocks 
themselves were durable, with edges and corners that did not readily break when dropped. 
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FIGURE 2.41: Storage of the 14,000 Blocks Prepared for the TSX. 

The average block had nominal dimensions of O.f m by 0.36 m by 0.17 m. Based on these 
dimensions during compaction trials, it was estimated that 10,000 blocks would be required 
to construct the 67 m 3 clay bulkhead. A wet mixture of approximately 2.1 Mg was mixed in 
a single batch producing approximately 150 blocks per batch. The 90 batches of mixed sand 
and bentonite produced approximately 14,000 blocks. These blocks were not only used for 
bulkhead construction but also for placement trials and sealing simulations. Each batch of 
blocks was stacked on a wooden pallet and double wrapped in polyethylene. The compaction 
effort resulted in the blocks being warm relative to room temperature. The polyethylene was 
not sealed around the blocks until they had been allowed to cool for a few hours to reduce the 
amount of condensation forming on the inside surface of the plastic. The polyethylene was 
then sealed around the blocks with tape and the pallets were stacked two high in a 
temperature controlled building (Figure 2.41). The blocks were kept in storage for four to 
nine months before installation in the experiment. 

2.3.f .4 Quality Control of Mixing and Block Fabrication 

Certain quality control monitors were in place during the fabrication of the pre-compacted 
blocks. Six samples were taken from every batch to monitor the moisture content during 
mixing, for a total of 534 samples (only three samples were taken from the first two batches). 
After mixing was complete, three samples were taken at the start of block making and three 
samples were taken from the last material used to make blocks. The average moisture content 
of the material was 14.42%. The measurements taken during mixing were likely to be more 



FIGURE 2.43: Quality Control Measurements During Block Fabrication. 
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TABLE 2.4 

Q U A L I T Y CONTROL DATA FOR BLOCK FABRICATION 

Average Standard Maximum Minimum Number of 
Deviation Value Value Measurements 

A l l measurements 
Moisture Content (%) 14.42 0.76 15.98 8.29 534 
Dry Density (Mg/m 3 ) 1.933 0.021 2.157 1.799 1256 

Block Width (mm) 174 10.6 202 131 1269 
Using averages from 

last 72 batches 
Moisture Content (%) 14.67 0.33 15.75 13.65 72 
Dry Density (Mg/m 3 ) 1.930 0.012 1.957 1.902 72 

Block Width (mm) 174 6.2 186 160 72 

variable than the ultimate moisture content of the blocks. The standard deviation of all 
moisture content measurements was 0.76%. The data from quality control measurements are 
listed in Table 2.4 and illustrated in Figure 2.42. 

Every tenth block was weighed and measured, with more than 1200 measurements made in 
all (Figure 2.43). Two dimensions of the blocks were set to 104 and 360 mm by the 
dimensions of the machine. The third dimension of the blocks varied from 131 mm to 
202 mm with the average being 174 mm. The variation in block thickness was mainly related 
to the amount of material falling by gravity from the hopper into the compression chamber of 
the machine and did not affect density. Bulk wet and dry densities were calculated for these 
blocks and the data are summarized in Table 2.4. The average block dry density was 
1.93 Mg/m 3 with a standard deviation of 0.02 Mg/m 3 . 

After completion of the mixing and block fabrication for 18 batches, a high degree of 
variability was sometimes observed in moisture content from one batch to the next 
(Figure 2.42). The moisture content variability was also reflected in the variability of 
calculated dry densities. Increasing the target moisture content from 14% to 14.5% improved 
the consistency of material properties. The first 18 batches were subsequently set aside for 
use in applications other than construction of the bulkhead. The average properties from the 
last 72 batches are provided in Table 2.4. The average dry density of 1.93 Mg/m 3 and 
moisture content of 14.7% correspond to an initial, as-placed, degree of saturation of more 
than 95%. The initial volume of air voids in the clay blocks, not considering the gaps between 
blocks, was less than 15 L/m 3 or 1000 L for the entire clay bulkhead volume. The air volume 
represents the volume of water the blocks must take on before becoming saturated. 
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FIGURE 2.44: Design of the Clay Bulkhead and Steel Restraint. 

2.3.f .5 Clay Bulkhead Geometry and Block Placement Strategy 

The geometry of the clay bulkhead and the orientation of the blocks are illustrated in 
Figure 2.44. The line-drilling and rock breaking excavation of the clay bulkhead key produced 
a very rough excavation surface (Figure 2.29). It would not be possible to get a tight fit 
between the clay blocks and the uneven excavated surfaces of the rock. Gaps between the 
blocks and the rock could potentially be difficult to seal, particularly the vertical surfaces of 
the key created by drilling overlapping boreholes. A sand-clay material was pneumatically 
applied to all the rock surfaces. This material was referred to as "shot-clay" and will be 
described in the next section. A combination of saw-cutting the pre-compacted blocks into 
appropriate shapes and carving the shot-clay to match the sawn block surface was the 
technique used to fill all the gaps at the interface between the clay bulkhead and the rock. 
This technique resulted in a thickness of shot-clay that varied between 5 and 60 mm 
depending upon the roughness of the rock surface. In general the shot-clay was thicker on the 
surfaces created by overlapping boreholes than on the surfaces created by mechanical rock 
breaking or drill-and-blast excavation. 

The blocks were arranged within the bulkhead in such a way as to prevent any horizontal or 
vertical planes of block joints that traversed the bulkhead. The arrangement of four block 
placed lengthwise and four placed on end (as shown in Figure 2.44) resulted in the clay blocks 
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filling a 1.9 m width within the tunnel. A thickness of 0.05 m of shot-clay on each vertical face 
filled the two-m-wide clay bulkhead key. Wherever possible, the block joints were staggered 
to prevent the joints from lining up. In this arrangement, it was not possible to avoid vertical 
planes of joints perpendicular to the tunnel axis. Although these joint planes could provide 
pathways for water to flow from the rock towards the centre of the bulkhead, they would not 
provide preferred pathways for the axial flow of water through the bulkhead. One block 
length was placed within the test tunnel on either side of the clay bulkhead key. This design 
feature was intended to restrict the flow of water from the test tunnel into the higher 
permeability shot-clay along the surface of the rock. The block length of the downstream end 
similarly restricted the flow out from the shot-clay and into the seepage collection system. 
Since the vertical faces of the key had the greatest shot-clay thickness, the placement of an 
additional block on either side of the bulkhead key was intended to better isolate this more 
hydraulically-conductive material from the upstream and downstream faces of the bulkhead. 

2.3.1.6 Shot-Clay 

As noted in the previous section, a shot-clay material was pneumatically applied to the 
surface of the rock to facilitate making a close contact between the blocks and the rock. The 
shot-clay was of the same composition as the clay blocks, 70% Kunigel V I bentonite and 30% 
sand. In fact, the shot-clay was made from unused, damaged or discarded pre-compacted 
blocks. The shot-clay material was fabricated by air-drying the compacted clay blocks, 
crushing them into particles of 10-mm-diameter or smaller, and then returning the material 
to the mixer to "round" off the corners of the particles. This material was then pneumatically 
sprayed into place using conventional shot-crete equipment (Figures 2.45 and 2.46). The 
name shot-clay was given to the material simply because it was applied to the rock using 
conventional shot-crete equipment. 

The operator added water to the shot-clay at the nozzle of the sprayer to produce a material 
that would stick to the walls and have consistent and relatively compact characteristics. 
Average dry density and moisture content of the shot-clay was determined during 
pre-placement trials to be 1.3 Mg/m 3 and 18.5% respectively. At this density the shot-clay 
has a porosity of just over 0.5 and a degree of saturation of 46%. There was approximately 
280 L of air voids per cubic metre of shot-clay. The thickness of the shot-clay varied from 5 to 
60 mm depending upon the roughness of the rock surface. The shot-clay was applied 
pneumatically at a rate of approximately 100 kg/min. 

The effective clay dry density of the applied material was approximately 1.1 Mg/m 3 resulting 
in an estimated hydraulic conductivity of 1 0 - 1 1 m/s and swelling pressure of 100 to 200 kPa 
under fresh water conditions (Figures 2.34 and 2.35). With a hydraulic conductivity one to 
two orders of magnitude greater than that of the clay blocks, it was recognized that this 
material could provide a preferential hydraulic pathway along the interface between the clay 
bulkhead and the rock in the early stages of the experiment. However, as the pre-compacted 
blocks of the clay bulkhead gradually become saturated they would expand and compress the 
shot-clay, increasing its density and reducing its hydraulic conductivity. Still, flow through a 
saturated layer of shot-clay was considered to be likely when planning the operational phase 
of the experiment. 
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2.3.1.7 Clay Bulkhead Restraint 

The compacted sand-bentonite blocks and shot-clay were unsaturated when placed. Over 
time, it was expected that water from both the water-filled pressure chamber and the rock 
would seep into the air voids in the clay bulkhead. Upon saturation, the bentonite will 
expand if unrestrained. Confined, the sand-bentonite mixture will generate swelling pressure 
according to its effective clay density (Figure 2.35). No swelling pressure is generated if the 
bentonite is allowed to expand freely. Also, as the material expands and decreases in density, 
the hydraulic conductivity of the material will increase (Figure 2.34). Therefore, it is 
important to minimize volume expansion of the compacted clay as it hydrates. The rock 
surface provided a rigid restraint against radial expansion of the clay bulkhead. Axial 
restraint against volume expansion was a required element of the design of the TSX. 

There are two mechanisms to consider in minimizing the potential for volume expansion of 
the clay and the corresponding reduction in clay density. These are the extrusion of the clay 

FIGURE 2.45: Photograph of Shot-Crete Equipment Used for Pneumatic Placement of Shot-
Clay. 
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into small openings, pores, and fissures, and the compression of the axial restraint. There are 
no fractures occurring naturally in the rock surrounding the clay bulkhead. Although a few 
small fractures were created during excavation of the bulkhead key, these were tightly closed 
and limited in extent. Extrusion of clay into the few fractures or microfractures of the rock 
would account for an insignificant volume of clay in comparison with the volume of clay in 
the bulkhead. However, as illustrated in Figure 2.28, there were many short dead-end 
borehole remnants from the rock splitting process. Although the total volume of dead-end 
holes was very small (100 holes corresponded to about 0.02 m 3 ) , prior to shot-clay 
application, every hole was filled with a cylinder of pre-compacted clay to prevent extrusion 
of clay into the boreholes. 

The requirements for volume restraint on the upstream and downstream ends of the clay 
bulkhead were very different. The upstream end was adjacent to the sand-filled pressure 
chamber. Restraint against expansion would need to be provided by the backfill material 
placed adjacent to the compacted clay blocks. To meet the experiment objectives, this 
backfill material could not greatly affect the hydraulic boundary condition provided at the 
upstream end of the bulkhead. On the downstream end, a mechanical restraint was 
constructed. This restraint would be required to resist the combination of bentonite swelling 
pressure and hydraulic pressure applied by the water in the test tunnel. In addition, the 
restraint must also allow the collection and measurement of the seepage passing around or 
through the test tunnel. The design of the upstream backfill and the downstream mechanical 
restraint is described below. 
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FIGURE 2.47: Compaction Characteristics of Sand-Kunigel Mixtures From Standard Proctor 
Tests (from coordination meeting No. 4). 

Backfill 

A backfill material was placed in a 300 mm thick wall on the upstream end of the clay 
bulkhead (Figure 2.44). The two primary purposes of the backfill were: (i) to provide a more 
rigid material than sand alone to resist volume expansion of the clay bulkhead; and (ii) to fill 
the voids within the sand to prevent extrusion of the bentonite into the sand. The backfill 
also provided a more representative tunnel fill material on the upstream end of the bulkhead. 
A material comprised of 90% sand and 10% Kunigel V I bentonite by mass was used as 
backfill. The sand was a well-graded material with a maximum particle size of 10 mm and its 
clay fraction removed by washing. A proportion of 10% bentonite by mass was added to the 
sand to allow it to have a greater resistance to the swelling of the clay bulkhead. Also, 
inclusion of the bentonite in the backfill inhibited the extrusion of the bentonite from the clay 
blocks into the granular tunnel fill between the two bulkheads. The 10% bentonite backfill 
material was placed using dynamic compaction in layers in the lower two-thirds of the tunnel 
and using pneumatic emplacement in the upper third. 

The compaction characteristics of 10% bentonite backfill material are compared with material 
having different proportions of bentonite in Figure 2.47. The optimum backfill compaction 
moisture content of 8%, with a corresponding maximum dry density of 2.15 Mg/m 3 , was 
determined using the Modified Proctor compaction technique. A hand-held hydraulic impact 
hammer was used to compact the backfill in place (Figure 2.48). The backfill was placed in 
50 mm lifts and compacted for approximately 50 min/m 2 using the dynamic compaction tool. 
The backfill was compacted against the clay block assembly on one side and a wooden 
formwork on the other. The wooden forms were restrained against movement and vibration 
during compaction by bags of sand. The density of the as-place material was 2.1 Mg/m 3 with 
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FIGURE 2.48: Photograph Showing In Situ Compaction of the Backfill Material. 

a moisture content of 5%. The hydraulic conductivity this material was estimated to be 
o x 10 " 1 1 m/s, on the same order of magnitude as the hydraulic conductivity of the shot-clay 
and approximately two orders of magnitude more conductive than the pre-compacted blocks. 
The in situ compacted backfill material achieved the objective of providing a rigid wall with 
small voids for inhibiting bentonite extrusion. The higher hydraulic conductivity of the 
backfill relative to the clay blocks ensures that the hydraulic boundary condition of the test 
will be at the face of the clay block bulkhead as intended. 

The upper 1.5 m of the backfill wall was placed using the same pneumatic placement 
equipment used for shot-clay placement. The compaction hammer could not be operated 
horizontally to compact this backfill after pneumatic placement, therefore the upper backfill 
was tamped manually to increase its density. This tamping was not as effective as impact 
hammer compaction, and as a consequence, the pneumatically-placed backfill was 
substantially less dense than the compacted backfill. The pneumatic backfill achieved 
densities of 1.85 Mg/m 3 at a moisture content of 14%. The hydraulic conductivity of this 
material was estimated to be approximately 1 0 - 1 0 m/s with a swelling pressure of less than 
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100 kPa. Although the bentonite in the backfill should inhibit extrusion of bentonite from the 
clay bulkhead, the pneumatic backfill did not provide as rigid a restraint as the lower regions 
of backfill. 

Steel Shell Restraint 

On the downstream end of the clay bulkhead the resistance to bentonite expansion was 
provided by a rigid steel restraint system. The restraint system was designed to resist the 
combined loading of 4 MPa of hydraulic pressure from within the tunnel and 1 MPa of 
swelling pressure from the sand-bentonite blocks. The restraint system was essentially an 
elongated hemispherical steel shell, with a minimum plate thickness of 25 mm. The steel shell 
was designed to transfer the load outward onto a high strength concrete bearing pad 
(Figure 2.44). The concrete bearing pad, in turn, was recessed into the rock and secured by 
rock bolts. A 10 mm thick stainless steel plate and sand fill was used to transfer the load 
uniformly from the clay bulkhead to the steel shell. 

The design of the steel restraint was selected from a number of possible alternative 
configurations. These options included rigid structural steel structures and composite 
concrete-steel restraints of various configurations. The steel shell option (illustrated in 
Figure 2.44), with sand included for load transfer, was selected over a rigid steel structure 
based on its simplicity and ease of construction. Structures comprised entirely of steel would 
have required fabrication of many intricate parts, would have been heavy and difficult to 
assemble, and would have been much more costly than the steel shell. A massive concrete 
restraint was also considered. This design would have included a geomembrane water 
collection system and a stainless steel plate separating the concrete from the clay blocks. The 
cost-effectiveness and ease of construction of the massive concrete restraint option was 
recognized, however there was concern that it compromised the objectives of the experiment. 
It would have been likely that the concrete would act, to some extent, as a seal against the 
flow of water past the clay bulkhead thus extending the hydraulic pathway around the 
combined clay bulkhead and concrete restraint. The resulting bulkhead and restraint would 
have taken on the appearance, and possibly the function, of a composite clay-concrete seal. 
Based on these considerations the steel shell restraint design was selected. 

The components of the restraint system included the following: 

1. Concrete ring beam, 

2. Steel shell, 

3. Sand filler, and 

4. Stainless steel plate. 

The purpose of the concrete bearing ring was to transfer the load from the steel shell on to 
the rock. The design load was 5 MN/m around the perimeter of the tunnel. To resist this 
load, the concrete ring was keyed into the rock a distance of 250 mm in the walls and 400 mm 
in the roof and floor. The rock itself was sufficiently strong to resist all loads, but as a safety 
measure, rock bolts were installed behind the notch to resist the potential for cracking in the 
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rock as a result of excavation. The rock bolts (Figure 2.44) were 600 mm in length which was 
approximately twice the depth of the notch. As a rough guideline, rock bolt spacing equal to 
the bolt length would provide an overlap in the area of influence of two adjacent bolts. To 
provide an additional factor of safety the bolt spacing in this design was reduced to 450 mm 
resulting in 28 bolts being installed around the perimeter of the tunnel. Failure of the rock to 
provide shear resistance was considered in the analysis of the ring beam bearing capacity. 
The unconfined compressive strength of the rock was 210 MPa. Martin and Chandler (1994) 
showed that the residual strength of Lac du Bonnet granite damaged to conditions 
representative of a rock sample strained well past its peak load is approximately equal to 
70 MPa. Although it was extremely conservative to assume that the rock was damaged 
everywhere to the point of residual strength, there was still a safety factor of 3 against shear 
failure through damaged rock. 

A high strength concrete was specified for the ring beam with a minimum concrete strength 
of 60 MPa achieved within 90 days of placement. Considering only the 60 MPa concrete, and 
not the steel reinforcement, the factor of safety against shear failure in the direction of the 
tunnel axis was approximately 6. Samples of concrete were taken for compression testing and 
the average 28-day strength of the concrete was 68 MPa, whereas the calculated maximum 
compressive stress in the concrete was 33 MPa for the design pressure of 5 MPa. Hence, the 
safety factor against compression failure resulting from compressive loads applied by the steel 
shell was more than 2. Considering that the designed live loads of 4 MPa hydraulic pressure 
and 1 MPa swelling pressure were well defined, these factors of safety were more than 
sufficient for the design of the steel shell restraint. In addition to the resistance from the high 
strength concrete, the design of the ring beam included considerable reinforcement 
(Figure 2.49) with the steel reinforcement alone sufficient to resist the design load. 

FIGURE 2.49: Photograph Showing the Steel Reinforcement Within the Formwork for the 
Concrete Bearing Ring. 
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The steel shell restraint was designed by the engineering consulting firms of Golder Associates 
and Delcan. The shell consisted of two 3 m diameter hemispherical segments separated by a 
0.9 m wide central hemispherical segment. The shell was assembled in six sections, fastened 
together using approximately 2000 bolts. A photograph of the completed steel restraint and 
concrete ring beam is provided in Figure 2.50. The design of the restraint considered that the 
central section would carry a greater proportion of the load with the thickness of this section 
being 50 mm. The two outer hemispherical half-shells were 25 mm in thickness. It was 
assumed that the load from the clay bulkhead, transferred by the sand fill to the steel shell, 
would be approximately evenly distributed. An important design factor was to avoid point 
loads on the steel shell. The steel in the shell was designed to go into compression and 
transfer the stress to the concrete bearing ring. Based on hollow shell design theory, the 
hemispherical and cylindrical sections were designed to resist a pressure of 9 MPa. The 
compressive stress in the steel shell members would be 215 MPa, corresponding to an applied 
pressure from the tunnel of 5 MPa, which can be compared with a steel strength at least 
400 MPa. Steel plate cross-members, 25 mm in thickness, were included in the design to 
provide the shell with additional rigidity against buckling. 

A total of sixteen 90-mm-diameter holes and seven 135-mm-diameter holes were drilled 
through the steel shell. The smaller holes were used for routing 243 instrumentation cables 
out from the clay bulkhead, while the larger holes were included for use in sampling of the 
clay bulkhead at the end of the test before removal of the steel shell. The photograph of the 
region between the steel shell and the stainless steel plate (Figure 2.51) shows the steel 
conduits running from the clay bulkhead through the steel shell. The conduits were welded to 
the stainless steel plate while being allowed to slide freely through the steel shell. 
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FIGURE 2.51: Photograph Showing the Region between the Steel Shell and the Stainless 
Steel Wall Complete with Tubes for Sampling and Instrumentation Leads. 
The region would later be filled with sand. 

The region shown in Figure 2.51 was filled with a uniform graded, rounded sand, 0.75 mm in 
diameter, selected for its ability to flow and distribute stresses evenly across the face of the 
steel shell (Figure 2.36 for sand particle size distribution). The sand was vibrated during 
placement to increase its density and hence reduce its compressibility. The thickness of this 
region varied from a minimum of 600 mm to a maximum of f 200 mm. Finite element 
modelling was conducted by Golder Associates to assess the ability of the sand in this 
geometry to evenly distribute the stresses onto the steel shell and to calculate the 
compression of the sand. Displacement contours from the modelling are illustrated in 
Figure 2.52. The model considered that a densely placed sand on first loading would have an 
elastic modulus of f 00 MPa. The result of this analysis concluded that the load transfer 
capabilities of the sand were adequate and that the sand would compress by 25 mm due to 
application of the 4 MPa hydraulic load from the test tunnel plus an additional 6 mm due to 
a swelling pressure of f MPa from the clay. The 6 mm of compression resulting from 
expansion of the bentonite represents a volume increase of the clay bulkhead of 
approximately O.f % which meets the requirements of the restraint system. 

The sand between the stainless steel plate and the steel shell was compressed slightly by 
applying a small tension to the 16 steel instrumentation lead conduits, thus pulling the plate 
towards the steel shell. This compression was done to introduce a small compressive load to 
the sand to increase its stiffness. The tensile load was retained by locking nuts placed on the 
threaded ends of the conduits on the exposed downstream side of the steel shell. The imposed 
displacements from this compression were generally less than 1 mm. 
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FIGURE 2.52: Calculated Displacement Contours (metres of displacement) Resulting from 
5 MPa Compression from the Clay Bulkhead. 

The final component of the restraint system was the stainless steel wall on the downstream 
face of the clay bulkhead. Sheets of 10 mm thick stainless steel were welded together to 
create a flexible wall at the face of the clay bulkhead (Figure 2.53). A 100 mm deep by 
25 mm thick slot was saw-cut into the rock at the location of the steel wall (Figure 2.54). The 
steel plate was placed into the slot to prevent extrusion of swelling bentonite around the steel 
plates and into the sand fill. As an additional precaution against bentonite extrusion 
commercial bitumized bentonite strips were also placed in the slot. The stainless steel wall 
was not intended to act as a rigid restraint and the ends of the wall were free to rotate and 
move within the constraints of the 25 mm wide rock slot. A geomembrane seepage collection 
system was mounted on the face of the steel wall, and this seepage collection system will be 
discussed further in Section 3.3. 

2.3.1.8 Clay Grouting 

The rock adjacent to the clay bulkhead was grouted as an additional precaution against 
seepage through the damaged rock. A bentonite-based grout was selected as the material for 
grouting around the clay bulkhead. Although the rock near the TSX clay bulkhead was 
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FIGURE 2.53: Photograph Showing the Stainless Steel Wall Constructed on the Downstream 
Surface of the Clay Bulkhead. 
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FIGURE 2.54: Diagram of the Slot Cut into the Rock for Positioning the Stainless Steel Plate. 
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FIGURE 2.56: Photograph Showing Clay Grout Injection into the Floor of TSX Tunnel and 
Observation Borehole. 
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FIGURE 2.57: Photograph of the Moyno Constant Pressure Pump used for Grout Injection. 

predominantly intact with few visible fractures, grouting was conducted to assess whether 
injection of a bentonite-water slurry could result in a reduction of the local permeability, and 
also as a demonstration of clay grouting methods. Evidence from permeability measurements 
and seismic velocity studies (Section 3.1) indicated that damage was most likely to occur in 
the high compressive stress regions of the roof and floor and in the sidewalls where 
extensional strains resulted in increased microcracking. Clay grout was therefore injected into 
four boreholes on the upstream face of the clay key. The subhorizontal boreholes were 
approximately 150 mm away from the original excavation surface, drilled into the vertical key 
face. The 76-mm diameter grout injection boreholes were drilled into the roof, floor and each 
of the two sidewalls of the tunnel to a depth of one metre. Grout was injected prior to 
placement of any clay blocks. The location of the four grout injection boreholes is illustrated 
in Figure 2.55. The grouting system installed in the lowermost borehole, as well as an 
observation borehole, are shown in Figure 2.56. A photograph of the grout pump is provided 
in Figure 2.57. The procedure for grout injection was based upon the results from trial 
injections in the Room 419 test key. The boreholes were filled with pre-compacted cylinders 
of the sand-bentonite mixture used in block fabrication once grout injection was complete. 
The purpose of filling the boreholes was to prevent them from acting as possible flow paths. 

Clay Grout Design Optimization Trial 

The clay grouting trial had two objectives: development of the grouting procedure and 
evaluation of grouting effectiveness. The procedure adopted for grout injection in the TSX 
had already been demonstrated in an experiment at the Kamaishi facility in Japan (Sugita 
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FIGURE 2.59: Measured Seepage Rates During the Room 419 Clay Grout Injection Trials. 

FIGURE 2.60: Photograph Showing Clay Grout Injection into the Floor of Room 419. 
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et al. 1998). The trial included drilling boreholes, grout injection, testing effectiveness and 
filling the boreholes. The trial key in Room 419 was the site of the clay grout injection trials. 
Clay grout was injected into the rock just below the floor of Room 419 at the intersection 
between the horizontal tunnel floor and the vertical face of the key (Figure 2.58). A concrete 
weir EDZ permeability test was constructed to test the effectiveness of grouting. Two 
200 mm thick, 1.1 m high concrete weirs were constructed approximately 1.5 m apart. One of 
the weirs was placed within 100 mm of the vertical face of the key. The region between the 
two concrete weirs was filled with water to create a reservoir for EDZ permeability testing. 
Two commercially produced bentonite sealing strips were placed at the interface between the 
concrete and the rock. Upon hydration, these strips swell and seal the interface forcing water 
to travel down from the reservoir and through the damaged rock in the floor. Similar tests 
have been conducted at the URL to examine connected permeability of the damaged rock 
(Chandler et al. 1996). Furthermore, one EDZ permeability test was conducted to provide 
baseline seepage readings for the TSX (Section 3.1.8). The EDZ permeability test used to 
measure clay grouting effectiveness involved a hydraulic gradient through the EDZ of 
approximately 5 (i.e., 1 m height of water over 0.2 m width of the concrete weir). 

To maintain the one metre head, a continuous inflow of sand-filtered potable water was fed 
into the reservoir and water overflows through an overflow pipe installed in the back weir. A 
1.5 m deep, 96-mm diameter borehole was drilled into the bottom of the test key to act as a 
sump for collection of the water that seeps past the concrete weir and into the test key. 
Stainless steel troughs were installed in two saw cuts in the vertical face of the key to direct 
the seepage water towards the collection borehole. A plastic sheet was placed over the face of 
the rock to prevent evaporation or condensation from having an effect on measured seepage. 
A pressure transducer was installed in the borehole and the borehole was calibrated to 
determine the seepage volume per mm of water height. However, the total volume of the 
collection borehole, approximately 6 L, was insufficient for the purpose of monitoring the 
water seepage. Therefore, the seepage water was collected in a set of collection buckets to 
increase the capacity to 56 L. 

The collected seepage was measured manually using a graduated cylinder. Seepage was 
collected for a period of seven days prior to grout injection borehole drilling. The seepage 
rate gradually decreased from 13.1 mL/min to 7.3 mL/min as the bentonite strips gradually 
hydrated and sealed the interface. The seepage rate as a function of time is shown in 
Figure 2.59. Upon examining all the data at the end of the test it appears that the seven 
days of seepage monitoring was insufficient to reflect steady state seepage rates through the 
EDZ. Five short (660 to 998 mm in length) 76-mm diameter boreholes were drilled into the 
vertical face of the test key as shown in Figures 2.58 and 2.60. The three longer 
grout-injection boreholes were collared at the intersection between the concrete weir and the 
rock and angled down into the EDZ at 20°. The two shorter grout injection boreholes were 
collared 300 mm below the rock surface and drilled downwards at an angle of 10°. 

During borehole drilling the seepage rate decreased to about 5 mL/min before increasing 
suddenly to more than 22 mL/min (Figure 2.59). Portions of the bentonite sealing strip 
below the concrete weir were intersected in two of the upper boreholes (G2 and G3) resulting 
in the sudden seepage increase. The subsequent decrease in seepage rate is attributed to 
continued swelling of the bentonite strips. Just prior to grout injection the seepage rate had 
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TABLE 2.5 

SEQUENCE OF GROUT INJECTION DURING GROUTING TRIALS 

Proportion Date Injection time Injection 

% hours volume (L) 
0.2 August 13 4:00 53.2 
0.5 August 13 3:20 60.5 
1.0 August 14 1:33 29.8 
2.0 August 15 1:42 30.4 
4.0 August 15 1:39 17.6 
6.0 August 18 1:50 12.5 
8.0 August 18 1:52 4.1 

decreased to a relatively stable rate of 6.5 mL/min. Mechanical packers were installed in the 
five boreholes and hydraulic tests were conducted to determine the local hydraulic 
conductivity of the damaged rock. The hydraulic conductivity was determined by applying a 
hydraulic pulse of approximately f 00 kPa to the borehole and then by fitting the measured 
pressure decay to a known solution. The resulting hydraulic conductivities of the upper 
boreholes ranged from 6 x 1 0 - 1 3 to 2 x 1 0 - 1 1 m/s. The hydraulic conductivity of the lower 
two boreholes (G4 and G5) averaged 5 x 1 0 - 1 4 m/s, which is consistent with other 
measurements in intact, undamaged granite at the URL. 

The layout of the grout injection system is illustrated in Figure 2.58. A Moyno constant 
pressure pump injected grout into all five boreholes simultaneously. The initial plan was to 
use a maximum grout injection pressure of f MPa to allow comparison with grouting tests 
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FIGURE 2.61: Bentonite Injection Rate During Clay Grouting Trials. 
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conducted at the Kamaishi Mine, Japan. The maximum pressure in the URL tests was 
limited to 500 kPa to avoid the possibility of inducing hydraulic fracturing in the shallow 
boreholes. Grout injection progressed from a thin slurry of 0.2% Kunigel bentonite by mass, 
to a thicker slurry (8.0%). The proportions were based on the Kamaishi Mine test results. 
Grout injection took place over six days, between 1997 August 13 and 18. Grout injection 
times are listed in Table 2.5. The first grout injection was slowly pressurized to 500 kPa over 
a 47 minute period. For subsequent grout proportions, the pressure was ramped up more 
quickly over a 12 to 20 minute period. The packers were removed from the boreholes on 
August 19, the day after the last grout injection. The boreholes were then filled with 
pre-compacted cylinders of 70% Kunigel bentonite and 30% sand. Pressure pulse testing to 
determine the post-grouting hydraulic conductivity of each borehole was not conducted. 
There was concern that the testing may disturb the grout injection site and reduce the 
effectiveness of grouting as measured by the seepage test. 

The efficiency of grouting was estimated by calculating the rate of bentonite injection. The 
bentonite injection rate is usually calculated by multiplying the injection rate by the 
bentonite concentration. However, in these trials, much of the grout injected into the sealed 
boreholes was leaking back through the damaged rock into the seepage collection system. The 
seepage collected during grouting included both leakage form bentonite grouting and fresh 
water seeping in from either the rock or the reservoir. The injected grout volume could not 
simply be corrected by subtracting the measured seepage, therefore, a method was devised to 
determine the relative proportions of grout and fresh water. Since the electrical conductivity 
of the grout was proportional to the bentonite concentration, the quantity of bentonite grout 
in the collected seepage water, and hence the rate of bentonite leakage, was determined by 
measuring the electrical conductivity of the water collected. The rate of bentonite injection 
was then corrected by subtracting the calculated rate of bentonite leakage. This calculated 
rate of bentonite injection is plotted as a function of injected bentonite concentration in 
Figure 2.61. The results from the grout injection trials indicate that the bentonite 
concentration of 4% was the most efficient. 

Measured seepage rates increased during grout injection, presumably as a result of hydraulic 
fracturing at grout injection pressures of up to 500 kPa, or by injection of pressurized water 
into the contact between the concrete weir and the rock. The upward movement of the 
concrete weir, relative to a position on the vertical face on the trial key, was measured using 
two Linear Voltage Differential Transformers (LVDTs) throughout grouting. The upward 
displacement of the concrete weir increased with each grout injection to a total of 15 fim at 
the completion of grouting. This represents an increase in aperture of rock fractures or the 
concrete-rock interface that could account for the increased seepage. The displacements 
recovered completely only upon removal of the packers. Seepage rates slowly decreased after 
the completion of grout injection. After 48 days of seepage monitoring the seepage had 
decreased to a stable rate of 0.3 mL/min. Although this result implies a decrease in seepage 
rate from 6.5 mL/min to 0.3 mL/min as a consequence of grouting, the low seepage rate of 
0.3 mL/min was obtained only after seven weeks of monitoring. Time constraints did not 
permit this duration of pre-test seepage monitoring and it is likely that the pre-test seepage 
rate of 7.3 mL/min is not representative of pre-test conditions. 

One conclusion from the grouting trials was that an injection pressure of 500 kPa, combined 
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TABLE 2.6 

RESULTS FROM CLAY GROUTING HYDRAULIC PULSE TESTS 

Hydraulic Conductivity m/s 
Borehole Before Grouting After Grouting 

G l 7.36 1CT1 3 3.34 1CT1 3 

G2 1.75 1CT1 3 3.50 10 " 1 3 

G3 1.54 1CT1 1 1.31 10 " 1 1 

G4 3.22 1CT1 1 7.53 10 " 1 2 

TABLE 2.7 

CLAY GROUTING INJECTION SUMMARY 

Proportion Injection Pre-injection Injection Total Volume Conductivity 

(%) Pressure (kPa) Time at 200 kPa Time (L ) (mS/cm) 
0.2 200 17:05 h 4 h 3.377 0.246 
0.5 200 18:27 h 1:50 h 2.599 0.286 
1.0 300 0 2 h 2.480 0.359 
2.0 300 18:12 h 1:55 h 1.763 0.497 
4.0 500 0 2 h 2.941 0.800 
6.0 500 17:27 h 1:50 h 7.392 0.967 
8.0 500 0 2:10 h 2.724 1.149 

with boreholes collared at the rock surface and clay proportions of less than 1%, is too high 
for injection in the TSX. In the TSX, the borehole collars were moved a little further from 
surface of the rock and the injection pressure was reduced below 500 kPa for clay proportions 
of 2% or less. The staged approach for increasing bentonite proportions from 0.2% to 8.0%, 
as in the grouting trials, was considered an effective method for injection of clay grout in the 
TSX. The results from the clay grout injection trials, although not conclusive, implied that 
the injection of clay grout would result in a reduction in seepage through the EDZ. 

Results from TSX clay grout injection 

The four grout injection boreholes in the TSX clay bulkhead were hydraulically tested prior 
to grout injection to determine the permeability of the rock surrounding each borehole. Since 
the boreholes were only 150 mm from the rock surface, and hence were unconfined, high 
hydraulic pressures were not used during testing to avoid rock breakage or hydraulic 
fracturing. The test pressure was also kept below the planned initial grouting pressures of 
200 kPa. Hydraulic pulse recovery tests with the maximum pressure of 100 kPa were used to 
determine the permeability. The tests were repeated after grout injection to assess the change 
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FIGURE 2.62: Total Volume of Grout and Total Mass of Bentonite Injected for Each Bentonite 
Concentration. 

in permeability caused by grouting. Permeability results are listed in Table 2.6. 

An observation borehole was drilled 300 mm away from grout injection borehole G3 in the 
floor of the tunnel to provide a visual check on grout travel (Figures 2.55 and 2.56). All four 
boreholes were grouted concurrently from a single grout supply header. The supply header 
was fed by a constant pressure Moyno pump to eliminate pressure pulses. Grout injection 
progressed from a thin bentonite slurry (0.2% Kunigel V f bentonite by mass) to a thicker 
slurry (8% bentonite). 

The thin slurry was injected first to reduced the permeability of microcracks having small 
apertures. Increasing the bentonite content with each grout injection was intended to seal 
progressively larger and larger cracks. The slurry proportions used were 0.2%, 0.5%, 1.0%, 
2.0%, 4.0%, 6.0% and 8.0%, the same proportions used in the Room 419 trials. The higher 
bentonite proportions were injected at higher pressures. At bentonite slurry concentrations of 
0.2%, 0.5%, 2.0% and 6.0% the supply pressure was increased to 200 kPa, the valve was then 
shut and the pressure was locked-in overnight. The overnight pressure drop varied 
substantially from one borehole to the next but the pressure drop increased with increasing 
bentonite proportion. Grout injection continued normally under constant injection pressure 
upon reopening the valve the following morning. Table 2.7 summarizes the clay grout 
injection. 

The volume of grout injected was very small and most of the grout was injected during the 
first 10 to 20 minutes of pressurization. There was no leakage around the boreholes although 
the rock surface within f 00 to 200 mm from the injection boreholes seemed damp. There was 
no seepage nor leakage of slurry to the observation borehole. The injected volume of grout 
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and the total mass of bentonite injected was calculated for each bentonite concentration 
(Figure 2.62). The total volume of injected grout was relatively constant for all proportions 
except 6%. The increase in grout volume was attributed to the opening of microcracks under 
the combined influence of increased injection pressure and bentonite concentration. These 
newly opened microcracks were considered to be filled by bentonite since the injected grout 
volume at 8% was much less than at 6%. The total mass of injected bentonite was also a 
maximum at 6% bentonite concentration. 

As indicated in Table 2.6 there was very little change in measured permeability from before 
to after grouting. Tests in boreholes G l in the roof and G4 in the wall indicated a 55% and 
76% reduction in permeability respectively. Borehole G3 in the floor was unchanged and the 
measured permeability in borehole G2, in the wall opposite to G4, doubled. Although these 
results suggest a permeability decrease on the average, significant permeability changes are 
usually reported in terms of orders of magnitude and none of the changes measured in this 
test were more than one order of magnitude. 

The total volume of injected grout slurry was 23.3 L for an injection of approximately 860 g 
of bentonite. The average grout injection was approximately 6 L per borehole. Since volume 
measurements were conducted at the pump it was not possible to measure injection into each 
borehole. The clay grout injection did not greatly reduce the EDZ permeability, however the 
rock permeability was initially very low, and there were very few cracks or fractures in the 
rock to fill. As a demonstration of clay grout injection, all equipment worked well and useful 
procedures were established for the injection process. 

2.3.1.9 Clay Bulkhead Simulations 

A clay block assembly, 0.9 m in diameter and 1 m in length (approximately one-third the 
length and one-quarter the width of the TSX bulkhead), was installed in a steel pressure 
vessel on the 420 Level of the URL. There were two purposes of the test: to develop the 
operation protocol of the TSX, and to demonstrate that a clay block structure can seal an 
applied hydraulic pressure of 4 MPa. The clay block bulkhead of the TSX would not be 
pressurized immediately to 4 MPa, therefore a procedure was developed to define the 
sequence of tunnel pressurization from zero to 4 MPa in incremental steps. Two protocols for 
increasing the pressure were proposed. 

1. A reference total pressure cell in the clay bulkhead could be identified (at the top of the 
clay key for example) and the pressure could be incremented when pre-specified total 
pressures had been measured. The measured total pressure would be an indicator of the 
degree of clay hydration and swelling. 

2. A pre-set schedule for tunnel pressurization could be followed. 

Simulation No. 1 

Two simulation tests were conducted in the steel pressure vessel. The first test was designed 
to assess the first pressurization protocol. Clay blocks were installed within the pressure 
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FIGURE 2.63: Configuration of Clay Bulkhead Simulation No. 1. 

FIGURE 2.64: Orientation of Clay Blocks in Alternating Layers of Clay Bulkhead Simulation 
No. 1. 
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FIGURE 2.65: Photograph of the Pre-Compacted Blocks Cut for Placement in the Clay Bulk
head Simulation. 

vessel purposely loose and with a 25 mm air gap along one side. The air gap was intended to 
represent a "worst case" possibility for settlement at the top of the clay bulkhead. Eleven 
pneumatic earth pressure cells were installed within the simulation. The configuration of the 
simulation is illustrated in Figure 2.63 and the arrangement of clay blocks within the 
simulation is illustrated in Figure 2.64. Figure 2.65 is a photograph showing the clay blocks 
cut for placement within the steel pressure vessel (shown in Figure 2.66). The blocks were the 
same as those fabricated for the TSX and were placed in twelve 105 mm layers for a total 
thickness of f .2 m. 

The plan for the simulation was to stepwise increase the pressure at the base of the test and 
measure the seepage through the clay block assembly. Seepage rates were to be kept 
sufficiently low that erosion of the clay in the simulation would not be a concern. Ideally the 
measured seepage rate would have been correlated to the lateral pressures measured within 
the simulation. Data collected this way would be used to define a protocol for pressurization 
of the TSX based on measured total pressure at the clay-rock interface. 

Water pressure was applied to the base of the test with the top of the pressure vessel open to 
the atmosphere. It was anticipated that, at least for the early stages of pressurization, water 
would freely flow through the gaps between the blocks and between the blocks and the steel 
shell. The installation of the blocks in the simulation, and the arrangement of 
instrumentation cables in the gap, are shown in Figure 2.67. To avoid leakage upon first 
pressurization, the pressure head was initially set at the elevation of the top of the clay block 
assembly. The applied pressure was then increased after three weeks of this initial hydration 
period. The results from the pressurization of Simulation No. f, together with the measured 
lateral earth pressures near the base of the test are presented in Figure 2.68. 
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FIGURE 2.66: Photograph of the Pressure Vessel Used for the Clay Bulkhead Simulations. 

The simulation repeatedly showed periods where considerable flow occurred through the clay 
assembly. When water outflow was observed, the hydraulic pressure at the base of the test 
was subsequently reduced or removed to give the system time to swell and possibly prevent 
further flow. Such flow events occurred on five occasions. Stress distributions throughout the 
assembly were fairly uneven, which was interpreted as the loose assembly of blocks being 
allowed to shift under the applied hydraulic load. The hydraulic head at which leakage 
occurred varied between 200 kPa and 1000 kPa. 

The final stage of testing was conducted with a Fluorescein dye mixed with the water at the 
base of the simulator. This dye was strongly coloured and fluoresced when exposed to 
ultraviolet light. In the pressurization process, the simulation held pressure and showed no 
outflow until a hydraulic pressure of f000 kPa was applied to the bottom of the simulation. A 
flow path opened and water came through the simulation. The locations of flow paths were 
identified upon disassembly of the simulation. Flow appeared to be occurring through two 
main routes: via the cable bundles between the blocks and the simulator wall, and through 
several cable sheaths. Visual and ultraviolet light inspection confirmed the presence of the 
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FIGURE 2.67: Photograph Showing the Blocks Installed in Simulation No. 1 and the Ca

ble Leads in the Gap. 
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FIGURE 2.68: Results from Clay Bulkhead Simulation No. 1. 
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FIGURE 2.69: Moisture Content of Alternate Block Layers in Clay Bulkhead Simulation 
No. f. Distances are relative to the base pressurized face. 

dye in the outflow water from the simulator and the water coming through the cable leads. 
No Fluorescein dye was found in any region of the simulator outside of the those associated 
with breached cable sheaths or where multiple cables were run together. This indicated the 
importance of cable routing, cable protection and the installation of effective cable seals. 

There was no correlation between measured lateral earth pressure and applied hydraulic 
pressures for the various leakage events. Figure 2.68 illustrates that leakage was possible 
when the tunnel pressure exceeded the lateral pressure at the original air gap. However, the 
lateral earth pressure at the original air gap was not the least pressure, as was expected when 
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the test was envisaged. Without a priori knowledge of the direction of this potential 
flowpath, it would not be possible to correlate earth pressure to hydraulic pressure. 

The simulation was decommissioned after six months of testing and was extensively sampled 
to determine the moisture and density distributions within the assembly. Moisture content 
and density samples were taken from every layer of blocks and contours of moisture content 
and dry density were developed, although only moisture content and density from alternating 
layers are illustrated in Figures 2.69 and 2.70. It was very apparent that moisture content 
was greatest in the region of the original air gap, however, moisture content was higher 
everywhere around the interface between the clay blocks and the steel wall than at the centre 
of the clay block assembly. Similarly, density tended to be lowest in the location of the 
original air gap and highest at the centre of the assembly. 

There are four observations that were made from the results of the first simulation. 

• Running cable lines separately would be important for improved sealing of the overall 
system. It would also be important to seal all the leads and protect them from 
perforation during construction to prevent the inside of the cable leads from becoming 
pathways for seepage. 

• Lateral earth pressures were too variable, even within the confines of a small-scale test, 
to be used as controls for test operation. The best approach for controlling the TSX 
would be to use a prescribed pressurization schedule. 

• The original gaps in the experiment, in particular the 25 mm air gap at the clay-steel 
interface, were higher in moisture content and lower in density six months after the 
initial hydration. Portions of the air gap had a dry density as low as 1.2 Mg/m 3 and 
moisture content as high as 35%. The lower density implied higher hydraulic 
conductivity. This suggested that the initial air gap region would remain a long term 
preferential pathway for flow. The implication for construction of the TSX was that 
every effort should be taken to minimize gaps in the TSX bulkhead. 

• Swelling of the bentonite in the simulation filled all the voids in the test and there were 
no open pathways on visual inspection. This suggested that if the cables were not flow 
pathways the test would have eventually provided an effective seal after the entire 
cross-section became saturated. 

Cable Seal Tests 

The need to test cable lead sealing arose from the first simulation. The instrument cables 
were to be protected from perforation during construction by running them through 
10-mm-diameter high-pressure Synflex tubing. The tubing was rugged and would not crush 
at external pressures up to 5 MPa. The tubing was sealed to the instrument housing using 
Swage-loc high-pressure fittings. All sensors, fittings and tubings were pressure tested in a 
steel pressure vessel at the URL at hydraulic pressures up to 4 MPa. This rigourous test 
protocol ensured that the instrument and internal wiring would not become pathways for 
flow. External cable seals were designed, tested and installed on all cables to ensure that 
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FIGURE 2.71: Cable Seal Test Configuration (right); Photograph of Assembly of Seal Test 
(left). 

water would not flow preferentially between the smooth Synflex tubing and the 
sand-bentonite blocks. 

To address the sealing of the cable leads, three small pressure vessels were installed with a 
single Synflex tube passing between two compacted clay bricks (Figure 2.71). One test had no 
seal, the second test had a rubber stopper cemented to the Synflex tube, the third test had a 
strip of commercially available bitumized bentonite wrapped around the Synflex tube. All 
three cells were pressurized on one side to 4 MPa. The pressure was increased from 20 kPa to 
4 MPa in steps over approximately one month. Only the cable with no seal leaked, but even 
seepage through this test reduced to zero after only one day. These tests indicated that 
running the cables individually along grooves cut into the blocks would be sufficient to 
prevent water from travelling along the outside of the cable. As an added precaution, at least 
one cable seal was installed on every cable lead in the TSX, as illustrated in Figure 2.72. The 
cable seal was a composite rubber stopper and bentonite gasket seal. 

Simulation Test No. 2 

The cable lead seal was tested on a larger scale in a second simulation test. This simulation 
had no active instrumentation within the clay, however a non-functioning psychrometer was 
installed complete with protective Synflex tubing and a composite rubber stopper and 
bentonite gasket water stop. This cable seal was simple to install and provided an effective 
seal against leakage in this second simulation. 

There were two purposes for the installation of the second clay bulkhead simulation. The 
simulation was intended to demonstrate that an assembly of clay blocks could provide a seal 
against an applied pressure of 4 MPa. The simulation was intended as a demonstration of a 
22 week pressurization schedule for use as a operation protocol in the TSX. The test assembly 
was the same as in Figure 2.63 with four exceptions: 

• The test was assembled with no intentional air gaps. 
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FIGURE 2.72: Photograph Showing Installation of Cable Seals During Construction of the 
TSX. 
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FIGURE 2.73: Photograph Showing Tight Block Installation of Simulation No. 2 with One 
Dummy Cable Lead. 
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• The only instrument in the test was a single horizontal earth pressure cell at the top of 
the uppermost block layer. A single cable was run vertically through the centre of the 
assembly from the lowermost layer through to the top layer. This cable was installed 
with a single rubber stopper and bentonite gasket waterstop. 

• A 150 mm layer of in situ compacted backfill (10% Kunigel bentonite and 90% sand) 
was installed at the base of the test. 

• Ten layers of blocks were installed in the test, as compared with twelve layers in 
Simulation No. 1. The total thickness of clay blocks was therefore approximately one 
metre. 

Figure 2.73 is a photograph of the clay block installation for Simulation No. 2 with the 
instrumentation cable running through the center. 

The blocks were intended to be placed as a relatively tight and gap-free assembly. To this end, 
the blocks were trimmed more closely to the dimensions of the walls of the vessels, and the 
joints between adjacent blocks and between the blocks and the steel wall were hand packed 
with powdered bentonite or a bentonite-sand mixture. The layer of backfill at the base of the 
test was intended to be representative of the backfill to be placed in the TSX. Although the 
backfill would be much more permeable than the clay block structure it would have the effect 
of reducing the potential for large flows of water through the dry clay blocks during the initial 
stage of hydration. It would also minimize extrusion of clay into the sand on the wetted face 
of the test. The backfill was compacted in place using a hand-held hydraulic impact hammer. 

A twenty-two week pressurization schedule was adopted for the test. Small-Scale Seal 
Performance Tests (Knowles and Howard 1996) had been conducted at the W I P P on an 
almost identical scale using pre-compacted blocks of bentonite and salt-bentonite. The 
adopted pressurization schedule for Simulation No. 2 was based on advice provided by those 
involved in analyzing the W I P P tests. The intention was to use a schedule that had a 
reasonable certainty of success and, if successful, to apply the same rate of pressurization to 
the TSX. The adopted schedule is shown in Table 2.8. 

The hydration period at 10 kPa was extended for one week (relative to the schedule in 
Table 2.8) to avoid scheduling conflicts with key personnel. The test reached the full pressure 
of 4 MPa on 1998 July 6, and the pressure was subsequently held constant for two and a half 
months. No water outflow was recorded until the test had reached full pressure. In 
1998 August the rate of water outflow was approximately one-sixth the rate of water inflow 
(Figure 2.74). It was originally estimated that the simulated bulkhead was saturated after 
only 18 weeks of operation based on an increase in the measured inflow rate and a one-to-one 
correspondence between applied pressure increment and measured pressure increments 
transferred through to the top of the simulator. At the end of pressurization, seepage rates 
into the simulation were approximately 10 mL/d, indicative of a hydraulic conductivity of 
1 0 - 1 2 m/s (Figure 2.75). In September 1998, a Rhodamene dye was introduced on the 
pressurized side of the simulator. The purpose of the addition of the Rhodamene was to 
provide information that may be useful in the conduct of the tracer test portion of the TSX. 
Pressure in the simulator was reduced to 2 MPa for two months after tracer application and 
then returned to 4 MPa until 1999 September. 
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TABLE 2. 

PRESSURIZATION SCHEDULE FOR CLAY BULKHEAD SIMULATION TEST NO. 2 

Week Date Pressure Week Date Pressure Week Date Pressure 
(kPa) kPa) (kPa) 

0 Jan 26 10 8 Mar 23 200 16 May 18 1200 
1 Feb 2 10 9 Mar 30 300 17 May 25 1500 
2 Feb 9 10 10 Apr 6 300 18 Jun 1 1800 
3 Feb 16 10 11 Apr 13 400 19 Jun 8 2200 
4 Feb 23 10 12 Apr 20 500 20 Jun 15 2700 
5 Mar 2 100 13 Apr 27 600 21 Jun 22 3300 
6 Mar 9 100 14 May 4 800 22 Jun 29 4000 
7 Mar 16 200 15 May 11 1000 
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FIGURE 2.74: Total Inflow and Outflow Measured in Simulation No. 2. 
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FIGURE 2.75: Applied Hydraulic Pressure at the Base of Simulation No. 2, the Measured To
tal Pressure at the Top of the Test, and the Calculated Hydraulic Conductivity 
from Inflow Data. 

Although there was no measured outflow from the test for 23 weeks after the first application 
of water, more than 50 L of water went into the test during January 26 and 27, the first two 
days of hydration. Another 80 L of water flowed into the test during the initial pressurization 
to 100 kPa. It is likely that there were pockets of air within the sand and backfill that were 
displaced during the initial application of water, however it is possible that a small portion of 
this water moved quickly through the dry block assembly and ponded on the top surface of 
the clay blocks. The storage capacity in the sand between the top layer of blocks and the 
outflow ports was estimated at about 25 L. 

The simulator was disassembled on 1999 September 21, 600 days after its installation. The 
clay block structure was taken apart in ten 0.1 m thick layers corresponding to the original 
block thicknesses. A total of 250 moisture content and 25 density samples were taken. 
Contours of moisture content were made using this information for the possible end use in 
calibration of moisture migration models (Figure 2.76). Although outflow from the test had 
been observed since f998 June, the clay block simulation was not saturated as was believed 
prior to disassembly. Flow would have been occurring through the clay only in wetter regions 
near the steel-clay interface. Although the entire simulation was wetter than as-placed only 
the bottom 0.2 m was fully saturated. At the time of disassembly, free water was observed on 
the top of the clay blocks providing hydration from both top and bottom, however, only the 
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FIGURE 2.76: Selected Horizontal and Vertical Sections Showing Contours of Moisture Con
tent. 
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clay near the pressurized lower boundary had a substantial saturated zone. Nowhere in the 
assembly of blocks was the Rhodamene dye observed. After one year of application, the 
Rhodamene dye had not even travelled through the 15 cm thickness of compacted backfill 
below the base of the test. The conclusion from this tracer test was that there were no 
preferred pathways allowing the dye to be transported up into the bulkhead simulation. 

Based on the success of the test, the pressurization schedule used in Simulation No. 2 was 
applied in the TSX. 

2.3.1.10 Clay Bulkhead Numerical Modelling 

Numerical modelling of the clay bulkhead was conducted for A N D R A as part of their 
contribution to the TSX. Modelling efforts included: 

• Characterization of the hydro-mechanical properties of a compacted Kunigel 
bentonite-s and mixture (conducted by CERMES). 

• Modelling of the stresses and displacements in the clay due to compressive loading 
(conducted by SIMECSOL). 

• Modelling of the hydration of the clay bulkhead by two separate teams: Eurogeomat, 
and Universidad Politécnica de Catalunya (UPC) . 

The results from these studies are summarized in this section. 

Characterization of the Compacted Clay 

Two materials were characterized in the laboratory: a pure Kunigel bentonite, and a mixture 
of 30% sand and 70% Kunigel. The following properties were evaluated: 

• The saturated permeability as a function of void ratio. 

• The compressibility of the materials. 

• The water retention curves (suction versus water content for free-swell conditions). 

• Water retention curves with swelling prevented. 

• Unsaturated hydraulic conductivity as a function of suction in the pore space. 

• The unsaturated air permeability as a function of degree of saturation. 

The permeabilities of saturated pure Kunigel bentonite and the sand-bentonite mixture were 
determined from odometer compressibility tests carried out on slurries. The slurries were step 
loaded to 30 MPa in a 70-mm diameter consolidation ring. The coefficient of consolidation 
and the void ratio was determined for each step load increment, and the permeability of the 
material was calculated from the coefficient of consolidation. The resulting plots of saturated 
permeability as a function of void ratio are provided in Figure 2.77. 
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FIGURE 2.77: Saturated Permeability versus Void Ratio for Pure Kunigel and Kunigel-Sand 
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FIGURE 2.78: Compressibility Curves for Pure Kunigel and a Sand-Kunigel Mixture Initially 
Compacted to Dry Densities of 1.8 Mg/m 3 and 2.03 Mg/m 3 respectively (left) 
and Permeability Calculated from the Coefficient of Consolidation (right). 
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FIGURE 2.79: Water Retention Curves for Pure Kunigel and a Kunigel-Sand Mixture: Suc
tion Versus Water Content (left) and Void Ratio Versus Suction (right). 

The laboratory team at CERMES worked on the assumption that a swelling pressure of 
5 MPa was the design requirement for the material of the TSX. The dry density 
corresponding to a 5 MPa swelling pressure was determined for both pure Kunigel and a 
Kunigel-sand mixture, and these were f .8 Mg/m 3 and 2.03 Mg/m 3 respectively. The 
compressibility characteristics of samples of pure bentonite and sand-bentonite compacted to 
these initial densities were determined. The compacted samples were placed in a high 
humidity environment for one month to become saturated. The samples were then trimmed 
and placed in an odometer and a consolidation test was conducted on the saturated samples. 
The resulting compression curves are provided in Figure 2.78. Also provided in Figure 2.78 is 
the permeability calculated from the coefficient of consolidation from the compacted samples. 
The difference in permeability between the tests conducted on slurries (Figure 2.77) and the 
tests conducted on samples compacted prior to saturation (Figure 2.78) demonstrates the 
sensitivity of the material to its loading history and method of formation. 

The water retention curve of pure Kunigel bentonite was determined by placing the samples 
in desiccators in which a controlled relative humidity was imposed by saline solutions. A 
similar approach was used to determine the water retention characteristics of the 
sand-Kunigel mixture with additional points added at lower suctions using the osmotic 
method for controlling suction. In this technique, higher suctions were imposed by immersing 
samples wrapped in a semi-permeable membrane in a solution of polyethylene glycol (PEG) . 
Suctions of up to 3 MPa were imposed using progressively higher concentrations of PEG. The 
samples of pure bentonite were initially compacted to a dry density of f .8 Mg/m 3 at a water 
content of 10%. The samples of sand-Kunigel were compacted to a dry density of 2.03 Mg/m 3 

at a water content of 10%. The resulting water retention characteristics were expressed in 
terms of suction versus water content and suction versus void ratio (Figure 2.79). 
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To a certain extent, the volume change is prevented during in situ hydration of 
bentonite-based sealing materials. The condition of no volume expansion has an effect on the 
water retention characteristics and this effect was examined in the laboratory. The suctions 
were again imposed using both saline solutions and the PEG osmotic method. Lateral 
expansion of the samples was constrained by a metal ring and axially by metal porous stones 
at either end of the sample. The resulting water retention data are compared with data from 
free swell tests in Figure 2.80. It can be concluded from these tests that prevented swelling 
results in less water retained by the bentonite or bentonite-sand mixture at suctions less than 
10 MPa. The equation relating gravimetric water content (w expressed as a percent) to 
suction (S in MPa) that best represents the data presented on the right side of Figure 2.80 is 
as follows: 

w = 20.9 - 8.131og[5]. 

The unsaturated hydraulic conductivity of specimens of pure Kunigel and compacted 
Kunigel-sand mixtures, compacted to dry densities of 1.8 Mg/m 3 and 2.03 Mg/m 3 

respectively, were derived in the laboratory. The specimens were installed in a rigid 
cylindrical cell to prevent volume expansion during testing. Water was applied at one end of 
the sample at both atmospheric pressure and at a pressure of 5 MPa. The moisture content 
was measured at distances of 50 to 200 mm from the wetted end using mirror psychrometers. 
The suction gradient was determined from the psychrometer measurements and the flow rate 
was derived from the rate of change of moisture content. The hydraulic conductivity is 
calculated based on the assumption that Darcy's law applies. The data from all tests are 
combined into a single plot in Figure 2.81. 

The air permeability of unsaturated Kunigel and Kunigel-Sand mixtures was determined by 
applying a low value of air pressure to one side of a sample, shutting off the flow of air and 
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FIGURE 2.83: The Finite Element Grid and Exaggerated Displacements for the Conditions of 
Frictionless Slip at the Clay-Rock Interface (left) and Plastic Strain Contours 
(right). 

measuring the change in air pressure with time. The rate of pressure change is used to 
determine the air permeability. The resulting air permeability is plotted versus degree of 
saturation (Sr) and air void ratio (defined as void ratio (e) multiplied by (f - Sr)) in 
Figure 2.82. 

Mechanical Modelling of the Clay Bulkhead 

The finite element analysis of the compression of the sand between the steel shell and the 
stainless steel plate (Figure 2.52) also modelled the compression of a simplified clay bulkhead. 
In the analysis the clay blocks were considered to behave linear elastically with a Young's 
elastic modulus of 50 MPa, although it was acknowledged that modulus of the individual 
blocks would be higher. The result was 200 mm of compression of the clay bulkhead with an 
applied mechanical load of 5 MPa. Although this was not a representative model for the clay 
bulkhead it did highlight that compression of the bulkhead under the applied hydraulic loads 
might be an important sealing issue. 
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TABLE 2.9 

SUMMARY OF MODELLED CLAY BULKHEAD DISPLACEMENTS 

Case Modelled Displacement (mm) 
Point 1 Point 2 Point 3 

Elastic; frictionless interface 
Elastic; perfectly bonded interface 
Cohesion = 40 kPa; frictionless interface 
Cohesion = 40 kPa; perfectly bonded interface 
Cohesion = 0; perfectly bonded interface 
Cohesion = 80 kPa; perfectly bonded interface 

38 8 4 
37 7 4 
99 26 13 
97 26 13 
101 26 13 
93 26 13 

A more representative numerical model of the mechanical transfer of stress within the clay 
bulkhead was conducted by SIMECSOL. The model considered the properties of the clay 
blocks, the sand, steel shell and concrete bearing pad. The clay bulkhead was modelled as a 
homogeneous, linear-elastic, perfectly-plastic solid, having an elastic modulus of 200 MPa and 
Poisson's ratio of 0.3. Strength parameters were assigned to both the clay and the sand 
within the restraint system. The sand was cohesionless with a friction angle of 25°. The clay 
was assigned a friction angle of 14°, and three analyses were completed using clay cohesions 
of 0, 40 and 80 kPa. Two different boundary conditions were considered by the modellers: 
one which allowed frictionless slip between the rock surface and the clay blocks; and a second 
which did not allow slippage. The model did not attempt to represent the transition to 
bulkhead saturation or the generation of swelling pressure. The finite element grid and 
exaggerated displacements for the case with frictionless slip is illustrated in Figure 2.83. 

For all the cases where plastic strain was allowed, virtually the entire clay bulkhead was 
undergoing some plastic strain. For these cases, there was very little effect of cohesion or 
boundary condition on the final displacements. An interesting observation is that a region of 
increased plastic strain extends through the keyed region, connecting the upstream and 
downstream sides of the clay bulkhead (Figure 2.83). It is not clear, however, if this 
represents a potential hydraulic pathway through the clay bulkhead. The model predicted 
that the bulkhead would be compressed by 71 to 75 mm under an applied hydraulic load of 
4 MPa (the difference between Point 1 and Point 2 for the non-elastic results in Table 2.9). 
The bulkhead would also translate by 26 mm through compression of the sand in the 
restraint system and deflection of the steel shell itself. Considerably smaller displacements 
were calculated for the conditions where the model remains elastic throughout (i.e., no plastic 
deformation). The elastic-plastic model was probably more representative since non-elastic 
displacements were likely to occur within the sand in the restraint system and along 
block-to-block interfaces. 

The modelling results reinforced the need to measure displacements within the clay bulkhead 
and on the upstream face of the bulkhead. As a consequence of this modelling, additional 
displacement measuring devices were installed in the experiment to address this need. 
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Numerical modelling of clay bulkhead hydration 

Two modelling teams were assigned the task of predicting the rate of clay bulkhead 
hydration: the Universidad Politécnica de Catalunya (UPC) ; and Eurogeomat of France. 
Both teams were provided with the approximate dimensions of the TSX clay bulkhead and 
the characterization information developed by CERMES. The two teams reinterpreted the 
data, and in some instances conducted additional water injection or water inhibition tests to 
better define the unsaturated material hydraulic characteristics. This modelling effort was 
conducted during the design phase of the TSX and did not always have the benefit of the 
most recent material specifications. For example, the modelling was conducted under the 
assumption that the block dry density would be 1.8 Mg/m 3 at a moisture content of 12%, 
whereas the actual density was greater than 1.9 Mg/m 3 with a moisture content of 14%. This 
had the effect of increasing the as-placed degree of saturation from 65% to 92% and 
decreasing the initial void ratio from 0.49 to 0.41. 

The two relationships that are required for the analysis are the water retention characteristics 
(suction versus water content) and permeability as a function of degree of saturation. The 
relationship between unsaturated hydraulic conductivity and suction, as measured in the 
laboratory (Figure 2.81), is not well defined and there is much reliance on theoretical 
considerations. The modelling teams also used the CERMES data (Figure 2.80) from samples 
initially compacted to a dry density of 2.03 Mg/m 3 , which may not be representative of the 
less dense material used in the TSX. UPC chose to fit the water retention data to the 
theoretical van Genutchen relationship for degree of saturation (Sr) as a function of suction 

The parameter P varies from 20 MPa for the condition of swelling permitted to 50 MPa to 
the condition of swelling prevented. The difference between the swelling permitted and 
swelling prevented conditions accounts for considerable uncertainty in the water retention 
characteristics at suctions less than 10 MPa. Uncertainty in this lower range of suction is an 
important consideration in the analysis since the estimated as-placed suction in the material 
in the TSX was 7 MPa. The suction in the material would only decrease as the bulkhead 
approaches saturation. 

( P c ) in MPa: 

while Eurogeomat used the following polynomial fit: 

S, 
1 

r 1 + 1.15 x 10 " 2 P C ' 

UPC chose to represent the relative permeability kr as a function of degree of saturation as a 
power law: 
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FIGURE 2.84: Modelled Saturation Profiles along the Central Axis of the TSX Clay Bulkhead 
for Tunnel Pressures of 0 MPa (top) 2 MPa (middle) and 5 MPa (bottom) as 
Simulated by Eurogeomat. 
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FIGURE 2.85: Modelled Saturation Profiles along the Central Axis of the TSX Clay Bulkhead 
for Tunnel Pressures of 0 MPa (top) 1 MPa (middle) and 5 MPa (bottom) as 
Simulated by UPC. 
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TABLE 2.10 

SENSIT IVITY ANALYSIS FROM UPC MODELLING 

Case Time for 95% Saturation 
at Outflow (days) 

Base Case (P = 1 MPa) 1590 
P = 0 MPa 1735 
P = 5 MPa 1170 
P = 1 MPa and Si = 0.5 3965 
P = 1 MPa and Si = 0.8 935 
P = 1 MPa and -fd = 1.65 865 
P = 1 MPa and -fd = 2.0 8475 

while Eurogeomat used the following polynomial function: 

K = OMSS^ + 0.895*5"̂  - 0.68SV - 0.065. 

The relative permeability is the permeability of the unsaturated material relative to the 
intrinsic permeability when saturated. The intrinsic permeability is a function of void ratio 
(Figure 2.78). UPC used an initial void ratio of 0.485 and an intrinsic permeability of 
3.6 x 1 0 - 1 9 m 2 . Eurogeomat used a slightly larger initial void ratio of 0.5 but made the 
intrinsic permeability dependent upon the applied pressure to the wetted face. Eurogeomat 
considered three applied pressures (0, 2 and 5 MPa) and their results are shown in 
Figure 2.84. Both modelling teams considered the rock to be an impermeable boundary and 
not a source of water. 

The results shown in Figure 2.84 indicate that the TSX clay bulkhead might only become 
saturated after 10 years at an injection pressure of 5 MPa. At applied pressures lower than 
5 MPa the bulkhead would still be far from saturated after 20 years of testing. The modelling 
team from UPC conducted a variety of sensitivity analyses. These sensitivity analyses ranged 
from varying the exponent in the term for relative permeability as a function of degree of 
saturation to modifying initial moisture and density conditions. Figure 2.85 provides the 
saturation profiles for injection pressures of 0, 1 and 5 MPa. Comparing Figures 2.84 
and 2.85 illustrate the difference in the rate of hydration as modelled by the two teams. 
However, the modelling team of UPC still predicted that 4 years would be required for 
complete saturation of the bulkhead at a test pressure of 5 MPa. 
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UPC compared the effects of the various cases investigated by tabulating the time required 
for material located on the downstream end of the bulkhead to reach 95% saturation. These 
are compared in Table 2.10. The base case considers a hydraulic tunnel pressure of 1 MPa, an 
initial degree of saturation (Si) of 0.65, and an initial dry density (7 )̂ of 1.8 Mg/m 3 . The 
actual as-placed degree of saturation of the TSX clay blocks was 0.9 with a dry density of 
1.9 Mg/m 3 . It is interesting to note from the UPC analysis that increasing the degree of 
saturation, without increasing the density, decreases the time to saturation. Increasing the 
density, without increasing the degree of saturation, increases the time to saturation. The net 
effect of increasing both the density and saturation to values representative of as-placed 
conditions in the TSX, however, is unclear. This behavioural sensitivity highlights the 
importance of well-defined initial conditions for the results from hydration modelling. 

Two-sided hydration 

Both modelling teams investigated the effect of wetting the TSX from both sides to reduce 
the hydration time of the experiment. By providing two wetting fronts, the time to complete 
saturation will be reduced by a factor of four. The UPC team modelled 95% saturation at the 
center of the bulkhead within 1 year of application of a 1 MPa hydraulic pressure to both 
faces. The Eurogeomat team modelled complete saturation of the clay bulkhead within 
2 years using a 5 MPa hydraulic pressure applied to both faces. However with only a 2 MPa 
pressure applied, the Eurogeomat time to saturation was increased to 20 years even with 
two-sided hydration. 

Wetting on the downstream face of the bulkhead would have been possible in the TSX by 
filling the geomembrane seepage collection system on the stainless steel wall with water at 
atmospheric conditions. Applying pressurized water to the downstream face was not possible 
using the restraint system as it was designed. However, seepage measurement would not be 
possible during the period for which two-sided wetting was in place. Also, there was concern 
that wetting from both sides would affect the ability to analyse the factors affecting the 
sealing performance of the bulkhead during the initial wetting phase, and possibly 
compromise the experiment objectives. The modelling results from UPC suggested that using 
a more representative initial degree of saturation may result in a prediction of bulkhead 
saturation within the time of the TSX test operation. Therefore, the consensus was to apply 
pressure on one face during the initial wetting portion of the test. The option to apply water 
on the downstream face was retained if the experiment partners agreed that rate of 
saturation of the clay bulkhead was too slow to meet experiment objectives within the 
planned duration of experiment operation. 

2.3.1.11 Block Placement in the Room 419 Trial Key 

Approximately 150 blocks were placed in the trial key excavated in the floor of Room 419 
(Section 2.2.8). The trial placement of blocks had the following objectives: 

• To confirm procedures to be used for shot-clay and block placement, 

• To provide a basis for an estimate of the volume of shot-clay required for construction 
of the TSX bulkhead, 
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• To test the ability to place the blocks in the proposed arrangement (Figure 2.44), 

• To test proposed methods for instrumentation installation, 

• To identify tools that would be useful for clay bulkhead assembly, and 

• To provide an estimate of the rate at which blocks could be placed. 

Shot-clay was applied to the lower portion of the key prior to block placement. The shot-clay 
and clay blocks were both trimmed to ensure tight contact between the block surfaces and 
the shot-clay. Based on these trials it was recommended that the shot-clay be placed on the 
rock surface to a thickness of between 1 and 2 cm. Although 3 Mg of shot-clay were placed in 
this trial, much of it was trimmed away during block placement. It was estimated that 5 Mg 
of shot-clay would be required for use in the clay bulkhead. 

Another construction detail identified was the importance of maintaining a level surface for 
block placement in order to minimize gaps. Block placement would need to be continuously 
surveyed to ensure a planar upper surface of blocks upon which to place the subsequent layer. 
The blocks were placed at an approximate rate of 50 blocks per eight-hour shift. A key factor 
limiting the rate of block placement was that only few people could work in the confined 
space of the bulkhead key. Based on this information, it was considered to be more efficient 
to construct the TSX clay bulkhead assembly using two smaller teams (three or four 
technicians per team) on two shifts per day rather than using one larger team of technicians 
for one eight-hour shift. At a rate of 100 blocks per day, it was estimated that construction of 
the TSX clay bulkhead would require 20 weeks to complete. Since the block placement rate 
was expected to improve in the central regions of the bulkhead where few blocks required 
trimming, the estimate of time required for clay bulkhead construction was decreased by 25% 
to 15 weeks. 

2.3.2 Summary of Clay Bulkhead Design Criteria 

Design criteria applied to the construction of the clay bulkhead are summarized in Table 2.11. 
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TABLE 2.11 

SUMMARY OF DESIGN CRITERIA FOR CLAY BULKHEAD CONSTRUCTION 

Criteria Clay Bulkhead Design 

1. High density The minimum dry density specification for the as-placed 
70% Kunigel bentonite and 30% sand material was 
1.85 Mg/m 3 . 

2. Uniformity of 
as-placed material 
properties 

Pre-compacted blocks of uniform density and moisture 
content were achieved using an adobe-style block maker, and 
had an average dry density 1.93 Mg/m 3 and moisture content 
of 14.5%. In situ compaction could achieve uniform 
material properties if lift thicknesses were 50 mm or less. 

3. Practicable 
construction 

Pre-compacted clay blocks were selected over in situ 
compaction or pneumatic placement for the purpose of the 
TSX. Clay blocks could be placed tightly up to the roof 
of the excavation without concern to achieving minimum 
overall density specifications. Placement of clay blocks 
could also be accomplished at a rate similar to that of 
in situ compaction of 50 mm lifts. 

3. Minimize 
construction gaps 

Clay-rock interface. Shot-clay was placed on the 
clay rock interface to fill gaps between the clay blocks 
and the uneven rock surface. Both the shot-clay and 
blocks were trimmed to produce a tight interface. The 
maximum thickness of shot-clay on the horizontal rock 
surface was 2 cm. The maximum thickness on the vertical 
surface was 6 cm owing to the unevenness created by the 
overlapping boreholes. 

3. Minimize 
construction gaps 

Clay block-to-block interfaces. The blocks were placed 
as level as possible to provide a planar surface for 
placement of the blocks in the layer above. A dry gap 
filler material of bentonite and sand was used to level the 
blocks and to fill any visible gaps between the blocks. 

4. Minimize potential 
for direct flowpaths 

Through the EDZ. Clay grout was injected into the rock 
surrounding the clay bulkhead key in the regions of highest 
and lowest stress concentrations. 



141 

TABLE: 2.11 

SUMMARY OF DESIGN CRITERIA FOR CLAY BULKHEAD CONSTRUCTION (cont. 

Criteria Clay Bulkhead Design 

4. (continued) Arrangement of blocks. An arrangement of blocks was 
selected such that the pathways between block interfaces 
could not follow a straight line between the upstream and 
downstream faces of the bulkhead. The clay bulkhead was 
extended one block length (36 cm) away from the keyed region 
in both the upstream and down stream directions. This was 
intended to prevent direct flow from the tunnel into, or out 
of, the more highly permeable shot-clay. 
Instrumentation leads. Instrument leads were not permitted 
to become leakage pathways. No lead was run through the 
bulkhead connecting upstream and downstream sides. No lead 
was run along the clay-rock interface. No two leads were 
bundled together. Every sensor was sealed and leads were 
protected by Synflex tubing. Every lead had at least one cable 
seal to interrupt flow along the outside of the cable. 

Minimize volume 
expansion 

The clay bulkhead was restrained from volume expansion in 
both the upstream and downstream directions. Volume 
expansion in the upstream direction was prevented by sand 
backfill with 10% bentonite added to the backfill adjacent 
to the bulkhead to minimize bentonite extrusion into the 
sand. Holes in the rock that were remnant from key 
excavation were also filled to minimize extrusion. A steel 
shell restraint was constructed on the downstream side to 
resist volume expansion at pressures up to 5 MPa (4 MPa 
hydraulic pressure plus 1 MPa swelling pressure). 

Quality control 
of block 
fabrication 

Procedures were followed for all aspects of material mixing, 
block fabrication, and material or sensor placement. Every 
tenth block was weighed and measured. Six moisture content 
measurements were taken for every batch of material. 

7. Reduce 
required 
experiment 
duration 

Numerical modelling suggested that the experiment duration 
could be reduced by allowing hydration of the clay blocks 
from two sides. Provisions were included in the steel 
restraint to facilitate atmospheric pressure hydration from 
the downstream end. 
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TABLE 2.12 

CONSTRUCTION SEQUENCE FOR THE TSX CLAY BULKHEAD 

Activity Start Date End Date Duration 
1. Mix clay and fabricate blocks 1997 July 4 August 28 8 weeks 
2. Clay key geological mapping and seismic 

tomography August 25 September 12 3 weeks 
3. Drilling grout injection boreholes and 

rock cutting for rock mounted 
instruments September 15 October 10 4 weeks 

4. Excavate notch for concrete bearing 
ring September 15 October 8 3.5 weeks 

5. Hydraulic testing and clay grouting October 13 October 24 2 weeks 
6. Clay block placement trials in Room 419 October 13 October 24 2 weeks 
7. Installation of rock mounted instruments 

and borehole packers October 20 November 7 3 weeks 
8. Clay block placement in lower metre November 17 November 28 2 weeks 
9. Construct forms, install steel reinforcing 

and pour concrete bearing ring November 17 1998 Jan 2 7 weeks* 
10. Install steel restraint, sand fill and 

stainless steel wall 1998 Jan 5 February 13 6 weeks 
11. Install clay block bulkhead February 16 June 17 17.5 weeks 

*the URL was closed for 1.5 weeks during this period. 

2.3.3 Clay Bulkhead Construction 

Construction of the clay bulkhead began with injection of clay grout into the EDZ on 1997 
October 13 and ended with placement of the last clay block on 1998 June 17 (Table 2.12). 
Shot-clay was placed on the surface of the rock within the clay bulkhead key on three 
different days: 1997 November 13, 1998 February 18, and 1998 May 19. Prior to application 
of the shot-clay, the remnant boreholes from rock splitting (Figure 2.28) were filled with 
cylinders of pre-compacted clay. These cylinders were cored from unused pre-compacted 
blocks. A total of 5490 kg of shot-clay was applied to the rock surface. As the shot-clay was 
trimmed during block placement, the waste material was weighed to obtain an accurate mass 
of material inside the clay bulkhead. A total of 3090 kg of shot-clay was removed, leaving 
2400 kg of shot-clay on the surface of the rock. Some of the removed shot-clay was retained 
for use a gap filler material. Considering the density of the shot-clay to be 1.3 Mg/m 3 and 
calculating the surface area of the rock to be 75 m 2 , the average thickness of shot-clay was 
25 mm. It is likely that the thickness of shot-clay applied to the vertical surfaces (31 m 2 in 
area) formed by overlapping boreholes was approximately 40 mm. Based on this assumption, 
the remaining surfaces would be covered with an average thickness of 14 mm of shot-clay. 
Application of the shot-clay to the rock is shown in Figure 2.46. 



The lower 0.8 m of clay blocks was installed in the clay bulkhead key in 1997 November. A 
total of 651 blocks were placed in 10 shifts between November 17 and 28, for an average block 
placement rate of 65 blocks per shift. The rate of block placement was considerably slowed at 
times when instrumentation was installed. Construction of the clay bulkhead was 
discontinued on November 28 while the steel restraint system was constructed. Pouring of the 
concrete bearing ring, assembly of the steel shell, assembly of the stainless steel plate, 
installation of the instrumentation conduits and placement of the sand between the steel shell 
and stainless steel plate were completed 1998 February 13. 

The blocks were placed in the bulkhead by hand (Figure 2.86). The pattern of block 
placement is that illustrated in Figure 2.44. The clay blocks were placed tightly together 
while ensuring that the upper surface of the blocks formed a level, planar surface. Blocks 
were tapped together using a hand-held hammer (Figure 2.87) to minimize the gaps between 
adjacent blocks. Gap filler material was sprinkled on the horizontal surface of the blocks to 
facilitate leveling of the blocks and was forced into visible gaps between blocks, no matter how 
small, using a thin putty knife. The result was a block surface that was level and relatively 
gap free (Figure 2.86). Also visible in Figure 2.86 is the shot-clay applied to the rock surface 
in advance of block placement. As the blocks rose above the floor of the excavation, they were 
supported on one side by the stainless steel plate, and on the opposite side by plywood forms 
held in place with sand bags. Most of the instrumentation was installed on or near the surface 
of the rock or in seven major horizontal layers (instrumentation installed within the clay 
bulkhead is discussed in Section 3.4.3). In this arrangement, large volumes of the bulkhead 
were free of instrumentation or their cables, and the rate of block placement in these regions 
was approximately 30 blocks per hour. Once the layer of blocks was over one metre above the 
floor of the tunnel, the sand bags and formwork were removed to allow compaction of the 



FIGURE 2.88: Photograph Showing a Partially Constructed Clay Block Bulkhead. 
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FIGURE 2.89: Photograph Showing In Situ Compacted Backfill Wall after Removal of 
Wooden Forms. 

0.3 m thick wall of dense backfill. Figure 2.88 shows the face of the clay bulkhead after 
removal of the plywood forms and sandbags and prior to compaction of the backfill. 

Sturdy timber forms were constructed 0.3 m away from the face of the clay bulkhead. Loose 
backfill material (90% sand and 10% Kunigel bentonite pre-blended with water at a 
gravimetric moisture content of 8%) was placed between the forms and the clay blocks. The 
loose material was compacted in 50-mm thick lifts using a hand-held hydraulic impact 
hammer (Figure 2.48). Compacting the material for 50 min/m 2 was required to achieve the 
final backfill dry density of approximately 2.1 Mg/m 3 with a moisture content of 5%. Using 
the impact hammer, the backfill could only be compacted to within about 1.5 m of the upper 
surface of the excavation. Figure 2.89 shows the backfill wall after removal of the timber 
forms. The face of the backfill wall was subsequently covered with plastic sheeting to prevent 
moisture loss prior to placement of the sand backfill. The upper portion of the backfill wall 
was pneumatically sprayed in using the same shot-crete equipment used to apply shot-clay. 
Pneumatic placement of the backfill was conducted after half the tunnel had been filled with 
sand (Figure 2.90). Hand tamping of the pneumatic backfill was attempted with very limited 
effectiveness. The final density and moisture content of the pneumatic backfill was estimated 
to be 1.85 Mg/m 3 and 14% respectively based on pre-placement trials. 

The largest array of instrumentation was placed at the mid-height of the clay bulkhead. Once 
a few layers of blocks had been placed upon this central instrument array, that is, when the 
construction level was within 2.5 m of the top of the keyed region of the bulkhead, blocks 



FIGURE 2.91: Photograph Showing Construction of the Upper Portion of the Clay Block 
Bulkhead. 



FIGURE 2.93: Photograph Showing Lifting of the Last Clay Blocks into the Upper Part of 
the Bulkhead. 



were stacked in place from the outside of the bulkhead working towards the centre 
(Figure 2.91). This facilitated placement of the blocks firmly against the rock, even at the top 
of the bulkhead. In the final stage, an assembly of 80 blocks (approximately 1 Mg mass) was 
pushed up into a pre-formed cavity (Figure 2.92) at the top of the clay bulkhead key using 
forklift-style forks on an underground scooptram (Figure 2.93). The assembly of blocks was a 
tight fit within the cavity, and the forces exerted on the walls of the cavity were sufficient to 
hold the blocks in place while void below the assembly was filled with additional blocks. This 
procedure ensured a very tight assembly with little or no construction gaps at the roof of the 
keyed region of the bulkhead. 

The rate of block placement in the clay bulkhead was variable and depended upon the 
amount of instrumentation placed and the amount of block trimming required in a single 
eight-hour shift (Figure 2.94). A total of 9496 blocks were placed during 145 shifts for an 
average block placement rate of 65 blocks per shift. The most blocks placed in a single shift 
was 274. Although the rate of block placement was not as fast as expected, the rate of clay 
placement using block construction was still comparable to (or faster than) the rate of clay 
placement using in situ compaction with one or two of the hand held impact hammers used 
for backfill compaction. At its faster rate, for regions of no instrumentation, in situ 
compaction using one impact hammer would be equivalent to about 60 blocks per shift. 

Records were kept of all the material used in construction of the bulkhead, as well as of the 
material trimmed and taken away. These data are summarized in Table 2.13. The volume of 
material placed in the bulkhead is very close to the estimated volume of the excavation, 
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TABLE 2.13 

MASS OF MATERIAL USED IN THE TSX CLAY BULKHEAD 

Material Used: Wet Mass (kg) Dry Mass (kg) 
9496 Clay blocks 138,260 120,540 
Shot-Clay 5490 4640 
Gap Filler 560 510 
Total 144,310 125,690 
Material Removed: 
Shot Clay 2400 2030 
Block Trimmings 2500 2180 
Total 4900 4210 
Bulkhead Mass 139,410 121,480 
Bulkhead Volume 67.0 m 3 

Bulkhead Wet Density 2.08 Mg/m 3 

Effective Dry Density 1.81 Mg/m 3 

suggesting very few open air gaps. The overall dry density of the as-constructed clay 
bulkhead is estimated to be 1.81 Mg/m 3 and the estimated quantity of water initially within 
the pores of the clay is estimated to be 18,000 L. The volume of air voids initially in the clay 
bulkhead is between 3,500 and 4,000 L. 

2.4 CONCRETE BULKHEAD 

The performance of the concrete bulkhead in the TSX was gauged by its ability to limit the 
flow of water through or around the bulkhead. Hence, the design of the concrete bulkhead 
addressed issues that were expected to affect its performance. These issues included: the 
effect of the damage zone in the rock; flow of water along a bonded concrete-rock interface; 
the potential for shrinkage of the bulkhead leading to debonding of the concrete from the 
rock and the associated opening of the concrete-rock interface; and the construction of a high 
strength, low permeability concrete bulkhead, free of construction joints or other 
through-going hydraulic flowpaths. As a consequence, the bulkhead was keyed through the 
excavation damage zone (Section 2.2 and Figure 2.17), and efforts were made to minimize 
shrinkage during curing. An interface sealing system was installed to facilitate grouting of the 
concrete-rock interface with the expectation that an ungrouted interface could become a 
pathway for seepage during the course of the experiment. The plan for operating the 
experiment also included a contingency for additional drilling and grouting of this interface or 
the EDZ should it have been required. 
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2.4.1 Low Heat High Performance Concrete (LHHPC) 

The concrete used in the Tunnel Sealing Experiment concrete bulkhead falls into a category 
known as high-performance concrete. Typically, these materials are characterized by a 28-day 
unconfined compressive strength greater than 70 MPa. Due to the characteristics of the 
cementing pastes, these materials tend to have lower hydraulic conductivity and better 
durability characteristics than conventional Portland cement-based concretes. Normally, high 
performance concretes contain more Portland cement, and are at least as likely as 
conventional concrete to release alkaline waters which may affect the sealing properties of 
bentonite-based sealants. The high-performance concrete being used in the Tunnel Sealing 
Experiment does not contain these high cement contents. The TSX concrete was originally 
developed for its low-heat of hydration. Accordingly, the material is named Low-Heat 
High-Performance Concrete (LHHPC) . The low heat of hydration was needed to facilitate 
manufacture and placing of the materials in high-mass structures, such as the bulkheads. 
Consequently, special precautions would not be required to limit the maximum temperature 
in the concrete and to minimize the effects of high curing temperatures on the performance of 
the bulkheads, the host rock, the clay barriers and interactions between these components. 

2.4.1.1 Components of LHHPC 

The LHHPC was produced by the replacement, in substantial part, of Portland cement by 
pozzolanic silica fume and non-pozzolanic silica flour. The workability of the product was 
provided by the introduction of a naphthalene based superplasticizer. Coarse and fine 
aggregates were the same as those used in conventional concretes. With the low cement 
content, however, the LHHPC has a pH of less than 10, while the pH of conventional concrete 
is 12 or higher. The LHHPC has little or no free lime (Ca(OH )2 or calcium hydroxide 
portlandite) and hence, will not have adverse chemical reactions with bentonite clays. Tests 
on laboratory samples indicated that the hydraulic conductivity of the concrete is 1 0 - 1 2 m/s 
or less. The high strength, low hydraulic conductivity, low heat of hydration, and low pH, 
make the LHHPC an ideal material for use in repository design, particularly when the 
concrete is to be used in close proximity to swelling clays. A detailed discussion of the mix 
design and the role of the various components of LHHPC is provided by Gray and Shenton 
(1998). Malcolm Gray (AECL) was the technical lead for TSX concrete technology and 
together with his colleagues developed the mix design of LHHPC. Much of the text in this 
section is paraphrased from Gray and Shenton (1998). 

Pozzolans 

Fly ash, granulated blast furnace slags (GBFS) and silica fume are members of a group of 
materials known as pozzolans. By définition, all pozzolans in the presence of water react with 
portlandite (Ca(OH )2 or CH§) to form calcium silicate and aluminate hydrates (CSH and 
CAH) , which are the principal agents by which Portland cements gain their hydraulic 
properties (i.e., their ability to set and harden under water). For this reason, when pozzolanic 

§The following nomenclature is commonly used in the cement industry: C = CaO, S = SiC>2, A = AI2O3, 
H = H 20 
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materials are used in combination with Portland cement, the products of the pozzolanic 
reactions that occur between the portlandite liberated by the hydration of Portland cement 
and the admixed pozzolans are said to be secondary cementing compounds. 

Fly ashes and GBFS are man-made, finely divided amorphous silicas and aluminas. Silica 
fume is a by-product of the production of silicon metals and ferro-silicon alloys, which have 
been increasingly produced over the past few decades. Generally, the silica fume particulates, 
which are collected in the precipitators in the flues of the metal-production furnaces, 
comprised more than 90% amorphous silica by weight and have extremely small particle size. 
The specific surface area of silica fume has been measured to be about 20,000 m 2/kg, which 
makes the materials between 50 and 75 times finer than fly ash and cement. Studies (Weng 
et al. 1997) have shown that the degree of completion of a pozzolanic reaction between 
portlandite and either fly ash or silica fume is related to time and mixing water content. The 
results show that for Portland cement only concretes, the hydration reaction is essentially 
complete after only 2 days; the pozzolanic reaction with silica fume is complete after about 
7 days, whereas the fly ash-CH reaction continued for much longer. Presumably, the faster 
rate of reaction of silica fume compared to fly ash reflects the higher specific surface area and 
associated surface activity of silica fume. The studies by Weng et al. (1997) also showed that 
increasing the water-cement ratio increases the degree of completion of the hydration reaction 
for all the concretes tested. 

Both the hydration reaction of Portland cement and the pozzolanic reaction are highly 
exothermic. In high mass concrete structures the heat evolved can be problematic with 
temperature rises exceeding 60°C . This can result in high temperature gradients and high 
differential thermal strains produced during setting and hardening. The thermal effects, when 
combined with the volume reductions that occur as the ingredients combine to form a solid 
mass, give rise to irreversible residual stresses in the final cooled product. The slower rate of 
the pozzolanic reaction between fly ash and CH, when compared with the rate of the 
hydration reactions of Portland cement, has been used advantageously to lessen thermal 
effects. Partly replacing Portland cement with fly ash extends the period over which the heat 
of hydration is evolved and allows for dissipation of some of the heat as it is evolved. 
Accordingly, concretes containing fly ash tend to develop their engineering properties over 
longer periods than otherwise similar concretes containing Portland cement alone. 

With the very fast rate at which the pozzolanic reaction between silica fume and CH 
proceeds, a concrete that contains a blended cement with up to about 20% silica fume 
replacing Portland cement will attain temperatures during setting and hardening that are 
similar to those reached by otherwise similar concrete containing Portland cement alone. If 
the benefits of silica fume are to be gained then either high temperature rises have to be 
accepted or mechanisms need to be found that decrease the rate of heat evolution, increase 
the rate of heat dissipation or decrease the total quantity of heat produced. 

Superplasticizer 

It has been shown that the degrees of completeness of the Portland cement hydration and the 
pozzolanic reactions increase with increasing water-cement ratio. In addition, high water 
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contents are normally needed to produce materials with adequate workability characteristics 
(fluidity, cohesiveness, pumpability, non-segregating, etc.). In contrast, decreasing the 
water-cement ratio enhances engineering properties. The benefits of decreased water content 
on the properties of the hardened products have to be balanced with the needs for workability 
and reaction water. 

The development of superplasticizers has obviated the need to consider workability water in 
the mixture design process. Workable concretes, with or without pozzolans, can be produced 
at water-cement ratios as low as 0.2, however, at these water contents there is insufficient 
water present to fully satisfy the hydration and pozzolanic reactions. Superplasticizers are 
long chain organic polymers which, when added in small proportions (approximately 1 to 2% 
of cementitious solids by dry weight) alter the physio-chemical interactions between the 
particulates and the water and decrease the viscosity of the mixture. Two major polymers 
are now widely commercially available and used. These are sodium salt of sulphonated 
naphthalene formaldehyde and sodium salt of sulphonated melamine formaldehyde. In North 
America the naphthalene based superplasticizers are more commonly used and are the ones 
that have been studied extensively in Canada. 

Superplasticizers, by decreasing water content, can be used to enhance the mechanical 
properties (e.g. increase strength) of concrete. However, the benefits of increased strength are 
only some of those that could be gained, and the use of superplasticizers allow concretes to be 
made more workable and more durable. The resulting class of concretes have been named 
"high-performance concretes". A defining characteristics of high-performance concrete is that 
the 28-day unconfined compressive strength is at least 70 MPa. This can be achieved readily 
in normal concretes by decreasing the water-cement ratio and adding superplasticizer. 

2.4.1.2 Mix Design for LHHPC 

The use of fly ash and GBFS as a partial replacement for cement to decrease the maximum 
temperatures and temperature gradients reached in concrete structures, as noted above, is 
well established and is increasingly used in practice. However, even with these methodologies, 
in many practical situations it remains necessary to use extraordinary measures, such as the 
use of ice or liquid nitrogen or limiting the size of individual pours, to control temperatures in 
the structure. In the concrete used in the TSX, the quantity of Portland cement is decreased 
to values for which temperature rises are anticipated to be less than 20°C . Silica fume is 
included in the concrete, instead of fly ash, to complete the pozzolanic reaction. Pore space is 
decreased and density is increased by including a lowly pozzolanically reactive quartzite filler 
(silica flour) to replace the cementitious materials. The water-cement ratio is kept as high as 
possible without being detrimental to the properties of the hardened product. This promotes 
a tendency towards completion of the cementitious reactions. With the very low Portland 
cement content, the high water-cement ratio results in an absolute water content which is 
very much less than that in other concretes. This is significant since it is the absolute water 
content and not the water-cement ratio that controls the nature and volume of pore space in 
the hardened cementitious pastes. Finally, a Canadian Type 50 (sulphate resisting) Portland 
cement is used in the concrete, since this material is the most chemically and mineralogically 
stable and durable of the normal classes of commercially available Portland cement. 



- 153 -

TABLE 2.14 

COMPOSIT ION OF CONCRETE MIXTURES TESTED 

High Fly Ash Standard HPC Low- heat HPC 
Materials Concrete (PFAC) (SHPC) (LHHPC) 

kg/m 3 kg/m 3 kg/m 3 

Portland cernent 194 497 97 
(CSA Type 10) (CSA Type 50) (CSA Type 50) 

Silica fume - 49.7 97 
Fly ash 194 - -

Silica flour - - 194 
Superplasticizer 1.5 7.1 10.3 
Fine aggregate 895 703 895 
Coarse aggregate 1040 1100 1040 
Water 128 124 97 
Water-cement ratio 0.33 0.23 0.50 

Three concrete mix designs were assessed in the preliminary design stage of the TSX, these 
are LHHPC, a Standard High Performance Concrete (SHPC) developed by AECL, and a 
high Pulverized Fly Ash Concrete (PFAC) modified from a design by Prof. Cabrera of the 
University of Leeds, UK. The compositions of these concretes are listed in Table 2.14. The 
standard and low heat high performance concretes (SHPC and LHHPC) were tested 
extensively at the Mining and Mineral Science Laboratory operated by the Canada Centre for 
Mineral and Energy Technology ( C A N M E T ) near Ottawa Canada (Lau et al. 1995, 1996, 
1997, 1997). The temperature rise during curing of samples prepared in the laboratory was 
greater than 40°C for SHPC and less than 14°C for LHHPC. A summary of the hardened 
concrete properties for SHPC and LHHPC is provided in Table 2.15. For comparison, a 
limited number of compressive tests were conducted on specimens of PFAC at 23°C with 
PFAC having an Elastic Young's Modulus of 32 GPa and an unconfined strength of 56 MPa. 

2.4.2 Field Trials of Concrete Placement 

An initial trial placement of LHHPC was conducted at the Cement Lafarge concrete 
production yards in Winnipeg. This trial demonstrated that LHHPC could be produced at 
industrial scales (up to 6 m 3 ) using an 8 m 3 conventional drum mixing plant. Samples 
recovered from this trial were tested for compressive strength and results confirmed that the 
large-scale batch mixes of concrete had similar properties to those derived from small 
laboratory-prepared mixes. 

More significant engineering scale trials consisted of casting 20 m 3 blocks of LHHPC and 
PFAC. These tests were conducted just outside the headframe of the URL. The forms in 
which the concrete was poured were constructed from plywood with steel I-beam bracing 
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TABLE 2.15 

PROPERTIES OF HARDENED SHPC A N D LHHPC 

Property SHPC LHHPC 
Unconfined Compressive Strength 122 MPa 75 MPa 
(28 days and 23°C ) 
Unconfined Compressive Strength 87 MPa 68 MPa 
(28 days and 50°C ) 
Unconfined Compressive Strength 77 MPa 67 MPa 
(28 days and 90°C ) 
Direct Tensile Strength 4.5 MPa 3.3 MPa 
(28 days and 23°C ) 
90-day drying shrinkage (pie) 440 330 
(after 7 days curing) 
Tangent Elastic Young's Modulus 40 GPa 36 GPa 
(28 days at 40% of unconfined strength) 
Young's Modulus in Tension 43 GPa 31 GPa 
(at 40% of direct tensile strength) 
Poisson's Ratio 0.2 0.16 
Hoek-Brown Failure Parameter m 14.9 MPa 8.2 MPa 
(at 23°C with s = 1 ) 
Linear coefficient of thermal expansion 6.0 x 10- 6/°C 8.5 x 10- 6/°C 
(at 28 days) 

(Figure 2.95). Instrumentation included laser and vibrating wire strain gauges, psychrometers 
and thermocouples, some of which is visible in Figure 2.96. Much was learned from these 
trials with respect to securing instrumentation within an unreinforced concrete mass. 
Although the concrete flowed relatively freely around the instrumentation, fixing the sensors 
in place using wire provided insufficient support to prevent considerable movement of the 
sensors. 

The cement was blended, batched and bagged for use in pre-weighed quantities. The dry 
aggregates were similarly and separately prepared. Both the fine and coarse aggregates were 
derived from a glacial deposit and were mostly of granitic origin. Prior tests showed that the 
LHHPC could be prepared using either crushed granite or natural coarse aggregate. The 
workability of the concrete containing the natural materials was better. The coarse aggregate 
had a maximum particle size of 10 mm. The same aggregates were used for both the LHHPC 
and the PFAC. 

The concretes were mixed in batches of 1.6 m 3 in a static drum, rotating blade mixer with a 
maximum capacity of 2 m 3 . After discharge from the mixer, the concretes were delivered 
using a concrete pump. The mixer and pump are shown in Figure 2.97. The concretes were 
pumped horizontally for approximately 50 m through a 100-mm-diameter steel line and then 
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FIGURE 2.95: Photograph Showing the Timber and Steel Forms Used for the Large Block 
Placement Trials. 

vertically by about 4 m through a flexible hose from which they were released to the form. 

When discharged from the mixer the LHHPC was fluid and self-leveling. This consistency 
was maintained during delivery to the formwork although it was very clear that the concrete 
was thixotropic. At the formwork the LHHPC was allowed to freely drop from the end of the 
flexible pump line into the form for a maximum height of about 2.5 m. The material 
self-leveled in the form (upper photo in Figure 2.96) and, because of its cohesive and 
thixotropic characteristics, did not segregate or bleed. There was virtually no need to 
consolidate the material except during finishing, for which standard poker vibrators and hand 
troweling were used. The PFAC was equally easy to mix and pump. In the formwork, the 
PFAC was not self-leveling (lower photo in Figure 2.96) and vibration using pokers was 
needed to consolidate this concrete. The upper surfaces of both the LHHPC and the PFAC 
blocks were hand troweled (Figure 2.98) and covered with hessian which was water soaked 
and then covered with a tarpaulin for curing during which period the hessian was 
continuously kept moist. 

The trials demonstrated that both LHHPC and PFAC could be worked using available and 
commonly used technologies. With its high fluidity and self-leveling properties the LHHPC 
may be preferred in the TSX to fill the voids and irregularities of the upper keyed region 
where vibration would not be possible. 



FIGURE 2.96: Photograph Showing Concrete Being Placed in the Large Block Trials (top) 
LHHPC (bottom) PFAC. 



FIGURE 2.98: Photograph Showing Finishing and Water Curing of the Top Surface of the 
Large Block of LHHPC. 
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FIGURE 2.99: Temperatures (a) and Temperature Rises (b) in LHHPC, SHPC and PFAC 
Measured in Semi-Adiabatic Chambers in the Laboratory and in the Centre 
of the 20 m 3 Trial Blocks. 
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FIGURE 2.100: Unconfined Compressive Strengths of SHPC, LHHPC and PFAC as a Func
tion of Time After Mixing (a) Results from Laboratory Samples and (b) from 
the Large Blocks. 

The temperatures of the large blocks were measured and monitored using calibrated, Type T 
thermocouples which were preset at known locations in the forms before the concrete was 
poured and linked to an automatic computer-controlled data acquisition system. The 
measured temperatures and the associated temperature changes as they varied with time at 
the centres of the large blocks are shown in Figure 2.99. Also shown in Figure 2.99 are the 
temperature results from hydration tests carried out on LHHPC and SHPC in cubical, 
0.029 m 3 (1 f t 3 ) semi-adiabatic chambers. 

The maximum temperature rise in the LHHPC was 16°C after 70 hours in the small scale 
laboratory tests and 21°C after 45 hours in the large blocks. For SHPC and HFAC the 
equivalent numbers are 45°C and 42°C in the laboratory test and large block respectively. A 
back analysis of the data for the LHHPC using the model of Electricité de France (described 
later in Section 2.4.4) showed the numbers to be consistent with the principles of 
thermodynamics. The analysis indicated that, with environmental temperatures similar to 
those prevailing during the creation of the large blocks, an SHPC large block would be 
expected to exhibit a higher temperature rise than for the semi-adiabatic lab tests on SHPC 
shown in Figure 2.99. 

The unconfined strengths of LHHPC, PFAC and SHPC are compared in Figure 2.100. 
Samples tested include those prepared in the laboratory and cores recovered from the large 
blocks at various times after casting. After 28 days the strength of LHHPC exceeds 70 MPa, 
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FIGURE 2.101: The pH of SHPC Compared with the pH of LHHPC as a Function of Time 
After Mixing. 

hence it meets the requirements for a high strength concrete. The rate of strength gain of 
LHHPC is similar to that of SHPC although the strength of SHPC is higher. Immediately 
after hydration, the pozzolanic reactions in the LHHPC are more complete than those in 
SHPC. The results of tests for portlandite (CH) in LHHPC after 28 days were indeterminate, 
that is, no measurable quantities were found within the accuracy of the measurement. It was 
speculated that, as with SHPC, the strength gain in LHHPC is accounted for by continuing 
completion of the Portland cement hydration reactions and associated pozzolanic reactions. 

Additional unconfined compressive strength tests on LHHPC showed that strength was not 
greatly affected by water-cement ratio within the range of 0.5 to 0.6. This was an important 
observation since it permitted flexibility in the mix design such as reducing superplasticizer 
content while maintaining fluidity and workability, or adjusting water content during 
construction to increase fluidity when required. 

Laboratory hydraulic tests on SHPC and LHHPC indicated that hydraulic conductivities of 
these materials were less than f O - 1 2 m/s. Boreholes were drilled into the centre of the two 
large blocks of LHHPC and PFAC. A test zone of approximately f m in length was isolated 
using a borehole packer and three pulse tests were conducted in each block. The average of 
the tests indicated that the hydraulic conductivity of the LHHPC block was 2 x 1 0 - 1 4 m/s 
while the hydraulic conductivity of the PFAC block was 4 x 1 0 - 1 4 m/s. For comparison, 
either material has similar hydraulic conductivity to that of the low porosity intact granite on 
the 420 Level of the URL. 
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The pH of the concrete is an important consideration for geological repositories in which 
concrete structures may be placed adjacent to bentonite seals. In theory, free lime 
(portlandite) could have adverse chemical reactions with the bentonite clay if leached from 
the concrete in sufficient quantity. The pH of the concrete is used as an indicator of free lime. 
The pH of LHHPC is compared with that of SHPC in Figure 2.101 as a function of time after 
mixing. The pH of SHPC was greater than 12, while the pH of LHHPC was less than 10 
(Oscarson et al. 1997). 

2.4.3 Concrete Shrinkage 

2.4.3.1 Laboratory Concrete Shrinkage Investigations 

An important consideration from the perspective of meeting the TSX objectives was the 
shrinkage of the concrete. The hydraulic conductivity of intact concrete is sufficiently low 
that seepage through the concrete bulkhead would be small compared with seepage through 
damaged rock around the bulkhead, along the concrete-rock interface, or through cracks in 
the concrete should they form. Shrinkage of the concrete results in tension introduced within 
the concrete and at the concrete-rock interface. Exceeding the tensile strength of the concrete 
or of the bonded concrete-rock interface would result in crack formation or the debonding of 
the concrete from the rock. Either of these scenarios would greatly affect the sealing 
performance of the bulkhead. Therefore, it was important to quantify the expected shrinkage 
of LHHPC and to identify measures that could be taken to minimize shrinkage. 

Volume changes in concrete with low maturity, under no external stresses and without 
internal constraint from reinforcement arise from a number of causes. These include: 

• Expansion and shrinkage caused by temperature changes associated with the heat of 
hydration and the loss of heat to the environment, 

• Autogenous shrinkage, which is commonly attributed to the fact that the products of 
hydration of cement have lesser volume than the original combined volume of the 
cementitious solids and the reaction water (this may also be a long term process in 
concretes with partial replacement of pozzolans for cement), 

• Plastic shrinkage, which is caused by the loss of free water while the materials are unset, 

• Drying shrinkage, which is commonly attributed to the loss of free water from set and 
hardening or hardened materials, and 

• Expansion due to the sorption of water. 

Expansion and shrinkage due to temperature change is minimal, particularly in LHHPC 
where heat of hydration is greatly reduced. Experiments were conducted on normal concrete 
(a conventional non-high performance concrete), SHPC and LHHPC in controlled curing 
environments in order to discriminate the effects of autogenous, plastic and drying shrinkage. 
Ten 100 mm by 100 mm by 250 mm blocks of LHHPC were cast. The specimens were 
demoulded after 24 hours and placed in the five curing conditions listed below. 
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FIGURE 2.102: Strains of LHHPC Under Different Curing Environments. 

1. Two specimens were wrapped and sealed from the influences of drying. The wrapping 
consisted first of a layer of aluminum foil then a continuous layer of microcrystalline 
wax. These specimens were kept at room temperature (23±1°C ) . 

2. Two specimens were immersed in water and maintained continuously under water 
except for the short periods when the strain was measured. 

3. Two specimens were cured continuously in a curing room maintained at a constant 
temperature of 23=L1°C and a relative humidity of 98%. 

4. Two specimens were maintained in the curing room for seven days after casting and 
then exposed to a fan-forced ventilated atmosphere at a constant temperature of 
23=L1°C and a relative humidity of 55%. 

5. Two specimens were maintained in the curing room for seven days after casting and 
then were confined in a vacuum chamber in which relative humidity was allowed to 
decrease with time as water was withdrawn from both the specimens and the chamber. 
At the end of the test the relative humidity in the vacuum chamber had decreased to 
31%. 

The results are illustrated in Figure 2.102. The LHHPC kept under water or in an 
atmosphere with a high relative humidity (98%) expanded. The expansive strain with the 
material continuously immersed in water was higher than for the material kept in the curing 
room. Subsequently, the concrete shrank when removed from the saturated or high-humidity 
environment to an atmosphere with relative humidity of 55% or less. Shrinkage strains in 
these specimens were similar in magnitude to the autogenous shrinkage indicated by the 
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results from the wrapped and sealed specimens. The autogenous shrinkage of LHHPC 
between 1 and 20 days after casting was approximately 250 fie. The specimen strains were 
measured using mechanical systems as prescribed in A S T M standards, however this does not 
allow determination of volume change during the first 24 hours while the concrete is unset. 

The strains occurring within 24 hours of casting were determined using transducers 
embedded within large cylinders of LHHPC (0.5 m diameter and 1 m long). The ends of the 
cylinders were sealed and the forms were not removed creating a curing condition identical to 
the smaller-scale wrapped specimen. Both mechanical strain measurements and the data 
from the embedded strain gauge in the large cylinder were consistent with strains measured 
for the wrapped laboratory sample between 1 and 10 days after casting. The embedded strain 
gauge measured an additional 400 fie shrinkage during the first 24 hours which can be 
considered to be the strain occurring in the wrapped specimens during setting. 

The five shrinkage tests described above were repeated for both normal concrete and SHPC 
and the results are presented in Figure 2.103. A comparison of the results from LHHPC, 
SHPC and normal concrete is provided in Figure 2.104 for wrapped samples and samples 
immersed in water. These two test types represent the extreme curing environments for 
measuring concrete strain. When removed from their moulds and immersed in water, all 
specimens displayed an initial volume expansion, however the expansion for normal concrete 
and SHPC was much less than the expansion of LHHPC. Conversely for wrapped specimens, 
LHHPC shrinks rapidly and significantly more than normal concrete. Shrinkage of wrapped 
specimens of SHPC are similar to those of LHHPC. There is no information available on the 
shrinkage of wrapped specimens of normal concrete and SHPC during the 24 hours after 
casting while the materials are setting and hardening. 

Changes in water potential in LHHPC were examined during the curing phase of the concrete 
using a thermocouple psychrometer. The psychrometer responds to the relative humidity in 
the air adjacent to the pore fluid which, in turn, is directly related to the tension (or suction) 
of the pore water. The response of a psychrometer is related to the size of the pores, the 
amount of water within the pores and the solute concentration in the water. Figure 2.105 
provides the results from psychrometer measurements in a laboratory sample of curing 
LHHPC. The data show that the suction in the pore fluid increases while the surface of the 
sample is kept dry and decreases when water is freely available on the surface. Considering 
the information from the psychrometer and the information from the shrinkage tests 
illustrated in Figure 2.102 it is apparent that shrinkage is directly related to pore fluid 
suction, which in turn is related to water availability. Suction in the pores of the concrete will 
remain low when there is an unlimited supply of water to replace water consumed by the 
hydration reaction. Conversely, suction will increase as the concrete hardens if there is no 
external source of water. It is postulated that the tension in the water will pull the solid 
particles together contributing to shrinkage. In theory, if the response were elastic, the 
increase in suction of 2.5 MPa between day 1 and day 7 (Figure 2.105) divided by the 
shrinkage strain of wrapped specimens over the same time period (200 fie in Figure 2.102) 
should correspond to the bulk modulus of the material. The calculated bulk modulus of 
12.5 GPa is comparable to the 15 GPa measured bulk modulus of LHHPC at 28 days (Lau 
et al. 1997). The calculated bulk modulus of 12.5 GPa represents earlier age concrete, and 
the modulus would be expected to increase gradually with time. 
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FIGURE 2.103: Strains Under Different Curing Environments for SHPC (top) and Normal 
Concrete (bottom). 
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FIGURE 2.106: Pore Size Distributions in LHHPC and SHPC Measured Using Mercury In
trusion. 
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Several factors contribute to suction in a porous solid, however all other factors being the 
same, suctions will be inversely proportional to the diameter of the pores. The results from 
mercury intrusion porosimetry tests on LHHPC and SHPC are provided in Figure 2.106. 
These data show that for LHHPC most of the connected pores have diameters less than 
0.01 fj,m, whereas the majority of pores in SHPC have diameters less than 0.05 fim. Similar 
tests on normal concrete show that the majority of pores have diameters greater than 0.1 fim. 
Ignoring other factors such as chemical concentration effects, the porosimetry data suggest 
that LHHPC has the potential to generate suctions that are five times greater than suctions 
in SHPC and 10 times greater than suctions in normal concrete. The presumption, therefore, 
is that LHHPC generates higher suctions during curing than SHPC or normal concrete, and 
hence results in greater shrinkage under conditions where water is not allowed to fill the pores 
of the material, that is, under wrapped conditions. In general, this concept for a shrinkage 
mechanism is supported by the data presented at the top of Figure 2.104. 

The reversibility of drying and autogenous shrinkage was examined by continued testing the 
specimens of LHHPC cured under wrapped conditions or under decreasing or constant 
relative humidities less than 55% (test types 3, 4 and 5 described previously in this section). 
Upon completion of the tests illustrated in the Figure 2.102 the specimens were immersed in 
water (the wrapped specimens were first unwrapped) for an additional 10 days. The 
subsequent expansion of these samples, along with the mass of water entering the samples is 
illustrated in Figure 2.107. Air dried and vacuum dried samples recovered virtually all the 
shrinkage strain experienced during drying (150 to 200 fie). Recall that these samples were 
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first cured at high humidity for 7 days before drying, with no measured shrinkage during that 
time. This suggests that irreversible shrinkage strains were avoided by proper curing over the 
first 7 days. Subsequent drying shrinkage was reversible. 

The expansion of the initially wrapped specimen recovered only 50 fie of the estimated 600 fie 
initial (autogenous) shrinkage of the specimen and expansion was much less than that 
measured for the air-dried and vacuum-dried specimens (150 to 200 fie). Mass gains by the 
specimens provide further evidence that expansion of the concrete is related to water uptake 
(Figure 2.107 right side). The implication from this test was that the autogenous shrinkage 
occurring within 7 days of mixing is irreversible and that subsequent drying shrinkage can be 
reversed with application of water to the concrete. The irreversible autogenous shrinkage, 
however, can be avoided by curing the concrete with conditions of high water availability. 

2.4.3.2 Conclusions from Shrinkage Studies and Implications for TSX Design 

The conclusions from the studies into the shrinkage of LHHPC can be stated as follows: 

• The autogenous shrinkage of LHHPC between 1 and 20 days after mixing is 250 fie. 

• Shrinkage of up to an additional 400 fie occurs within the first 24 hours after mixing if 
water is not allowed to enter concrete. 

• The autogenous shrinkage of LHHPC is greater than that of SHPC and normal 
concrete. It was postulated that the amount of shrinkage is related to the relative pore 
sizes of the three concretes. 

• Curing environment greatly affects shrinkage. Concrete having unlimited access to 
water during curing will expand, while concrete without access to any water will 
experience the most shrinkage. 

• Autogenous shrinkage occurring within the first seven days is irreversible. Drying 
shrinkage resulting from moisture loss in concrete older than 7 days is reversible if the 
concrete is provided unlimited access to water. 

• Irreversible autogenous shrinkage can be avoided if the concrete is given free access to 
water during the first 7 days. 

• Suctions in the concrete pore water increase during drying and decrease upon 
subsequent wetting of the concrete surface. The increase in suction occurring during 
drying can account for the shrinkage experienced during curing. 

A shrinkage strain of 600 fie represents an increase in aperture of more than 2 mm at the 
concrete-rock interface of the TSX concrete bulkhead, should the interface become debonded. 
Alternatively, if the concrete remains bonded to the rock, the shrinkage would result in 
9 MPa tension in the concrete, more than double the tensile strength of LHHPC. If this 
magnitude of shrinkage strain occurs, then it would be likely that the concrete would debond 
from the rock and the concrete-rock interface would become an important hydraulic pathway 
resulting in significant flow past the concrete bulkhead. The following design considerations 
resulted from the concrete shrinkage investigations: 
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• A concrete-rock interface sealing strategy was incorporated in the design of the TSX 
bulkhead in the anticipation of debonding of this interface. This sealing strategy is 
described in Section 2.4.5 and included a combination of bentonite sealing strips and 
interface grout injection. 

• The accessible downstream formwork for the concrete bulkhead incorporated a water 
supply and geomembrane circulation system for immersing the face of the concrete 
bulkhead in water. Water was to be applied to the face of the concrete bulkhead using 
this system (see Section 2.4.7) for a minimum of 7 days. 

• Instrumentation was included in the concrete bulkhead to monitor concrete pore water 
suction, interface displacement, interface pore pressure and cracking within the concrete 
and along the interface. This instrumentation is described in Section 3.4.4. 

2.4.4 Numerical Modelling of Concrete Hydration 

A thermo-chemical-mechanical model was developed to represent the changing properties of 
the concrete at early age, the heat released during cement hydration, and the shrinkage and 
hardening of the concrete. In the case of the TSX, early age refers to the first 90 days after 
casting the bulkhead. The modelling was conducted prior to casting the bulkhead in order 
that information obtained from the simulation could be used in the design of the bulkhead or 
in defining the instrumentation and monitoring strategy for the experiment. The modelling 
was carried out by Electricité de France with input from both A N D R A and AECL. The 
modelling is documented by Didry et al. (2000) and is partially reproduced in this section. 

The component of the models used to describe temperature change in the bulkhead was 
developed using the TEXO module of the CESAR-LPCP finite element code'. To account for 
the autogenous heat production rate associated with cement hydration, a source term is 
introduced in the classical heat transfer equation which then reads: 

C f = - d i v ( A . g r a d X ) + i f 

where T is temperature and t is time, £ represents the degree of hydration, A and C are the 
thermal conductivity and volumetric heat capacity respectively, and I represents a unit heat 
production rate. Cement hydration is a thermo-activated process depending on the activation 
energy (Ea) of the cement. The physio-chemical process is described using the Arrhenius law: 

< i = * 0 - ( - § ) 

where A(£) is termed the normalized affinity and R is the universal gas constant. Comparing 
this model to a classical conductive heat transfer model, only three extra parameters are 

^Commercially available finite element analysis code developed by the Laboratoire Central des Ponts et 
Chaussées, Paris 58, blvd Lefebvre - 75732 Paris cedex 15, France 
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required: Ea, the normalized affinity, and the unit heat production rate (I). The activation 
energy depends upon the type of cement and is provided by the cement manufacturer. The 
normalized affinity and the unit heat production rate are determined experimentally through 
a calorimetric test. The degree of hydration (£) is defined by the change in temperature at 
any given time relative to the change in temperature in a calorimetric test. Such a test was 
performed on LHHPC and the maximum temperature rise under adiabatic conditions after 
correction for heat loss was 21°C . The five parameters required for input into the TEXO 
model include: the volumetric heat capacity, the coefficient of thermal conductivity, the 
activation energy of the cement, the maximum temperature achieved in a calorimetric test, 
and an estimate of the degree of hydration when the concrete initially sets. 

The MEXO model is the mechanical component of the early age analysis. The physical 
processes involved do not require full coupling between the temperature and mechanical 
effects. That is, the concrete stresses and strains are dependent upon temperature, but 
temperature is independent of the mechanical state. Therefore, TEXO was run first with 
temperatures at all nodes and for each time step stored for subsequent application in MEXO. 

The mechanical model is formulated in the framework of non-linear elasticity. The 
irreversible or time-dependent effects of plasticity, cracking or creep are not considered. The 
elastic Young's modulus is considered to be a function of the degree of hydration (£) whereas 
Poisson's ratio and the linear coefficient of thermal expansion are independent of £. The 
autogenous shrinkage of the hardened concrete is also required for the analysis and this 
quantity was discussed in Section 2.4.3. Making the elastic modulus dependent upon degree 
of hydration, which in turn depends upon the temperature change of the hardening concrete, 
will facilitate a more rapid evolution of mechanical properties when the concrete is cast in 
warmer environments. The change in elastic modulus is related to the evolution of concrete 
compressive strength as a function of £. The evolution of the unconfined compressive strength 
of LHHPC as a function of time after mixing is shown in Figure 2.100. However, in the 
MEXO model, strength is linearly proportional to the degree of hydration (£). Five 
parameters are required for input into MEXO: the elastic modulus of the hardened concrete, 
the unconfined compressive strength of the hardened concrete, Poisson's ratio, the linear 
coefficient of thermal expansion, and the quantity of autogenous shrinkage. Table 2.16 lists 
the properties of LHHPC used in the numerical models. 

Prior to analysis of the TSX concrete bulkhead, the TEXO model was used to predict the 
temperature rise in the 20 m 3 trial block. The model provided a good estimation of the 
temperature evolution in the centre of the block (Figure 2.108). Using the parameters listed 
in Table 2.16 a maximum temperature of 52.5°C (a temperature rise of 22.5°C) at a time of 
40 h after placement was predicted. The prediction was accurate to within 1.5°C . However, 
the model predicted a cooling phase that was slightly slower than that which occurred in the 
real structure. This minor inconsistency is possibly due to an underestimation of the heat 
exchange conditions at the block boundaries. The model was run without a priori knowledge 
of the measured response, and the resulting comparison between measured and modelled 
temperatures is very good. 

The TEXO model was then applied to the TSX bulkhead construction using the specific 
three-dimensional geometry of the bulkhead and the ambient temperature conditions (15°C) 
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TABLE 2.16 

PROPERTIES OF HARDENED LHHPC 

Temperature rise during calorimetric test 21°C 
Thermal conductivity* 1.67 W/m°C 
Specific Heat* 2.12 x 106 J/m 3 o C 
Activation Energy of Cement (Ea/R) 5650 °K 
Young's modulus of hardened concrete 36 GPa 
Poisson's ratio 0.16 
Unconfined compressive strength (28 days) 75 MPa 
Linear coefficient of thermal expansion 8.5 x 10 _ 6 /°C 
Coefficient of autogenous shrinkage 250 fie 
Degree of hydration (£) at initial setting 0.15 

• These values not measured for LHHPC and values for normal concrete were assumed. 

and thermal heat transfer properties for the surrounding rock mass. The TEXO model was 
run twice, first using an assumed initial concrete temperature of 15°C, and second with the 
actual initial concrete temperature of 25°C. The initial concrete temperature was dependent 
upon the ambient air temperature during mixing and the temperature of storage temperature 
for the concrete components. Such factors as where the concrete was mixed (underground or 
on surface), the time of year, and where the materials were stored influence the initial 
concrete temperature, and these could not have been known a priori by the modellers. 
Simulations using both initial concrete temperatures are provided in Figure 2.109. The 
predicted temperature rise in the concrete using the 15°C and 25°C initial temperatures were 
18.9°C (at 96 h) and 19.5°C (at 70 h) respectively. The measured maximum temperature rise 
at the centre of the TSX bulkhead was 19.8°C after 72 h. The TEXO model using the actual 
initial concrete temperatures provided a very close estimation of the evolution of temperature 
in the concrete bulkhead, as evident in Figure 2.109. 

Two simplifying assumptions were used in the application of the MEXO model for 
thermal-mechanical analysis of the TSX bulkhead. These assumptions were: 

• The elliptical TSX excavation can be modelled using axisymmetry with a nominal 
tunnel diameter of 4 m, and 

• Gravitational forces can be neglected. 

The temperature rise predicted by two dimensional and three dimensional TEXO simulations 
were sufficiently similar to merit the simplification to an axisymmetric model for prediction of 
bulkhead strains. The fact that stresses resulting from gravitational forces are at least one 
order of magnitude less than those caused by hydration justified the second assumption. 
However, in applying this assumption the expected lack of symmetry between roof and floor 
concrete-rock interface apertures that would be caused by gravity, could not be evaluated. 
Another parameter which greatly affected the results of the simulation was the coefficient of 
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FIGURE 2.110: Illustration of Fully Bonded (left) and Unbonded (right) Interface Models 
Used in Mechanical Simulations. 
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FIGURE 2.111: Calculated Apertures of an Unbonded Interface at Three Locations. 

autogenous shrinkage. This parameter was taken to be 250 fie based on the measured 
shrinkage of wrapped specimens of LHHPC occurring between 1 and 20 days after mixing 
(Figure 2.102). In Section 2.4.3 measurement of shrinkage during the first 24 hours after 
mixing indicated that the total autogenous shrinkage for LHHPC could be as high as 600 fie. 
The intention of the MEXO simulation was to provide a stress field analysis in the hardening 
concrete, hence the transformations occurring before initial setting were not considered. For 
this reason, and considering the uncertainty involved in estimation of the shrinkage during 
the first 24 hours, the coefficient of autogenous shrinkage was set to 250 fie. 

Two scenarios were modelled using the MEXO model, one assumed that the concrete-rock 
interface debonded everywhere and the other assumed no debonding along the interface. 
These models are illustrated in Figure 2.110 using exaggerated displacements. The apertures 
predicted by the unbonded model are illustrated in Figure 2.111. Apertures as high as 
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0.6 mm were predicted using this model confirming the necessity for including an interface 
sealing strategy during the construction of the TSX. 

The MEXO model predicted debonding of concrete-rock interface on the unkeyed section of 
the bulkhead and on the inclined interface in the keyed region. Using the fully bonded model, 
the tensile stress that developed along these two interfaces was greater than 4 MPa at all 
locations within 28 days of concrete pouring. The tensile stresses on the vertical portion of 
the keyed interface were always less than 4 MPa. The tensile strength of the bonded interface 
was not measured, however, considering the interface strength to be similar to the tensile 
strength of concrete, it would be conceivable that the unkeyed and inclined portion of the 
keyed interface could debond from the rock while the vertical portion of the keyed interface 
remained intact. At the time the simulation was run, the MEXO model was not able to mix 
the two scenarios illustrated in Figure 2.110, that is, it was not possible to simulate a 
partially bonded interface. For the purpose of comparison of the model with field 
measurements, it was concluded that the unbonded model would more accurately represent 
the mechanical state of the bulkhead than the fully bonded interface scenario. 

The evolution of strain calculated using the MEXO model is compared with measured data in 
Figure 2.112. The measured and modelled strain were taken from locations as close as 
possible to the centre of the bulkhead. The fibre optic strain sensors in the TSX bulkhead 
required no compensation for temperature change caused by heat of hydration, and were 
more compliant than vibrating wire strain gauges, potentially capturing more strain during 
early time when the concrete is more fluid. The fibre optic sensors were, therefore, used to 
compare early age strain in the concrete with the MEXO calculations. The radial strain in 
the bulkhead was independent of direction as indicated by the horizontal and vertical strain 
gauges in the upper part of the figure (FOS-3 and FOS-4). The estimation of radial strain 
using the MEXO model was within 50 fie or approximately 17% of the total calculated radial 
strain at 90 days (2160 h). The measured rate of change of radial strain between 100 and 
1000 h is also in reasonable agreement with the calculated strain change during the same 
period. MEXO, however, overpredicted the axial strain in the bulkhead. The axial expansion 
measured by the fibre optic sensor during the first 50 hours (FOS-8 in Figure 2.112) is 
supported by similar trends measured by all axially oriented vibrating wire strain gauges (not 
shown on Figure 2.112). The mechanism leading to this expansion in the axial direction was 
not captured by the MEXO model. However, the approximate trend and quantity of 
shrinkage 50 h and afterwards is reasonably estimated. A probable explanation for MEXO 
overpredicting the measured strain in the concrete bulkhead is that the concrete does not 
debond from the rock everywhere along the interface. A fully bonded, or partially bonded 
interface would result in lower strain throughout the bulkhead. 

In summarizing the results of numerical modelling of the concrete bulkhead it can be stated 
that: 

• The parameters required by the TEXO and MEXO model are readily derived using 
standard laboratory techniques, 

• TEXO can be used to predict the evolution of temperature in hydrating concrete 
structures, 
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• The results from MEXO provided insight into the potential conditions that might exist 
at the TSX concrete-rock interface, such as partial debonding, 

• Based on information from the MEXO simulation, it was recommended that a strategy 
be developed for sealing a debonded concrete-rock interface and to locate 
instrumentation along this interface for monitoring hydraulic and displacement 
conditions, 

• Neither the fully bonded or fully unbonded interface provided an accurate estimation of 
stress and strain in the TSX bulkhead, with actual conditions probably being between 
these two limiting conditions, and 

• Using a model with an unbonded interface, MEXO slightly overpredicted the strain 
measured in the concrete bulkhead, with the estimation of radial strain being much 
better than the estimation of strain in the axial direction. 

Based on the radial strain data presented in Figure 2.112 the use of an autogenous shrinkage 
coefficient of 250 fie for LHHPC is supported by the modelling results. It was expected that 
improved boundary conditions for the MEXO model of the TSX would result in closer 
agreement between calculated and measured strains. The modellers recommended that an 
experimental program be conducted in parallel with improvements to the representation of 
the interface in the numerical model. Mechanical tests on a concrete-rock interface would 
provide input for a more realistic concrete-rock interface model. 

It was noted that the next generation of models simulating concrete maturation should 
consider hydraulic interactions. This would facilitate a better understanding of impact of 
wetting the face of the concrete on shrinkage. The current TEXO and MEXO models allow 
only undrained boundary conditions and does not consider the effect of water uptake or 
drying on concrete strain. 

2.4.5 Concrete-Rock Interface Seal 

The results from investigations into the autogenous shrinkage of LHHPC and the subsequent 
modelling efforts using MEXO indicated that debonding of the TSX concrete-rock interface 
was likely and that apertures of these interfaces could be as much as 0.6 mm. Simulating the 
interface using a parallel plate model, the flow (Q) through an open interface can be modelled 
using the following equation: 

(J = I 1 
^ Ylfi 

where I is the circumference of the tunnel (12.4 m), b is the aperture (0.0006 m), fi is the 
dynamic viscosity of water (0.0015 Pa s), 7 is the density of water and is the acceleration of 
gravity. The hydraulic gradient ( i ) will be approximately 70 when the upstream water 
pressure is 4 MPa. Using this expression, the flow through the unbonded interface at 4 MPa 
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FIGURE 2.113: Bentonite Strips Used in Concrete-Rock Interface Sealing. The photograph 
shows the use of these strips in the TSX connected permeability test. 

would be 6000 L/min. This simple calculation reinforced the need to take precautions against 
an unbonded interface from becoming a significant hydraulic pathway past the concrete 
bulkhead. 

Flow along a bonded concrete-rock interface was also considered to be an important hydraulic 
pathway. Information on the characteristics of such an interface was obtained from the results 
of three connected permeability tests conducted at the URL, in which flow past a concrete 
weir was collected and measured. The calculated transmissivities of these bonded interfaces 
were consistently 1 0 - 7 m 2/s. Using a hydraulic gradient of 70 as before, the calculated flow 
past a bonded concrete-rock interface in the TSX at 4 MPa would be 5 L/min. Although, 
this flow is much less than the quantity calculated for an open aperture, it would be beyond 
the capability of the URL to provide water to the TSX at this rate over a long duration. 
Including bentonite sealing strips within the concrete-rock interface for connected 
permeability experiments reduced the interface flow to unmeasurably low quantities. These 
bentonite sealing strips (Figure 2.113) are commercially available and were used in the 
connected permeability test performed for the TSX (see Section 3.1.8). 
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Small-scale tests were conducted in a steel pressure vessel to ensure that the bentonite strips 
would swell and seal a gap of as much as 2 mm against a hydraulic pressure of 4 MPa 
(Figure 2.114). In these tests, however, the bentonite strips failed to seal the 2 mm gap 
between concrete and the wall of the steel pressure vessel for pressures as low as 100 kPa. 
Grout was subsequently placed in the gap between the concrete and the steel wall on the 
downstream side of the bentonite strip, as illustrated in Figure 2.114. After grout placement 
leakage reduced to zero at the full pressure of 4 MPa. It was concluded, therefore, that in 
addition to bentonite strips, the interface seal for the TSX concrete bulkhead must include a 
method for placing grout at the concrete-rock interface. The test results indicate that the 
combined grout-bentonite strip seal would be effective in sealing the interface even if 
shrinkage gaps between the concrete and rock occurred. 

There were three distinct rock surfaces making up the concrete-rock interface: the 1.75 m 
long unkeyed upstream end, the 1.75 m high vertical face of the key, and the 45° sloping 
(almost cone-shaped) face near the downstream end (Figure 2.115). The upstream unkeyed 
section is the comparatively smooth surface of the original excavation, whereas, the keyed 
portions of the bulkhead have very irregular surfaces as a consequence of the drilling-and-rock 
breaking method of excavation. The seal in the TSX concrete bulkhead was located on the 
smoother unkeyed section of the bulkhead (Figure 2.116). The uneven surfaces created by the 
overlapping boreholes in the keyed region were avoided based on potential difficulties in 
attaching effective seals. It was also considered important to maintain as much open rock 
surface area as possible to allow the formation of a concrete-rock bond during hydration of 
the concrete in the bulkhead, and not to completely cover the surface with geomembranes 
and bentonite strips. The selected design for interface seal was a balance between providing a 
mechanism for injecting grout to the rock surface and maintaining a large surface area for the 
concrete to bond with the rock. 
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FIGURE 2.116: Diagram Showing Location of Bentonite Strips and Geomembranes for Inter
face Sealing. 



FIGURE 2.118: Photograph of the Interface Grouting Trial. 
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The grout flowed along the interface through 100 mm wide geomembrane strips attached to 
the rock around the circumference of the tunnel (Figure 2.117). Bentonite strips were 
included on both sides of the geomembrane, however a 25 mm gap between the geomembrane 
and the bentonite strips potentially allowed bonding of the concrete to the rock in this region. 
Two sets of geomembrane/bentonite strip seals were included in the seal design, as illustrated 
in Figure 2.116. An additional two bentonite strips were included on the upstream side to 
improve the interface seal if shrinkage did not cause the concrete to debond from the rock. 
Finally, a single bentonite strip was included on the sloping surface 0.5 m from the 
downstream end of the bulkhead. The purpose of this downstream seal was partially as a 
barrier to interface water flow during the seepage test, and partially to provide a downstream 
barrier for grout injection, should grout need to be injected into the interface during the 
experiment. 

Grout was supplied to the geomembranes through sixteen 18-mm-diameter stainless steel 
tubes. Each geomembrane had an independent set of eight grout supply lines evenly 
distributed around the perimeter of the tunnel. Injection of the grout was to proceed using 
first the lowermost grout tube, progressing upwards until grout returned out through the 
uppermost grout line. Two more stainless steel tubes are illustrated in Figure 2.116 going to 
the top of the key. These grout lines had two purposes: first, the grout lines facilitated the 
removal of air from the top of the key as the bulkhead was filled with concrete; and second, 
should the uppermost tip of the bulkhead not have been completely filled with concrete these 
tubes were to be used for injection of grout into the top of the key. The second line was 
included to allow bleeding of the air during grout injection. The ends of the two lines were 
covered with a fine screen to prevent concrete from flowing into the grout tubes, but were 
sufficient to allow grout to flow out through the tubes into the bulkhead. The concrete was 
expected to completely fill the key during casting of the bulkhead. In this event, these two 
lines would be encased in concrete and not available for grouting activities. A sacrificial video 
camera and light source were installed at the top of the bulkhead key to allow remote visual 
inspection for air voids. 

Although the location selected for the seal was smoother than the keyed surfaces, there were 
a number of irregularities resulting from drilling and blasting as evident in Figure 2.117. The 
unkeyed surface itself was located at the end of a blast round where a few "bootleg" holes 
from drilling during excavation were visible. These irregularities were filled with mortar to 
ensure that the geomembranes and bentonite strips followed the surface of the excavation 
were not locally embedded within the concrete after it was cast. The ends of the two 
hydrogeological packer boreholes (one drilled down from Room 419 the other horizontally 
from Room 423) intersected the tunnel at the seal location and these were also be filled with 
mortar to create a smooth surface. 

A trial run was carried out using the proposed seal design (Figure 2.118) but with 
6-mm-diameter grout tubes. The trial run was conducted in a 0.9-m-diameter steel tube in 
which the bentonite strips, geomembranes and grout tubes were installed before filling with 
LHHPC. In the trial, microfine grout was injected into the geomembranes at injection 
pressures up to 6 MPa. Grout penetration was assessed by cutting open the cylinder and 
visually inspecting the surface of the concrete. The grout completely filled the geomembranes 
and penetrated the small interface between the concrete and the steel cylinder. The grout 
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FIGURE 2.119: Photograph of the 2 m 3 Concrete Mixer. 

was also completely constrained by the bentonite strips. However, no grout was observed to 
come out of any of the 6-mm-diameter bleed tubes. The only recommended improvement to 
the design arising from this trial was to increase the diameter of the grout supply tubes from 
6 mm to 18 mm in order to ensure the return of grout through the upper tubes during 
injection. Based on the trial, the seal design illustrated in Figure 2.116 was incorporated into 
the design of the bulkhead. Grout injection would not be attempted until excessive leakage 
past the concrete bulkhead was measured (more than 1 L/min was considered excessive 
leakage). Grout injection would also not be attempted until the concrete had completely set 
and no additional shrinkage strains were expected. 

During the concrete bulkhead design phase, it appeared to be conceivable that the measures 
taken to seal the concrete-rock interface might not be effective. If excessive seepage continued 
after interface grouting, and if instrumentation provided evidence of debonding at the 
concrete-rock interface, holes would have been drilled through the concrete bulkhead to 
facilitate the remedial grouting of these interfaces. The most likely surface for remedial 
grouting would have been the vertical surface in the bulkhead key, since this surface would be 
most accessible by drilling. The final design of the drilling and grouting was deferred until 
information from instrumentation and seepage was available for use in defining the regions 
where grouting would be most effective. 

2.4.6 Mixing of the Concrete and Delivery to the Bulkhead 

The concrete materials were mixed in the 2 m 3 mixer located on surface near the headframe 
of the URL (Figures 2.97 and 2.119). Operation of the mixer was servo-controlled using a 
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personal computer system. The mixer, the two augers which fed the materials to the mixer, 
and the addition of water and superplasticizer were all controlled by the computer. The solid 
components of the concrete were pre-blended and stored in bulk bags at the URL. The bulk 
bags were divided into two different categories: those containing the cement, silica flour and 
silica fume; and those containing the graded aggregate. One bulk bag of cementitious material 
plus one bulk bag of aggregate were sufficient to produce 0.8 m 3 of concrete. One batch of 
concrete for the TSX included two sets of bulk bags producing 1.6 m 3 of concrete. The bulk 
bags were numbered and the moisture content of the aggregate in each bag was pre-measured. 
Before the concrete pour, the volume of the concrete bulkhead was estimated at 72 m 3 , and 
sufficient materials were stored at the URL to prepare 82 m 3 of concrete. The mix 
proportions of the reference Low-Heat High-Performance Concrete were listed in Table 2.14. 

Small changes to the volume of water used (i.e., the water-cement ratio) would influence the 
workability of the concrete. Increasing or decreasing the water content was allowed at the 
discretion of the concrete mixer operator to improve the ability to pump the concrete into the 
forms, if required. Samples of concrete were taken on the 420 Level as the concrete was 
dumped into the auger feeding the pump. These samples were used for strength and 
properties testing and for assessment of concrete shrinkage. 

The mixing system was controlled by a Virtual Instrument program written using Lab View 
software and utilizing National Instruments hardware to control the mechanical components 
of the system. The control system automatically calculated the mass of water and 
superplasticizer required for the batch of concrete and controlled valves and pumps to weigh 
the liquids in a holding tank. Loading of the mixer was controlled by a switch in the software. 
When the switch was activated, pre-loaded cement and aggregate augers were activated and 
water and superplasticizer were delivered to the mixer in sequence to ensure proper and rapid 
mixing. 

2.4.6.1 Concrete Delivery System 

The decision to locate the TSX concrete mixing plant on the surface of the URL was not 
achieved without considerable discussion. The two main options considered for concrete 
mixing and delivery were: 

• Locate the mixer on surface and transport the concrete underground via rail car. 

• Locate the mixer on the 420 Level and transport the concrete via conveyor belt, or a 
series of pumps to the concrete bulkhead. 

In either case, the concrete would be pumped the last 10 m into the concrete bulkhead 
formwork. Although cost was a consideration in the decision, the fundamental factors were 
related to i) the ability to transport pumpable concrete, ii) the reliability of the delivery 
system, and iii) room for people and equipment to work efficiently and effectively. It was 
anticipated that the concrete pour would take more than eight hours to complete and 
interruptions to the pour for more than one hour might result in the formation of a cold joint 
in the concrete bulkhead. A cold joint could potentially become a preferred hydraulic 
pathway and was to be avoided. 
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FIGURE 2.120: Schematic of Concrete Delivery System. 

A conveyor system on the 420 Level was the preferred means for concrete transport, however, 
such a system would have been expensive to lease and there would be no redundancy in the 
transport system in the event of conveyor malfunction. Alternatively, a system involving 
three pumps and one spare could have been employed underground. There would not, 
however, have been any redundancy in the 110 m of pumping lines should they have become 
blocked. The primary disadvantage to locating the mixer on surface was the reliance upon 
the shaft hoist for delivery without any backup system. There were also more steps that 
involved handling and moving the rail car than would be required in a pumping system (i.e., 
more opportunities for accidents). Also, the concrete would sit in the rail cars without 
stirring for up to f 0 minutes, possibly affecting pumpability. In the end, the decision to leave 
the mixer on surface was based on a number of factors, including historical reliability of the 
shaft hoist, lease availability of electric pumps and ventilation requirements for non-electric 
pumps, the greater number of elements of the underground pumping system that were 
without redundant components, the greater headroom in the mixing area, more room for 
maneuvering large equipment on surface, and the mixing system on surface had been tested 
and demonstrated, whereas the efficiency of an underground system was unknown. 
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TABLE 2.17 

SEQUENCE OF CONCRETE DELIVERY USING THREE CONCRETE CARS 

Time 
(min) 

Car 1 Car 2 Car 3 

0 Fill car from mixer 
2 Car transported to hoist 
3 Car loaded onto hoist at surface Empty car moved to mixer 
7 Car arrives at 420 Level 
8 Unload car on the 420 Level 
9 Car arrives at Room 417 auger 
10 Concrete dumped into auger Fill car from mixer 
12 Car transported to hoist 
13 Empty car returned to hoist Car loaded onto hoist at surface Empty car moved to mixer 
17 Car arrives at 420 Level 
18 Unload car on the 420 Level 
19 Load empty car onto cage Car arrives at Room 417 auger 
20 Concrete dumped into auger Fill car from mixer 
21 Empty car arrives at surface 
22 Empty car unloaded from hoist Car transported to hoist 
23 Empty car moved to mixer Empty car returned to hoist Car loaded onto hoist at surface 
27 Car arrives at 420 Level 
28 Unload car on the 420 Level 
29 Load empty car onto cage Car arrives at Room 417 auger 
30 Fill car from mixer Concrete dumped into auger 

The concrete delivery system is illustrated in Figure 2.120. The concrete was dumped directly 
into a rail car capable of accepting 1.6 m 3 of concrete. The rail car was transported to the 
shaft using a fork lift. The fork lift set the rail car down on the tracks in the headframe and 
the car was pushed onto the shaft hoist. The hoist lowered the rail car full of concrete down 
to the 420 Level at half speed. The car was pulled off the hoist and attached to an electric 
locomotive. The locomotive pushed the rail car along the tracks in Room 417 into position 
for the car to be side-dumped into an auger which recessed into the floor of the excavation. 
The car was dumped slowly using an overhead electric hoist. The auger fed the concrete to a 
diesel pump, and the concrete was pumped approximately 10 m into the forms for the 
concrete bulkhead. Three rail cars were cycled through the delivery system. The system was 
designed to provide one batch of concrete at the pump on the 420 Level every 10 minutes. 
This schedule allowed the concrete bulkhead to be constructed in approximately 8 hours. The 
rate limiting factor in the supply of concrete was the shaft hoist with the time required to 
lower a full car to the 420 Level being 4 minutes and an additional two minutes required to 
return an empty car to the surface. A detailed chart of the design times for transport of the 
concrete from the mixer to the pump is provided in the Table 2.17. 

As noted previously, an important consideration in the design of the delivery system was the 
redundancy of the various elements of the system. The redundancy was required to minimize 
the potential for interruption to the pouring of the concrete bulkhead. Redundant elements 
would facilitate quick replacement of system components. There was a potential for a cold 
joint to form if the concrete was allowed to set during a lengthy interruption in the pour. 
Although a cold joint may have taken several hours to form, the target maximum down time 
in the event of a component failure was one hour. There were several elements to the concrete 
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delivery system. These elements and their redundant components are listed below. 

• Delivery of aggregate/cement to surface augers. Two front-end loaders were required. A 
spare loader was available for backup. 

• Surface augers. Two augers were required to handle cement and aggregate. The 
aggregate auger could have been used to handle both aggregate and cement 
sequentially, while the overhead crane could have been used to empty bulk bags directly 
into the mixer. Use of the overhead crane to feed the mixer required considerably more 
effort and the time required to mix the concrete would have at least doubled. 

• Mixer. Only one mixer was available and no major components could have been 
replaced. However, spare belts were available and the clutch could have been by-passed 
by "slipping" the belts. 

• Rail cars. Three rail cars were required and four were available. 

• Surface forklift for transport of rail cars. One forklift was required and the backup 

loader for aggregate or cement delivery was also available for moving the rail car to the 
hoist. 

• Shaft hoist. No alternative system was available, however the hoist had proven 
reliability and was inspected weekly; spare parts were normally in stock. 

• Electric locomotive. One locomotive was required. A scooptram was available on the 
420 Level to push or pull rail cars, if required. 

• Concrete auger. One auger was required. The scooptram could have been used to dump 
concrete directly into the pump. To facilitate this the scoop tram would have been used 
to remove the auger and fill in the hole in the floor of the excavation to allow access to 
the pump. At least one hour down time would have been required to remove the auger 
and fill in the hole in the floor with rubble. To load the scooptram with concrete, the 
concrete would have been dumped from the rail car onto the concrete floor on the 420 
Level. The scooptram would then pick up the concrete from the floor with this activity 
possibly affecting the workability of the concrete and resulting in some loss of concrete. 

• Concrete pump. One pump was required. A spare pump was available on the 420 Level. 

The only elements of the system which were not fully redundant were the mixer and the 
hoist. However these had proven reliability and received regular maintenance and inspection. 

2.4.7 Concrete Formwork 

Formwork was required for the upstream and downstream ends of the bulkhead. In this 
section, formwork on the upstream end, adjacent to the sand-filled pressure chamber, is 
referred to as the "inner" formwork. The "outer" formwork refers to the accessible 
downstream end of the bulkhead. Since there would be no access to the upstream end after 
bulkhead construction, the inner formwork had to be designed such that it could be left in 
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place for the duration of the experiment. The outer formwork could be removed after the 
concrete had cured sufficiently. 

Inner Formwork 

The construction of the TSX was sequential and required the clay bulkhead and sand-filled 
pressure chamber to be completed before construction of the concrete bulkhead. Casting the 
concrete bulkhead directly against the sand was not considered due to the potential for 
uncontrolled infiltration of the concrete into the sand. The solution was to construct a 
250 mm thick concrete wall on the upstream side of the concrete bulkhead. A window was 
formed into the wall to allow removal of the wooden formwork from the opposite side of the 
wall and to facilitate completion of the filling of the sand in the pressure chamber. The 
concrete wall and window are shown in Figure 2.121. Upon completion of sand placement, 
the window was filled with concrete. LHHPC was used in the construction of the wall. 
Placement of LHHPC in the wall provided an opportunity to test concrete mixing and 
delivery procedures to be used for construction of the TSX bulkhead. 

For the purposes of analyzing experimental results it was decided to treat the wall as a rigid 
but permeable upstream boundary. Construction joints in the wall, as well as the numerous 
wire ties holding the wooden formwork together, provided potential hydraulic pathways 
connecting the pressure chamber with the downstream side of the 250-mm-thick wall. To 
ensure an approximately even hydraulic pressure distribution across the face of the wall, 
twelve small holes, 10-mm-diameter, were drilled through the wall. A piezometer was also 
installed to measure the water pressure on the interface between the wall and the concrete 
bulkhead to verify that the water pressure on this interface was identical to the water 
pressure in the sand-filled tunnel. 

Outer Formwork 

The outer formwork had the requirements to restrain the placed concrete, to allow all 
instrumentation leads and grout tubes to pass out of the concrete bulkhead, to include steel 
pipes for pressurizing the concrete within the forms, and to apply water to the face of the 
concrete bulkhead for keeping it wet during curing. The concrete required pumping under 
pressure to lift it up to the top of the key and to lock in some pressure while the concrete was 
still fluid. This locked-in pressure would help to ensure that the concrete filled the voids 
along the concrete-rock interface. A window in the formwork was required to allow visual 
inspection during placement. This window was eventually closed and the sealed formwork 
had to be sufficiently strong to resist the pressure exerted by the concrete. 

The formwork consisted of four vertical steel beams rigidly attached to the roof and floor of 
the tunnel at a one metre spacing. Wooden timbers, 50-mm thick by 150-mm high, were used 
to complete the formwork construction. A 700 mm by 800 mm window was constructed 
within the formwork to be filled with wooden timbers when the level of the concrete became 
too high to allow visual inspection. The design of the outer formwork is illustrated in 
Figure 2.122 and a photograph is provided in Figure 2.123. Conduits passing through the 
formwork included eighteen 10-mm-diameter steel grout injection tubes, three 
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FIGURE 2.121: Photograph of Upstream Concrete Wall Used as the Inner Formwork. 

100-mm-diameter plastic instrumentation lead conduits (with approximately 40 leads per 
conduit), two 100-mm-diameter steel concrete injection lines, and seven 25-mm-diameter 
pipes for water injection and circulation across the face of the bulkhead. All the conduits 
were sealed to the wooden forms to minimize leakage of the formwork. 

During the first seven days of concrete hydration an unlimited supply of water was to be 
provided to the face of the concrete bulkhead. The purpose of this water supply system was 
to reduce the potential for shrinkage as the concrete set (refer to Section 2.4.3). Water was 
supplied to the face of the concrete bulkhead using the underground potable water supply 
system. The water pressure was controlled by a pressure reducing valve outside the concrete 
bulkhead formwork. The inside surface of the outer wooden forms was covered with two 
layers of plastic sheeting. On top of these sheets a geomembrane covered the entire surface of 
the wooden forms, including the replaceable window (Figure 2.124). Water was supplied to 
the geomembrane through five pipes in the base of the wooden forms and withdrawn from the 
top of the forms through two more pipes to allow circulation of water across the face of the 
bulkhead. Water was to be supplied to the surface of the concrete by slow circulation through 
the forms for a period of not less than one week. During the concrete pour, the plan was to 
control the height of the water in the geomembrane to approximately 300 mm below thee 
height of the concrete using the pressure reducing valve. A clear plastic tube was installed on 
the forms to monitor the height of the water in the geomembrane. 



FIGURE 2.122: Design of Steel Beam and Wooden Timber Outer Formwork. 
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FIGURE 2.123: Photograph of Steel Beam and Wooden Timber Outer Formwork. 

2.4.8 Weather 

Weather was considered in the planning of the concrete bulkhead pour. The hoppers for 
augers which supply aggregate and cement to the mixer were both located outdoors. It would 
not have been acceptable for rain to wet the materials before they were supplied to the mixer. 
A tarp was installed to cover the hoppers in the event of light showers of short duration. If 
either the cement or the aggregate became wet as a result of rain, material handling was to 
stop until the storm passed. Also, the URL had been struck by lightening during past 
electrical storms resulting in power interruptions for a short period of time. Loss of power 
would affect the mixer, the augers and the shaft hoist. However, there was sufficient 
emergency power to allow the mixer to dump the concrete before it set inside the mixer. For 
these reasons, casting the concrete bulkhead would not have been attempted on days where 
there was a reasonable certainty of rain. Environment Canada forecasts for probability of 
precipitation were relied upon for making the final decision. Fortunately, the original 
scheduled date of the concrete pour (1998 September 15) was free of rain and mainly sunny. 

2.4.9 Summary of Concrete Bulkhead Design Criteria 

Design criteria applied to the construction of the concrete bulkhead are summarized in 
Table 2.18. 
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FIGURE 2.124: Photograph Looking from Inside the Concrete Bulkhead at the Geomembrane 
Placed on the Inside of the Wooden Formwork. 
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TABLE 2.18 

SUMMARY OF DESIGN CRITERIA FOR CONCRETE BULKHEAD CONSTRUCTION 

Criteria Concrete Bulkhead Design 

1. Low heat of hydration The heat of hydration of the concrete is lowered by 
partial replacement of cement with silica fume and non-
pozzolanic silica flour. An additional attribute of the 
concrete resulting from reducing the cement content is 
the reduction of pH to below 10. 

2. High strength The LHHPC used in the TSX has a 28 day strength of 75 MPa 
and therefore meets the requirements of a high-performance 
concrete. The high strength was achieved, in part, through 
a reduction in the overall water content of the mix. 

3. Workability Fluidity and workability of the concrete were maintained 
through the use of superplasticizer. 

4. Low permeability Although high-performance concrete usually has lower porosity 
and hence lower permeability, the use of small particle size 
silica fume further reduced the size of the pores having 
a beneficial effect of lowering permeability. 

5. Low shrinkage LHHPC has a higher potential for shrinkage than normal 
concrete. It was shown that wet curing of the concrete 
reduces, or eliminates, irreversible autogenous shrinkage. In 
an attempt to minimize shrinkage of the concrete bulkhead, 
special forms were constructed to allow the face of the 
bulkhead to be kept wet for the first week after pouring. 

6. Sealing the concrete-
rock interface 

There was a high potential for high seepage rates along either 
a bonded or unbonded concrete-rock interface, potentially 
overwhelming the capacity to provide water to the TSX. An 
interface seal was incorporated into the design of the concrete 
bulkhead using a combination of bentonite sealing strips and grout 
injection into geomembranes placed on the surface of the rock. 
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TABLE: 2.18 

SUMMARY OF DESIGN CRITERIA FOR CONCRETE BULKHEAD CONSTRUCTION (cont.) 

Criteria Clay Bulkhead Design 

7. No construction 
joints 

The design of the concrete delivery system considered the 
probability of equipment malfunction or work stoppages 
affecting the ability to provide concrete to the bulkhead. A 
reference maximum down time of one hour was selected for either 
replacement or repair of broken equipment. All major components 
of the delivery system had spares on site for quick replacement 
with the exception of the mixer and the shaft hoist. The potential 
for rain delays or lightening strikes was considered in the 
scheduling of the concrete pour. 

8. Practicable bulkhead 
construction 

The concrete mixing and delivery system included practicable 
equipment used routinely for material handling. The concrete 
wall inner formwork was selected based on its ability to act as 
a retaining wall for the sand fill in the tunnel and a rigid 
restraint against concrete pressurization. The concrete wall 
could be left in place without compromising the objectives of 
the experiment. 

9. Application of 
quality assurance 

Procedures were developed and followed for mixing and placement 
of concrete. Construction of the interface seal was tested 
prior to its inclusion in the design of the experiment. The 
characteristics of a large placement (20 m 3 ) of LHHPC 
was tested prior to selection of the material for the TSX. 
A trial run of the concrete delivery system was conducted 
prior to pouring the concrete bulkhead. 

10. Instrumentation 
to monitor 
concrete conditions 
during hydration 

Based on the results of numerical modelling, greater 
attention was placed on monitoring the displacements and pore 
pressure at the concrete-rock interface. Psychrometers were 
added to the concrete to monitor the suction in the pore water 
and an acoustic monitoring system was added to investigate 
shrinkage cracking of the concrete. 

2.4.10 Construction Summary 

The concrete bulkhead was cast on 1998 September 15. A total of fifty-two 1.6 m 3 batches of 
LHHPC were mixed. Two more batches were mixed than were required and an additional 
two and a half batches were too stiff to be used and were returned to surface. The total 
volume of the concrete bulkhead was 76 m 3 . 

Mixing began at 6:00 with a 0.8 m 3 "butter batch" consisting of concrete mortar having a 
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FIGURE 2.125: Layout of Material Supply, Concrete Mixer and Delivery to Hoist on Surface 
of the URL. 

high paste content. The purpose of the butter batch was to coat the working parts of the 
concrete pump and pump lines with cement. This prevented the first batch of concrete from 
being "robbed" of cement paste which could result in blockage of the pump line. Mixing the 
first batch of concrete began at 6:17 and was placed in the concrete bulkhead formwork by 
6:30. The last batch was completed 8 hours and 28 minutes later when the sacrificial video 
camera, located in the top of the key, was submerged in concrete. 

All aggregate and cementitious materials were pre-mixed, weighed and stored in bulk bags. 
This facilitated rapid supply of the blended materials to the mixer during the concrete pour. 
The fine and coarse aggregates were proportioned and stored in one set of bulk bags, while 
the materials of the cement paste were blended in a separate set of bags. The moisture 
content of each bag of aggregate was pre-determined and recorded so that a precise 
water-cement ratio could be achieved. Figure 2.125 is an illustration showing the storage and 
handling of materials on surface at the URL. The bulk bags of aggregate and cement are 
shown in Figure 2.126. To produce each 1.6 m 3 batch of LHHPC, two 1540 kg bags of 
aggregate and two 312 kg bags of blended cement were emptied into separate surge 
hopper/auger systems (Figure 2.127). When called by the computer control system for the 
mixing plant, the augers would load the mixer with the materials in the surge hoppers 
(Figure 2.128). At the same time, water and superplasticizer were added in the appropriate 
quantities based on the known moisture content of the aggregates. 



FIGURE 2.127: Photograph Showing Loading of Aggregate and Cement Bulk Bags into the 
Augers which Fed the Mixer. 



FIGURE 2.129: Photograph Showing Transport of Concrete and Rail Car from Mixer to Hoist. 
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FIGURE 2.130: Photograph Showing Concrete Rail Car at the 420 Level Hoist Station being 
Hooked to an Electric Locomotive. 

The efficiency of the type of concrete mixer used (Figure 2.119) allowed the concrete to be 
ready for use after approximately two minutes of mixing. Time from initiation of batch to the 
concrete being mixed was five minutes. This can be compared to conventional drum mixers 
which generally require at least f 5 minutes to load and mix. The prepared concrete was 
released into mine cars which had been modified to accept the full 1.6 m 3 mix. The combined 
weight of the fresh concrete and mine car was about 4500 kg. Each mine car was transported 
50 m to the URL head frame (Figure 2.125) by a high capacity forklift, where it was placed 
on rails in the floor and pushed into the hoist (Figure 2.129). The hoist, operating at half 
speed due to the combined weight of the concrete and rail car, delivered the car to the 
420 Level where a small battery powered tugger pulled the car out of the cage. An empty 
mine car was pushed into the cage and returned to surface. One round trip of the hoist, 
including loading and unloading of rail cars, required about 7 minutes. 

The full mine car was attached to an electric locomotive (Figure 2.130) and pushed, on rails, 
100 m along the access tunnel to the concrete pumping station. The rail car was connected to 
a chain hoist and slowly tipped into a third surge hopper/auger (Figure 2.131). The concrete 
was then augered into the hopper of the concrete pump (Figure 2.f32). The concrete was 
pumped 10 m to the form through a 100-mm-diameter steel pump line. While the window in 
the formwork was open (Figure 2.f23) the concrete was lifted two and a half metres and into 
the formwork using a f 00-mm-diameter flexible hose. Instrumentation was fixed in place on 
glass fibre rods within the concrete formwork. As the concrete filled the bulkhead, it flowed 
around the glass fibre rods without displacing the sensors from their designed locations 
(Figure 2.133). Figure 2.134 is a view from the access port showing the flow characteristics of 
LHHPC. The concrete was not vibrated but was self-leveling without segregation, as evident 



FIGURE 2.132: Photograph of the Concrete Pump. 



FIGURE 2.134: Photograph Showing Concrete being Pumped into the Concrete Bulkhead. 
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FIGURE 2.135: Photograph Showing Concrete Samples being Taken for Strength Testing. 

from the rough surface created by the aggregate. The access window was closed with the 
concrete at the elevation shown in Figure 2.134, and the remainder of the concrete was 
pumped through two steel injection pipes. Approximately 12 m 3 of concrete was pumped 
under pressure as much as 2 m up to the top of the key. The air was allow to bleed out from 
the tip of the key through two 18-mm-diameter steel lines. A sacrificial video camera installed 
at the top of the key provided evidence that the top of the void was filled. The air bleed lines 
were also clearly blocked further indicating the complete filling of the tip of the concrete key. 

To ensure that the bulkhead formwork was completely full and no significant air voids were 
trapped in the mass, the bulkhead was pressurized using the concrete pump. Two or three 
slow strokes of the pump caused visible deformation and "creaking" of the wooden forms. 
Large ball valves on the steel injection pipes were closed to maintain the pressure on the 
concrete while it set. 

Construction of the bulkhead proceeded smoothly with only a few unscheduled interruptions. 
An attempt was made to pump the concrete into the bulkhead through a 76-mm-diameter 
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FIGURE 2.136: Concrete Strength Gain from Samples Taken From the TSX Concrete Pour 
and Compared with Laboratory Samples Prepared with Slightly Less Water. 

rubber hose. The smaller hose would have been easier to handle and maneuver inside the 
form. The concrete would not flow through the 76-mm-diameter line and placement was 
stopped for 20 minutes while the hose was changed to a f 00-mm-diameter line and flow was 
re-established. It was difficult to start flow in the new line because it was "un-buttered" and 
the first concrete pumped into the hose was robbed of paste causing a blockage in the line. 
About midway through the pour a delay of 40 minutes occurred when a slightly stiff batch of 
concrete was delivered to the pump. LHHPC has the characteristic of resisting flow even at 
very high slumps. When the stiffer batch arrived at the pump, the flow slowed, pumping 
pressures increased and the pump overheated. The concrete was still workable and had the 
pump operator reduced the pump rate to a point where pump pressures were reasonable, it 
would have been possible to pump the concrete. A second stiffer batch of concrete was 
returned to surface by the pump operator and another batch of concrete that had been sitting 
in the rail car for more than 30 minutes was also returned. The water to cement ratio of the 
concrete was increased slightly for subsequent batches, with these batches being very 
pumpable. 

Another blockage occurred in the line between the pump and the bulkhead when the line was 
switched from the flexible hose to "un-buttered" steel injection pipes. The blockage was 
cleared by disconnecting the pipe and inserting a concrete vibrator into the blockage. This 
incident did not have any effect on the pour since the mixing plant was shut down to change 
the superplasticizer tank (to replenish the supply of superplasticizer) while the injection pipe 
was being cleared. 

^ 75 + 
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Even considering the two delays due to line blockages and the two batches that were 
returned, the average time between each of the 48 batches placed in the bulkhead was 
10.5 minutes. When everything was running smoothly, the time between successive batches 
was around 8 minutes. Numerous samples were taken during the pour for the purpose of 
strength and shrinkage tests, with 33 samples tested for strength (Figure 2.135). Samples 
were collected at six intervals during the pour and, in general, the strength was less for 
samples taken later in the day. The 60 day strength varied from a low of 60 MPa to a high of 
77 MPa with the rate of strength gain still very high at 60 days. This slight strength 
reduction was directly attributable to an increase in water-to-cement ratio from 0.54 to 0.57, 
necessary to provide a more fluid material as the concrete was pumped up to the top of the 
bulkhead key. The results from strength tests are summarized in Figure 2.136 and clearly 
show the influence of water-cement ratio on strength. The data collected from the TSX were 
compared with strength data from laboratory samples prepared using slightly less water. 

As noted previously (Figure 2.109) the temperature rose from 25°C to 44.8°C at the centre of 
the concrete bulkhead. The maximum temperature increase of 19.8°C was reached 72 hours 
after completion of the concrete pour. 

2.4.10.1 Application of Water to the Formwork 

The geomembrane water supply system on the outer formwork was used to apply water to 
the face of the concrete bulkhead for 10 days after the concrete pour. The system did not 
work entirely as it was envisaged and leaked badly around the pipes and between the wooden 
timbers. This leakage made it impossible to keep the water level to within 300 mm of the 
surface of the concrete during the pour. Application of silicon water sealant to the timbers 
eventually resulted in water rising nearly to the top of the formwork. It was evident that the 
polyethylene sheeting placed on the inside of the wooden timbers had little effect on 
preventing leakage. The construction of similar water application systems in the future 
should ensure that silicone sealant is placed in all the joints in the formwork. A visible 
indication of leakage near the top of the forms made it apparent that water was applied to 
the entire face of the bulkhead for 10 days after the concrete pour. 

The system used a considerable amount of water at the URL and supply of water to the 
formwork had to be discontinued after 10 days to allow water to be used for filling the TSX 
pressure chamber. The formwork was removed entirely on October 14 prior to construction of 
the seepage collection weir and installation of displacement transducers on the outer face of 
the bulkhead. 

2.4.10.2 Concrete-Rock Interface Grouting 

Immediately upon filling of the TSX tunnel two weeks after the concrete pour, water began 
seeping past the concrete bulkhead at a rate of approximately 500 mL/min (Figure 2.137). 
This rate is consistent with a concrete-rock interface transmissivity of 1 0 - 7 m/s 
(Figure 2.138). The flow was not considered excessive and hydration of the bentonite strips 
slowly reduced the measured seepage rate with time. Pressure in the tunnel was slowly 
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Grouting. 



- 204 -

increased starting in 1998 November and in the first week in December the tunnel pressure 
was set at 300 kPa. Seepage along the interface at this pressure was as high as 1.6 L/min. 
Extrapolating this seepage rate to operation of the experiment at a pressure of 4 MPa 
suggested that the interface would leak at a rate of more than 20 L/min. At this leakage rate 
it would have been impossible to operate the experiment at full pressure. It was proposed to 
grout the interface during the second week of December, while tunnel pressure was still 
comparatively low. 

The interface between the concrete and the rock was grouted using a microfine cement grout 
on 1998 December 8. As noted previously, two geomembrane strips, 100 mm in width, were 
glued to the surface of the rock on the unkeyed portion of the bulkhead to facilitate grout 
injection. The strips were approximately 0.7 and 0.9 m from the upstream edge of the 
concrete bulkhead. A total of 16 stainless steel grout lines, 18 mm in diameter, were attached 
to the geomembranes, with eight grout tubes per membrane evenly distributed around the 
circumference of the tunnel. Concern that seepage of water from the tunnel may result in 
washing the grout out of the interface before it could set led to the decision to reduce the 
tunnel pressure before grout injection. The tunnel pressure was reduced from 300 kPa to 
200 kPa on December 4, and then to 60 kPa on December 7, the day before grouting. 

The ultra-fine grout used for interface grouting was manufactured by US Grout LCC. It was 
provided by W I P P who developed the grout for potential use in their repository sealing 
program. The grout was mixed at a water to solids ratio of 0.60. A suitable scale colloidal 
mixer, agitator tank, high-pressure Moyno pump (Figure 2.57) and by-pass header system 
were set up adjacent to the concrete bulkhead. Gate valves were installed on all grout lines. 
Adjustable pressure relief valves were used to assist in the grouting of the concrete-rock 
interface, and suitable pressure gauges with gauge savers were used to monitor grout injection 
pressures. 

Grout was first injected into the upstream geomembrane starting with the lowest grout tube 
and finishing with the uppermost grout tube. After injecting into the top grout tube, outflow 
of grout was observed on the downstream face of the concrete bulkhead. Grout was then 
injected into the second geomembrane using a similar procedure. On the face of the 
bulkhead, grout was observed to come out of the interface everywhere around the tunnel 
perimeter indicating a complete and uniform grout penetration. After allowing a few minutes 
to set, an injection pressure of 2 MPa was applied and the grout was allowed to set at this 
pressure for two hours. The tunnel pressure was returned to 300 kPa in two increments on 
December 10 and 11. 

In the weeks immediately following grouting there was no measurable seepage past the 
concrete bulkhead (Figure 2.137). The tunnel pressure was reduced to 100 kPa as a 
consequence of a leak past the clay bulkhead (see Section 3.3.3) making it difficult for a direct 
before-and-after comparison. However, seepage measurements in January suggest a three 
order of magnitude reduction in concrete-rock interface transmissivity as a consequence of 
grouting (Figure 2.138). For comparison, the pre-grouting seepage rate with the tunnel 
pressure at 300 kPa was 1500 mL/min, while the post-grouting seepage rate with the tunnel 
pressure set at 400 kPa was only 1.2 mL/min. Tests on samples of grout taken during the 
interface grouting indicated that the grout had a 60 day strength greater than 40 MPa. 



- 205 -

3. MEASUREMENT OF BULKHEAD PERFORMANCE 

This chapter summarizes the measurements made to assess the overall performance 
characteristics of the two bulkhead-rock sealing systems constructed as part of the TSX. 
These measurements include the following: 

• Characterization of the rock damage around TSX excavations, 

• The measurement of seepage past the clay and concrete bulkheads during pressurization 
of the experiment, 

• The monitoring of sensors installed in the clay and concrete bulkheads, and in the rock 
surrounding the bulkheads, and 

• Solute transport measurements during a tracer test conducted at constant tunnel 
pressure. 

This chapter describes: the methods used to characterize the rock damage; the design, 
construction and operation of the pressurization system; the measurement of seepage past the 
bulkheads; the instrumentation used in the TSX; sensor responses in summary form; and the 
TSX tracer test and its results. A summary of one-dimensional and two-dimensional 
modelling of solute transport past the TSX bulkheads is also provided. The chapter is 
organized in three sections: the characterization of rock damage existing prior to tunnel 
pressurization; the measurement of responses during tunnel pressurization; and the results 
and analysis of the tracer test. 

The operation phase of the TSX to the end of 2001 March can be divided into five periods: 

1. 1998 October 1 to 1999 April 3. Initial bulkhead pressurization characterized by a 
number of leakage events past the clay bulkhead. During this period the tunnel pressure 
varied from a low of 35 kPa to a high of 880 kPa. 

2. 1999 April 4 to May 19. Increase of the tunnel pressure from 150 kPa to 800 kPa. 

3. 1999 May 20 to 2000 April 10. Maintenance of the tunnel at a constant pressure of 
800 kPa. The TSX tracer test began 1999 July 14. 

4. 2000 April 11 to July 27. Increase in the tunnel pressure from 800 kPa to 2000 kPa at a 
rate of 100 kPa per week. 

5. 2000 July 28 to 2001 March 31. Maintenance of the tunnel at a constant pressure of 
2000 kPa. 

The characterization of bulkhead performance is summarized in the context of the different 
conditions during each of these five phases of operation. 



- 206 -

3.1 CHARACTERIZAT ION OF ROCK DAMAGE 

The characterization of rock damage (or EDZ) around the TSX tunnel has been summarized 
in detail by Martino (2000). A number of systems were used in or around the tunnel to 
determine the extent of the EDZ. The principal EDZ characterization locations were centered 
around an array of boreholes at 8 m from the start of the tunnel and another at 32 m. These 
two arrays were just outside the TSX concrete and clay bulkheads respectively. All the 
methods described below were used in, or near, the array of characterization boreholes 
adjacent to the clay bulkhead. This allowed comparison of the results from all methods for 
this region of the tunnel. 

3.1.1 Mini-CHARTS 

Mini-CHARTS is based on Cross Hole Audio-frequency Rock Testing System (CHARTS) 
technology (Wong et al. 1983) and is a type of crosshole seismic survey. Transmission 
characteristics of a mechanical vibration (produced by the system) in the frequency range 
1 to 5 kHz are used to infer the geological structure of crystalline rock between boreholes over 
distances of 20 to 500 m. Natural or induced fractures in the rock can be identified by 
transmission measurements provided the width of the zone of fracturing is equal to or greater 
than the wavelength of the signal and the mechanical impedance across the discontinuity 
differs by greater than 10% from the host rock. Mini-CHARTS can also use higher 
frequencies, in the 3 to 40 kHz range, to look for small-scale geologic structures between 
boreholes over distances of 0.5 to 60 m. 

The system operates by sending short, seismic pulses from a transmitter in one borehole to a 
receiver positioned in another borehole with signal averaging used to improve the signal to 
noise ratio. The main components of the system are the transducer clamps, transmitter and 
receiver transducers and data acquisition system. The data acquisition system and a 
transducer head are shown in Figure 3.1. Transducer and receiver heads are similar in 
appearance. In the surveys completed for the TSX, the receiving transducer was kept at one 
position while the transmitting transducer was moved from position to position in a separate 
borehole. When the transmitter reached the end of the survey positions, the receiver was 
advanced one position and the transmitter was returned to its initial position and the process 
repeated. This method was used for panels between MVP3 and MVP2, MVP2 and MVP1 , as 
well as HGT10 and GPT1 (Figure 3.2). In the HGT9-GPT1 panel, the transmitter was held 
stationary and the receiver moved. The survey was concentrated near the tunnel wall, 
however some transmitter/receiver positions were as far out as 3.2 m from the tunnel wall. 

This Mini-CHARTS system was used to produce seismic tomographic images of panels of 
rock between the boreholes shown in Figure 3.2. Figure 3.3 shows the compiled results from 
the survey sections in the MVP1-MVP2-MVP3 panel (referred to as the M V P panel) and 
Figure 3.4 shows the results in the HGT9-GPT1-HGT10 panel (referred to as the HGT 
panel). The M V P panel indicated a low velocity zone between MVP2 and MVP3 extending 
out to approximately 0.8 m. A small granodiorite stringer dyke was seen in both borehole 
cores near the excavation surface. This may have affected the measurements of velocity in 
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FIGURE 3.1: Photographs Showing the Mini-CHARTS Data Acquisition System (top) and 
Transducer Head (bottom). 
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this area by providing an extra reflection surface and thus the reflected waves had a longer 
travel time, reducing the calculated velocity. If the effect of this stringer was accounted for, 
damage may only have extended to approximately 0.3 m. The damage between MVP1 and 
MVP2 extended to only about 0.3 m near MVP1 . The HGT panel was measured in the clay 
key, which was excavated by mechanical rock breaking instead of the drill and blast 
excavation of the main tunnel, showing less damage on both the wall and roof. Damage in 
the wall extended to approximately 0.2 m while that in the roof extended to about 0.1 m. 
Streaks in the plot are believed to be related to positioning uncertainties of the transducers. 

3.1.2 Seismic Refraction 

The seismic refraction system used in the TSX consisted of transducers coupled to the rock in 
blasthole half-barrel remnants. Shot points were located at either end of a line of transducers 
(Figure 3.5). The line of transducers was moved to obtain refraction profiles for regions in the 
walls and floor of the tunnel. 

Seismic refraction assumes there are layers of increased acoustic impedance near to the 
surface. When seismic energy encounters a medium with different seismic properties the 
energy is transmitted, refracted or reflected. The refracted wave travels along the interface 
between the media at the velocity of the second layer (Figure 3.5). This creates a headwave 
in the media nearest the transmitter, which will return energy to the surface, this energy is 
recorded by a receiver and its arrival time is noted. By employing an array of receivers a plot 
of offset versus travel time can be developed. A receiver will record arrival times for energy 
traveling through the upper and lower layers, with energy transmitted through the upper 
layer arriving generally first. The gradients of each curve are then used to calculate the 
seismic velocity of each layer or media. This technique, which assumes that the EDZ has a 
lower velocity than the intact rock, was used in the TSX to determine the thickness of the 
lower velocity EDZ. 
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FIGURE 3.3: Tomographic Images of P- and S-Wave Velocities (top and bottom respectively) 
in the Unkeyed Portion of the TSX Tunnel. 
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FIGURE 3.4: Tomographic Images of P- and S-Wave Velocities (top and bottom respectively) 
Around the Keyed Region of the Clay Bulkhead. 
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FIGURE 3.5: Configuration of the EDZ Refraction Survey Conducted in the TSX Tunnel. 

The system used in the TSX consisted of a case, associated sensors, and cables. The case 
included a logging computer with a gain amplifier, anti-aliasing filter, trigger card, and 12 bit 
A/D converter. The sensors used were Model 793L Wilcoxon accelerometers, with a frequency 
range of 1-10,000 Hz with integral preamplifier. The gain was turned down on accelerometers 
that were less than 500 mm from the source to prevent signal saturation; otherwise the gain 
was set to 100. The signal source was provided by a Schmidt hammer. Sample frequency was 
set for 62 kHz with the anti-alias filter set to 15 kHz. The sensors were attached to the wall 
in linear arrays by threading each sensor onto a Hilti bolt set into half-barrels on the wall. 
The half-barrels or borehole traces remaining after drill and blast excavation were used as 
anchor sites as they provided a straight even surface along the length of the tunnel. Fifteen 
sensors recorded the energy produced by the Schmidt hammer. A sixteenth sensor was taped 
to the hammer to accurately record the time of impact. The location of each Hilti bolt and 
shot point was surveyed so that the velocity could be accurately calculated. 
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FIGURE 3.6: The Depth of Damaged Rock as Determined by the Refraction Survey. 

Figure 3.6 shows a compilation of the survey results. The five accelerometers at either end of 
each survey line (there were 15 accelerometers per line as shown in Figure 3.5) showed large 
errors because they were overwhelmed by their proximity to the shotpoints. Usable survey 
data was derived from only the central five accelerometers in each survey line. No survey lines 
of accelerometers were installed on the roof, therefore no measurement is shown for that 
region. The damage pattern shows damage in the floor of the tunnel extending to a greater 
depth than in the walls. This would be logical as the greater damage in the floor 
approximately corresponds to the region of higher compressive stress concentration. 
Additionally, the floor of the tunnel is loaded with a higher powder factor of explosive to 
ensure complete breaking of the rock. The floor also required extensive scaling prior to the 
survey, indicating a large degree of damage existed. The maximum extent of damage occurred 
on the southwest side of the tunnel, near survey line A5 where damage extends to 0.7 m from 
the tunnel wall. The maximum extent of damage decreased to 0.25 m along lines A l and A7. 

3.1.3 Microvelocity Surveys 

A microvelocity probe (MVP ) was developed at Keele University, UK, to measure ultrasonic 
interval velocity in a borehole between transducers of a fixed spacing (Maxwell et al. 1998). 
The M V P was designed to provide a relatively simple and robust measurement technique to 
characterize excavation-induced damage around underground openings by identifying 
variations in ultrasonic velocity with distance from the opening. 
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FIGURE 3.8: Taking M V P Readings in the TSX Tunnel; Logging Computer is in the Fore
ground. 



3300 

- 214 -

«T 3100 
E 

Intermediate drop MVP6 S-wave 

g 2900 

o o 
Large velocity drop 14.5 cm Separation 

8 cm Separation 

2700 
0 1 2 3 4 

Downhole Distance (m) 

FIGURE 3.9: A Plot of S-Wave Velocity Versus Downhole Distance Measured by the MVP. 

The transducers on the microvelocity probe used in the TSX were rigidly mounted in 
Plexiglas blocks which were, in turn, spring-mounted inside a metal cylindrical housing 
(Figure 3.7). This arrangement ensured sufficient contact between the brass transducer caps 
and the borehole wall to obtain a clear signal. The probe included three transducers, two 
receiving and one transmitting. Data acquisition software was designed to record results from 
two transducers at different spacings simultaneously, and to incorporate cross-correlation 
processing. The system included a downhole probe, a data acquisition computer with 
specialized acquisition software, a docking station, a puiser (trigger box) and assorted cables 
and brass transducer caps (Figure 3.8). 

To take a measurement, the probe was first positioned in a borehole. The logging computer 
then activated the puiser unit to send an energy pulse to the transmitter. The pulse traveled 
through the rock to the receivers. The captured signal was passed through pre-amplifiers, 
onto post-amplifiers, and was finally logged by the computer. When an acceptable waveform 
was obtained the probe was advanced to the next position. For the TSX, survey points were 
chosen every 50 mm for the first metre of each of the sixteen boreholes and the points were 
fOO mm apart for the remainder of the borehole. The survey points were spaced closer 
together nearer to the borehole collar because the velocity change (damage change) was more 
rapid near the excavation surface. Generally the velocity change occurred within the first 
0.5 m of the tunnel wall, so by using closely spaced survey points to a depth of f m from the 
collar there was less chance of measurement density bias in picking the edge of the EDZ. 
M V P surveys were carried out both moving down the borehole and when pulling the M V P 
probe out of the borehole. This doubled the readings in each hole, increasing confidence in 
the results. 

M V P measurements were conducted in two arrays of eight boreholes. One array was located 
2 m on the downstream side of the concrete bulkhead while the second array was located near 
the clay bulkhead. A representative example of the velocity measured by the M V P is 
provided in Figure 3.9, where the velocities are calculated from recorded travel times between 
the transmitter and receiver pairs. There are two receivers in the M V P separated from the 
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transmitter by 8 and 14.5 cm. A greater separation between the transmitter and receiver 
would mean that the seismic wave would travel through the less damaged rock further away 
from the borehole. The arrival time of the waveform at the receiver would then be 
characteristic of the travel time through the seismically faster undamaged rock. The 
measurement at the 14.5 cm separation distance was, therefore, more indicative of rock 
velocities further from the borehole wall than the measurement at the 8 cm separation 
distance and thus less influenced by the potential damage around the borehole. Generally, 
there was only a slight difference between the measurements at 8 cm and 14.5 cm, with the 
8 cm separation distance tending to display only slightly lower velocities. 

The M V P data often showed two changes in the slope of velocity versus distance near the 
tunnel wall. A rapid decrease in velocity was measured immediately adjacent to the tunnel, 
suggesting a more intensely damaged inner zone. A more moderate decrease in velocity from 
background was measured beyond that point, indicating a less severely damaged outer zone. 
The point at which the slope of each velocity curve changes from rapid velocity decrease 
(intense damage near the tunnel wall) to less rapid velocity decrease was chosen by the 
analyst based on intersecting linear line segments and breaks in the curve. Although this 
provides a quantitative value, the transition from damaged rock to less damaged rock and 
finally to undamaged rock does not necessarily occur at a certain point, rather it occurs over 
a transition zone. 

Figure 3.10 shows the depth of the inner zone of intense damage, and the depth of the outer 
damage zone (i.e., the depth of the transition to intact rock) for the array of 8 boreholes near 
the clay bulkhead. The depth of damage in the borehole array adjacent to the concrete 
bulkhead is similar to that shown in Figure 3.10. At some of the borehole locations no inner 
damage zone was indicated. Observations on the tunnel wall show that few blasthole 
half-barrels (remnant drillhole traces) existed in most of these borehole locations although 
blast round records indicate that more half-barrels existed at the conclusion of excavation. 
This suggested that the most intensely damaged rock at the tunnel periphery spalled off or 
was scaled off after completion of excavation. 

The M V P shows a relatively consistent halo of damage around the tunnel. The outer damage 
extended to a maximum of approximately 0.53 m around the concrete bulkhead array and to 
0.58 m around the clay bulkhead array. The more intense damage extended out as far as 
0.21 m around the concrete bulkhead array and to 0.14 m around the clay bulkhead array. 
The more intensely damaged zone showed greater variability around the tunnel, with 
generally a greater depth of intense damage in the roof and floor where stress concentrations 
were highest. The measured depth of this inner damage zone was also affected by the amount 
scaling or spalling following excavation. 

3.1.4 SEPPI Permeability Measurements 

The major components of the SEPPI probe were an electronic acquisition-control system and 
a borehole sonde (Figure 3.11). The borehole sonde included two hydraulic packers and two 
mechanical packers. The outer hydraulic packers were inflated first so that the region around 
the test interval could be saturated with water using a high volume pump. The test interval 
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FIGURE 3.10: Extent of Damage in the Rock Near the Clay Bulkhead as Identified by M V P 
Surveys. 
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FIGURE 3.11: Diagram of the SEPPI Hydraulic Testing and Control Equipment and a Detail 
of the Borehole Sonde. 

itself (50 mm in length) was isolated by two rubber packers which were set using two 
hydraulic jacks. The mechanical packers were relatively stiff, which reduced the total system 
compressibility. When installed, the probe defined three isolated intervals, the inner test zone 
and two outer zones. 

The tests were conducted using a syringe type pump capable of building pressures greater 
than f 500 kPa. This pump could be controlled at a constant rate or pressure. The injected 
volume was measured with a precision of 0.1 mm 3 . A pressure accumulator connected 
between the syringe pump and test interval was used for pulse test initialization. 

To prevent desaturation of the rock mass surrounding the boreholes, the boreholes were 
sealed with mechanical packers and filled with water for the period between drilling and 
testing. Because of known low transmissivity of the rock and the relatively short (one month) 
time period available in the schedule for testing, pulse testing was selected. This involved first 
monitoring for a stable pressure in the isolated interval. Next a known volume of water was 
injected into the zone as rapidly as possible. Once the peak pressure was reached, the 
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FIGURE 3.12: SEPPI Permeability Test in Progress; Control and Data Acquisition Equip
ment are in Foreground. 

decrease in the test interval pressure was recorded for analysis. 

The SEPPI probe was used in the eight M V P boreholes near the clay bulkhead. The results 
of this survey were similar to those from the M V P in that they showed a more damaged inner 
zone and a less damaged outer zone. The extent of the inner and outer damage zones are 
shown in Figure 3.13. A rapid increase in transmissivity was measured close to the tunnel 
wall. In the case of MVP1 and MVP5, no packer seal could be obtained within 300 mm of the 
tunnel, possibly indicating the presence of highly permeable fractures and thus a more 
intensely damaged, inner zone. However, borehole camera results revealed the presence of 
borehole break-outs in approximately the first 50 mm in MVP1 and the first 250 mm in 
MVP5 which would also make a good packer seal unlikely. Borehole damage (other than 
borehole break-outs) may also play a role in permitting flow into the tunnel thus providing an 
apparent higher transmissivity. A better understanding of borehole damage, and its potential 
connection to the tunnel surface, was required to better assess this theory. The inner zone 
was larger in extent in the roof and floor of the tunnel, corresponding approximately to the 
zone of maximum compressive stress. 

The edge of the outer damage zone was interpreted as the point at which the measured 
transmissivity was the same as the background transmissivity of 1 0 - 1 3 to 1 0 - 1 4 m 2/s. In 
general, the transmissivity increases gradually to about 1 0 - 1 0 m 2/s near the tunnel wall. 
This transition occurred over a distance of between 0.5 to 1.0 m away from tunnel surface. 
Converting transmissivity to permeability requires the assumption of radial flow from the test 
zone, which was not entirely valid considering the small size of the test zone and the 
proximity of the tests to the excavation surface. However, multiplying the transmissivity 
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FIGURE 3.13: Depth of the Inner and Outer Damage Zones as Identified by SEPPI Perme
ability Tests. 

values by 20 to obtain hydraulic conductivity in m/s provided an estimate of the hydraulic 
characteristics of the damaged rock. This conversion suggested that the hydraulic 
conductivity varied from 10" 9 m/s near the rock surface to 10 1 3 m/s in the intact rock. 

M V P data are compared with SEPPI transmissivity data for borehole MVP3 in Figure 3.14. 
This plot illustrates that velocity increase occurred over approximately the same distance as 
transmissivity decrease in the walls of the tunnel. Microcracking, which affects both 
transmissivity and velocity, probably extended out to 0.7 m from the excavation surface at 
this location. There was, however, no direct correlation between the SEPPI transmissivity 
and M V P velocity when data from all the boreholes were compiled. 
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FIGURE 3.15: Core Discing Typical of Boreholes Drilled into the Roof of Tunnels on the 
420 Level. 

3.1.5 Core Logging and Borehole Camera Surveys 

Core logging was conducted on drill core from each of the boreholes in the two 
characterization arrays. Each core was characterized in terms of lithology, natural and 
induced fracturing, core discing and zones of rubble or core loss. Core from holes drilled in 
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highly compressive regions typically disced as a result of the high near-field stresses around 
the tunnel and borehole. Core from holes in less compressive or tensile regions showed less 
discing. The granodiorite at the URL is slightly stronger than the granite, due to its finer 
more homogeneous grain structure, and hence less susceptible to discing. For boreholes 
drilled into the tunnel walls in granite (MVP2,MVP3 and MVP4 ) discing was extensive, 
whereas little of no discing occurred for similar boreholes drilled into the granodiorite 
(MVP6, MVP7 and MVP8 ) . Where discing occurred, the thickness of discs was dependent, in 
part, on lithology with discs in granite tending to be thinner than those in granodiorite. An 
example of a disced core from a compressive region in the tunnel crown is shown in 
Figure 3.15. Zones of rubble and core loss identified in the core logs are typically regions 
where the discs have been damaged during drilling or core retrieval. 

Core damage can result from drilling into a rock mass containing excavation-induced damage, 
or from stress concentrations induced during the drilling and core handling processes. The 
seismic velocity of visibly undamaged core from one hole in the Mine-by Experiment tended 
to be about half of the in situ velocity measured in the borehole from which it was drilled. 
Discing or incipient discing are expected to further reduce the seismic velocity of core. 
Because discing is a drill-induced stress relief phenomenon in cores from compressive regions, 
it is not associated with in situ rock mass damage. Consequently, visible core damage is not 
necessarily an indication of in situ damage. 

A borehole camera was used in all the M V P boreholes to assess in situ damage. Each 
borehole was viewed with an RCS-1600 miniature colour television camera, equipped with 
adjustable on-board lighting. The camera was aligned to look down each borehole, and used a 
mirror to observe the borehole walls. The camera was attached to rods to move it up or down 
the borehole, and could be rotated by rotating the rods. As the camera traveled down the 
hole, the image was captured on VHS tape with a recorded audio description of observations 
made by the technician. 

The borehole damage observed in the M V P holes included microcracking, borehole breakouts 
and discrete cracking related to blasting. Microcracking and discrete fracturing were generally 
masked in core by the drill-induced damage, and were therefore only discernible in borehole 
camera surveys. Like discing, borehole breakouts were an indication of highly compressive 
stress conditions concentrated around the borehole. However, the presence of breakouts did 
not imply damage to the rock mass. In fact, as part of the characterization of the Mine-by 
Experiment test tunnel (Read and Martin 1996) a series of boreholes and slots drilled through 
the visible damaged zone around the tunnel showed that breakouts occurred only in the intact 
rock mass beyond the visibly damaged region. Therefore, the presence of borehole breakouts 
may indicate relatively undamaged conditions, and conversely, the absence of breakouts in 
boreholes in known highly compressive regions may be an indicator of in situ rock mass 
damage. The identification of borehole breakouts using a borehole camera was beneficial in 
assessing whether an inability to perform hydraulic measurements using the SEPPI was due 
to excessive fracturing or to difficulty in sealing the packers effectively to the borehole wall. 

The borehole camera survey in the M V P boreholes was limited to 1-m-depth in each borehole 
to save time and resources and because other measurements indicated no damage beyond 
1 m. Visible fracturing was evident near the surface of the excavation in nearly all the 
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FIGURE 3.16: Source Location of Acoustic Emission (AE) and Microseismic (MS) Events 
Around the TSX Tunnel Near the Clay Bulkhead Borehole Array. 

boreholes viewed. In the clay bulkhead characterization array, visible fracturing extended to a 
depth of approximately 0.3 m in all directions. All fractures appeared to be perpendicular to 
the borehole axis, which suggested concentric fracturing parallel to the tunnel surface. 

3.1.6 Acoustic Emission and Microseismic Monitoring 

The acoustic emission (AE) and microseismic monitoring (MS) systems are described in 
detail in Section 3.4.2. The microseismic array was installed around the TSX tunnel prior to 
excavation to record MS events along the length of the tunnel. The MS system showed a 
clustering of events in the upper and lower compressive stress zones. A recorded MS event 
can be compared to the magnitude of energy imparted by a hammer blow. The location 
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accuracy of MS events is approximately 0.4 m. Figure 3.16 illustrates the pattern of MS and 
AE events near the clay bulkhead borehole array. Events that appear within the tunnel 
actually occurred in the rock in front of the advancing tunnel face. 

The AE system was installed after tunnel excavation but before the excavation of the clay 
key, and focused on the lower portion of the tunnel. The energy of a recorded AE event was 
similar to that of a pencil lead break and the location accuracy is as good as 0.03 m when 
arrival times are picked manually. As shown in Figure 3.16 there was a clustering of AE 
events in the high compressive stress region of the floor of the tunnel. The AE system was 
not configured to observe cracking in the roof of the tunnel, however, it would be expected 
that the clustering of AE events in the roof would be similar to that observed in the floor. 
Although the M V P and SEPPI data indicate microcracking occurring in the walls of the 
tunnel, the location and frequency range of the AE and MS sensors was not selected to record 
damage occurring in the walls. Damage in the walls of the Mine-by tunnel was recorded by 
an AE system specifically designed for that purpose (Carlson and Young 1993). 

3.1.7 Summary of EDZ Characterization Results 

The EDZ characterization from all the techniques described above is summarized in 
Figure 3.17. It was evident that there was a halo of damage around the tunnel extending out 
as far as 1 m in all directions. This zone of damage was referred to as the outer damage zone. 
The outer damage zone was characterized by little or no visible fracturing, although 
microcracking was apparent throughout the region by increases in permeability and decreases 
in acoustic velocity. The permeability in this region was one to two orders of magnitude 
greater than the permeability of the intact rock. 

Visible fracturing occurred within 0.3 m of the tunnel wall. In this region, termed the inner 
damaged zone, increases in permeability and decreases in velocity relative to values for intact 
rock are much greater than those observed in the outer damaged zone. Permeability in this 
region is at least three orders of magnitude greater than that of intact rock, however, it is 
difficult to measure the permeability of the rock close to the excavation surface using borehole 
techniques. Permeability of this skin of damaged rock in the floor of the tunnel was assessed 
using a connected permeability test described in Section 3.1.8. The inner damage zone tended 
to be slightly thicker in the roof and floor of the TSX tunnel where high compressive stress 
concentrations were known to exist (Figure 2.4). The thicker zone of intense damage, and the 
higher stress concentrations corresponded to the location of clustering of AE and MS events 
in the roof and floor. 

The overall conclusion was that all the methods of EDZ characterization were in reasonable 
agreement. Using a number of different techniques helped to build a defensible model for 
damage, such as the inner and outer damaged zone model suggested in this section. 
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3.1.8 Pre-Test Seepage Characterization 

One objective of the TSX was to quantify the characteristics of full-scale tunnel seals. The 
measured seepage past either TSX bulkhead was to be compared with a reference or baseline 
seepage measurement to assess the overall performance of the two seals. The baseline seepage 
rate was determined from a pre-test seepage characterization measurement conducted in the 
TSX tunnel. This baseline seepage rate represents the seepage that would occur through the 
damaged zone in the rock prior to any seal construction activities. A Connected Permeability 
Test was constructed at the site of the concrete bulkhead prior to excavation of the bulkhead 
key. Connected Permeability Tests (Chandler et al. 1996) have been conducted four times at 
the URL and refer to measurements of seepage through the EDZ from a reservoir created by 
construction of a small concrete dam. A similar test is described in Section 2.3.1.8 for the 
assessment of grouting effectiveness. 
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FIGURE 3.19: Photograph of the Water Filter and Concrete Dams used in the Seepage Char
acterization Test. 

Two concrete dams (Figures 3.18 and 3.19) were built about 3 m apart, spanning the lower 
third of the tunnel. The top of each dam was 1.2 m above the tunnel floor, with the front 
dam 1 m in width and the back dam 0.3 m in width. Each dam was constructed using 
LHHPC to eliminate leached calcium from the concrete from being deposited in the EDZ 
fractures during the experiment. Calcite buildup was a problem in a similar test conducted 
on the 420 Level for which the dam was constructed using normal concrete. Having no free 
lime, LHHPC has no potential for leaching of calcium. Bentonite strips were placed at the 
rock-concrete interface of both dams, f 0 equally spaced strips under the wider, front dam and 
three under the back dam, to seal the rock-concrete interface (Figure 2.113). In order to 
reduce the amount of concrete required for the front dam, a hollow area was formed in the 
centre of the concrete dam. An overflow pipe was included in the back dam to maintain a 
constant hydraulic head of 1 m above the floor of the tunnel. 

A f .75 m deep by 0.096 m wide water collection/monitoring slot was line-drilled into the floor 
and walls as shown in Figure 3.18. The location of the slot was chosen to correspond with the 
vertical face of the concrete bulkhead key. The front concrete dam was constructed over the 
location of the concrete bulkhead key, that is, above the rock that would eventually be 
removed during key excavation. The advantage of this location was that any rock 
inadvertently damaged during the removal of the concrete dam would be removed during key 
excavation. Construction and operation of the Connected Permeability Test took place at the 
same time as excavation of the clay bulkhead key further down the tunnel. 

The slot was calibrated for water volume versus water level and a sensitive pressure 
transducer was fixed at a set depth within the slot to measure the changes in the hydraulic 
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FIGURE 3.20: Measured Seepage Rate for the TSX Connected Permeability Test. 

head and hence to the water level. The transducer data were recorded by the Underground 
Data Acquisitions System (UDAS). Manual water level measurements within the slot were 
also recorded. Potable water was used to fill the reservoir between the two concrete dams. A 
sand filter was included in the water supply system to eliminate the potential for deposition 
of fines in the EDZ fractures. 

The water in the reservoir was maintained at a constant head of 1 m above the floor. The 
bentonite strips on the concrete-rock interface prevented interface flow, forcing the water to 
travel through the EDZ. It was assumed that all of the water that escaped the reservoir 
travelled through the 1 m length of EDZ under the front dam into the collection/monitoring 
slot. Water also flowed past the back dam but this did not affect either the water level or the 
seepage rate into the collection slot. It is believed that prior to hydration of the bentonite 
strips, some of the flow occurred along the concrete-rock interface. The rate of seepage 
gradually decreased as the ten bentonite seals under the dam became saturated. When the 
seepage rate into the monitoring slot was constant, the hydraulic conductivity was calculated 
from the measured seepage rate, the hydraulic gradient and an apparent cross-sectional area 
of the EDZ that formed the hydraulic flow path. 

The reservoir was filled on 1997 July 18 and emptied on 1997 September 12 for a total 
experiment time of 56 days. A stable flow rate of 0.305 mL/min was reached 41 days after 
the reservoir was filled. Flow into the collection slot with the reservoir empty was 
approximately 0.f05 mL/min. The reservoir empty seepage reading (i.e. a hydraulic gradient 
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of zero) was measured immediately after the drainage of the reservoir and reflected seepage 
into the collection slot from the surrounding rock and from the EDZ still saturated by the 
experiment. The hydraulic gradient (i) of the test with the reservoir full was equal to 1. The 
increase in flow rate (Q), resulting from increasing the hydraulic gradient from zero to 1, was 
0.2 mL/min. Observations at the monitoring slot revealed that the EDZ was visibly about 
0.10 m thick, with most of the seepage occurring over a 2 m wide section of the EDZ below 
the front dam for a cross-sectional area (A) of about 0.2 m 2 . The hydraulic conductivity (fc) 
of the damaged rock was calculated using the following relationship: 

i A 

The calculated hydraulic conductivity of the EDZ within the test floor region of the TSX 
tunnel was 2.5 x 1 0 - 8 m/s. This measurement can be compared with measurements made 
using the SEPPI probe indicating hydraulic conductivities of approximately 1 0 - 9 m/s at 
0.1 m away from the excavation surface. 

This measurement can be used to estimate the baseline seepage through the damaged rock 
prior to construction of the tunnel seals. The measured seepage of 0.2 mL/min under a unit 
hydraulic gradient, corresponds to flow through approximately one-fifth of the perimeter of 
the tunnel. Therefore the reference, or baseline, seepage under a unit hydraulic gradient for 
the entire tunnel would be 1 mL/min. The calculated reference seepage past the two 
bulkheads for tunnel pressures of 0.8, 2.0 and 4.0 MPa are listed in Table 3.1. 

TABLE 3.1 

CALCULATED REFERENCE SEEPAGE FOR THE CONCRETE A N D CLAY BULKHEADS 

Tunnel Pressure Clay Bulkhead Concrete Bulkhead 
(MPa) Seepage (mL/min) Seepage (mL/min) 

0.8 31 23 
2.0 78 58 
4.0 157 116 

3.2 PRESSURIZATION SYSTEM A N D PRESSURE CHAMBER 

3.2.1 Experiment Pressurization 

The pressure chamber between the clay and concrete bulkheads was constructed, complete 
with instrumentation, between 1998 June and August, with the water supply system to the 
tunnel installed in 1998 February. Filling of the pressure chamber with water occurred 
between 1998 September 28 and 30. Pressurization to 800 kPa was complete by 1999 May 19. 
The tunnel was subsequently pressurized from 800 kPa to 2 MPa between 2000 April and 
July. The following topics related to the pressure test are summarized in this section: 
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• Design and construction of the infrastructure required for pressurization of the 
experiment, 

• Measurement of seepage during experiment pressurization, 

• Leak events occurring during pressurization, and actions taken in response to the leak 
events, 

• Instrumentation installed in the rock, the concrete bulkhead and the clay bulkhead, and 

• Response of instrumentation during pressurization. 

3.2.2 Pressurization System 

The TSX water supply system provided pressurized water on the principal of a static water 
head, using the 420 m high water column between the TSX tunnel and potable water tanks 
on surface. Water was supplied to the experiment by gravity through a water line dedicated 
to the experiment. The pressurization system had been designed to function for both the 
ambient temperature and the elevated temperature phases, although most components 
required for the elevated temperature phase were not purchased and installed. The 
experiment design specified that the tunnel be back-filled with a granular material, therefore 
the system had to deliver and circulate water through such an environment without clogging 
or eroding the fill. The components of the system required for the ambient temperature phase 
were installed prior to sealing and pressurizing the TSX tunnel. Those components inside the 
tunnel had to function for the lifetime of the experiment, so no moving parts were included 
inside the tunnel. The heating elements, a circulation pump and associated filters were to be 
added later to allow the system to increase the temperature by circulation of heated water. 
The many design requirements for the water supply system are listed below. 

• The system had to provide a water pressure of up to 4 MPa to the TSX tunnel. 

• Initial filling pressure was to be less than 100 kPa. 

• The system had to provide accurate control of water pressure between 100 kPa and 
4 MPa. 

• The system had to be capable of delivering water to the tunnel at a rate of at least 
10 L/min over short durations and at least 1 L/min over weeks or months. 

• The system had to be capable of circulating pressurized water through the granular 
tunnel fill, without eroding the fill or clogging the water lines with fine particles. 

• The system had to be capable of providing water at both ambient and elevated 
temperatures (up to 85°C). 

• The pressurized components of the system had to meet all necessary design codes, with 
safety to personnel and the facility a prime consideration. 

• The system had to allow the removal of air during both initial filling and with the 
system pressurized. 
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• A method must be included for draining the water from the tunnel, if required. 

• There had to be a provision for an alternate temporary supply of water for emergency 
conditions. 

• The water supply line had to include an automated valve for shutting off water to the 
tunnel in the event of leak through one of the bulkheads. 

• The water supply line could not pass through either bulkhead. 

• The water supply line could not be an electrical conduit from surface to the experiment 
in the event of a lightening strike. 

• The tunnel fill had the requirements of minimizing the water volume in the tunnel, 
while still having a high permeability to facilitate water circulation through the fill. 

• The tunnel fill was to provide a restraint against expansion of the clay bulkhead into 
the tunnel. 

Experience from the Mine-by Experiment Connected Permeability Test (Chandler et al. 
1996) was used to establish a reference maximum flow rate for the TSX. Highly conductive 
zones of damaged rock in the roof and floor of the Mine-by Experiment tunnel (Figure 2.14) 
were characterized as having a hydraulic conductivity of 1 0 - 6 m/s. Considering a hydraulic 
gradient of 100 and allowing at least a 50% reduction in flow as a result of keying the 
bulkheads through the damaged rock produced an estimate for the maximum expected flow 
rate of 1 L/min. At this rate of flow, water in the two surface storage tanks would need to be 
replenished by water trucks on a weekly basis. This rate of replenishment was considered 
feasible, whereas replenishing the water on a daily basis, corresponding to a flow rate of 
10 L/min, for a long period of time would not. 

The pressurization system design is illustrated in Figure 3.21. The system incorporated 
twelve components. 

1. Two polyethylene 7000 L potable water supply tanks located on surface (Figure 3.22). 
The tanks provided potable water for all underground use at the URL. The tanks were 
re-filled as required by water truck. 

2. In the initial design, a priming pump was required to initiate a water siphon from the 
tanks into the TSX direct water line. Difficulties in maintaining the siphon with very 
slow flow rates resulted in a re-design of the system after two months of use. The 
system was switched to a direct gravity feed from the storage tanks and down the shaft. 

3. A 19-mm-diameter stainless steel water line ran from the water storage room and down 
the shaft to the 420 Level. The water line was dedicated for pressurization of the TSX 
tunnel and did not provide water for any other underground use. 

4. A non-conductive hose was installed in the water supply line at the base of the shaft. 
There was concern that a lightening strike at the URL could induce a power surge 
running along the stainless steel water line and directly into the experiment area. A 
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FIGURE 3.21: Design Drawing for the TSX Pressurization System. 
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FIGURE 3.23: Photograph of Filter Bank. 
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FIGURE 3.25: Photograph of Pressure Reducing Valve Bank. 
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severe lightening strike at the URL was capable of damaging underground sensors or 
data acquisition equipment if not protected. The short length of non-conductive tubing 
was grounded to divert any lightening induced power surges away from the experiment 
area. 

5. A water filter bank consisted of two 50 micron cartridge type filters in stainless steel 
cases (Figure 3.23). The filters were installed in parallel, allowing one filter to be 
changed while the flow was directed through the other filter. 

6. The flow of water through the water line was monitored using both a mechanical flow 
gauge and a Yokogawa magnetic flow meter. The magnetic flow meter was datalogged 
and provided information for the rate and total quantity of flow into the tunnel. The 
flow meter provided a repeatability of measurement of approximately ± 1 mL/min, and 
was calibrated in situ . 

7. An emergency water supply system included two 1900 L polyethylene tanks on the 
420 Level (Figure 3.24), an injection pump, a pressure reducing valve and a 
servo-control system. A drop in the pressure in the water supply line below 2.75 MPa, 
which normally recorded a static water pressure of 4.1 MPa, would be interpreted as a 
loss of water supply. The loss of water supply could have resulted from completely 
draining the storage tanks, a leak in the water supply line, or a blockage of the line. 
The water injection pump would pump water at 4 MPa pressure from the emergency 
water supply tanks. The pressure of the water supplied to the tunnel would be 
controlled by the pressure reducing valves described below. The system was designed to 
supply water at up to 1 L/min for more than two days if required. 

8. The pressure reducing valve bank consisted of three pressure reducing valves 
(Figure 3.25) with overlapping control ranges. This permitted water to be supplied to 
the TSX tunnel at pressures between 69 and 4000 kPa. This bank of pressure reducing 
valves was the pressure control system for the experiment. 

9. Four 96-mm-diameter boreholes were drilled as part of the water supply system. Three 
of these boreholes were drilled from Room 415 and one was drilled to join the TSX 
tunnel with Room 421 below (Figure 3.26). The water supply header and two outlet 
headers ran from Room 415 to the TSX tunnel through the three boreholes. A drain 
line ran down to Room 421. Mechanical packers were used to seal the water lines to the 
borehole walls at each end of all boreholes. The region around the water lines was 
further sealed by injecting grout into the boreholes between the packers. 

10. The inlet header ran along the tunnel floor between the clay and concrete bulkhead 
locations (Figure 3.27). The header consisted of two 3-m-long well screens to prevent 
sand particles from the tunnel fill from entering the water supply lines. Each of the two 
outlet headers consisted of a single well screen at the top of the tunnel. The inlet and 
outlet headers were 150 mm above the floor and below the roof respectively to allow 
sand fill to completely envelop the well screens. There was concern that the outlet 
headers could become clogged with fines during circulation, therefore, two separate 
outlet headers were included in the design so that operation could continue if one were 
blocked. Also, having separately controlled water outlets at either end of the tunnel 
allowed some control of water circulation and hence control of solute concentrations or 
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FIGURE 3.26: Boreholes Drilled for Water Supply, Tunnel Drainage and Instrument Lead 
Routing. 

water temperatures during circulation. The drain line was attached directly to the inlet 
header in the floor of the tunnel, and the drain was operated by a valve in Room 421. 

11. Two air ventilation ports were installed at high points in the roof of the excavation. 
The ports were attached to tubes running down through the drainage borehole to 
Room 421. Air was allowed to leave the tunnel from these ports during filling of the 
pressure chamber with water. Figure 3.28 shows the location of the inlet and outlet 
headers and ventilation ports. 

12. An adjustable set-point pressure transmitter was installed on the outlet line in 
Room 415. Although there are several piezometers installed within the sand of the 
pressure chamber, this pressure transducer was accessible and could be maintained, and 
hence was used as the reference water pressure for the experiment. High and low water 
pressure set-points established the range of acceptable operating pressures for the 
experiment. Should the water pressure at this location become either too high or too 
low, an air-activated solenoid valve would shut off the water flow to the tunnel. The 
purpose of this automated water shut-off system was to protect the clay bulkhead. 
Sudden high pressures could damage the bulkhead whereas low pressures were 
indicative of leaks. Continued water supply during a leak event might lead to erosion of 
the clay in the bulkhead. 

3.2.3 Granular Tunnel Fill 

The material selected to fill the tunnel was a naturally occurring well-graded glacio-fluvial 
sand from a local sand pit. The sand (Figure 2.36 for particle size distribution) was well 
rounded and consisted mainly of igneous and metamorphic Precambrian Shield materials 
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FIGURE 3.27: Photograph of Water Inlet Header on the Floor of the Tunnel and Water Outlet 
Header on the Roof. 

FIGURE 3.28: Location of Inlet and Outlet Headers and Ventilation Ports in the TSX Tunnel 
with Illustration of Air Removal During Filling (left) and Photograph Air Vent 
Port (right). 
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FIGURE 3.29: Photograph Showing Placement of Sand in the Tunnel Using a Scooptram. 

(quartzite, granite, feldspars) along with some carbonate sands. The material contained less 
than 1% clay sized particles, but the sand was washed and screened to remove these fine 
materials before placement in the tunnel. This was done to reduce the possibility of plugging 
the filter screens of the water circulation system. 

Most of the sand was placed in the tunnel using a scooptram (Figure 3.29). Instrumentation 
and the inlet header in the floor were carefully hand covered with sand to prevent damage. 
The sand was not compacted above the instruments or headers until several lifts of sand had 
been placed. Instruments on the floor near the concrete bulkhead location were in the 
pathway of the scooptram and were not installed until after construction of the 250-mm-thick 
inner concrete form wall (Section 2.4.7). Placement of the sand using the scooptram 
proceeded more quickly than would have occurred had the option of spraying the sand into 
the tunnel pneumatically been selected. The sand was compacted using the vibratory plate 
compaction machine shown in Figure 3.30. The sand was placed and compacted in 
approximately 150-mm lifts. A total of 114 samples were taken to measure the density of the 
as-placed sand with the average dry density being 1.85 Mg/m 3 with a standard deviation of 
0.12 Mg/m 3 . The moisture content of the compacted sand was 5.2% ±1.7%. Sand 
compaction proceeded until head room in the tunnel was insufficient to operate the 
compaction machine. Sand in the top 1.5 m of the tunnel was initially blown in pneumatically 
and not compacted. The density of this material was estimated to be 0.8 Mg/m 3 with a 
moisture content of 12%. Mechanical problems with the shot-crete machine used for 
pneumatic placement of the sand necessitated that the final portion of sand near the top of 
the tunnel be augered into the tunnel pressure chamber and then shoveled into place. An 
illustration showing the sequence of sand placement is provided in Figure 3.31. 
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FIGURE 3.30: Photograph Showing Compaction of Sand in the Tunnel. 

5. F i n a l p n e u m a t i c a n d h a n d 
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a g a i n s t c o n c r e t e w a l l 

FIGURE 3.31: Sequence of Sand Placement in the Tunnel. 
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The information on sand density and moisture content was used to estimate the total volume 
of both air and water in the sand at the time of placement. This calculation was required to 
estimate the volume of water required to fill the tunnel. Later during the tracer test, the 
total volume of water in the filled tunnel was required to estimate the amount of tracer 
solution to be injected into the tunnel to attain a specific average tracer concentration. Based 
on density measurements of the sand, it was estimated that the lower 90 m 3 of compacted 
sand was placed at a porosity of 30% and the upper 40 m 3 placed at a porosity of 60%. The 
combined volume of water and air in the upper and lower portions of the tunnel was 
estimated to be 24 and 27 m 3 respectively. The water in the as-placed sand was estimated to 
be 5 and 8 m 3 for the upper and lower portions of the tunnel respectively. Therefore, the 
total volume of water in the completely-filled tunnel was estimated at 51,000 L. The amount 
of water required to fill the tunnel was estimated at 38,000 L. 

3.2.4 Filling the Pressure Chamber with Water 

Filling of the pressure chamber was continuous (24 hours per day) between 13:00 September 
28 and 13:00 September 30. The tunnel was filled at a rate of 3 L/min for the first 18 hours 
and at a rate of 11.5 L/min afterwards. Approximately 26,000 L were required to fill the 
tunnel. It was not clear whether the smaller than estimated amount of water was related to 
an under-estimate of the total voids in the tunnel, an under-estimate of the water in the 
as-placed sand or due to air remaining in the pores of the sand after filling. Air had to vented 
from the sand at least once per week for several months, even during water pressurization. 
Thus, it was concluded that a large proportion of the under-estimate of water required to fill 
the tunnel could be attributed to air remaining in the sand after filling. 

During filling, the outlet header was attached to an overflow pipe which was elevated to 1.5 m 
above the top of the tunnel. Once water was observed coming out of the overflow pipe the 
rate of water flowing into the tunnel was reduced using valves on the water supply line. The 
water pressure at the mid-height of the tunnel was estimated to be 35 kPa. Water was 
allowed to trickle slowly into the tunnel and out through the overflow pipe for five weeks. The 
flow rate through this overflow pipe was approximately 200 mL/min for the entire five weeks. 

3.3 SEEPAGE MEASUREMENTS 

3.3.1 Seepage Measurement Locations 

The collection of seepage, either through or around the two TSX bulkheads, was the primary 
measure of bulkhead performance. Seepage was collected at a number of locations throughout 
the experiment as listed below. 

Clay Bulkhead Seepage Collection Locations 

• 17 geomembrane collection zones on, or near, the face of the clay bulkhead. 
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• The base of the sand fill (or sump) between the steel shell and the stainless steel wall 
(Figure 2.44). 

Concrete Bulkhead Seepage Collection Locations 

• The grout injection geomembranes on the concrete-rock interface 0.6 m away from the 
upstream face of the concrete bulkhead (1998 September 28 to October 26). 

• The seepage collection weir on the downstream end of the concrete bulkhead (after 1998 
November 4). 

Other potential Seepage Locations 

• Two instrumentation lead boreholes connecting the pressure chamber with Room 417, 
and the individual cables connecting sensors in the pressure chamber with the Room 
417 datalogger. 

• The inlet header borehole and two outlet header boreholes connecting the pressure 
chamber with Room 415. 

• The drainage borehole connecting the pressure chamber with Room 421. 

A geomembrane was attached to the inside surface of the stainless steel plate adjacent to the 
clay blocks in the clay bulkhead. The surface of the stainless steel plate was segmented into 17 
collection zones using copper collection troughs. Water seeping into the geomembranes would 
drain by gravity into the copper troughs and then into stainless steel tubing passing through 
the instrumentation lead ports in the steel shell (Figure 3.32). Seven of the geomembrane 
collection zones were thin strips around the perimeter of the tunnel. These seven zones were 
intended to collect seepage moving through the damaged rock or along the clay-rock 
interface. The 17 zones are illustrated in Figure 3.33. The seepage accumulated in individual 
pails for each zone where the seepage quantity was measured and recorded manually. 

The sand-filled region of the steel restraint system was the eighteenth seepage collection zone 
(although this location is referred to as collection zone 15). To drain into this zone, water 
would have to seep around the stainless steel wall which was keyed into the rock 
(Figure 2.54). All the water flowing around the wall would drain through the sand to be 
collected in a sump in the floor of the tunnel. A well-screen connected to a pipe through the 
reinforced concrete ring beam was used to drain the sump (Figure 3.34). The water was 
either pumped out of the sump or was allowed to flow by gravity. Most of the water collected 
as seepage past the clay bulkhead, was collected from this region. 

Two 96-mm-diameter boreholes connected the pressure chamber with Room 417 
(Figure 3.26). These boreholes were necessary due to the experiment requirement that 
neither cable leads nor tubing penetrate the full length of either bulkhead. A total of 100 
sensors were installed in the region between the two bulkheads. The leads from these sensors, 
encased in 58 Synflex tubes, along with 12 copper sampling lines all passed through these two 
boreholes. The boreholes were then grouted for their entire length. Upon pressurization of 
the tunnel, water slowly seeped through the grout along the outside of the cable leads and 
was collected at the collar of the two boreholes. Approximately 6 L of water was collected at 
the collar of each borehole every day with the tunnel pressure was set to 2 MPa. 
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FIGURE 3.32: Photograph Showing the Geomembrane Attached to the Stainless Steel Wall 
and Drain Lines Running into the Instrument Lead Ports. 

Drain/Instrumentation Ports Collection Zone 

Sonic Probe Port 

(7) 

•15 Sump 

Looking towards the bulkhead face from the downstream end of the bulkhead. 

FIGURE 3.33: Seepage Collection Zones on the Downstream Face of the Clay Bulkhead. 
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FIGURE 3.34: Photographs of the Well-Screen Installed to Collect Clay Bulkhead Seepage in 
the Sump Between the Steel Shell (left) and of the Stainless Steel Plate (right). 

3.3.2 Seepage Measured After Filling of the Pressure Chamber 

Immediately following filling of the tunnel with water, before grouting of the concrete rock 
interface, seepage past the first 0.6 m of the concrete bulkhead was collected using the 
geomembranes installed for grout injection. Water collected in these geomembranes would 
have seeped along the concrete-rock interface and past three bentonite strip interface seals. A 
concrete weir was constructed on the downstream side of the concrete bulkhead. The lines 
draining the geomembrane were closed 4 weeks after filling the tunnel. Thereafter, all the 
water flowing through or around the bulkhead would be collected in this weir. The quantity 
of water flowing out of an overflow pipe in the weir was used to determine the seepage rate 
past the bulkhead. A polyethylene sheet covered both the collection weir and the face of the 
concrete bulkhead to prevent evaporation from affecting the measurements. 

Water was also collected at the collars of the six boreholes drilled through the rock, 
connecting the pressure chamber with nearby excavations. Four of these boreholes were used 
for the water supply system and two for instrumentation leads. A water balance was 
calculated from the experiment by comparing the rate of water flowing into the tunnel based 
on the water inflow meter and summing the seepage collected at all the collection locations. 
The accuracy of the measured outflow rate would depend upon the volume of seepage but 
was estimated to be within 0.1 mL/min for the entire experiment. For example, a 
measurement accuracy of 15 mL for a volume of water collected over one day would 
correspond to a measurement accuracy of 0.01 mL/min at any one location. There were 
generally less than five locations for which more than 100 mL were collected daily. The 
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FIGURE 3.35: Photograph Showing Seepage on the Face of the Concrete Bulkhead Prior to 
Grouting of the Concrete-Rock Interface. The weir constructed for seepage 
collection is shown in the lower foreground. 

datalogged inflow reading was accurate to within ±1.5 mL/min (one standard deviation of a 
collection of measurements). Averaging the inflow readings over an entire day resulted in the 
day-to-day readings being consistent to within approximately ±0.1 mL/min. The result was a 
relatively accurate water balance. 

Seepage was collected in the concrete bulkhead interface geomembrane even before the tunnel 
was full of water. During the five weeks while the tunnel was pressurized to 35 kPa, the flow 
past the concrete bulkhead was approximately 500 mL/min. This seepage rate was consistent 
with a bonded concrete-rock interface transmissivity of 1 0 - 7 m 2/s (Section 2.4.5). There was, 
however, evidence of preferred seepage on the left side of the concrete bulkhead (looking at 
the bulkhead from the downstream end). Water was seeping down the face of the bulkhead as 
shown in Figure 3.35. Cracking on this side of the bulkhead was evident from AE monitoring 
as described in Section 3.4.4.2. 

Leakage also occurred past the clay bulkhead on September 30, within hours of the tunnel 
becoming completely filled. This seepage was observed in the collection zones just above the 
mid-height of the bulkhead. At the time the seepage was discovered, the rate of seepage was 
measured to be 1.1 L/min. The seepage rate decreased to less than 0.5 L/min within three 
hours and had stopped entirely by the following morning. Approximately 350 L of water 
flowed past the bulkhead during this period. Instrumentation within the bulkhead suggested 
that seepage occurred through the clay blocks just slightly above the centreline. It is probable 
that water flowed along the dry block-to-block interfaces. Within a few hours, the bentonite 
powder between the blocks hydrated and sealed off the flow paths. This type of flow may also 
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have occurred in the clay bulkhead simulation. In that test, 60 L of water flowed quickly into 
the test under very low pressure and possibly seeped through the clay block assembly and 
ponded on the top layer of blocks (Section 2.3.1.9). Seepage between the clay blocks was also 
observed in a physical model of the TSX (see Section 3.3.4). In this model, seepage along the 
clay block interfaces quickly abated and steady seepage was ultimately observed through the 
shot-clay. 

Based on the successful results of the second clay bulkhead simulation, the same 
pressurization rate was initially proposed for use in the TSX. According to this pressurization 
schedule (Table 3.2) the tunnel pressure would be first incremented to 100 kPa on 1998 
November 2, and would reach a full operating pressure of 4 MPa seventeen weeks later on 
1999 March 1. 

TABLE 3.2 

ORIGINAL SCHEDULE FOR TUNNEL PRESSURIZATION 

Week Date Pressure Week Date Pressure Week Date Pressure 
(kPa) (kPa) (kPa) 

0 Sep 30 35 13 Dec 29 600 19 Feb 8 2200 
5 Nov 2 100 14 Jan 4 800 20 Feb 15 2700 
7 Nov 16 200 15 Jan 11 1000 21 Feb 22 3300 
9 Nov 30 300 16 Jan 18 1200 22 Mar 1 4000 
11 Dec 14 400 17 Jan 25 1500 
12 Dec 21 500 18 Feb 1 1800 

The pressure in the tunnel was increased according to the schedule in Table 3.2 until the 
tunnel pressure reached 300 kPa on November 30. No seepage past the clay bulkhead was 
observed when the tunnel pressure was increased to 100 kPa, however 21 L of water was 
collected during the day following pressurization to 200 kPa and 13 L during the day after 
pressurization to 300 kPa. This seepage was collected only in zones 5 and 10 (Figure 3.33). 
No seepage was observed at all on any other day or in any other zone. As noted in 
Section 2.4.10.2 seepage past the concrete bulkhead was as high as 1.6 L/min after 
pressurization to 300 kPa. The decision was made to grout the concrete-rock interface on 
December 8 to bring the concrete bulkhead seepage rate under control before the pressure in 
the tunnel was increased further. As described in Section 2.4.10.2, concrete-rock interface 
grouting was effective in reducing the rate of flow past the concrete bulkhead by three orders 
of magnitude. 

3.3.3 Clay Bulkhead Leakage Events 

There were four discrete events where leakage past the clay bulkhead could not be stopped 
without reducing the pressure in the tunnel. These leakage events are summarized in 
Table 3.3. The variation in tunnel pressure during the during the four leak events is 
compared with the planned rate of pressurization in Figure 3.36. 
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TABLE 3.3 

SUMMARY OF CLAY BULKHEAD LEAKAGE EVENTS 

Date Comments 
1. 1998 December 11 

2. 1999 February 17 

3. 1999 March 11 

4. 1999 March 29 

The pressure was incremented from 150 kPa to 300 kPa following 
concrete bulkhead grouting. The leak began at f7:00 and flowed at 
approximately 15 L/min until detected at 10:30 December 12. Total 
flow past the clay bulkhead was estimated at 20,000 L. 
The tunnel pressure was incremented from 600 to 800 kPa on Febru
ary 16. A leak of 336 L past the clay bulkhead resulted in a pressure 
reduction in the tunnel sufficient to automatically shut-off the water 
inflow line. Tunnel pressure was immediately returned to 600 kPa 
and the rate of tunnel pressure was slowed. 
The tunnel pressure was increased from 800 to 900 kPa on March 8. 
At f 7:00 March 11, a leak resulted in the tunnel pressure dropping to 
160 kPa within one hour. Attempts to maintain the pressure in the 
tunnel at 450 and 250 kPa were unsuccessful. Tunnel pressure was 
reduced to f 00 kPa for one week after the leak. Total water seeping 
past the bulkhead was 2100 L. 
Following the March 11 leak, pressure was slowly increased to 
450 kPa over three weeks. 2000 L of water flowed past the clay bulk
head with the tunnel pressure stabilizing at flO kPa. The tunnel 
pressure was set to 150 kPa on March 31. 

0 -I 1 1 M 1 1 1 1 1 — i h - 1 1 1 1 — 
2-Nov 16-Nov 30-Nov 14-Dec 28-Dec 11-Jan 25-Jan 8-Feb 22-Feb 8-Mar 22-Mar 5-Apr 

Date 

FIGURE 3.36: Planned and Actual Tunnel Pressure Between 1998 November and 1999 April. 
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The first major leak event occurred following grouting of the concrete bulkhead. The tunnel 
pressure was reduced from 300 kPa to 60 kPa during grouting to prevent pressurized water in 
the tunnel from washing the grout out of the interface. The tunnel pressure was subsequently 
returned to 300 kPa over two days. On Friday December 11, the pressure was increased from 
150 kPa to 300 kPa. The low pressure alarm was set to 170 kPa. A tunnel pressure below 
170 kPa would automatically shut-off the flow of water into the tunnel. The leak began at 
17:00 after staff had left the site for the weekend. URL security alerted technical staff on 
Saturday morning that the surface water tanks had required refilling overnight. The leak was 
identified and water supply shut off manually at 10:30 on December 12. During the leak, 
water was able to flow into the tunnel at 15 L/min keeping the tunnel pressure above 
170 kPa. The low tunnel pressure alarm was not sufficient to identify the leak as an alarm 
condition and approximately 20,000 L of water traveled through the clay bulkhead. It was 
also apparent that technical staff having access to real-time data from home would have 
allowed a quicker identification of the leak. The following measures were taken to minimize 
the potential for future leaks and to ensure a faster response to leaks if they occur: 

• In addition to high and low tunnel pressure alarm conditions, alarms were installed for 
high flow rate and low water supply pressure. A ponded water alarm was installed 
downstream of the clay bulkhead. 

• The low pressure (inflow shut-off) alarm would be set to within 25 kPa of the tunnel 
pressure. 

• The alarms were connected to an automated telephone dial-out system. The alarm 
system would automatically phone a list of numbers until someone answered and 
acknowledged. 

• Remote data viewing was made available on the AECL intranet which could be 
accessed from home computers by URL staff. Data were available within one hour of it 
being collected. 

• The tunnel pressure was maintained at 35 kPa for two weeks and 100 kPa for another 
three weeks before resuming the pressurization schedule. 

• Rather than increasing tunnel pressure in one large increment once per week, the 
pressure increase would be spread out over three days. 

The water which had collected outside the clay bulkhead was inspected for evidence of fine 
particles and few were found. It was estimated that only a few hundred grams of clay 
material had been lost in the leak. The fact that the bulkhead was able to hold 100 kPa of 
pressure within one week of the leak was indication that large pathways had not been eroded 
through the bulkhead and provided optimism that the bulkhead would be able to regenerate 
a seal. Earth pressure cells in the clay bulkhead showed an increasing total pressure 
throughout the bulkhead, another positive indication for sealing. It was concluded that 
pressurizing the tunnel too rapidly during December 11 was the cause of the leak and the 
pressurization plan was modified to include more gradual increments in tunnel pressure. The 
pressurization schedule was revised as shown in Figure 3.36 with the tunnel pressure expected 
to be at 4 MPa on 1999 April 19. When pressurization was resumed on 1999 January 4 there 
had been no measurable seepage past the clay bulkhead for the previous three weeks. 
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Pressurization continued with no measurable seepage until the tunnel pressure was set to 
600 kPa on February 11, when approximately 12 L of water was collected. The following week 
the tunnel pressure was set to 800 kPa using two increments of 100 kPa each. A leak of 
approximately 350 L past the clay bulkhead resulted in the low-pressure alarm automatically 
shutting-off the flow of water into the tunnel and the tunnel pressure was lowered to 600 kPa. 
The planned rate of tunnel pressurization was subsequently reduced to 100 kPa per week. 
Seepage past the clay bulkhead continued at a rate of 10 to 20 L/d until a more dramatic 
leak occurred on March 11. On this date, the tunnel pressure dropped from 880 kPa to 
160 kPa within one hour, automatically shutting off the supply of water to the tunnel. There 
was concern about the damaging effects of such a dramatic pressure drop. Attempts to 
reestablish the tunnel pressure, first at 450 kPa, then at 250 kPa, were unsuccessful. The 
tunnel pressure was ultimately set to 100 kPa for the week following the leak event. The total 
flow past the bulkhead between March 8 and March 15 was 2100 L. 

Immediately following the leak, earth pressure measured within the clay bulkhead recovered 
quickly and the seepage rate past the bulkhead diminished to about 3 mL/min. After three 
weeks at pressures of 100 kPa or less, another attempt was made to increase the tunnel 
pressure, which again resulted in a large leak event. A leak of approximately 2000 L occurred 
when the tunnel pressure was set to 450 kPa on March 29. Inflow into the tunnel again 
automatically shut-off when the tunnel pressure dropped to 110 kPa. The pressure was 
returned to 150 kPa on March 31. 

The total accumulated seepage past the concrete bulkhead, between 1999 January 4 and 
April 12, was 262 L indicating an average flow rate of about 2 mL/min. The total 
accumulated seepage past the clay bulkhead for the same period was 4931 L, of which 4436 L 
were associated with three discrete leakage events. The remaining 495 L translated into an 
average flow rate of 4 mL/min between leak events. A few observations were made with 
respect to leakage past the clay bulkhead. 

• Most of the seepage was bypassing the geomembrane collection system and was collected 
in the sump below the restraint system. This indicated that most of the seepage was 
travelling around the edge of the bulkhead rather than through the central core. 

• Total pressure cells in the roof of the clay bulkhead, at the clay-rock interface, showed 
large pressure increases or decreases preceding and during leak events. An example of 
the pressure fluctuations prior to the March 11 leak is provided in Figure 3.37. The 
response of these cells indicated that the flow paths were most likely through the 
shot-clay in the roof of the bulkhead. 

• Psychrometers within the clay bulkhead indicated that most of the bulkhead was not 
saturated and the lower part of the bulkhead was very close to as-placed moisture 
conditions. 

• Each of the four major leak events corresponded to periods when the pressure was 
increasing rapidly in the tunnel. The four pressure increments prior to the leak events 
were the only ones for which the pressure was increasing faster than 25 kPa per hour at 
the start of the increment. It was decided to decrease the flow rate into the tunnel in 
future pressure increments to limit the rate of pressure increase. 
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Date (Year 1999) 

FIGURE 3.37: Seepage Rate and Earth Pressure Cells as Indicators for the March 11 Leakage 
Event. 

The leaks were occurring through the shot-clay in the roof with very little flow occurring 
through the clay blocks. Specific pressure cells near the roof of the bulkhead were used 
subsequently to identify potentially imminent leak events. During pressure increments in 
1999 April and May, inflow into the tunnel was limited to less than 0.1 L/min in an attempt 
to minimize the tunnel pressurization rate. The pressure was incremented by 100 kPa per 
week in four 25 kPa increments. The target pressure for experiment operation was reduced 
from 4 MPa to 800 kPa. A tunnel pressure of 800 kPa was achieved successfully on May 19. 
The tunnel pressure was maintained at 800 kPa until 2000 April 10. 

3.3.4 Physical Modelling of Clay Bulkhead Leak Events 

Two physical models were constructed to gain insight into the phenomena leading to the 
large leak event that occurred on f998 December 11. One test was conducted by CERMES 
for A N D R A in a 100-mm-diameter steel pressure vessel. The second test was conducted by 
AECL using a 0.4 m by 0.4 m by 0.2 m rectangular prism of clay blocks. The CERMES test 
examined the influence of an air gap at the top of the bulkhead on its sealing performance. 
The AECL test examined the seepage phenomena in a relatively dry clay-block and shot-clay 
structure. 

In the CERMES test, a Kunigel-sand mixture was statically compacted into a steel pressure 
vessel. The clay mixture was placed in 7 layers of 30 mm thickness. The clay was compressed 
to a dry density approximately equal to the density of the material in the TSX. Filter papers 
and porous stones were fixed to either end. One side of the cylinder was mobile, and 
adjusting this mobile head created a 40 mm wide by 0.5 to 2 mm thick gap running the entire 
length of the sample (Figure 3.38). Small pressure transducers were included along the length 
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Mobile Head 
with Pressure Cells 

Section A-A 

FIGURE 3.38: Configuration of Physical Model Constructed by CERMES. 

of the gap to provide pressure responses similar to the Total Pressure Cells in the TSX. Four 
tests were run, two with a 0.5 mm thick air gap and two with a 2 mm thick gap. Tests at 
each setting were run with material compacted to two different dry densities (1.88 Mg/m 3 

and 1.78 Mg/m 3 ) . A variety of pressures were applied to the upstream end of the test cell. 
Most tests included an initial hydration period at 10 kPa that was applied for a duration of 
between a few hours to two days. The tests with a 0.5 mm air gap did not result in leaks at 
pressures up to 2 MPa. The tests which included a 2 mm air gap did leak during step-wise 
increments in applied water pressure. Based on the results of these two tests it was concluded 
that resistance of the seal to applied water pressure increased linearly with time 
(Figure 3.39). Also, the initial capability of the seal to resist water pressures increased with 
increasing clay density (Figure 3.40). 

The results from this series of tests were compared with the results from leak events that had 
occurred during pressurization of the TSX (Figure 3.41). The first three leak events in the 
TSX form a linear trend line with respect to time of hydration. It was postulated that the 
pressurization rate must be kept below this trend line for the clay bulkhead to properly form 
a seal. 

The AECL physical model more closely replicated the clay block and shot-clay structure of 
the clay bulkhead. Clay blocks were cut from the left-over clay blocks fabricated for the TSX. 
These blocks measured about 100 mm by 170 mm by 40 mm. The blocks were stacked within 
a steel frame shaped to represent a small-scale version of the upper keyed region of the 
bulkhead (Figure 3.42). The surface of the steel was roughened to more closely represent a 
rock surface. A 10 mm thickness of sand-bentonite powder was placed between the blocks 
and the steel to represent shot-clay. The density and moisture content of this material were 
similar to the density and moisture content of shot-clay. Twenty-five mm thick clear Lexan 
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FIGURE 3.39: Measured Pressure as a Function of Test Time for Sample with 2 mm Gap 
and 1.88 Mg/m 3 Dry Density. Dashed line shows trend for applied pressure at 
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plates covered both sides of the test to allow visual observation of the formation of pathways. 
Water was applied through a geomembrane on one side of the simulation. A hydration 
pressure of 10 kPa was maintained for one week. The water supply was then replaced with 
water containing Rhodamene dye, and the water supply pressure was subsequently increased. 
A pressure of 150 kPa, 300 kPa and 500 kPa was applied over three days. Pathways for water 
travel were observed during the test through Lexan plates, and the test was then 
disassembled (Figure 3.43). The location and direction of water flow along block-to-block 
interfaces were evident by inspecting the block surfaces after the test. An interpretation of 
the flow pathways in the physical model is shown in Figure 3.44. 

The following observations were made: 

• Flow along block-to-block interfaces occurred first and rapidly. This flow would then 
stop suddenly and the water would be absorbed by the dry clay blocks. 

• A saturated flow path through the shot-clay formed more slowly over time but became 
the prominent pathway. 

• There were no block interface pathways that crossed the entire assembly. All the 
seepage through the physical model occurred through the shot-clay. 

This test confirmed that the high flow events probably travelled through the shot-clay in the 
TSX. The smaller volume of flow through the bulkhead (350 L ) that occurred immediately 
after filling and then quickly stopped was probably travelling along the dry block-to-block 
interfaces. 
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FIGURE 3.43: Photographs Showing Visualizations of Seepage Patterns (left) and Post-Test 
Disassembly (right). 
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FIGURE 3.44: Interpretation of Flow Paths in the Physical Model. 

The two physical models both demonstrate the importance of sealing the interface between 
the compacted clay and the rock surrounding it. The two tests indicated that, whether air 
gaps exist at the bulkhead-rock interface or if the interface is filled with a higher permeability 
material, such as shot-clay, this interface controls the ability of the bulkhead to generate an 
effective seal, at least during the period before the bulkhead is completely saturated. 

3.3.5 Seepage After f999 April f 

There were no leakage events after 1999 April 1. Seepage past both the clay and concrete 
bulkheads is summarized in Figure 3.45. The seepage rate for only the clay bulkhead is 
illustrated in Figure 3.46. Seepage past the clay bulkhead decreased from 0.5 mL/min to 
0.1 mL/min over an eight month period, with the tunnel pressure kept constant at 800 kPa. 
The decrease in seepage rate is probably the result of swelling of the bentonite in the 
saturated regions around the perimeter of the tunnel, resulting in compression of the 
preferred seepage pathways through the shot-clay. An increase in tunnel pressure resulted in 
an increase in seepage rate to about 0.4 mL/min. Dividing the seepage rate by the hydraulic 
gradient and the cross sectional area of the tunnel (12 m 2 ) provided an estimate of the 
effective hydraulic conductivity of the bulkhead. This calculation is provided for both 
bulkheads in Table 3.4. The calculation, however, may be misleading since seepage rates past 
the clay bulkhead would not be at steady state until the entire bulkhead was saturated. 
Presumably, seepage rates increase gradually as saturation approaches. The effective 
hydraulic conductivity of the bulkhead increased slightly when the tunnel pressure was 
increased to 2000 kPa. This may be a consequence of increased overall degree of saturation of 
the bulkhead. As of 2001 March, 96% of the total seepage was collected in the sump below 
the restraint system, 3% was collected in zone 6, and 1% was collected in zone 14 (Figure 3.33 
for zone numbers). There was no flow through any other zone. 
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TABLE 3.4 

SUMMARY OF SEEPAGE PAST THE CLAY A N D CONCRETE BULKHEADS 

800 kPa* 2000 kPa** 
Seepage Rate Effective Seepage Rate Effective 

mL/min Conductivity mL/min Conductivity 
m/s m/s 

Clay Bulkhead 0.12 5 x 10 " 1 2 0.47 8 x 10 " 1 2 

Concrete Bulkhead 1.78 1.1 x 1 0 " 1 0 19.2 4.6 x 1 0 " 1 0 

* Average for the month of 2000 February 
** Average for the month of 200f January 
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Seepage past the concrete bulkhead also decreased with time after pressurization to 800 kPa 
and again after pressurization to 2000 kPa. During the pressure increment from 800 to 
2000 kPa measured strains in the concrete bulkhead and displacement on the concrete-rock 
interface were indicative of cracking and debonding occurring to some extent. This damage to 
the concrete bulkhead resulted in an increase in seepage rate after 2001 May 10 that was 
disproportionate with the increase in pressure. However, this was followed by a very quick 
decrease in seepage rate at a constant tunnel pressure of 2000 kPa. The actual reason for this 
seepage rate decrease is unknown, however two theories have been suggested: 

• Cracking of the concrete allowed water to be introduced into regions of the concrete 
bulkhead that were incompletely hydrated. Subsequent continued hydration partially 
closed off the newly created seepage pathways. This scenario is unlikely given that the 
low quantity of Portland cement in the bulkhead was expected to be completely 
hydrated within days of the concrete pour. 

• Fissures in the concrete created during cracking or debonding are very small. It is likely 
that very small suspended particles in the water have partially blocked the newly 
formed pathways around the concrete bulkhead. This partial blockage of the cracks over 
time resulted in a lower effective hydraulic conductivity. 

The effective hydraulic conductivity of the concrete bulkhead is two orders of magnitude 
greater than that of the clay bulkhead. The concrete bulkhead conductivity increased by a 
factor of 4 when the pressure was increased from 800 to 2000 kPa. This increase is likely due 
to cracking in the concrete, debonding of the concrete-rock interface or a combination of the 
two. Seepage is occurring mainly along the interface between the concrete and rock or within 
a thin skin of damaged rock just outside the concrete-rock interface. Evidence from the tracer 
test (Section 3.5) indicated that the aperture of the flow paths was small resulting in high 
seepage velocities. Assuming that the concrete-rock interface can be represented by a parallel 
plate model (see Section 2.4.5) the aperture of the flowpath can be calculated from the 
seepage rate. The calculated aperture of the concrete-rock interface was 7 fim for a seepage of 
1.8 mL/min at 800 kPa and 11 fim for a seepage of 19 mL/min at 2000 kPa. For these very 
small apertures it is conceivable that partial blockage of newly formed cracks was the 
mechanism for the observed gradual decrease in seepage past the concrete bulkhead. 

3.3.6 Evaporation Measurements 

In theory, not all the water seeping around the bulkheads was collected in the seepage 
collection systems. Some water could be travelling from the pressure chamber, through the 
EDZ around the bulkheads and disappear as evaporation into the tunnel on the downstream 
side of either seal. Attempts were made to quantify this seepage on the downstream side of 
the clay bulkhead by measurement of the rate of evaporation from the surface of the rock. 
The evaporation rate was determined using two independent methods: i) measurement of 
local humidity gradients near the rock surface, and ii) the measurement of net moisture flux 
out of a ventilation room constructed on the downstream side of the clay bulkhead. 
Measurements of evaporation were conducted in 1998 September and November to determine 
the baseline evaporation rate with no water pressure in the tunnel. Evaporation 
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FIGURE 3.47: Ventilation Room Constructed for Evaporation Measurements. 

measurements were subsequently conducted with the tunnel pressure at 600 kPa 
(1999 February) and 800 kPa (1999 April) to assess whether or not evaporation rates had 
increased as a consequence of tunnel pressurization. 

A ventilation room was constructed to seal off 4 m of tunnel on the downstream side of the 
TSX bulkhead. A vapour barrier wall was constructed using plywood and polyethylene 
sheets. A "dry room" was constructed to house four de-humidifiers. During the ventilation 
test, air was circulated from the sealed ventilation room and past the de-humidifiers to 
provide a low and constant relative humidity within the ventilation room. The temperature 
and relative humidity of the inflow and outflow ventilation air was monitored using Viasala 
hygrometers installed in the ventilation ducts. Water from the de-humidifiers was collected 
and measured. An illustration of the ventilation room set-up is provided in Figure 3.47. 

To conduct the ventilation test, the relative humidity of the air in the tunnel was reduced 
from about 70% to 30% using the four de-humidifiers in the dry room. Heat from the 
de-humidifiers increased the ventilation air temperature to more than 30° C . Temperature 
and relative humidity were datalogged for both the inflow air and outflow air and the 
absolute humidity (mass of water per unit volume of air) was calculated from these values. 
The difference between the absolute humidity of the outflow air and the inflow air was used 
to calculated the evaporation rate for the entire room. At least two weeks of steady 
ventilation was required to obtain a near-steady evaporation rate. The first few attempts 
identified that incomplete mixing of the ventilation air would result in the floor of the tunnel 
remaining damp and affecting the overall results. This was corrected by directing the inflow 
air under a plywood floor in the ventilation room resulting in dry conditions throughout the 
room. The seepage rate calculated from the ventilation test data was approximately 0.11 g/s 
for the entire ventilation room or 6 mL/min. This calculated seepage rate was almost 
constant at 0.11 g/s during pressurization to 800 kPa. 
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Local evaporation measurements were conducted at 56 locations within the ventilation room. 
The procedure for measuring local evaporation had previously been used at the STRIPA 
project in Sweden (Watanabe 1991). Steel pins were anchored into the rock throughout the 
room. A humidity sensor was attached to the steel pins to determine the relative humidity at 
a known distance away from the rock surface. The sensor was adjusted to measure the 
humidity at distances up to 15 mm from the rock surface. The humidity gradient was 
determined from a number of measurements at different distances, and this gradient was used 
to infer the evaporation rate. The measurements were conducted with the de-humidifiers 
running, keeping the room dry relative to the humidity near the rock surface. During the 
initial measurement, approximately half of the locations provided negative or near-zero 
gradients. Theoretically, this implies condensation, or no evaporation occurring at these 
locations. The positive gradients tended to be in the roof of the tunnel, while the negative 
gradients were nearer the floor and along one wall. The number of locations showing negative 
humidity gradients decreased when the ventilation air was redirected below the plywood floor 
as shown in Figure 3.47. The average of all local evaporation measurements taken during the 
initial measurement of 1998 September, and during a subsequent measurement with the 
tunnel pressure at 800 kPa (1999 May), were 0.5 and 0.4 mg/s/m2 respectively. It is possible 
that the negative or near zero measured evaporation rates were erroneous. Including only 
those measurements greater than 0.5 mg/s/m2 in the averages the calculated average 
evaporation rates for the two dates were 1.1 and 1.8 mg/s/m2 respectively. To allow 
comparison with the results from the ventilation test, 0.5 mg/s/m2 corresponded to a seepage 
rate of 1.4 mL/min, while the evaporation rate of 1.8 mg/s/m2 corresponded to a seepage 
rate of 5 mL/min. The data from the local evaporation measurements for both the initial 
conditions and the measurements at 800 kPa tunnel pressure are illustrated in Figure 3.48. 
The results indicated that the largest evaporation rates (blue regions in Figure 3.48) occurred 
along the roof of the tunnel in the region where the EDZ was the greatest. The regions of 
measured negative evaporation rate are shown in brown. The overall conclusion from the 
evaporation measurements was that evaporation from the tunnel wall did not increase as a 
consequence of pressurization to 800 kPa. 

The results from evaporation measurements suggest that between 1 and 6 mL /min was 
evaporating from the walls of the rock downstream of the clay bulkhead. However this rate of 
evaporation was the same as that measured prior to filling the tunnel with water. Any 
seepage coming from the pressure chamber and evaporating from the rock was small 
compared to the baseline measurement of evaporation conducted with the pressure chamber 
empty. The theoretical quantity of seepage (Q) from the rock can be calculated using the 
following equation: 

_ 2nklPQ 

L n K 
L T i . 

where k is the rock hydraulic conductivity, I is the length of the tunnel, n is the radius of the 
tunnel, PQ is the head of water in the rock at distance rQ. Assuming the properties of the 
intact rock and a head of 420 m at a radial distance of 5 m, the seepage into the tunnel would 
be 0.03 mL/min. The seepage rate of 1 to 6 mL/min possibly represents drainage of a more 
highly conductive zone of damaged rock during the ventilation tests with low relative 
humidity in the tunnel. The lower relative humidity would cause more rapid evaporation of 
water from the rock into the tunnel than would occur naturally under more humid conditions. 
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FIGURE 3.48: Distribution of Evaporation on an Unrolled Excavation Perimeter Map Based 
on Local Evaporation Measurements Taken 1999 May (top) and 1998 Septem
ber (bottom). 
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It is also a possibility that the higher measured evaporation rates resulted from even small 
amounts of water collecting near the base of the tunnel or in the M V P boreholes. Based on 
the results of evaporation measurements, however, it cannot be concluded that water was 
seeping around the bulkhead and evaporating from the surface of the rock at tunnel pressures 
of 800 kPa or less. Therefore, evaporation from the rock is not considered in water balance 
calculations. 

3.3.7 Water Balance 

Careful measurement of the water flowing out of the TSX tunnel and the datalogging of the 
magnetic water inflow meter allows a comparison to be made between the water coming in 
and the water going out. The net difference would, in theory, be the water kept in storage in 
the rock, concrete or clay. A large proportion of the water leaving the tunnel travelled 
through the two instrument lead boreholes connecting Room 417 with the pressure chamber. 
The combined seepage collected at the collars of all six boreholes penetrating the pressure 
chamber is referred to as "seepage through system boreholes" in Table 3.5. The table 
compares the water flowing into the tunnel to the sum of the water flowing out past the clay 
and concrete bulkheads and through the system boreholes at 800 and 2000 kPa. 

TABLE 3.5 

TSX WATER BALANCE 

Flow rate at 
800 kPa* (mL/min) 

Flow rate at 
2000 kPa** (mL/min) 

Measured Inflow 3.2 31.4 
Seepage past clay bulkhead 0.12 0.4 

Seepage past concrete bulkhead 1.74 19.7 
Seepage through system boreholes 0.92 8.9 

Total measured outflow 2.78 29.0 
Inflow - Outflow (net difference) 0.42 2.4 

* Average for the months of 2000 January to March 
** Average for the months of 2001 January to March 

The water balance in Table 3.5 indicates that the amount of water going into storage in the 
experiment increased from 0.4 to 2.4 mL/min (0.6 to 3.4 L/d) when the tunnel pressure was 
increased from 800 kPa to 2000 kPa. The inflow measurements have the greatest potential for 
introducing error in this calculation, but averaging the data over more than one month 
brought the accuracy of the water balance to within 0.1 mL/min. It is probable that most of 
this water was going into storage in the void spaces of the clay bulkhead. A cumulative water 
balance from 1999 April 1 to 2001 March 1 is provided in Figure 3.49. The total accumulated 
water in the experiment, during this two year period, is calculated to be 2400 L. This volume 
can be compared with an estimated 4000 L of air voids in the clay bulkhead at the start of 
the experiment. It was not possible to provide even a gross approximation of the amount of 
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FIGURE 3.49: Tunnel Pressure and Cumulative Net Inflow (Inflow - Outflow) Between 1999 
April and 2001 March. 

water going into storage in the clay bulkhead prior to 1999 April 1, because of inaccuracy in 
both inflow and outflow during the leak events. The calculation of net inflow was further 
complicated by the large volume of air removed from the tunnel during initial pressurization. 
We can assume, however, that the initial wetting period at least filled the 550 L of air voids 
in the shot-clay at the start of the experiment. 

The description of the TSX instrumentation in this report is divided into those sensors 
installed in the rock, those installed in the clay bulkhead, and those installed in the concrete 
bulkhead. Table 3.6 lists all the sensors installed in the experiment. A total of 928 
instruments are listed in the table. Sonic probes and solute concentration from the sample 
points were logged manually. The video camera in the concrete bulkhead was used only for 
remote inspection during the concrete bulkhead pour. Data from the remaining sensors were 
recorded on 15 dataloggers. Some of the sensors, such as AE and MS, Time Domain 
Reflectometry ( TDR ) probes, psychrometers and Fibre Optic Sensors (FOS) had specific data 
processing requirements and required separate data collection and management systems. 

3.4 INSTRUMENTATION A N D MONITORING DURING THE PRESSURE TEST 
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TABLE 3.6 

TSX INSTRUMENTATION 

Instrument (Symbol) Description Quantity Thermistors 
R o c k 
Hydrogeological packers with 
Vibrating wire piezometers ( H G T ) Rock pore pressure 73 4 
Vibrating wire piezometers ( PZ ) Near-field pore pressure 6 6 
LVDT Extensometers ( E X T ) Rock displacement 24 24 
Microseismic accelerometers (MS) Microseismic events 16 12 
A E transducers/pulsers (AE ) A E events 24 0 
Clay Bu lkhead 
Earth pressure cells (EPC ) Swelling pressure 35 35 
Total pressure cells ( T P C ) Swelling pressure 27 16 
Thermocouple psychrometers ( PSY ) Clay moisture content 132 132* 
Hygrometers ( H Y G ) Clay moisture content 14 14 
Time domain reflectometry ( T D R ) Clay moisture content 12 0 
Vibrating wire piezometers ( PZ ) Clay water pressure 8 8 
EDZ piezometers ( PZ ) EDZ pore pressure 5 5 
Linear potentiometer ( L P ) Displacement 4 0 
Rotary potentiometer (RP ) Displacement 1 0 
Sonic probe measurement points (SONP ) Displacement 6 0 
Stainless steel plate LVDTs ( C L D T ) Displacement 6 0 
Steel shell LVDT ( C L D T ) Displacement 1 0 
Ring beam LVDTs ( C L D T ) Displacement 4 0 
Evaporation room hygrometers (VHS) Relative humidity 2 2 
Evaporation room thermistors (CL -T ) Air temperature 0 6 
Concre t e Bulkhead 
Vibrating wire strain gauges (VSM) Concrete strain 30 30 
Fibre optic strain gauges (FOS) Concrete strain 10 0 
Ceramic (laser) strain gauges (LSG) Concrete strain 5 5 
Thermocouple psychrometers ( PSY ) Concrete fluid potential 20 20* 
Total pressure cells ( T P C ) Total Pressure 2 2 
Interface LVDTs ( C I R D T ) Interface displacement 9 9 
Electromagnetic sensors ( E M K ) Interface displacement 5 5 
LVDTs ( C O D T ) Bulkhead displacement 5 0 
EDZ vibrating wire piezometers ( PZ ) EDZ pore pressure 4 4 
Interface piezometers ( PZ ) Interface water pressure 9 9 
A E transducers and pulsers (AE ) A E events/velocity 24 0 
Thermistors (CON-T ) Air temperature 0 4 
Video camera Concrete placement 1 0 
Pressure chamber/pressure sys tem 
Vibrating wire piezometers ( PZ ) Water pressure/temperature 12 12 
Electrical conductivity sensors (CS) Solute concentration 12 0 
Water sampling ports Solute concentration 12 0 
Water inflow meter ( F L O W ) Inflow 1 0 
Water pressure transducers (PRES) Water supply pressure 2 1 
Total 563 365 

Psychrometers use thermocouples to measure temperature. 
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3.4.1 Calibration, Cable Sealing and Pressure Testing 

Most instrumentation used in the TSX was calibrated by the manufacturers, however 
experience at the URL has shown that these calibrations can be insufficient for experimental 
purposes. To ensure that calibration factors accurately reflected the instrument response, all 
sensors were either checked to confirm the calibration coefficients provided by the 
manufacturer, or were recalibrated at the URL. Data collected from the experiment were 
stored in the TSX database in its raw form (e.g., millivolts). The calibration factors were 
only applied during data extraction or plotting. This prevented the need for multiple entries 
of calibration factors and, in the event that an error in entry of the calibration factor was 
identified, corrections need not be applied to stored data. The large number of instruments in 
the TSX made it important to have a documentation plan for each sensor from the time it 
arrived at the URL to its installation in the experiment. This plan included the following: 

• Each sensor was inspected visually for damage upon arrival at the URL. 

• The serial number was recorded, or added where there was none. 

• Factory calibration was recorded. 

• The sensor was entered into a TSX database of instrumentation information (serial 
number, TSX instrument name, calibration factors, dates received, calibrated and 
installed, datalogger channel) which was filled in as the sensor progressed through 
testing towards installation. 

• Each instrument was tagged according to its serial number (tags were located near the 
sensor itself and at the end of each cable lead). 

• A calibration was conducted at the URL according to procedures developed at the URL. 

• calibration data or checklists were stored in the URL records vault and calibration 
factors entered into the TSX database. 

• All sensors were installed in the experiment, and leads attached to junction boxes or 
dataloggers, according to procedures developed and on file at the URL. 

• Sensor locations were accurately surveyed. 

• All installation checklists and wiring diagrams were stored in the URL records vault. 

It was expected that many of the sensors installed in the experiment would potentially be 
subjected to high pressures (up to 4 MPa) and high temperatures (up to 80°C ) . Sensors 
expected to see these harsh conditions were sealed to prevent the leads from becoming 
conduits for moisture movement. The majority of instruments had Swage Lok fittings and 
Synflex tubing to protect the leads from moisture and pressure. The thick-walled Synflex 
tubing chosen had a crushing strength sufficient to resist 4 MPa pressure. The sensors were 
pressure tested to ensure that the instrument and attached tubing were leak resistant at 
combined temperatures and pressures of up to 4 MPa and 80°C . The instruments not tested 
to these pressures included AE transducers, psychrometers, and strain or displacement 
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FIGURE 3.50: Photograph of Instrumentation Calibration Chamber. 

sensors installed within the concrete bulkhead. There was danger of damaging the AE 
transducers and psychrometers at high water pressures. Sensors installed completely within 
the concrete would not be subjected to high water pressures during the course of the TSX. It 
was also recognized that vibrating wire sensors experience unrecoverable hysteresis upon first 
heating. Therefore, all vibrating wire sensors were heated to 80°C and cooled before 
calibration checks were conducted at the URL. One of the URL high-pressure and 
high-temperature calibration chambers is illustrated in Figure 3.50. 

3.4.1.1 Cable Routing 

Every cable lead was considered a potential source for water flow. As described above, 
precautions were taken to prevent water ingress into the cable leads and subsequent travel 
along the inside of the wiring. These provisions included shielding the cable within 
waterproof Synflex tubing and sealing this tubing to the instrument housing. These seals 
were tested to 4 MPa hydraulic pressure. During the first five years of the experiment 
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psychrometers in the clay bulkhead were the only instrument type to experience water 
seepage through the internal wiring. Once clay around the psychrometer became saturated, 
the ceramic tip of the psychrometer became flooded. Water then seeped into the inside of the 
psychrometer housing and through the inside of the instrument leads. Although several 
psychrometers experienced this type of seepage the total amount of seepage was measured to 
be less than a few mL per month. The leaking sensors had to be disconnected from the 
dataloggers to prevent water from shorting out the electronics. 

Seepage along the outside of the Synflex tubing was prevented by installing rubber and 
commercial bentonite strip waterstops on the outside of the leads. Every cable lead in the 
clay bulkhead was required to have at least one waterstop. The general rule followed for cable 
routing was that no cable or tubing would pass completely through either the clay or concrete 
bulkhead. Therefore, the water supply headers and leads for instruments installed within the 
pressure chamber exited through boreholes drilled from the pressure chamber to adjacent 
rooms (Figure 3.26). No cable leads were allowed to be routed along the clay-rock or 
concrete-rock interfaces. 

Cable leads from 58 sensors as well as 12 copper water sampling lines were routed through 
two 96-mm-diameter boreholes that connected the pressure chamber to Room 417. These two 
boreholes were grouted with expanding cement grout for their entire length. Bentonite pellets 
were placed around the cables on the pressurized end of the borehole. A steel mandrel and 
mechanical packer were installed at the open end of the borehole (at Room 417). The packer 
seal was included as a fail-safe in the event of excessive leakage through the cable lead 
boreholes. Leakage through the cable lead boreholes could be sealed, if required, by covering 
the end of the packer/mandrel with a steel plate and then sealing each lead to the plate using 
a Swage-Lok fitting. At 2000 kPa tunnel pressure, the leakage through either instrument lead 
borehole was less than 5 mL/min. A leakage rate of more than 500 mL/min would have been 
considered sufficiently excessive to require the steel plate seals to be installed. 

3.4.2 Rock Instrumentation 

Instrumentation installed in the rock surrounding the TSX included: 

• Ten hydrogeological packer strings, 

• An array of microseismic (MS) accelerometers, 

• An array of ultra-sonic acoustic emission (AE) transducers near the clay bulkhead key, 

• Vibrating wire piezometers installed near the TSX tunnel, and 

• Four extensometer strings around the TSX tunnel. 

Two packer strings and the MS array were installed prior to tunnel excavation. The AE array 
was installed after tunnel excavation but before excavation of the clay bulkhead key. The 
remaining eight packer strings, piezometers and extensometers were installed after all 
excavation was complete. 
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TABLE 3.7 

TSX BOREHOLE INSTRUMENTATION 

Borehole Use Number of Boreholes 
Hydrogeological packer strings 10 
Microseismic monitoring 10 
Acoustic emission monitoring 4 
Borehole piezometers 6 
Extensometer boreholes 4 
EDZ characterization arrays 16 
Water supply system headers 4 
Instrumentation conduits 2 
Total 56 

3.4.2.1 Borehole Drilling 

Borehole drilling for rock instrumentation and other experiment requirements was an 
important component of the experiment. A total of 56 boreholes were drilled having a total 
length of 780 m. The drilling program required approximately 4 months to complete. The 
end use of the boreholes is itemized in Table 3.7. The hydrogeology and microseismic 
monitoring boreholes are illustrated in Figure 3.51. 

3.4.2.2 Hydrogeology 

Measurement of the hydrogeological conditions in the intact rock adjacent to, and distant 
from, the excavations was an integral element of the experiment design. Sub-objectives for 
the hydrogeology component of the TSX include: 

• The investigation of the rate of pore pressure drawdown in the rock resulting from 
excavation of the test tunnel. 

• The measurement of the rate of pore water pressure recharge in the rock following 
pressurization of the test chamber. 

• The measurement of pore water head in the rock sufficient to estimate the flow of water 
through the intact rock, and the head gradients in the rock surrounding the bulkheads. 

The measurement of pore pressure consisted of packer isolated intervals in boreholes with 
multiple packer installations. In general, these installations were placed in boreholes drilled 
from access tunnels above and to the side of the test tunnel (Figure 3.51). Two 
96-mm-diameter hydrogeology boreholes were drilled in advance of the test chamber for the 
experiment (named HGT1 and HGT2) . These were located near the centre of the test 
chamber, one drilled vertically downward from Room 419, the other drilled horizontally from 



- 267 -

FIGURE 3.51: Boreholes Drilled for the Acoustic Emission and Microseismic Arrays (top) and 
for the Hydrogeological Packer Strings (bottom). 
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TABLE 3.8 

MATERIAL PROPERTIES USED IN PORE PRESSURE ANALYSIS 

Porosity 
Drained bulk modulus 
Shear modulus 
Dry density 
Fluid bulk modulus 
Hydraulic Conductivity 

0.005 
13.5 GPa 
15.5 GPa 

2650 Mg/m 3 

2.15 GPa 
10 " 1 4 m/s 

Room 423. Each hole extended to within 1 m of the design perimeter of the test chamber. 
Baski aluminum hydraulic packers, with stainless steel fittings and copper zone and packer 
inflation lines, were installed in each hole to provide a pore pressure profile away from the 
room. The packers are nominally 1 m in length. 

Since these two packer strings were installed prior to excavation of the TSX tunnel, pore 
pressure monitoring during excavation was a hydrogeological "mine-by" experiment. The 
measured response to excavation in both the roof and floor of the tunnel is provided in 
Figure 3.52. The measured response illustrated that pore pressure change is related to stress 
change in the rock. The increase in pore pressure in the roof of the tunnel corresponded to a 
an increase in the mean compressive stress in the rock. A decrease in the compressive stress 
in the walls of the tunnel resulted in a decrease in measured pore pressure. The low hydraulic 
conductivity of the granite, approximately 1 0 - 1 4 m/s, resulted in a very long-lasting pore 
pressure response. As of the end of 2001 March, four years after tunnel excavation, pore 
pressure in regions of the rock mass above the TSX tunnel were still elevated by more than 
1 MPa above the ambient pore pressure of 4.1 MPa. Several more years would be required 
before the pore pressures in the rock return to ambient conditions. 

The "mine-by" type of pore pressure response data, collected in the low permeability rock 
surrounding the TSX, was useful for in situ calibration of poroelastic parameters for the Lac 
du Bonnet granite. The stress change and pore pressure response around the TSX tunnel 
were analyzed using FLAC. The magnitude of the pore pressure response is dependent upon 
the drained bulk modulus of the rock. The drained modulus of Lac du Bonnet granite was 
determined in the laboratory by Lau et al. (1999). The porosity and shear modulus were 
calculated to provide responses consistent with other poroelastic tests conducted in the 
laboratory. The material parameters used in the analysis are listed in Table 3.8. Since the 
effect of excavation on pore pressure is both far-reaching and long-lasting, the analysis of the 
TSX tunnel included the excavation of adjacent openings above, and to one side, of the test 
tunnel. Modelled contours one year after excavation are provided in Figure 3.53. The pore 
pressure response calculated using FLAC was similar in both magnitude and duration to the 
pressure response measured in the packer strings. 
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FIGURE 3.52: Pore Pressure Response to Excavation in the Roof of the TSX Tunnel (top) 

and in the Walls (bottom). 
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FIGURE 3.53: FLAC Modelled Pore Pressure Contours in a Vertical Plane One Year After 
Excavation. The model includes near-by excavations above and to the side and 
is oriented to match the in situ principal stress directions. 

The coupled hydro-mechanical response of the pore water pressure to excavation resulted in a 
transient hydraulic response in the rock that persisted for several years. The poroelastic pore 
pressure response to stress change, due to excavation, can be superimposed upon the effect of 
pore pressure drawdown around the open excavation. The responses to both the stress change 
and the drawdown were still transient when the tunnel pressure was increased first to 800 kPa 
in 1999 and then to 2000 kPa in 2000. The original objectives of investigating the rate of pore 
pressure drawdown and subsequent recharge could not be readily addressed as residual effects 
from excavation, drawdown and recharge were occurring concurrently. Three-dimensional 
poroelastic models would be required to fully analyse the hydrogeological data collected from 
the roof and wall of test tunnel. The hydraulic head profiles above the roof of the tunnel (in 
borehole HGT1) and in the wall of the tunnel (HGT2) are plotted in Figure 3.54. In this and 
subsequent figures hydraulic head is reported in metres of head above the elevation 
corresponding to the axis of the tunnel. Data are plotted at the time the tunnel was filled 
(1998 October 1), when the tunnel pressure was at 800 kPa (2000 April 1) and when the 
tunnel pressure was at 2000 kPa (2000 December 31). 
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FIGURE 3.54: Hydraulic Head Profiles Above the Roof of the TSX Tunnel and Into the Wall 
of the TSX Tunnel for Dates Corresponding to Tunnel Pressures of 0, 800 and 
2000 kPa. 
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Eight additional hydrogeological boreholes were drilled following excavation of the test 
chamber. Packer strings were installed from within the test tunnel in the vicinity of the 
bulkheads to obtain more detailed information of pore pressure distribution in the rock 
adjacent to each bulkhead. The locations of the ten boreholes used for hydrogeological 
monitoring, relative to the TSX tunnel, are illustrated in the lower portion of Figure 3.51. 
Each packer string included four intervals isolated by 1-m-long Baski aluminum hydraulic 
packers and a specially designed small interval packer string. The small interval packer 
strings (referred to as Excavation Damage Assessment or EDA packers) were designed and 
manufactured by AECL for use in the URL in the evaluation of the depth of excavation 
damage in the rock. The EDA packers included 4 intervals separated by 25-mm-long 
hydraulic glands (Figure 3.55). The intervals were 100 mm to 400 mm in length and provide 
detail of the evolution of pore pressure change within the first 1 m away from an excavation 
surface. The EDA packers were installed adjacent to the roof and wall of the clay and 
concrete bulkheads. Each of the eight boreholes, therefore, included nine hydraulic packers 
and eight isolated zones, with each hydraulic packer and isolated zone having a separate 
inflation line. The pressure in each packer was monitored manually and the pressure in each 
zone was datalogged using a vibrating wire piezometer installed at the collar of each borehole 
(Figure 3.55). In all ten hydrogeological monitoring boreholes there were a total of 73 isolated 
zones being monitored for the experiment, with 32 of these zones within one metre of the 
excavation surface. 

Profiles of hydraulic head in the rock above and to one side of the clay bulkhead (boreholes 
HGT9 and HGT10 respectively) are provided in Figure 3.56. Profiles of hydraulic head in the 
rock above and to one side of the concrete bulkhead (boreholes HGT3 and HGT4 
respectively) are provided in Figure 3.57. There are no remarkable differences between the 
hydraulic head around the pressure chamber (Figure 3.54) and that observed around the clay 
bulkhead (Figure 3.56). Around the concrete bulkhead, the hydraulic head near the 
concrete-rock interface does not increase with increasing tunnel pressure. This suggests that 
the interface is well drained, with pore pressures remaining near atmospheric pressure. 

The hydraulic gradient in the EDZ was determined as a function of depth away from the rock 
surface using the EDA packers. The hydraulic gradients calculated using the three innermost 
EDA packer zones in the roof and wall of the tunnel are plotted for the clay bulkhead in 
Figure 3.58 and for the concrete bulkhead in Figure 3.59. The calculated hydraulic gradients 
range from 10 in the EDZ adjacent to the walls of the bulkheads to 120 near the roof of the 
clay bulkhead. The fact that hydraulic gradients are measured indicates only that there is a 
flux of water through the rock near the bulkheads. In order to quantify the flow, the 
hydraulic conductivity must be known and the flow per unit area of rock would be the 
hydraulic conductivity times the gradient. The hydraulic conductivity was not measured at 
these exact locations, therefore the rate of flow through the EDZ can only be approximated 
using assumed hydraulic properties of the rock. For example, a hydraulic conductivity of 
1 0 — 1 0 m/s would imply a flux of 0.06 mL/min per m 2 of rock for a hydraulic gradient of 10. 
This amount of water flux is small compared to the total seepage rate measured for the 
concrete bulkhead. Without knowing the hydraulic conductivity of the rock, it is difficult to 
make any conclusions regarding the proportion of water seeping through the rock around the 
clay bulkhead, based only on the measurements of hydraulic gradient. Also, the hydraulic 
gradient in the rock adjacent to the roof of both bulkheads is consistently greater than the 



FIGURE 3.55: Photographs of the Excavation Damage Assessment (EDA) Packer (top) and 
the Manifold Used to Monitor Interval and Packer Pressures (bottom). 



FIGURE 3.56: Hydraulic Head Profiles Above and to One Side of the Clay Bulkhead for Dates 
Corresponding to Tunnel Pressures of 0, 800 and 2000 kPa. 



FIGURE 3.57: Hydraulic Head Profiles Above and to One Side of the Concrete Bulkhead for 
Dates Corresponding to Tunnel Pressures of 0, 800 and 2000 kPa. 
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FIGURE 3.58: Hydraulic Gradients in the EDZ Adjacent to the Roof and Wall of the Clay 
Bulkhead as a Function of Time and Distance From the Rock Surface. 

hydraulic gradient near the walls of the bulkheads as illustrated in Figures 3.58 and 3.59. 
Again, without knowledge of the hydraulic conductivity in the rock adjacent to the bulkhead 
keys, the significance of this observation can not be assessed. 

Vibrating wire piezometers were installed in boreholes to measure pore pressure in the rock at 
a single point. Although only one piezometer could be installed per borehole, they were 
installed in smaller diameter (38 mm) holes, and offered a second method of pore pressure 
measurement in areas of interest. In the immediate vicinity of the clay and concrete 
bulkheads, vibrating wire piezometers were installed to measure the pore pressure in the EDZ 
within f 00 mm of the excavation surface. Different EDZ piezometer installation techniques 
were used for the clay and concrete bulkheads. The technique used for installation around the 
clay bulkhead resulted in all five piezometers providing unreliable data, although the reasons 
for the problems are not evident. Therefore, only pore pressure data for the EDZ around the 
concrete bulkhead are presented in this report. 

Piezometers were installed with the sensor end just embedded into the EDZ at four locations 
around the concrete bulkhead (Figure 3.60 right side). In addition, another 8 piezometers 
were installed to measure pore pressure on the concrete-rock interface (Figure 3.60 left side). 
Data from these sensors are displayed in Figure 3.61. Hydraulic pressure along the 
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FIGURE 3.59: Hydraulic Gradients in the EDZ Adjacent to the Roof and Wall of the Concrete 
Bulkhead as a Function of Time and Distance From the Rock Surface. 

concrete-rock interface remained very close to the tunnel pressure within 0.5 m of the 
upstream face of the bulkhead. On the downstream side of the concrete-rock interface seal all 
the hydraulic pressures measured along the interface were close to zero. The high hydraulic 
gradient across the interface seal, and low pressure on the downstream side, were indicative of 
an effective low-transmissivity interface seal. The pore pressure in the EDZ on the 
downstream side of the grouted interface seal tended to be slightly higher than the interface 
pressure (Figure 3.61) and the hydraulic gradient in the same region was much less. This 
indicated that grouting of the concrete-rock interface did not significantly penetrate the 
microcracks in the EDZ, resulting in a concrete-rock interface seal that was more effective 
than the seal that could have been created within the near-field damaged rock. Although 
portions of the concrete-rock interface indicate no hydraulic gradient along the interface, 
seepage past the concrete bulkhead was steady (greater than 20 L/d) and relatively fast 
based on tracer test back-analysis (Section 3.5.4). 
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FIGURE 3.60: Photographs of the Concrete-Rock Interface Piezometer (left) and the Piezome
ter Recessed Into the EDZ (right). 
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FIGURE 3.61: Hydraulic Head as Measured in the EDZ Adjacent to the Concrete Bulkhead 
and Along the Concrete-Rock Interface. 
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3.4.2.3 Microseismic Monitoring 

System Installation and Calibration 

The definition of acoustic emission/microseismicity (AE/MS) varies across the scientific 
engineering literature, but is defined in this report as it applies at the URL. The AE term is 
used for that frequency spectrum of induced seismicity which is recorded by ultrasonic 
transducers in the range of 50 to 5000 kHz and AE monitoring is typically used for rock 
volumes smaller than 1000 m 3 in granite. The MS term is used for that spectrum of induced 
seismicity which is recorded by accelerometers in the range 0.1 to 50 kHz and MS monitoring 
is typically used for rock volumes less than 100,000 m 3 in granite. The objective for both AE 
and MS systems is to monitor brittle deformation remotely by recording the sounds emitted 
when rock cracks or fractures slip. 

A system for MS monitoring was installed on the 420 Level of the URL in 1990 as one 
element of the Mine-by Experiment (Read and Chandler 1996). That system was composed 
of 16 triaxial accelerometers, each having a frequency range of 50 Hz to 10 kHz. The 
accelerometers were grouted in place at the end of 96-mm diameter diamond-drilled 
boreholes. The Mine-by Experiment was centred approximately 50 m to the northeast of the 
Tunnel Sealing Experiment (Figure 2.1). Although these sensors would record some of the 
microseismicity induced during excavation of the TSX test tunnel, the system was not ideally 
located for this purpose. 

In 1995 August, more than one year before excavation of the TSX tunnel, a lightening strike 
at the URL damaged eight Mine-by Experiment accelerometers and 11 preamplifiers. The 
system was subsequently brought back into service for use in the TSX. The TSX MS system 
makes use of six of the original sensors, and includes 10 new accelerometers in boreholes 
drilled around the TSX volume of rock. The full 16-sensor array was installed and put into 
operation prior to the excavation of the TSX test tunnel. The system of sensors allowed for 
monitoring of the TSX rockmass, as well as continued monitoring of the rockmass 
surrounding the Mine-by tunnel. 

The Wilcoxon sensors installed contain three accelerometers surrounded by a titanium shell. 
These triaxial sensors were all grouted at the end of downward-plunging diamond-drilled 
boreholes. The boreholes were surveyed before installation allowing subsequent calculation of 
the sensor position and the orientation of the individual accelerometers. The set up of the 
system is shown schematically in Figure 3.62. The ten microseismic sensors are located at the 
ends of the boreholes illustrated in the upper part of Figure 3.51. 

A calibration survey was performed prior to TSX tunnel excavation in which a sledgehammer 
source was used at 20 locations around the 420 Level. The aim of the survey was to test the 
effectiveness of the TSX microseismic sensor layout. The survey also facilitated optimization 
of the arrival time picking and locating parameters. A total of 81 artificially-induced seismic 
events was recorded, with an average of 4 hits at 20 calibration points. Since the TSX tunnel 
had not yet been excavated, no calibration points were located near the centre of the TSX 
volume. The sledgehammer produced a seismic moment of 105 Nm, which is equivalent to 



- 280 -

CD Backup 
Device 

Modem 

Pentium 166 
Computer 

-running acquisition 
software under 

Windows95 

GPS 
Antenna 

Trigger 
Box 

t 
• Hyperion 

Unit 
-3 16 channel 
A/D boards 

-Trigger card 
-GPS interface 

Differential 
Amplifer 

(0,10,20,30,40,50 dB) 

Hyperion 
Unit 

-3 16 channel 
A/D boards 

-Trigger card 
-GPS interface 

Junction 
Box (J.B.) 
on Surface 

240 Level 
J.B. 

300 Level 
J.B. 

48 channels 

50 pair 
shaft 
cable 

Gallery J.B.'s 

Preamplifiers 
(3x, 30x, 300x, 3000x) 

16 triaxial 
accelerometers 

FIGURE 3.62: Schematic Diagram of the Microseismic Monitoring System at the URL. 
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FIGURE 3.63: Variation of Source Location Error as a Function of P-Wave Velocity for 10 
Calibration Points. 

some of the larger events recorded from the Mine-by Experiment. The signal was easily 
recorded on sensors 100 m away, with clear P- and S-wave onsets. 

Accuracy was determined by comparing surveyed locations with locations calculated using a 
single velocity model. P-wave arrival times for all 81 calibration events were chosen both 
manually and using an automated routine. The assumed value of P-wave velocity had the 
greatest effect on the accuracy of source locations. The location errors were highest in the six 
calibration points located in the Mine-by Tunnel, and at four other locations on the walls of 
existing access tunnel. The elastic energy originating from the latter four locations travelled 
around the tunnels before arriving at the sensor, thus affecting the straight ray path 
assumption. The source locations in the Mine-by tunnel were considered too distant for the 
purposes of calibrating the response in the TSX rockmass. Figure 3.63 illustrated the mean 
location error for the remaining 10 calibration points as a function of P-wave velocity. Using 
manually-picked P-wave arrivals, the optimal locating velocity was 5970 m/s with a 
corresponding mean location error of 0.4 m. Using an automated arrival picking routine, the 
mean location error at 5970 m/s was 0.54 m. Since the ten calibration locations were around 
the perimeter of the TSX, the source location accuracy improved for events occurring in the 
central region of the TSX volume of rock. 

Microseismic Monitoring During Excavation 

A total of 6775 microseismic (MS) events were recorded in the vicinity of the main test tunnel 
in 1997. Figure 3.64 shows a frequency histogram of the MS with the time scale divided into 
7 periods: 

1. Excavation of the first 6 rounds of Room 425 (January 17 to February 20). 



- 282 -

Time 
Period 1 2 3 4 5 6 

300n 

250-

r— r— r— r-— r-— r - — r - - r — r— — r— r— r— r— r— r— r— r-— r - — r - - r — r— r— r— r— r— r— r— r— r— r-— r-—r-~-

p o o o o o o o o o o o o o o o o o o o o o o o o o ^ ^ ^ ^ ^ ^ ^ 

Date 

FIGURE 3.64: Frequency Histogram of the 6775 MS Events Recorded in the Vicinity of 
Room 425. 

2. Excavation of the last 7 rounds of Room 425 (February 20 to March 20). 

3. No excavation (March 20 to April 14). 

4. Room 419 test key excavation (April 14 to June 2). 

5. Clay key excavation (June 2 to September 16). 

6. Concrete key excavation plus washing and scaling (September 16 to November 28). 

7. No excavation (November 28 to December 9). 

An additional 3406 MS events were recorded in the vicinity of other excavations during the 
same time period. Many of these events were related to excavation of the last three rounds of 
Room 424, and with excavation of the test key in the floor of Room 419 (the upper access 
tunnel). There are, however, many events along the floor of upper galleries (Rooms 418 
and 419) and the roof of the lower gallery (Room 421) that reflect a continuously evolving 
zone of damage in the roof and floor of these access tunnels. Source locations of MS events 
from the later half of f997 are illustrated in Figure 3.65. 

The largest frequency of MS events (as many as 280 events per day) occurred during the 
period when Room 425 was being excavated. The MS events recorded during this period 
clearly responded to damage in the rock mass resulting from excavation. Figure 3.66 
illustrates how the MS events corresponded to the surveyed shapes of the blast rounds. A low 
frequency of events (up to 25 events/d) occurred when there was no excavation. Up to 
75 events/d occurred during drilling and rock-splitting excavation of the bulkhead keys. 
Figure 3.67 shows the 1639 MS events that were recorded during clay key excavation and 854 
MS events recorded during concrete key excavation. Drilling of the seepage collection slot for 
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FIGURE 3.65: 3372 MS events Recorded Between 1997, June 20 and December 6. Side view 
looking N W (top), side view looking SW (middle) and isometric view (bottom). 



- 284 -

] K4b tteMa Ham 1 I -1 ; UU:UII 
•-i,B --3,11 • Z,5 * Jm 191̂112711 If-TJD 

• 

FIGURE 3.66: MS Events Recorded During Excavation of the First Six Blast Rounds of 
Room 425. Note that the clay key is not present at this time. 
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FIGURE 3.67: MS Events Recorded During Excavation of the Clay Bulkhead Key (top) and 
During Excavation of the Concrete Bulkhead Key (bottom). 
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FIGURE 3.68: The 209 Recorded MS Events having Moment Magnitudes Greater than -2.5. 

the connected permeability test at the concrete key location was clearly apparent in the 
upper portion of the figure, and excavation of the bearing notch for the steel restraint system 
is apparent in the lower figure just to the right of the clay bulkhead key. However, the most 
striking observation from Figure 3.67 is the large number of events associated with the 
excavation of the clay bulkhead key. An interesting feature is identified when viewing only 
the events of largest magnitude (moment magnitude >-2.5) in Figure 3.68. The majority of 
these high magnitude events (60%) occur at the tip of the 45° wedge-shaped concrete key. 

Figure 3.69 displays a plot of radiated energy versus time for all recorded MS events. The 
cumulative radiated energy line was steepest during tunnel excavation and gradually 
decreased during periods of no excavation. A number of sharp jumps in the cumulative events 
during periods 5 and 6 suggest occasional releases of high seismic energy during excavation of 
the clay and concrete bulkhead keys. 

Data were collected from the MS monitoring system continuously throughout the entire 
experiment. At the time this report was prepared, processing of the data was complete only 
to 1999 January 4. A total of 1828 MS events were recorded between 1997 December and 
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FIGURE 3.69: Radiated Seismic Energy for Each Recorded MS Event and Cumulative Radi
ated Energy Versus Time. 

1999 January. A large proportion of these events were in the floor of Room 417 where a small 
pit was excavated by blasting. This pit was used for lowering an auger into the floor of the 
tunnel to facilitate dumping of the concrete directly from a rail car during construction of the 
TSX concrete bulkhead (Figure 2.131). Another 100 low magnitude events resulted from 
grouting the boreholes used for routing cable leads and water supply headers through the 
rock. The delineation of these boreholes by MS events is illustrated in Figure 3.70 and the 
actual borehole locations are shown in Figure 3.26. The remaining events recorded during 
this period correspond to an average collection rate of 3 to 4 MS events per day. Most of 
these events are related to the time-dependent cracking in the roof and floor of the TSX 
tunnel as well as some continuing activity associated with the access tunnels above and below 
the TSX tunnel. After 1998 July 7, no MS events were recorded below the floor of the TSX 
tunnel. July 7 was the first day of sand filling in the pressure chamber. The low confining 
pressure provided by the sand was sufficient to prevent cracking, on the scale of MS events, 
from occurring in the floor of the tunnel. 

3.4.2.4 Acoustic Emission (AE) Monitoring 

An AE system was installed following completion of excavation of the TSX test tunnel and 
prior to excavation of the clay bulkhead key. The system was designed to monitor induced 
seismicity in one quadrant of the rock surrounding the clay bulkhead using high frequency 
ultrasonic transducers. Rock damage was expected to occur around both the clay and 
concrete bulkhead keys as identified through the numerical modelling described in the 



FIGURE 3.70: MS Events Recorded Between 1998 June and September. 
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FIGURE 3.71: Locations of the 20 AE Transducers in the 4 Installation Boreholes. 

previous section. For the concrete bulkhead, however, flow along the interface between the 
concrete and rock was expected to be greater than flow through the EDZ. The integrity of the 
bonded interface could be assessed through displacement transducers installed on the 
interface and using an AE system installed within the concrete bulkhead (Section 3.4.4.2). 
The rationale for locating the AE system around the clay bulkhead rather than around the 
concrete bulkhead was that the EDZ was expected to play a more prominent role in clay 
bulkhead performance. 

The 16 AE sensors were optimally positioned to surround the lower northeast quadrant of the 
clay bulkhead key. The design locations of sensors and boreholes are shown in Figure 3.71. 
One sonde was installed in each borehole and each sonde contained four receiving transducers 
and one pulsing transducer, spaced 2 m apart. The pulsing transducer sent energy to the 16 
receiving transducers during daily velocity surveys. The array configuration was designed 
such that a number of raypaths passed near the bulkhead key. Temporal changes, related to 
microcracking or saturation of the rock, were identified from the measured changes in 
velocity. 

A schematic view of the hardware for the AE system is provided in Figure 3.72. Signals were 
brought out to the AE system box where they were monitored, and the system was triggered 
upon detection of an AE event. Once triggered, the AE system digitized the 16 channels of 
data using 14-bit resolution and a sample frequency of 1 MHz. Triggering was done by setting 
individual channel thresholds, and requiring AE hits on a number of channels to trigger the 
data acquisition algorithm. A time window of 5 ms was used to collect data for each channel. 
Counters for each channel record the number of AE hits (threshold crossings) for each 
channel for every 15-minute time period. Figure 3.73 is a photograph showing the sonde 
being prepared for installation. 
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FIGURE 3.72: Schematic View of the Hardware of the AE System. 

FIGURE 3.73: Photograph Showing Preparation of an AE Sensor for Installation. 
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The collars of the four boreholes and their orientations were accurately surveyed, allowing the 
calculation of the exact transducer locations. An additional four pulsing transducers were 
located in four short (<0.1 m) boreholes in the northeast wall of the test tunnel, just outside 
the location to be filled by the clay bulkhead. These four transducers were spaced 1 m apart, 
in a line about 30° below the horizontal centre line of the tunnel. The wall-mounted pulsers 
were used to check the source location accuracy of the AE system. Using a single velocity 
model (a P-wave velocity of 5914 m/s) the average difference between calculated source 
locations and surveyed locations was 0.033 m. Using automated arrival processing the 
location accuracy is less than 0.1 m. The wall pulsers were located in a region of the tunnel 
where most of the seismicity occurred, hence the accuracy should be representative of 
acoustic event location accuracy. 

The AE sondes consisted of aluminum casings containing spring-loaded Plexiglas sensor 
holders, plastic spacing units, and bronze front and end pieces. Additionally, two mercury tilt 
switches were installed into each sonde for determination of orientation to within 2°. The 
sensors were installed within Plexiglas holders filled with Silicone grease and sealed. When 
fully assembled, the sondes were 8 m long. The sonde was relatively rigid, allowing it to be 
rotated in the borehole. Each sonde was oriented so that all sensors were facing directly 
towards the tunnel and key. The system was set to record velocity surveys each night at 
1:00 AM. Each of the eight transmitting pulsers was consecutively pulsed, and the response 
at the 16 receiving transducers was recorded. The system averaged 500 signals from each 
puiser to minimize background noise. The resulting survey required 45 minutes to complete. 
A method of cross-correlation of waveforms was used to calculate small changes in velocity 
with respect to time. Velocity variations in the TSX were calculated to an accuracy of 
between 1 and 3 m/s. 

AE Count rate 

The AE system continuously monitored the numbers of counts of AE energy above a certain 
threshold received at the individual sensors. The AE count value was recorded during 
15 minute intervals. The plot shown in Figure 3.74 includes only data collected between 2:00 
and 6:00 A M in order to exclude count values induced by human activity or velocity surveys. 
The AE count rate was largest at sensor 3, which was just below the floor of the clay 
bulkhead key. The key was excavated between days 28 and 64 (interval B) , and Figure 3.74 
indicates very little activity during this period. This observed low count rate was consistent 
with those observed at other sensors. A dramatic increase in count rate occurred following 
key excavation (interval C ) . This corresponded to regular washing and scaling in and around 
the clay key in support of geological mapping and characterization activities. This massive 
increase was not observed in examining the timing of AE events used in source location 
processing, which suggests that the AE count rate was responding to low amplitude seismic 
energy releases. The count rate gradually decreased with time with periodic spikes 
corresponding to specific activities in the vicinity of the clay bulkhead (e.g., pulse testing in 
clay key grouting boreholes around day 112). The count rate increased again in late 
November (after day 144) when construction activities around the tunnel increased (clay 
block placement, construction of concrete ring beam formwork). The AE count rate recorded 
by sensors close to the wall of the tunnel were low throughout the entire period, when 
compared with those near the floor of the tunnel (such as sensor 3). 
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FIGURE 3.74: AE Count Rate Per 15 Minute Interval at Sensor 3. 

Source location and AE parameters during key excavation 

The acoustic emission system was programmed to monitor the region around the clay 
bulkhead key between midnight and 8:00 A M each day, when the region was free from human 
activity. An upper limit of 100 events per hour was set in the acquisition program. During 
some monitoring periods this upper limit was reached within minutes, whereas during other 
one hour periods no events at all were recorded. Automated processing was performed on all 
data, and a single-velocity model was used to source locate the events. The P-wave velocity 
used in source location processing varied in time using the results from daily velocity 
measurements. Events were only retained if signals were processed on 10 out of 16 sensors, 
and if they had low residual errors on the P-wave arrival times. An estimate of source 
magnitude was made for each event based on the maximum amplitude of each seismic trace 
and the source-receiver distance. This value is not directly comparable to the moment 
magnitude calculated using the triaxial accelerometers from the MS system. The events from 
the AE system are several orders of magnitude smaller than events from the MS system and 
AE source magnitudes of -1 to -2.5 would relate to moment magnitudes of less than -6. More 
than 15,000 AE events were processed for source location and magnitude using data collected 
between 1997 June 18 and December 8. 

Figures 3.75, 3.76 and 3.77 display the AE locations coloured to their source magnitude 
value, with the largest magnitudes shown in red. The events in Figure 3.75 represent those 
that occurred around the TSX tunnel prior to excavation of the key (even though the key is 
shown in the figure). The receivers were positioned to investigate events occurring only in the 
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FIGURE 3.75: AE Events Recorded Between 1997 June 18 and July 6 Prior to Key Excava
tion. The events are coloured to source magnitude. 
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FIGURE 3.76: AE Events Recorded Between 1997 August 13 and 21 During the Final Days 
of Key Excavation. The events are coloured to source magnitude. 



FIGURE 3.77: AE Events Recorded Between 1997 August 22 and September 1 Immediately 
Following Key Excavation. The events are coloured to source magnitude. 
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floor of the tunnel and in the northeast wall. Cracking in the roof of the tunnel was expected 
to be similar to cracking that occurred in the floor. Events indicated cracking in the region of 
high compressive stress concentrations in the roof of the tunnel as well as some clustering at 
the ends of individual blast rounds. In the tunnel side views, gaps between the clustering of 
events and the floor of the tunnel were believed to represent areas of previously cracked or 
delaminated rock. The tunnel was excavated five months prior to installation of the AE 
system and much of the tunnel damage occurring just after excavation (as indicated by the 
MS system) would not have been recorded. 

The events shown in Figure 3.76 corresponded to those collected during the final nine days of 
line-drilling and rock splitting for clay bulkhead key excavation. There was a clustering of 
events at or below the floor of the key as the key was excavated. There were no events 
collected on or within a metre of the vertical faces of the excavated key. Elastic modelling of 
the rock near the vertical key faces indicated that compressive stresses were reduced to 
magnitudes below that required to introduce damage based on the shear cracking criterion 
(Section 2.2.4). The events in Figure 3.77 are those collected during the first 10 days 
following completion of key excavation. These events indicated the location of 
time-dependent cracking resulting from stress redistribution around the keys. This cracking 
was also located below the floor of the key and not adjacent to the vertical faces. The 
majority of events clustered near the two corners of the key. Based solely on AE source 
locations, a continuous zone of rock cracking around the key was not apparent and there was 
little or no cracking in the vicinity of the vertical key faces. 

The AE data were processed to the end of 1998 December. In 1998 the AE count rate 
decreased from around 100 events per day to about 20 events per day in 1998 June. The 
count rate decreased suddenly to about 1 event per day after July 7, the date sand filling of 
the pressure chamber began. This effect was very sudden as illustrated in Figure 3.78. It was 
estimated that a confining pressure of only 15 kPa was sufficient to stop time-dependent 
cracking in the floor of the TSX tunnel. A view of all the AE data recorded in the vicinity of 
the clay bulkhead key during 1998 is provided in Figure 3.79. This figure again illustrates no 
time-dependent cracking near the vertical face of the clay bulkhead key and that most of the 
AE events occurred below the floor of the TSX tunnel. Some localized cracking was evident 
below the clay bulkhead key itself. It is postulated that this cracking surrounds remnants of 
boreholes drilled for hydraulic rock splitting which extended below the clay bulkhead key 
where compressive stresses in the rock were the highest. 

Measurement of Velocity Change Using the AE System 

The eight pulsing transducers were used to perform velocity surveys daily at 1:00 AM. 
P-wave velocities were calculated by manually picking the arrival times and knowing the 
pulser-receiver distances. The accuracy of this method is related to system sampling 
frequency and arrival time picking error. A cross-correlation technique was used to improve 
the velocity calculation accuracy by comparing two seismic signals taken at different times 
but between the same pulser-receiver pair. Using cross-correlation velocity variations of 1 to 
3 m/s could be resolved. 
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FIGURE 3.78: AE Event Frequency Between 1997 December and 1998 December. 

FIGURE 3.79: Source Locations for All AE Events Between 1997 December and 1998 Decem
ber. The events are coloured to source magnitude. 
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FIGURE 3.80: Variations in P-Wave Velocity with Time for Wall Puiser 6 and the AE Sensors. 
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FIGURE 3.81: Variations in P-Wave Velocity with Time for Borehole Puiser 4 and the AE 
Sensors. 
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Processing one velocity survey every two weeks made it possible to observe trends in velocity 
change around the tunnel. Measured velocity changes before, during and after key excavation 
are illustrated in Figures 3.80 and 3.81. A P-wave velocity reduction of 20 to 40 m/s was 
measured for raypaths between wall puiser 6 and various AE sensors (Figure 3.80). The 
reduction in velocity was relatively constant and unaffected by key excavation. Since the 
puiser was located on the wall, all raypaths travelled through the damaged rock near the 
excavation. The slow velocity reduction was related to cracking in the damaged rock, and was 
probably occurring since tunnel excavation. Puiser number 4 was located at the end of one of 
the AE borehole arrays. Raypaths from puiser 4 to the other AE sensors would not have 
travelled though the damaged rock near the surface of the excavation. Consequently there 
was little variation in velocity with time (Figure 3.81). Comparing the two figures illustrates 
the slow time-dependent cracking that occurred near the surface of the excavation. The 
gradual reduction in P-wave velocity from the wall pulsers, as illustrated in Figure 3.80, 
continued until approximately 1998 June. The leveling off of the P-wave velocity, which 
suggested that cracking in the EDZ had stopped, began prior to filling the TSX tunnel with 
sand. Although the sand confinement clearly affected the frequency of MS and AE events in 
the floor (Figure 3.78), velocity measurements from wall puiser 6, positioned outside the 
pressure chamber on the downstream end of the clay bulkhead steel restraint, were not 
affected by sand filling in the tunnel. 

3.4.2.5 Rock Displacement Monitoring 

Linear Variable Differential Transformers (LVDTs) were used throughout the experiment to 
measure displacement. Displacement in the rock surrounding the pressurized portion of the 
TSX tunnel was monitored using strings of LVDTs in a single borehole. Displacement was 
expected to occur as a result of increasing pressure in the test tunnel and, in the thermal 
phase of the experiment, as a result of temperature change. Since there is a strong 
hydro-mechanical coupling in the rock mass (see Section 3.4.2.2) rock displacement was 
expected to occur as a result of changing pore water pressure around the tunnel. Four strings 
of Borehole Fracture Extensometers (Bof-Ex), consisting of six LVDTs and seven anchors 
each for a total of 24 LVDTs, were installed in 12 m long boreholes in the lower and 
northwest quadrants of the rock mass surrounding the tunnel. The arrangement of boreholes 
and downhole measurement locations is illustrated as part of Figure 3.82. The LVDTs 
measured displacement between the anchors, which were secured to the rock. The Schaevitz 
LVDTs installed in the TSX had proven reliability for long-term monitoring at other 
locations in the URL under similar conditions of water-filled boreholes. All 24 LVDTs were 
functioning after two and a half years of operating in the TSX. 

Results from two extensometer boreholes, EXT-2 in the floor and EXT-4 in the wall, are 
displayed in Figure 3.82. Although the LVDTs measured displacement relative to adjacent 
anchors, the data were added together facilitating plotting of displacement relative to the 
deepest anchor. At a distance of 12 m from the surface of the excavation, the displacement of 
the deepest anchor was expected to be small. Displacements in the plot are all relative to 
position of the anchors on 1998 October 1, which represents the filling of the pressure 
chamber with water. The rock in the floor goes into compression with increasing tunnel 
pressure, while the rock in the walls experiences extension. The greatest displacements were 



- 299 -

measured near the rock surface although extension of the deepest LVDT in the wall was as 
large as displacement of the shallowest LVDT. The extension in the walls will be affected, at 
least in part, by the increasing pore pressure in this region of rock. A compression of up to 
67 fim (or 0.067 mm) was measured in the floor with the tunnel pressure at 2000 kPa, while 
an extension of up to 32 fim was measured in the wall of the tunnel. No analysis of this data 
was performed. 

3.4.3 Clay Bulkhead Instrumentation 

A total of 234 instruments were installed within the clay bulkhead. These instruments 
included moisture sensors (psychrometers, hygrometers, and Time Domain Reflectometry 
probes), pressure cells, piezometers within both the clay blocks and the EDZ, and a 
displacement potentiometer. In addition to these, 5 steel plates and connecting rods were 
installed within the clay bulkhead in association with a sonic probe displacement measuring 
device. Four potentiometers were installed within the pressure chamber to measure the 
displacement of the upstream surface of the clay bulkhead and 11 LVDTs were installed on 
the downstream side of the bulkhead to monitor displacement of the steel shell restraint, the 
stainless steel plate and the concrete bearing ring. The data from these sensors are 
summarized in this section. 

3.4.3.1 Cable Lead Routing 

Routing of the 234 cables through the clay block assembly and out through the steel restraint 
was not a trivial task. Results from the clay bulkhead simulation (Section 2.3.1.9) illustrated 
the importance of running all cables individually through the bulkhead. There was also a 
requirement that at least one water-stop be placed on all cables to prevent water from 
travelling along the outside of the cables. The leads from each sensor were protected within a 
hard-walled Synflex tube capable of resisting 5 MPa pressure without crushing. Grooves were 
cut along the surface of the clay blocks and holes drilled through the blocks to facilitate cable 
routing. Sufficient slack was provided in the cable path in order that differential 
displacements in the clay bulkhead of up to 100 mm would not cause the cables to pull on the 
sensors. Mechanical modelling of the clay bulkhead suggested that displacements of 100 mm 
or more should be expected as the tunnel is pressurized (Figures 2.52 and 2.83). Routing of 
the cables individually through the clay bulkhead is illustrated in Figure 3.83 and application 
of cable seals is illustrated in Figure 2.72. 

All 234 cables were run through sixteen 76-mm-diameter steel pipes installed as part of the 
steel restraint. Figure 3.84 illustrates the cables converging towards two of the 
instrumentation conduits. A loose sand-bentonite mixture was hand-tamped around the ends 
of these boreholes to ensure that the clay material surrounded all the cables. The conduits 
themselves were grouted with a cement-based grout to prevent water from seeping out 
through the conduits instead of being collected by the geomembrane seepage collection 
system. The sonic probe, and the rods connecting the sensor with the steel plates, had a 
conduit through the steel shell dedicated to its use. The cables from the four potentiometers 
measuring displacement of the upstream face of the clay bulkhead were routed out through 
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- 301 -

FIGURE 3.83: Photograph Showing Instrumentation Cables being Run Separately Through 
the Clay Bulkhead. 

instrumentation boreholes that connected the pressure chamber with Room 417. 

3.4.3.2 Clay Bulkhead Moisture Content 

Moisture content in the clay bulkhead was monitored using three different types of moisture 
sensors: thermocouple psychrometers, hygrometers and Time Domain Reflectometry ( TDR ) 
probes. Positive water pressure in the clay bulkhead was monitored using vibrating wire 
piezometers. Thermocouple psychrometers are relatively inexpensive and have a proven 
robustness from other long-term in situ experiments conducted at the URL (Dixon et al. 
2000). Therefore, a total of f32 psychrometers were installed in the TSX, whereas only 14 
hygrometers and 12 TDRs were installed. The different instrument types were used for 
comparison of the response of different moisture sensors, which added credibility to the 
measured data. A photograph showing a psychrometer installed within the shot-clay is 
provided in Figure 3.85 and a photograph of a hygrometer being readied for installation is 
provided in Figure 3.86. 

Psychrometers operate by passing an electrical current through a thermocouple, cooling the 
air surrounding it using the Peltier effect. The temperature is decreased below the dew point 
temperature and the subsequent warming of the thermocouple is datalogged as a function of 
time. The dew point temperature is identified from the data and compared with the ambient 
temperature to produce output that is physically related to the relative humidity in the pore 
space of the clay, and hence to the partial pressures in the liquid and vapour phases. The 
psychrometers are calibrated to known relative humidities created by chemical solutions. The 
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FIGURE 3.85: Photograph of a Psychrometer Installed in the Shot-Clay. 
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FIGURE 3.86: Photograph Showing Hygrometers being Prepared for Installation in The Clay 
Bulkhead. 

output from the psychrometer is therefore related directly to the partial pressure, or suction, 
in the liquid phase of the water within the pores of the clay material. A plateau of output 
corresponding to evaporation of condensed water within the ceramic psychrometer tip must 
be identified either visually or, as in the TSX, through an automated routine. Accurate 
identification of this plateau is important for proper analysis of the data. Figure 3.87 
illustrates the output from a psychrometer in the TSX as the water content in the clay 
evolves from dry to saturated conditions. 

The hygrometers used in the TSX were thin-film capacitive relative humidity measuring 
devices. Both the Rotronic hygrometers used in the clay bulkhead and the Viasala 
hygrometers used in the evaporation chamber (Section 3.3.6) were of the thin-film capacitive 
type. A thin polymer film, positioned between two electrodes, either absorbs or exudes water 
vapour as the relative humidity of the ambient air rises or drops. The dielectric properties of 
the polymer film depend on the amount of water contained in it. As the relative humidity 
changes, the dielectric properties of the film change resulting in a change in the capacitance 
of the sensor. The hygrometer measures the capacitance of the sensor and converts it into a 
humidity reading. 

The relationship between relative humidity and suction (S) is derived from the ideal gas law, 
in which 

S = — l w In 
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FIGURE 3.87: Typical Raw Output Data from a Psychrometer in the TSX. 

where R is the universal gas constant (8.31 J/mole°K), T is the temperature in °K, M is the 
molecular weight of water (18 g/mole), ^ w is the density of water (10 6 g/m 3 ) , and ^- is the 
relative humidity defined by the ratio of partial vapour pressure (v) to saturated vapour 
pressure (t>0). At a temperature of 15°C, the equation becomes: 

S (in MPa ) = —133 In [relative humidity as a percent/100]. 

The relationship between suction (in MPa) and percent gravimetric moisture content (w) for 
a compacted Kunigel-sand mixture was defined empirically (see Section 2.3.1.10) to be: 

w = 20.9 - 8.131og[5]. 

This relationship could be applied only to the compacted Kunigel-sand blocks and not to the 
shot-clay, since the soil-water retention curve for the shot-clay would be much different from 
that of the more dense clay block material. Although it was tempting to convert all the data 
from the psychrometers and hygrometers directly to gravimetric moisture content using the 
above relationships, studies by Wan (1996) and Blatz (2000) have indicated that suction 
measured by psychrometers is sensitive to stress applied to the soil and to changes in the 
material's density, even when no change in moisture content occurs. To avoid the 
uncertainties associated with the conversion to water content, the data from these two 
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FIGURE 3.88: Suction Contours at 0.6 m from the Upstream Face for 8 Dates. 

moisture sensor types were presented in the form of soil-water suction. Although suction 
represents tension in the pore water, or in other words a negative pore water potential, the 
values of suction are presented as positive quantities in the following plots and discussions. 
Wan (1996) suggested that a material is saturated when the suction decreases below the 
osmotic potential of the swelling clay, which for the bentonite material he studied was 
approximately f MPa. The presentations in this report also consider that suctions less than 
f MPa represent an essentially saturated material. The initial suction corresponding to the 
average as-fabricated clay block moisture content of 14.4% was 6.3 MPa. Therefore, the range 
of expected suctions inferred from the psychrometers and hygrometers will be f to 6.3 MPa. 
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FIGURE 3.89: Suction Contours at 1.6 m from the Upstream Face for 8 Dates. 
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FIGURE 3.90: Suction Contours at 2.5 m from the Upstream Face for 8 Dates. 
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Suction data from the moisture sensors were used to construct suction contours at number of 
cross sections of the clay bulkhead. The evolution of moisture within the clay blocks is 
illustrated in Figures 3.88, 3.89 and 3.90 for cross sections 0.6, 1.6 and 2.5 m away from the 
upstream face respectively. All the cross-sections indicate a gradual wetting trend, with the 
wettest regions towards the perimeter of the tunnel and a dryer central core of the bulkhead. 
Water seeped both axially from the upstream face and radially from the perimeter towards 
the centre of the bulkhead. At the clay-rock interface there were two sources of water: (i) 
water seeping from the rock; and (ii) water from the pressurized tunnel that seeped more 
quickly through the shot-clay. However, the radial distribution of moisture is not symmetric. 
Preferential flow paths through the clay block structure were expected and the suction 
contours in Figures 3.88, 3.89 and 3.90 illustrate that localized wet and dry areas existed 
within the clay bulkhead. 

That the suction in the 2001 March cross-section in Figure 3.88 was almost entirely less than 
1 MPa suggested that by then the saturation front had progressed to approximately 0.6 m 
from the upstream face of the bulkhead. The cross-section near the downstream face 
(Figure 3.90) was also very wet after 1999 August. Water probably collected in the 
geomembrane seepage collection system on the downstream face of he bulkhead following the 
clay bulkhead leak events earlier in 1999. This water would be available for saturation of 
adjacent clay blocks and would be continuously replenished by water seeping around the 
bulkhead through the shot-clay. This region of low suction (high water content) existed only 
in the one layer of clay blocks adjacent to the geomembrane. Suction contours for 
cross-sections between 1.3 and 2.1 m from the upstream face (not shown in Figure 3.89) were 
similar to the contours shown for the cross-section at 1.6 m. This figure illustrates a dryer 
central core in the clay bulkhead. Although a wetting trend is apparent, the bulkhead was 
increasing in water content only very slowly. 

Twelve TDR probes were installed in the clay bulkhead. The TDRs were essentially two 
200 mm long parallel electrodes spaced 25 mm apart, with the electrodes sealed to a coaxial 
cable. The TDRs were installed in the clay blocks by first drilling small holes for each 
electrode in the clay and then recessing the entire sensor within a single block. The region 
between the two electrodes was therefore only the compacted clay-sand mixture. An electric 
pulse was supplied to the sensor and the reflected wave was digitally recorded. The dielectric 
constant of the material between the electrodes was determined by locating an inflection 
point on the plot of resistance versus time. Sample output from one TDR, recorded at 
different dates, is provided in Figure 3.91. An automated data interpretation routine was 
used to locate the inflection point from the sensor output. The dielectric constant was related 
empirically to the clay moisture content using a relationship determined through a set of 
laboratory calibration tests. TDRs will not be as sensitive to changes in stress as are the 
hygrometers and psychrometers. However, they are sensitive to changes in the electrical 
properties of the water, and hence to changes in salinity. Compression of the blocks will also 
result in changes to the spacing between the electrodes and to the density of the clay 
material. An increase in clay density can result in a decrease in gravimetric water content 
with no change in volumetric water content. The potential for pore water salinity changes in 
the TSX clay bulkhead or compression of the clay blocks to affect the interpretation of the 
sensor was not studied as part of this experiment. 
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FIGURE 3.91: Raw Output from a TDR Probe in the Clay Bulkhead Recorded on Different 
Dates. 

Seven of the 12 TDRs indicated a response that was interpreted as saturation of the blocks 
surrounding the sensor. These TDRs were generally closer to the clay-rock interface than 
were the 5 remaining sensors, and hence were more likely to be in wetter regions of the 
bulkhead. A comparison of the responses from one TDR, a hygrometer and two 
psychrometers is provided in Figure 3.92. The suction response from the hygrometer and 
psychrometers was first corrected for increased pressure in the bulkhead. Blatz (2000) 
corrected psychrometer response by adding a value equal to 1.2 times the increased earth 
pressure to the suction before converting to gravimetric moisture content. The same 
approach was used in Figure 3.92, although the empirical multiplication factor of 1.2 was not 
confirmed for compacted Kunigel. Horizontally oriented Earth Pressure Cells located near the 
moisture sensors were used to provide stress data for the moisture correction. 

All the sensors used in this comparison were not at the same location and Figure 3.88 shows 
that suction, and hence moisture content, varied significantly over short distances within the 
same cross-section. HGY9 and PSY64 were both within the dryer core of the bulkhead and 
provided very similar moisture content data with respect to time. PSY65 and TDR8 were 
also very close together and approximately 1 m radially outward from HG9. The 
psychrometer and TDR provided more-or-less similar trends and both indicated a moisture 
content increasing to just above 20% by 1999 June. At a moisture content greater than 20% 
the suction in the pore fluid was less than 1 MPa and the clay was essentially saturated. 
When the tunnel pressure was increased in 2000 April the psychrometer recorded very little 
change in suction, however the pressure correction for the psychrometer resulted in a 
calculated decrease in moisture content. In a separate experiment Chandler (2000) found that 
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FIGURE 3.92: Comparison of Gravimetric Moisture Content Measured by Psychrometers, a 
Hygrometer and a TDR. 

the pressure correction for psychrometers was inappropriate at moisture content very close to 
saturation. The data presented in Figure 3.92 support that observation. Apparently 
anomalous increases in moisture content were also calculated from the psychrometer data 
during pressurization to 800 kPa. The pressure cell used for pressure correction was 
approximately 1 m away from the psychrometer and it is probable that pressure correction 
was not accurate during this period of relatively quick stress change. The T D R output was 
probably affected by compression of the clay block, in which it was located, during pressure 
increases after 2000 April. The end result of this compression was an apparent increase in 
gravimetric moisture content although the clay was already saturated. The main conclusions 
from Figure 3.92 is that the hygrometers, psychrometers and TDRs were all providing 
relatively consistent data, and that careful analysis of the data is required for clay 
approaching saturation. 

Data from hygrometers and psychrometers near the central axis of the clay bulkhead are 
presented in Figure 3.93. Data from 2 to 4 sensors were averaged at each position along the 
axis of the bulkhead, with psychrometer and hygrometer data combined where possible. The 
upper and lower diagrams in Figure 3.93 show the same data presented as a function of time 
and location respectively. The figure illustrates that the blocks adjacent to the upstream and 
downstream faces of the bulkhead were both essentially saturated by f 999 November. The 
central core of the bulkhead however showed a gradual decrease in suction with time 
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indicating that the bulkhead continued to take on water. The lower portion of the figure 
illustrates that, between 0.4 and 2.1 m, there was no distinct suction gradient with respect to 
distance from the wetted front. Suction decreased, hence water content increased, 
more-or-less uniformly throughout the bulkhead. The data indicated that the wettest 
cross-section (between axial distances of 0.4 and 2.1 m) was at 1.3 m from the upstream face. 
At this central position in the bulkhead all the blocks lined up creating three closely spaced 
vertical planes of block-to-block interfaces (Figure 2.44). It is possible that these planes of 
interfaces provided preferential flow paths radially inward from the shot-clay, creating a local 
region of slightly wetter clay blocks. 

The upper portion of Figure 3.93 can be used to estimate the rate of water uptake by the clay 
bulkhead during periods of constant tunnel pressure. The rate of change of water content 
with respect to time ^ can be calculated from suction data by differentiating the soil-water 
retention equation to produce: 

where is the slope of the lines in the upper portion of Figure 3.93. In Table 2.13 the dry 
mass of material in the clay bulkhead was estimated to be 121,480 kg. The average slopes of 
suction versus time, using only data from 0.4 to 2.1 m locations, was -1.7 and -2.4 kPa/d at 
800 and 2000 kPa tunnel pressure respectively. The calculated average rates of change of 
water content near the tunnel axis was 2.0 x 1 0 - 3 and 4.2 x 1 0 - 3 %/d. Assuming that the 
clay at the tunnel perimeter is saturated and therefore the water content remains constant 
with respect to time at the outer boundary, the calculated rates of water content change were 
multiplied by half the dry mass of the clay bulkhead to produce the rate of water uptake in 
kg/d (which is equivalent to water uptake in L/d). The calculation resulted in a water uptake 
estimate of 1.2 L/d and 2.6 L/d for 800 kPa and 2000 kPa tunnel pressure respectively. 
Although this calculation is a very rough approximation it is in reasonable agreement with 
the water balance calculations presented in Table 3.5 in which the water uptake was 
estimated to be 0.6 and 3.4 L/d. 

Eight vibrating wire piezometers were installed in the clay blocks to measure positive pore 
pressure in the clay bulkhead. Pore pressure in the bulkhead 0.6 m from the upstream face is 
illustrated in Figure 3.94. Three of the piezometers in this figure, PZ1, PZ2 and PZ7, were 
installed in the first clay block radially inward from the shot-clay. PZ5 was installed at the 
centre of the bulkhead. Pore pressure at the top of the bulkhead (PZ7) was positive after the 
first leak event in 1998 December, illustrating increased saturation in the upper keyed portion 
of the bulkhead. After the tunnel pressure had been increased to 2000 kPa in 2000 July the 
pore pressure at the top of the bulkhead leveled off indicating hydraulic equilibrium with the 
surrounding clay and rock. The pore pressure at the other three piezometers in Figure 3.94 
became positive after 2000 July indicating the advancement of the saturated front to this 
location of the bulkhead. The pore pressures measured at this location in the clay bulkhead 
are in keeping with the progression of saturation indicated in Figure 3.88. 
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FIGURE 3.93: Measured Suction Near the Central Axis of the Clay Bulkhead, Presented as 
a Function of Time (top) and Position (bottom). 
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FIGURE 3.94: Pore Pressure Measured in the Clay Bulkhead 0.6 m from the Upstream Face. 

3.4.3.3 Total Pressure in the Clay Bulkhead 

Total pressure refers to combined pressure exerted by the grain-to-grain contacts within the 
sand-clay mixture and the pressure exerted by the water in the pore space. In unsaturated 
soils, where there is no positive water pressure, total pressure sensors respond only the 
pressure transferred mechanically to the sensor through grain-to-grain contacts. The 
measurement of total pressure in the clay bulkhead was divided into two categories of 
instrumentation: those attached to the rock surface or steel wall, and those "floating" within 
the clay bulkhead. The rigidly fixed pressure sensors are referred to as Total Pressure Cells 
( TPC ) while those allowed to move with displacements in the clay bulkhead are referred to as 
Earth Pressure Cells (EPC) . Two types of pressure cells were installed in the experiment: 
oil-filled flat-plate style pressure sensors and vibrating wire sensors. The latter incorporated 
two vibrating wires, one as a back-up sensor, to measure the deflection of the membrane at 
the face of the instrument. The vibrating-wire pressure transducers were all used as TPCs 
and were installed on rock or the downstream stainless steel plate. The flat-plate style of 
pressure transducer was used as both a TPC on the rock surface and as an EPC within the 
clay bulkhead. 

The pressure cells were recessed into the clay blocks before the blocks were installed in the 
bulkhead. The pressure sensor fit tightly between two adjacent blocks with little or no air 
voids created by the installation (Figure 3.95). Small holes were excavated in the surface of 
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FIGURE 3.95: Photograph of Earth Pressure Cell Being Installed Within the Clay Blocks. 

the rock in order for the TPCs to be recessed such that the face of the sensor was flush with 
the rock surface (Figure 3.96). The void around the pressure cell was filled with a 
cement-based grout. In all, 35 EPCs were installed within the clay blocks, 22 TPCs were 
installed at the clay-rock interface, and 5 TPCs were installed on the surface of the stainless 
steel plate (Figure 3.32). Thirty-seven of the pressure cells were aligned perpendicular to the 
tunnel axis to measure pressures exerted parallel to the axis of the tunnel. The remaining 25 
aligned parallel with the tunnel axis to measure pressures generated in the radial direction. 

The measured radial pressures are illustrated in Figure 3.97. The top figure shows the radial 
measured pressures along a vertical line in the tunnel at dates corresponding to tunnel 
pressures of 200, 800, 1400 and 2000 kPa. The radial pressure is almost constant across the 
entire cross section although the pressure measured by the TPCs on the rock surface was 
notably higher than the pressure measured by an EPC in the clay block adjacent to the 
interface. This pressure difference is probably a consequence of positive water pressures in the 
shot-clay adjacent to the TPCs resulting in higher total pressures than those measured in the 
unsaturated clay blocks. In general, however, the pressure measured across the cross-section 
is relatively uniform and this is evident in both the upper and lower plots in Figure 3.97. 
This figure shows the radial pressure decreased with distance away from the pressurized 
upstream face of the bulkhead. 

The pressure measured perpendicular to the tunnel axis is illustrated in Figure 3.98 for dates 
corresponding to tunnel pressures of 200, 800, 1400 and 2000 kPa. With the exception of the 
pressure measured at the stainless steel plate (TPC3) , the axial pressure is constant along the 
length of the bulkhead and just slightly less than the pressure in the test tunnel. That the 
measured earth pressure is less than the tunnel pressure implies that a small portion of the 
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FIGURE 3.96: Photograph of Total Pressure Cell Recessed into the Rock Adjacent to the 
Clay Bulkhead. 

load from the tunnel was being transferred outward, possibly being resisted at the clay-rock 
interface. The high pressures measured at the stainless steel plate implied that swelling of the 
clay occurred on the downstream end of the bulkhead and that the swelling was being 
resisted by the steel restraint system. Axial pressures as high as 3.f MPa (at TPC5) were 
measured on the surface of the steel plate. The 1 MPa of swelling pressure above the 2 MPa 
pressure exerted by the water in the tunnel was consistent with an estimated f MPa swelling 
pressure for the saturated material in the clay blocks. As noted in the previous section, it is 
probable that water traveled around the clay bulkhead through the shot-clay and filled the 
geomembrane seepage collection system on the downstream side of the bulkhead. This would 
have provided a source of water to saturate the blocks adjacent to the steel plate. The 
3100 kPa total pressure measured at the steel plate decreased slowly with time, by 
approximately 20 kPa per month, with the tunnel pressure remaining constant at 2000 kPa. 
This decrease in measured pressure indicated that moisture was slowly moving away from the 
first layer of blocks and into unsaturated regions of the bulkhead, thus resulting in reduced 
volume expansion and associated swelling pressure in the blocks adjacent to the steel plate. 

The measured pressure at almost all pressure sensors increased with time during periods of 
constant tunnel pressure. This pressure increase is evident in Figures 3.97 and 3.98. The 
pressure increase resulted from an increase in the average water content within the bulkhead. 
An increase in water content would lead to volume expansion of the unsaturated blocks, 
however, most of the volume expansion would occur once the blocks became saturated. As a 
greater proportion of the bulkhead becomes saturated, the measured pressures would tend to 
increase. The average of all pressure sensors aligned either parallel or perpendicular to the 
axis of the test tunnel is plotted as a function of time in Figure 3.99. The average of EPCs 
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FIGURE 3.97: Measured Radial Pressures Along a Vertical Line (top) and During Constant 
Tunnel Pressure of 800 kPa (bottom). 
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FIGURE 3.98: Measured Axial Pressures Along the Axis of the Tunnel. 

measuring the axial pressure was almost identical to the water pressure in the tunnel, and did 
not increase substantially with time at constant tunnel pressures of either 800 or 2000 kPa. 
The average of all pressure sensors measuring radial pressure increased at a rate of between 
0.5 and 0.7 kPa/d, or 15 and 20 kPa/month. This pressure increase is consistent with 
psychrometer data which show that the clay in the bulkhead became gradually wetter during 
periods of constant tunnel pressure. The radial pressure in Figure 3.99 is a combination of 
the mechanical pressure transmitted in the radial direction (Poisson's effect), water pressure 
in saturated portions of the bulkhead, and swelling pressure generated by the swelling clay. 

Since much of the flow in the initial phase of the TSX travelled through the shot-clay near the 
clay-rock interface, the pressure exerted by the clay along this interface is indicative of the 
sealing ability of the bulkhead. As previously illustrated in Figure 3.37 pressure cells along 
the interface measured large and sudden changes in measured clay-rock contact pressure 
during the four major leak events. Figure 3.100 illustrates that the contact pressure along the 
interface increased as tunnel pressure was increased, and also increased with time at constant 
tunnel pressure. In general, the contact pressures at the clay-rock interface decreased with 
increasing distance away from the pressurized face of the bulkhead. The exception to this is 
the pressure exerted on the surface of the steel plate, as described previously. 

During pressurization from 800 to 2000 kPa, the total pressure cells and earth pressure cells 
in the upper keyed region were monitored carefully to identify possible leak events as they 
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FIGURE 3.99: Average of Measured Pressure for Sensors Aligned Either Perpendicular and 
Parallel to the Tunnel Axis. 

develop, such as was evident in the March 11 leak event (Figure 3.37). Although there were 
no leaks during this phase of pressurization, the pressure cells indicated considerable block 
movement was occurring within the bulkhead (Figure 3.101). The block movement did not 
have a negative affect on the seepage performance of the bulkhead and was probably related 
to differential displacements between the keyed and unkeyed portions of the clay block 
bulkhead. Differential displacements were expected during the 1.2 MPa increase in tunnel 
pressure. 

3.4.3.4 Clay Bulkhead Displacements 

The clay bulkhead compressed mechanically upon application of the hydraulic load from the 
test tunnel. As the bulkhead approached saturation under constant tunnel pressure 
conditions, swelling of the bentonite would result in volume expansion of the clay bulkhead. 
A sonic probe was installed within the clay bulkhead to monitor axial displacement of clay 
blocks resulting from either mechanical compression or bentonite swelling. The housing of the 
probe was located at the steel shell restraint and was attached by rods to steel plates 
embedded within the bulkhead (Figure 3.102). There were five measurement points in the 
sonic probe, the furthest one was 0.35 m (one block length) from the upstream face of the 
bulkhead. Displacements of the steel plates relative to the housing on the steel shell were 
measured once or twice per day using a manual readout box. 
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FIGURE 3.100: Measured Clay-Rock Contact Pressure Between the Pressurized Tunnel and 
the Stainless Steel Plate as a Function of Distance Measured Along the Surface 
of the Clay Bulkhead Key. 

Three linear potentiometers and one rotary potentiometer were installed on a steel H-beam 
secured within the sand-filled pressure chamber. These potentiometers monitored the 
displacement of the upstream face of the clay bulkhead. The rotary potentiometer was 
installed to provide a larger range of displacement measurements, however this device failed 
to operate soon after the tunnel was filled with water. A fourth linear potentiometer was 
installed at the top of the clay bulkhead to monitor any settlement that may occur between 
the uppermost clay block and the rock surface (Figure 3.f03). Six LVDTs were used to 
monitor the displacement of the stainless steel plate on the upstream face of the clay 
bulkhead and five more LVDTS monitored any displacement of the 50 mm thick steel shell 
and concrete ring beam upon which the steel shell sat. 

Compression of the clay bulkhead is illustrated in Figure 3.f04. The 2.6 m thick clay block 
bulkhead compressed by 34 mm (or f .3%) when the tunnel pressure was increased to 2 MPa. 
These data were provided by a linear potentiometer on the upstream surface of the clay 
bulkhead. Data from the sonic probe location closest to the upstream face were very similar 
in magnitude. During pressurization to 2 MPa, the steel shell restraint deflected by 4 mm 
while the sand between the steel shell and the stainless steel plate compressed by another 
6 mm. Therefore, in addition to 34 mm of compression, the core of the clay bulkhead 
translated axially by 10 mm towards the steel restraint. These measured displacements can 
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FIGURE 3.101: Measured Pressure in the Upper Clay Bulkhead Keyed Region During Pres
surization from 800 to 2000 kPa. 

be compared with predictions of 71 to 75 mm of compression and 26 mm of translation as 
predicted for a tunnel pressure of 4 MPa by the numerical model summarized in Table 2.9. 

The keyed region of the clay bulkhead would be restrained from movement by the rock. 
Positive earth pressure measured by TPCs on the upstream vertical face of the key indicated 
that the clay blocks within the key were not displaced in the direction of the tunnel axis. 
Therefore, as much as 44 mm of differential displacement would have occurred between the 
clay within the bulkhead key and the core of the clay bulkhead. This differential 
displacement could have lead to the measured pressure fluctuations illustrated in 
Figure 3.101. Also illustrated in Figure 3.104 is a small expansion of the clay bulkhead after 
filling of the test tunnel with water and prior to application of hydraulic pressure. This 
expansion indicates that some swelling of the bentonite had occurred, although after 
application of the water pressure in the tunnel, it was not possible to separate strains due to 
mechanical compression from strains due to bentonite swelling. 

Application of pressure at one end of the clay bulkhead, with displacement confined radially 
by the rock, was conceptually similar to laboratory oedometer tests, except that the TSX 
bulkhead was 5 orders of magnitude greater in volume than a typical laboratory sample. 
Strain measured by the sonic probe was converted to changes in void ratio (the volume of air 
and water divided by the volume of solid particles) as a function of applied pressure. The 



FIGURE 3.103: Photograph of Linear Potentiometer Measuring Settlement at the Top of the 
Clay Bulkhead. 
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FIGURE 3.104: Compression of the Clay Bulkhead as Measured by LP1 on the Upstream 
Face of the Bulkhead. 

resulting plot in Figure 3.105 has many similarities to a consolidation curve. The inadvertent 
unloading and reloading of the clay bulkhead at 800 kPa, resulting from the March 11 leak 
event, displays the classical stress-strain behaviour of an overconsolidated material. The 
linear relationship between void ratio and the logarithm of pressure is similar to the normal 
consolidation line from a laboratory test and the slope of this line is characteristic of the 
coefficient of consolidation. However, caution must be used in comparing these data to a 
saturated consolidation test. The theory of consolidation is based on the movement of water 
through a saturated porous material, whereas the TSX clay bulkhead still was in transition 
from unsaturated to partially saturated conditions. The TSX material was also not fully 
consolidated during each increment of tunnel pressure. Furthermore, the transition towards 
saturation of the bentonite will introduce expansion strains due to swelling which would offset 
some of the compression due to consolidation. Still, the comparison to consolidation is 
interesting and worth further examination. 

The data in Figure 3.105 illustrate that the material within 0.5 m of the downstream end of 
the bulkhead was experiencing the greatest compression. Figure 3.98 shows that the pressure 
in the material at this downstream face was as much as 1 MPa greater than the tunnel 
pressure. This additional pressure, generated by the swelling of the bentonite near a wet 
downstream face, would result in the additional compression of the clay at this location. An 
additional 1000 kPa of applied pressure would shift the data for SONP-1 to the right in 
Figure 3.105 bringing it more in line with the data from the other sonic probe sensors. 
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FIGURE 3.105: Void Ratio, Calculated from Axial Strain Measured by the Sonic Probe, Ver
sus Tunnel Pressure. 

Figure 3.104 illustrates that the bulkhead continues to compress with the tunnel pressure 
held constant at 800 and 2000 kPa. This behaviour is typical of a material undergoing 
consolidation, creep, or both. Displacements related to consolidation or creep attenuate with 
time and, in theory, create a straight line when plotted as a function of the logarithm of time. 
Data from both the outermost sonic probe (SONP-5) and the potentiometer on the upstream 
surface ( LP f ) , plotted as percent strain, are provided in Figure 3.106 for both 800 and 
2000 kPa. Data from both sensors are very similar at 2000 kPa tunnel pressure, however there 
is considerable deviation in values from the sonic probe and potentiometer after 20 days at 
800 kPa. The sonic probe suggests that the strain rate at 2000 kPa is greater than the strain 
rate at 800 kPa, which would be in keeping with theories of either consolidation or creep. 

Displacement near the top of the clay bulkhead was measured by the potentiometer shown in 
Figure 3.f03, and data from this potentiometer to the end of 2000 June are provided in 
Figure 3.f07. This potentiometer stopped providing usable data in 2000 July. After 
placement of the sensor and before filling of the test tunnel with water, the block in which the 
sensor was installed had settled downwards (positive displacement) by 0.6 mm. After water 
filling and during initial pressurization, the water that seeped along the block-to-block 
interfaces provided sufficient swelling to push the top blocks upwards into the shot-clay by 
about 5 mm. After 1999 February the uppermost clay block experienced downward 
displacement with increasing tunnel pressure. Presumably, this downward movement resulted 
from saturation of the shot-clay above the block, with combined forces of bentonite swelling 



- 324 -

0.00 -I 1 1 1 
1 10 100 1000 

Elapsed Days 

FIGURE 3.106: Time-Dependent Compression of the Clay Bulkhead at 800 and 2000 kPa as 
Measured by the Sonic Probe and Linear Potentiometer. 

and water pressure pushing the clay block down and away from the rock. Additional 
downward movement occurred during subsequent pressurization of the test tunnel after 
2000 April. Considering the low quantity of seepage past the clay bulkhead, it is likely that 
the downward displacement indicated swelling of the material between the sensor and the 
rock and not the opening of a gap at the top of the bulkhead. 

3.4.3.5 Summary of Clay Bulkhead Observations 

A number of phenomena occurred simultaneously in the clay bulkhead and these were 
identified by the clay bulkhead instrumentation. The following is a brief summary. 

• The clay bulkhead was not saturated during the first 2.5 years of operation. The 
bulkhead was in transition from unsaturated to saturated conditions taking on water at 
a rate of between 0.6 and 3.5 L/d. The higher the water pressure in the tunnel, the 
greater was the rate of water uptake. 

• The shot-clay at the clay-rock interface was saturated at an early time in the 
experiment operation. Not only did water travel past the bulkhead through the 
shot-clay, but the shot-clay was a source of water for seepage into the unsaturated clay 
blocks. The saturation front progressed radially inwards from the shot-clay layer. Water 
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FIGURE 3.107: Displacement of the Uppermost Block in the Clay Bulkhead (downward dis
placement is positive) Compared With Tunnel Pressure. 

that travelled around the bulkhead was collected in the geomembrane seepage collection 
system on the downstream face of the bulkhead, however some water seeped back into 
the adjacent clay blocks. Saturation of the first layer of blocks on the downstream face 
resulted in very high swelling pressure measured on the stainless steel plate. 

• Positive water pressure was measured in the clay blocks adjacent to the shot-clay after 
these blocks became saturated. 

• The axial and radial total pressures in the clay bulkhead tended to be very close to the 
water pressure in the tunnel. The change in axial pressure in the clay bulkhead was 
almost instantaneous, however the change in radial pressure was more gradual. The 
average rate of increase in radial pressure was f 5 to 20 kPa per day, and this rate was 
relatively independent of the water pressure in the tunnel. This increase in radial 
pressure with respect to time can be attributed to an increasing proportion of the clay 
bulkhead becoming saturated, producing increasing swelling pressure, and to a slow 
time-dependent axial compression of the bulkhead. 

• The pressure on the stainless steel plate on the downstream side of the clay bulkhead 
was approximately f MPa greater than the water pressure in the tunnel. This 1 MPa 
overpressure was approximately equal to the maximum swelling pressure expected to be 
produced by the compacted Kunigel-sand mixture. 
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• The clay bulkhead compressed by 34 mm with increasing tunnel pressure to 2000 kPa. 
An inadvertent mechanical unload-reload cycle at 800 kPa illustrated that the clay 
bulkhead exhibited many of the characteristics of a clay material undergoing 
consolidation. A time-dependent compression during periods of constant tunnel 
pressure could be attributed to creep, consolidation of saturated portions of the 
bulkhead, or both. The creep rate appeared to be greater at higher tunnel pressure. 
Expansion of the bentonite due to swelling as it becomes saturated is probably 
occurring at the same time as mechanical compression of the clay bulkhead. However, 
with the exception of the first few months after filling the tunnel with water, all net 
displacements have been compressive. 

3.4.4 Concrete Bulkhead Instrumentation 

A total of 133 sensors were installed either within the concrete bulkhead or on the 
concrete-rock interface. These instruments monitored displacements at the concrete-rock 
interface, strain within the concrete during the hydration process, and pore pressure at the 
concrete-rock interface and in the EDZ (Figures 3.59 and 3.61). Psychrometers were installed 
in the concrete to monitor the suctions in the liquid phase of the concrete during hardening, 
and temperature was monitored at almost every instrument location. A list of sensors in 
provided in Table 3.6. 

Twenty-four acoustic transducers were installed within or near the concrete bulkhead to 
monitor the acoustic emissions and acoustic velocities indicative of property changes in the 
concrete. Since the concrete bulkhead AE system did not have a dedicated datalogger, these 
data were collected for only one month after concrete placement (1998 September) and again 
for 1999 March and April. Two highlights from the analysis of AE data included the 
identification of a large fracture propagating through the bulkhead, and localized debonding 
of the concrete rock interface. The fracture was not uniquely identified by other sensors. 
Acoustic velocity and amplitude attenuation provided indications of microcracking in the 
concrete, the formation of fractures and debonding of the interface. 

All the concrete bulkhead instrumentation was installed over a four week period just prior to 
the concrete pour (Figure 3.108). The instruments were either secured to the rock or fastened 
to a grid of glass fibre rods. All the strain gauges, psychrometers, and acoustic emission 
sensors were attached to the rods, and the rods themselves were not of sufficient size or 
quantity to provide any reinforcement for the concrete mass (Figure 2.133 and Figure 3.109). 

3.4.4.1 Temperature in the Concrete Bulkhead 

Temperature was measured within the concrete bulkhead by the 45 thermistors associated 
with the vibrating wire strain gauges, piezometers and total pressure cells, and by the 20 
thermocouple psychrometers. Another 19 independent thermistors were installed adjacent to 
the interface displacement sensors and the ceramic strain gauges. In all, 82 temperature 
sensors were installed in, or around, the concrete bulkhead. The temperature sensors aligned 
on the central vertical cross-section of the bulkhead were used to construct the thermal 
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FIGURE 3.109: Photograph Showing Detail of Instrumentation Attached to the Glass Fibre 
Rods in the Concrete Bulkhead. 
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FIGURE 3.110: Temperature Contours in the Concrete Bulkhead 72 Hours After Concrete 
Placement. 

contour plot illustrated in Figure 3.110. The contour plot represents the temperature data 
72 hours after concrete placement, which corresponded to the time of peak temperature 
resulting from heat of concrete hydration. The peak temperature of 45.1°C was recorded by 
the thermistor associated with strain gauge VSM-18. The temperature from this thermistor 
was compared with the predicted temperature rise in Figure 2.109. Temperature as a 
function of time at three locations in the concrete bulkhead is plotted in Figure 3.111. 
Temperatures within the concrete bulkhead had essentially returned to the ambient rock 
temperature (15°C) within four months of the concrete pour. Throughout most of the two 
and a half years of experiment operation (prior to March 2001) temperature was virtually 
unchanging in the concrete bulkhead. The temperature sensors were well positioned, however, 
to capture the transient temperature conditions that were expected to exist during the 
planned thermal phase of the experiment. 

3.4.4.2 AE Monitoring of the Concrete Bulkhead 

The ultrasonic acoustic emission monitoring system installed within the concrete bulkhead 
was similar to the one installed around the keyed region of the clay bulkhead (see 
Section 3.4.2.4). A total of 20 AE sensors were fastened to the glass fibre rods. Three more 
sensors were installed in short (100 mm long) boreholes in the rock just outside the bulkhead 
and another sensor in a 5 m deep borehole. The pulsing sensor installed in the deep borehole 



FIGURE 3.111: Temperature Measured in the Concrete Bulkhead During the First Four 
Months After Concrete Placement. 

was positioned to measure velocity across the angled portion of the concrete-rock interface. 
Eight of the 24 sensors installed were used as pulsing sensors, while the remaining 16 were 
receiving sensors. The 16 receiving sensors were positioned to accurately record AE activity 
in the half of the concrete bulkhead that included the roof, floor and northeast side. The 
arrangement of sensors assumed symmetry of response on the two halves of the bulkhead. In 
monitoring a smaller volume, the system would produce more detail in the measured response 
and would have a greater source location accuracy. The locations of the AE sensors are 
illustrated in Figure 3.112. 

Six small junction boxes, containing preamplifiers, were mounted on the outer timber concrete 
form wall. The preamplifiers were installed near to the sensors to reduce signal loss on the 
sensor cable, and were sealed so that all electrical components and connections were kept dry. 
The arrangement of the system components allowed receiving sensors to become pulsers and 
vice versa, if desired, with the careful movement of preamplifiers and puiser unit cables. 

The system was installed initially just to monitor the acoustic emission and changes in 
acoustic velocity during curing of the concrete bulkhead. The 24 sensors and preamplifiers 
were permanent installations in the bulkhead. However, the data collection computer was 
borrowed from the acoustic emission system on the clay bulkhead side for the one month 
following the concrete pour. From 1998 September to October no AE information was 
collected around the clay bulkhead key. The system was returned to the clay bulkhead side 
just prior to the beginning of pressurization of the TSX tunnel in 1998 November. A second 
AE data acquisition system was leased for the months of 1999 March and April to provide 
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FIGURE 3.112: Locations of the AE Sensors for the Concrete Bulkhead AE System. 

additional information from the concrete bulkhead 6 months after placement. The 
installation of sensors, leasing of the data acquisition system, and analysis of data were 
provided, in part, by A N D R A and Electricité de France as in kind contributions to the TSX. 

All 24 sensors functioned well throughout the monitoring period. The system was 
programmed to record up to 100 events every hour, 24 hours per day. Once 100 events were 
recorded, the system stopped monitoring until the start of the next hour. The AE system 
digitized the 16 channel data with 14-bit resolution at a sample frequency of 1 MHz and 
stored these events to disk. During the month of monitoring just over 3.6 Gigabytes of raw 
AE data were saved on compact discs. The eight pulsing sensors were used to perform 
velocity surveys on a hourly basis. Each sensor was pulsed individually and the signal stacked 
at each of the 16 receiving sensors. The survey occurred during the first 8 minutes of every 
hour. The AE system also continuously monitored the number of counts of AE energy above 
a certain threshold received at the individual sensors. This AE count value was recorded 
during 15 minute intervals over the entire month. 

Figure 3.113 is a frequency graph displaying the number of AE events recorded each hour 
during the one month monitoring period. The only adjustment made to the data was to 
correct for the system being off if 100 events were recorded in less than an hour. For example, 
if 100 events were recorded in 30 minutes, an estimate of 200 events per hour would have 
been plotted on the graph. Figure 3.113 provides an preliminary assessment of the AE event 
frequency showing the many peaks and troughs in the activity rate. 
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FIGURE 3.113: Frequency Graph of the Number of AE Events per Hour During the One 
Month Following the Concrete Pour. 

An in-depth study of the P-wave velocity variation between pulsing and receiving sensors was 
performed before the AE event data were processed. Assuming straight raypaths, acoustic 
velocities were calculated from the velocity surveys occurring every hour over the entire 
month. The velocity survey performed on September 18 at 12:00 was selected as a reference. 
P-wave velocities were calculated for reference waveforms on each raypath by manually 
picking the arrival times. A cross-correlation technique was then used to compare the 
waveforms from the reference survey with waveforms recorded at a later time but between the 
same puiser and receiver. An automated cross-correlation technique accurately calculates the 
change in P-wave arrival time relative to the reference waveform. Velocity variations of 0.6 to 
3.6 m/s are resolved for raypath lengths of 6 and 1 m respectively. Amplitude was also 
calculated from the velocity data. As is the case for P-wave velocity, a reduction in amplitude 
is expected when microcracks intersect the raypath. Amplitude and velocity are both 
sensitive to changes in compressive stress. The average P-wave velocity from all raypaths in 
the concrete bulkhead is plotted as a function of time in Figure 3.114. After the first week of 
hydration, the P-wave velocity appears relatively constant at about 4430 m/s. 

Automated processing was performed to source locate the events using a single velocity 
model. Only events recorded on at least 8 sensors were processed. An estimate of source 
magnitude was made for each event based upon the maximum amplitude of each seismic 
trace and the source to receiver distance. Acoustic events in the concrete bulkhead were 
source located to an accuracy of 10 cm (the accuracy was improved to 3 cm for manually 
processed arrival times). During the first month after pouring the concrete bulkhead, a total 
of 4088 events were recorded on at least 8 sensors. The majority of events occurred near the 
sloping surface in the keyed region of the concrete-rock interface. Some events occurred 
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FIGURE 3.114: Average P-Wave Velocity in the Concrete Bulkhead. 

FIGURE 3.115: Source Location of AE Events Recorded 1998 September 19 to 21. 
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within the concrete, while no events were recorded on the vertical concrete-rock interface in 
the keyed region. Figure 3.115 illustrates the source located events that occurred on the 
sloping concrete-rock interface. Most of the 1480 events that occurred prior to 1998 
September 24 were located close to this interface. The event locations, as well as velocity 
surveys across this interface, both indicated cracking or debonding of the concrete from the 
rock in this region within the first week following the concrete pour. Although not necessarily 
evident in Figure 3.115, more higher magnitude events (coloured red in the figure) occurred 
on the upper surface than the lower surface. 

On 1998 September 24, events in the concrete bulkhead localized along a plane, indicating 
fracture nucleation within the bulkhead. The recorded acoustic events mapped the 
propagation of the fracture over approximately a two day period. Figure 3.116 illustrates 433 
source located events recorded during a 22 hour period on September 25. The majority of the 
1200 events recorded over the two day period were aligned in a single, slightly curved, 
subvertical feature. Figure 3.117 illustrates the nucleation of the fracture at the 90° corner in 
the concrete bulkhead key. The fracture propagates towards the downstream face of the 
bulkhead eventually linking up with the opposite side, approximately 9 hours later. Although 
the fracture was not visible on the downstream face, it probably contributed to much of the 
seepage visible on the left side of the concrete bulkhead evident in Figure 3.35. The fracture 
occurred less than 9 days after the concrete pour and was attributed to shrinkage of the 
concrete. The fracture was not uniquely identified by other instrumentation, such as the 
strain gauges within the concrete. Knowledge of the fracture from AE monitoring, however, 
made it possible to interpret some of the responses of the strain gauges. AE monitoring after 
September 26 (Figure 3.118) illustrated that smaller fractures tended to nucleate at the 90° 
corner of the concrete bulkhead key completely around the circumference of the tunnel. The 
90° corner provided a location for a tensile stress concentration. The tensile stresses would be 
highest if the vertical face of the concrete key remained bonded to the rock. Modelling of the 
contact stresses on a bonded interface and the open aperture of an unbonded interface 
(Figure 2.111) indicated that debonding of the vertical concrete-rock interface was less likely 
than debonding of the other concrete-rock interfaces. Few AE events were recorded near the 
vertical keyed interface, and this was further evidence that debonding of this interface did not 
occur during the first 10 days after the concrete pour. With this interface intact, tensile 
stresses resulting from shrinkage would be highest at the 90° corner. A conceptual model for 
fracture nucleation resulting from concrete shrinkage is illustrated in Figure 3.119. 

The measurement of P- and S-wave velocity and peak amplitude provided an improved 
understanding of the cracked or stressed regions within the concrete volume monitored. 
Velocity and amplitude are sensitive to the three main factors described below. 

• Microcracks, formed in either tension or shear, will reduce both the velocities and 
amplitudes. 

• Stress causes closure of pores or microcracks resulting in increased velocity or amplitude. 

• Saturation or desaturation of microcracks will cause an increase or decrease in P-wave 
velocity and amplitude, but will have little effect on the S-wave velocity or amplitude. 
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FIGURE 3.116: Source Location of AE Events Recorded 1998 September 25. 

Velocity and amplitude were measured hourly between 1998 September 15 and October 15 
and again between 1999 February 25 and April 22. The second two month monitoring period 
was approximately 6 months after the concrete pour. Grouting of the concrete-rock interface 
had taken place in December 1998, after the initial monitoring period and before the second 
monitoring period. Velocity and amplitude measurements, therefore, would be able to assess 
the time-dependent processes occurring as a result of continued concrete hydration, and the 
effectiveness of grouting in filling shrinkage fractures and debonded interfaces. Only 14 AE 
events were recorded during the second two month monitoring period, indicating very little 
new fracturing occurring 6 months after the concrete pour. 

Figure 3.114 illustrates that the P-wave velocity increases as the concrete hardens. Velocity 
measurements conducted four months after the pour clearly illustrated a linear increase in 
velocity with time (Figure 3.120). The average P-wave and S-wave velocities from all 
raypaths increased at a rate of 0.18 and 0.13 m/s per day respectively. The peak amplitude 
data also displayed a slightly increasing trend with respect to time. Figure 3.121 displays the 
dynamic Young's modulus calculated from the average velocities and assuming a constant 
concrete density of 2.46 Mg/m 3 . The elastic modulus was increasing linearly at a rate of 
0.12 GPa/month, or 3.5% per year. Tests conducted on samples removed from the 20 m 3 

concrete block of LHHPC (Figure 2.100) demonstrated that the concrete continued to gain 
strength for more than one year after being cast. It is probable that the increase in strength 
is directly related to the increase in elastic modulus. 

The two monitoring periods before and after grouting made it possible to use velocity 
measurements in assessing the effectiveness of grouting. The raypath from sensor 4 (P4) to 
sensor 9 (R9) passed across the region of AE clustering that indicated the growth and 
propagation of a fracture within the concrete bulkhead (Figure 3.122). The increase in both 
velocity and amplitude during the first week after concrete pouring is typical of all raypaths 
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FIGURE 3.117: Three Consecutive 3-Hour Intervals on September 24 Illustrating Crack Nu
cleation and Growth. 



- 336 -

FIGURE 3.118: Source Location of AE Events Recorded 1998 September 26 to 28. 
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FIGURE 3.119: Concept for Fracture Nucleation. 
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in the hardening concrete. After formation of the fracture on September 24, the amplitude of 
the waveform between these sensors dropped by 99%. Velocity measurements across the 
fracture could not be performed at all after September 24. After grouting, the amplitude of 
the waveform partially recovered. It was also not only possible to measure the velocity 
continuously after interface grouting, but the velocity was unchanged from that measured in 
the intact concrete prior to formation of the fracture. These results suggested that the grout 
had effectively filled the fracture. Although the amplitude partially recovered, there was a net 
reduction when comparing date from before fracture formation (1998 September 23) with 
data after grout injection (1999 February). This net reduction in amplitude was possibly 
related to attenuation of the waveform as it traveled from the concrete to the grout and back 
to the concrete. 

Pulser-receiver combinations were strategically placed to monitor changes to the 
rock-concrete interface in the roof (puiser 6 to receiver 16), sidewall (puiser 1 to receiver 11), 
and floor (puiser 7 to receiver 12) of the bulkhead. Figure 3.123 shows the P-wave velocity 
and amplitude data for these three raypaths. The raypath in the roof of the concrete 
bulkhead indicates no evidence of debonding of the concrete from the rock. The amplitude 
shows a realistic increase during the four month period when monitoring was not performed 
(indicated by dashed lines). The velocity data are more difficult to interpret as a change from 
decreasing to increasing velocity has occurred. In the sidewall, a decrease in amplitude and 
an abrupt change in velocity in 1998 September indicates that cracking has occurred on the 
concrete-rock interface. The implied increasing amplitude and velocity over the period 
without monitoring suggests that a competent concrete-rock interface existed, however, 
similar to raypath P4 to R9 in Figure 3.122, the amplitude in February was much lower than 
the amplitude initially measured in September. 

The response of the raypath across the concrete-rock interface in the floor of the bulkhead is 
displayed in the lower portion of Figure 3.123. Amplitude fluctuations in September indicated 
some cracking or debonding on the concrete-rock interface. The velocity measured across this 
interface was relatively unchanged from before to after the period without monitoring, 
however, the amplitude had decreased suggesting continued cracking had occurred at some 
time in the four month interval. The amplitude dropped abruptly on March 11. On this day, 
a leak in the clay bulkhead resulted in a tunnel water pressure drop from 800 to 70 kPa. The 
decrease in amplitude was observed on a number of raypaths within the concrete and is 
attributed to a sudden decrease in compressive stress. The concrete completely debonded 
from the rock on March 17. No velocity could be measured using this raypath and the 
amplitude dropped substantially. The amplitude of the waveform had dropped to background 
noise by March 21, and this is the only raypath in the concrete bulkhead to monitor this 
magnitude of amplitude decrease. These data suggested that a significant gap had formed 
along the raypath, possibly at the concrete-rock interface. The timing of the amplitude drop 
does not relate to any change in water pressure in the tunnel. 

In summary, AE monitoring of the concrete bulkhead provided invaluable data related to the 
formation and propagation of cracks in the concrete bulkhead during the initial hydration. 
Velocity measurements recorded hourly provided information to support the formation of 
cracks in the concrete and information on the integrity of the concrete-rock interface. The 
waveform amplitude measured during velocity surveys, in particular, was very sensitive to 
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FIGURE 3.124: Photograph of Psychrometer Fastened to Glass Fibre Rod in the Concrete 
Bulkhead. 

damage formation in the concrete. The effectiveness of grout injection in filling cracks in the 
concrete bulkhead was also evident from the velocity and amplitude data. 

3.4.4.3 Psychrometers in the Concrete Bulkhead 

Shrinkage of the concrete was discussed in greater detail in Section 2.4.3. It was shown that 
the availability of water was a principal controlling factor for concrete shrinkage. Also, when 
samples of LHHPC were submerged during curing there was no shrinkage at all. A 
psychrometer installed in a concrete sample showed a correlation between suction in the 
liquid phase of the concrete and periods where water was available at the surface of the 
specimen (Figure 2.105). The conclusion drawn from the study was that availability of water 
at the surface of the concrete reduced the suction in the water (or pore fluid tension) during 
the initial hardening of the concrete. High suction in the water would conceivably create 
localized inter-particle tensions resulting in shrinkage as the concrete hardens. Reducing the 
suction through application of water at the surface of the concrete, therefore, could result in 
decreased shrinkage. The study resulted in two concrete bulkhead design elements being 
adopted: i) the construction of a water application system within the outer concrete 
formwork, and ii) the inclusion of 20 psychrometers within the concrete bulkhead. A 
photograph showing the attachment of a psychrometer to a glass fibre rod before pouring of 
the concrete is provided in Figure 3.124. 

The response from nine psychrometers during the first ten days after concrete pouring is 
shown in Figure 3.125. The psychrometers were installed with the expectation that they 
would have a short usable lifetime and that suctions would eventually increase beyond the 
measurement range of the sensor as water was consumed by the hydration reaction. The 
psychrometers worked very well in the concrete environment, displaying response curves 
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FIGURE 3.125: Response of Psychrometers During the First Ten Days Following the Concrete 
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similar to those shown by psychrometers installed in clay (Figure 3.87). Most of the 
psychrometers displayed a similar trend of initially decreasing suction followed by a steadily 
increasing suction regardless of where in the bulkhead the psychrometer was located. The 
psychrometers generally indicated an increasing suction in the pore fluid within three days 
after concrete pouring. It was originally expected that the psychrometers nearest the wetted 
face of the bulkhead would respond with an extended period of decreased suction. Three of 
the psychrometers noted in Figure 3.125 (PSY133, PSY135 and PSY136) were installed 
within 0.15 m of the wetted face and they provided no such response. The psychrometer 
response shows no correlation between suction and proximity to the wetted face, nor was 
there any apparent correlation with respect to location within the bulkhead. Although most 
psychrometers showed suctions increasing beyond the measurement range within the first ten 
days, some psychrometers showed a delayed suction increase (PSY143 in Figure 3.125 
indicated increasing suction after 40 days) and others (such as PSY138) showed no increasing 
suction at all. 

The application of water to the face of the concrete bulkhead did not produce the desired 
result of reducing suction in the concrete during the initial curing phase. It was postulated 
that the hydraulic diffusivity of the concrete is so low that application of the water to the 
face of the concrete had little or no effect even just 15 cm away. The end result being that 
shrinkage occurred within the concrete during curing ultimately resulting in the shrinkage 
cracking as identified by the acoustic emission monitoring system (Figure 3.116). There has 
not been much study of the role of pore fluid tension on the shrinkage of concrete, and it is 
evident from the psychrometer data in the concrete bulkhead that some related processes are 
not well understood. The examination of the suction response in concrete is recommended as 
a topic for future study. 

3.4.4.4 Strain in the Concrete 

Three types of strain gauges were included within the concrete bulkhead: vibrating wire, fibre 
optic and ceramic (Figure 3.126). Vibrating wire strain gauges and fibre optic sensors are 
used extensively in industrial applications to measure the strain in concrete. The ceramic 
strain gauge was designed and fabricated by AECL personnel and incorporated an internal 
laser to determine the elongation or compression of the sensor. The vibrating wire gauges are 
fairly sensitive to temperature change and the correction applied for temperature rise caused 
by the heat of hydration is often greater than the strain measured by the sensor 
(Figure 3.127). Vibrating wire sensors are also very rigid, and this rigidity results in the loss 
of measurement of some of the strain that occurs before the concrete has set. Neither the 
fibre optic nor the ceramic strain gauges required temperature corrections. The fibre optic 
sensor included two optical fibres, one stressed and one not stressed, with the non-stressed 
fibre providing compensation for temperature change. The fibre optic sensor was also 
sufficiently flexible to allow the sensor to strain with the concrete as it set. The fibre optic 
sensor was expected to measure strain during the initial setting of the concrete that the 
vibrating wire sensor was expected to miss. Once the concrete set, however, the strain 
measured by the vibrating wire sensor and fibre optic sensor was expected to be identical. 
Thirty vibrating wire gauges, 10 fibre optic and 5 ceramic gauges were incorporated within 
the concrete bulkhead. The datalogger for the fibre optic sensors, however, was leased for 
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FIGURE 3.126: Photograph of Three Types of Strain Gauges at the Same Location. 
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only the first three months following pouring of the concrete bulkhead. 

The information provided by the strain gauges installed in the concrete bulkhead allowed: 

• comparison of the response from the different types of strain sensors; 

• measurement of the shrinkage of the concrete bulkhead during curing; 

• comparison between measured and modelled shrinkage strain; 

• measurement of strain in the hardened concrete bulkhead throughout its lifetime, and 
in situ interpretation of elastic properties; 

• identification of regions of shrinkage cracking during the initial setting of the concrete; 
and 

• identification of continued cracking in response to increased pressure on one face of the 
bulkhead. 

Comparison of strain gauge responses 

Responses from the fibre optic sensors are compared with responses from vibrating wire 
sensors installed at the same location in Figure 3.128. Although nine out of ten fibre optic 
sensors remained functional, the datalogger for the sensors was leased only until the end of 
1998 November. The comparison of gauge response, therefore, was only possible during the 
initial hardening of the concrete. Although two of the five ceramic strain gauges provided a 
measured response in the same range of strains as the other sensor types, these gauges 
stopped providing useful data soon after pouring of the concrete bulkhead. The ceramic 
gauges worked well in large-diameter cylinders cast prior to installation in the TSX, but they 
did not work well in the TSX bulkhead and their responses were not compared to the other 
sensor types. 

The fibre optic sensors tended to indicate more compressive strains (more shrinkage) than the 
vibrating wire gauges. The difference between the fibre optic and vibrating wire sensors 
varied between 20 and 100 fie, as shown in Figure 3.128 (although one vibrating wire gauge, 
VSM-27, indicated a greater compressive strain than its corresponding fibre optic sensor after 
the end of 1998 September). In all four examples, the vibrating wire sensors and the fibre 
optic sensors indicated approximately the same amount of strain at times greater than 48 
hours after the concrete pour. The vibrating wire sensors tended to miss some of the initial 
shrinkage strains before the concrete had hardened. In fact, the vibrating wire gauges 
indicated extension during the first 24 hours, possibly related to thermal expansion of the 
gauge itself within the unhardened concrete. After the concrete had set for one to two days, 
the two sensor types tended to indicate similar strains. This comparison provided confidence 
in the accuracy of the strains measured by the vibrating wire sensors in hardened concrete. 
The vibrating wire gauges provided the only strain data in the concrete bulkhead after 1998 
November. 
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FIGURE 3.128: Comparison of the Response from Fibre Optic Sensors (FOS) and Vibrating 
Wire Strain Gauges (VSM) Installed at Approximately the Same Locations 
(Compression is positive). 
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FIGURE 3.129: Average Strain from Fibre Optic Sensors in the Unkeyed Portion of the Con
crete Bulkhead (compression is positive). 

Shrinkage during concrete curing 

Some of the fibre optic sensors began to measure shrinkage strains within hours of the 
concrete being poured, hence, these sensors provided a more reasonable estimate of the total 
shrinkage of the concrete than the vibrating wire gauges. The average strain measured by the 
seven fibre optic sensors installed in the unkeyed portion of the concrete bulkhead is provided 
in Figure 3.129. The average concrete shrinkage was 250 fie after 75 days, however, the 
average shrinkage strain during the first 24 hours after the concrete pour was nearly zero. 
The shrinkage of 250 fie between 1 day and 75 days was consistent with the autogenous 
shrinkage measured in the laboratory (Section 2.4.3). The main difference between the 
laboratory measurements of shrinkage in large-diameter concrete cylinders and the shrinkage 
measured in situ in the TSX concrete bulkhead was primarily during the first 24 hours after 
the concrete pour. An additional 400 fie was measured in the large concrete cylinders during 
this first 24 hours by the fibre optic sensors, whereas no similar strains were measured in the 
concrete bulkhead. The reason no shrinkage was measured during the first 24 hours can only 
be speculated on, however, it may have been related to either the application of water to the 
face of the bulkhead, or to the locking in of an initial compressive stress when the concrete 
was pumped into the formwork. It can be concluded that the fibre optic sensors provided 
useful data for interpreting the shrinkage in the concrete bulkhead during its initial hardening 
period. 
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Comparison with modelling results 

Strain measured by the fibre optic sensors was compared with the strain predicted by the 
MEXO model in Figure 2.112 (Section 2.4.4). The main conclusion from the modelling of the 
strains in the concrete bulkhead was that the measured radial strain was approximately equal 
to the predicted radial strain. The MEXO model used an autogenous shrinkage of 250 fie, as 
measured in the laboratory, and the use of this quantity for autogenous shrinkage was verified 
by the fibre optic sensors installed in the TSX bulkhead, as indicated in Figure 3.129. 

Measured strain in the hardened concrete 

The vibrating wire sensors monitored the strain in the hardened concrete in response to 
changes in tunnel pressure. Strain at the centre of the bulkhead was measured in three 
orthogonal directions using vibrating wire gauges (Figure 3.130) and the response of these 
three gauges is provided in Figure 3.131. Shrinkage strain in the concrete tended to dominate 
the gauge response until 1998 December. Radial strain in the bulkhead (as measured by 
VSM-17 and VSM-18) tended to diminish after grouting of the concrete-rock interface. 
Radial strain was relatively insensitive to changes in tunnel pressure throughout the first two 
years of experiment operation. The axial strain (VSM-19), however, was sensitive to changes 
in tunnel pressure as indicated by the measured strain during the sudden pressure drop on 
1999 March 11, and subsequent repressurization. The axial strain also tended to increase 
more rapidly than radial strain during pressurization of the test tunnel from 800 to 2000 kPa. 
There was a gradual increase in compressive strain with time in all three directions even 
during periods of constant tunnel pressure. This steady strain accounted for approximately 
10 fie per year. The gradual compression of the concrete bulkhead may have been related to 
continued shrinkage of the concrete bulkhead as the concrete continued to become fully 
hydrated, or to creep of the concrete under constant load. 

It was possible to estimate the elastic modulus of the hardened concrete from the known 
water pressure in the tunnel and the measured strain in the concrete. The axially aligned 
vibrating wire strain gauge on the bulkhead centreline closest to the upstream end of the 
bulkhead (VSM-27) was used to estimate the elastic modulus. Assuming that the average 
axial compressive stress was equal to the water pressure in the tunnel, and that the bulkhead 
was relatively unconfined at the concrete-rock interface, the elastic Young's modulus would 
be equal to the change in water pressure divided by the concrete strain. The Young's 
modulus calculated at various times during tunnel pressurization, using twenty day intervals 
of strain and pressure change, is illustrated in Figure 3.132. The calculated modulus 
increased rapidly until about 1999 March, approximately six months after the concrete pour. 
The modulus leveled off at approximately 55 GPa when the tunnel pressure was incremented 
to 800 kPa in 1999 May, and gradually increased to approximately 60 GPa by 2000 July. The 
increase in modulus was consistent with the expectation that the Low-Heat 
High-Performance concrete continued to hydrate with time for more than a year after the 
concrete pour. It should be noted, however, that the elastic modulus may also increase with 
increasing compressive stress. Also, no attempt was made to correct for the gradual shrinkage 
or creep strain indicated in Figure 3.131. 
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FIGURE 3.131: Responses from Vibrating Wire Strain Gauges in Three Orthogonal Directions 
(compression is positive). 
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FIGURE 3.132: Calculated Elastic Young's Modulus of the Concrete Bulkhead from Tunnel 
Pressure and Measured Strain (VSM-27). 

The dynamic Young's modulus was interpreted from measured P- and S-wave velocities in 
1999 March (Figure 3.121). The dynamic modulus was observed to increase gradually with 
time, which was consistent with observations in Figure 3.132. The dynamic modulus in 1999 
March was measured to be 44 GPa, whereas the calculated static modulus was approximately 
48 GPa in Figure 3.132. In theory, the dynamic modulus should be the same as, or larger 
than, the static modulus. It is probable that the calculated static modulus illustrated in 
Figure 3.132 is slightly higher than the actual static Young's modulus of the concrete, as the 
calculation assumes that the concrete bulkhead is not constrained either axially or radially by 
the rock. Axial resistance at the rock boundary would result in smaller measured axial strains 
in the concrete than would occur if the concrete were unrestrained. Smaller measured strains 
would result in a higher calculated elastic modulus. The static elastic modulus calculated for 
the concrete bulkhead, therefore, is probably higher than the actual elastic modulus of the 
concrete. The effect of assumed boundary conditions on strains in the concrete bulkhead 
could theoretically be assessed through linear elastic numerical modelling, however this 
modelling was not conducted. 

Cracking during initial concrete hydration 

Strain gauges embedded within concrete structures can provide an indication of crack 
propagation through the concrete in the vicinity of the gauge location. The gauges, however, 
provide little information other than the fact that a crack is propagating, and that data from 
a single gauge are often difficult to interpret. In the case of the crack which propagated 
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FIGURE 3.133: Strain Gauge Response in 1998 September Indicating Cracking During Con
crete Hydration (compression is positive). 

through the concrete bulkhead on 1998 September 24, it wasn't until data from the acoustic 
emission system were available that the responses from the vibrating wire strain gauges were 
recognized as responding to crack propagation. 

As a crack propagates, stresses ahead of an advancing crack grow increasingly tensile. Strain 
measured by an embedded strain gauge will increase in extension. After the tip of the crack 
passes the strain gauge location the tensile stress in the concrete is relieved and the measured 
strains will become more compressive. In the event that the crack actually passes through the 
strain gauge, the measured strain will increase significantly in extension. In the TSX, strain 
gauges 2 m away from an advancing crack responded to the crack propagation. A 
propagating crack, therefore, can only be approximately located, and only if the response to 
cracking is recorded on a number of strain sensors. The larger the magnitude of the response, 
the closer the gauge is to the propagating crack. 

The vibrating wire strain gauge responses to the 1998 September 24 shrinkage crack (see 
acoustic emission data in Figures 3.116 and 3.117) are illustrated in Figure 3.133. The strain 
sensors in the northeast keyed region of the bulkhead all indicated that cracking was 
occurring. Once the crack had finished propagating, measured strains were again steadily 
increasing in compression, indicative of continued concrete shrinkage. It is apparent from the 
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FIGURE 3.134: Strain Gauge Response Between 2000 April and August Indicating Cracking 
During Tunnel Pressurization (compression is positive). Gauges are aligned 
in a vertical cross section and tunnel pressure and seepage rate are shown at 
the top. 

plot that more cracking had occurred in the bulkhead on October 4 (see response of VSM-10 
and VSM-20 in Figure 3.133) but that this cracking was likely metres away. 

Cracking during continued tunnel pressurization 

The pressure on one side of the concrete bulkhead was increased from 800 to 2000 kPa 
between 2000 April and July. During this pressurization, the datalogger for the acoustic 
emission system was not leased, and no acoustic emission data were available. The vibrating 
wire strain gauges provided the only indication of cracking due to the increased compressive 
stresses acting on the bulkhead. The measured responses from strain gauges in the vertical 
plane through the centre of the bulkhead are provided in Figure 3.134. The cracks that were 
initiated by shrinkage strains at the 90° corner of the concrete bulkhead key, were propagated 
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FIGURE 3.135: Photograph Showing Installation of LVDT Interface Displacement Gauge. 

by the increased stress resulting from pressurization of the water in the test tunnel. It is 
apparent from the vibrating wire sensors that a crack near the top of the concrete bulkhead 
started propagating on 2000 May 12, and a crack near the bottom of the bulkhead started 
propagating July 25, just days before the maximum pressure of 2000 kPa was attained. The 
cracking on May 12 also corresponded to a sudden increase in seepage past the concrete 
bulkhead, whereas the cracking on July 25 did not result in a noticeable seepage increase. 
Although seepage appears to be related, in part, to cracking in the concrete, the magnitude of 
the seepage rate increase on May 12 was not sufficiently large to affect the overall 
performance of the concrete bulkhead. Although the strain gauge data provided a useful 
indicator of crack propagation, the data did not indicate exactly where the cracking was 
occurring, or whether the cracking created seepage pathways through the bulkhead, along the 
concrete-rock interface, or no pathways at all. It was concluded from these observations that 
acoustic emission monitoring would be important for meaningful interpretation of seepage 
response during future pressurization of the bulkhead above 2000 kPa. 

3.4.4.5 Concrete-Rock Interface Displacements 

Numerical modelling of the concrete bulkhead identified the potential for tensile stress at the 
concrete-rock interface to be sufficient to cause the concrete to debond from the rock 
(Section 2.4.4). According to the modelling results, debonding of the concrete from the rock 
could result in an open interface aperture of as much as 0.6 mm (Figure 2.111). The 
calculated flow through a parallel plate interface having an aperture of 0.6 mm was 
6000 L/min for a tunnel pressure of 4 MPa. Therefore, it was considered to be important to 
monitor whether or not the interface remained bonded, and size of the aperture of any 



- 354 -

2000 -

01 
b i o o o 
m 
<D 

100 

50 

Cl 

% -50 
o ro 
Q. 

m 
b 

-100 

-150 

-200 

Tunnel Pressure 

C I R D T 3 C I R D T 4 C I R D T 6 C I R D T 7 C I R D T 9 E M K 4 E M K 5 E M K 6 

1-Sep-98 31-Dec-98 2-May-99 1-Sep-99 1-Jan-00 1-May-00 31-Aug-00 31-Dec-00 
Date 

FIGURE 3.136: Responses from Interface Displacement Gauges in a Vertical Cross Section of 
the Concrete Bulkhead (extension is positive). 

unbonded interfaces. Two types of concrete-rock interface displacement sensors were installed 
in the TSX: electromagnetic displacement sensors, and LVDT displacement sensors. A total 
of five electromagnetic sensors were installed, and these sensors related the strength of an 
electromagnetic current to the distance between the sensor and a metal target. Nine LVDT 
sensors were installed within the concrete bulkhead (Figure 3.135). Both sensor types were 
embedded within the concrete and measured the distance to metal plates fixed to the surface 
of the rock. One end of the LVDT sensor was allowed to slide freely along the steel plate so 
that the instrument would not be damaged by shear displacements at the concrete-rock 
interface. The LVDTs and electromagnetic sensors were both sealed within plastic tubes, 
with a silicon-based sealant preventing concrete from flowing between the sensor and the steel 
plate during the initial period when the concrete was still fluid. 

Figure 3.136 presents data from eight sensors installed on either the roof or floor of the 
concrete bulkhead. The electromagnetic (EMK) and LVDT sensors (C IRDT) both provide 
similar data, indicating that both sensor types worked well in the TSX. In Figure 3.136 
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positive displacements were indicative of increasing interface aperture. Four of the 14 sensors 
(EMK-4, EMK-5, CIRDT-7 and CIRDT-9) indicated gradually increasing aperture followed 
by a sudden and significant compression. This was interpreted as a debonding of the steel 
plate from the rock. It was originally envisaged that concrete-rock interface debonding would 
pull the sensor away from the steel plate resulting in measurement of a sudden extension. In 
theory, the aperture between the concrete and rock could then have been measured by the 
sensor. With the steel plate breaking off from the rock, it was not possible to interpret the 
width of the aperture. Only these four gauges indicated complete debonding of the 
concrete-rock interface, suggesting that debonding was occurring mainly in the roof and floor 
of the tunnel, on the upstream unkeyed portion of the bulkhead. Only one of the sensors 
(EMK-4) indicated debonding during the initial curing period of the concrete. None of the 
sensors responded noticeably to the grouting of the concrete-rock interface in 1998 December, 
nor to the sudden pressure drop in the tunnel on 1999 March 11. Only one sensor (CIRDT-9) 
indicated debonding during pressurization of the bulkhead from 800 to 2000 kPa. CIRDT-7 
indicated occurrence of debonding one month before pressurization began, and EMK-5 one 
month after pressurization was complete. 

A few of the LVDT interface displacement sensors indicated a cyclic response of gradual 
extension followed by a sudden compression. This repeated response was most evident in the 
data from CIRDT-6 in Figure 3.136. The data were similar to the normal displacement 
between two flat surfaces being displaced by shear in a laboratory test, with this response 
commonly referred to as "stick-slip". In the TSX, such data were interpreted as the tip of the 
LVDT moving along the steel plate in sudden jumps. It was possible that the concrete-rock 
interface in the vicinity of CIRDT-6 (which was on a vertical face of the keyed bulkhead) 
debonded as a consequence of shear stresses, but remained in compression and closed in the 
direction normal to the rock surface. The cyclic response of the gauge would represent a 
gradual "stick-slip" shear displacement of the concrete along the surface of the rock. None of 
the interface displacement sensors installed on the inclined portion of the concrete key 
indicated occurrence of debonding. This is despite the observation of a decrease in the 
amplitude of the acoustic signal across this interface (Figure 3.123), recording of numerous 
acoustic events along this interface (Figure 3.115), and numerical modelling which suggested 
that apertures along the inclined interface would be larger than elsewhere along the interface 
(Figure 2.111). 

3.4.4.6 Displacement of the Concrete Bulkhead Face 

Five LVDT displacement gauges were installed on the downstream face of the concrete 
bulkhead. These sensors were installed in 1998 November after removal of the outer wooden 
forms and construction of the seepage collection weir for the concrete bulkhead. The response 
of these sensors is provided in Figure 3.137. In this figure, a negative displacement implies 
movement of the face in the downstream direction (i.e., in the direction of the open 
excavation). Prior to grouting of the concrete-rock interface, these sensors indicated 
continuous (although small magnitude) movement of the bulkhead in both directions, 
possibly responding to temperature changes in the concrete. After grouting, the sensors 
indicated that the bulkhead was essentially locked in place with little movement recorded. 
The only exception was CODT-2 on the northeast side of the bulkhead. It is conceivable that 



- 356 -

200 

150 

100 

~ 50 -

0 -

-50 

-100 

-150 

Interface 
Grouting 

19-Oct 16-Nov 14-Dec 11-Jan 8 - F e b 8-Mar 5-Apr 3-May 31-May 2 8 - J u n 

D a t e ( 1 9 9 8 - 1999) 

50 

-50 --

CD 
E -100 
o 

-150 

-200 

-250 

CODT1 

m CODT4 

CODT5 

CODT3 

CODT3 

- CODT2 
CODT2 

X CODT1 

\ CODT4 

1 — 1 1 1 1 1 h 

/CODT5 

1 

18-Mar 8-Apr 29-Apr 2 0 - M a y 10-Jun 1-Jul 22-Jul 12-Aug 2-Sep 2 3 - S e p 

Date (2000) 

FIGURE 3.137: Displacement Measured by Displacement Gauges on the Face of the Concrete 
Bulkhead: Pressurization to 800 kPa (top) and Pressurization to 2000 kPa 
(bottom). 



- 357 -

this sensor monitored the displacement of a portion of the bulkhead isolated by the shrinkage 
crack formed 1998 September 24. The displacement sensor indicated that this portion of the 
bulkhead was stabilized for two months after interface grouting, but continued to displace in 
the downstream direction after 1999 February. Three of the sensors (CODT-3, CODT-4 and 
CODT-5) responded to the sudden drop in tunnel pressure on 1999 March 11 and to the 
increase in tunnel pressure from 800 to 2000 kPa. These responses indicated that movement 
of the face of the bulkhead was affected by changes in tunnel pressure. The increase in 
pressure from 800 to 2000 kPa, however, resulted in only 0.03 mm of downstream movement. 
This downstream movement would result in compression of the inclined concrete-rock 
interface, possibly reducing seepage along this interface. 

3.4.4.7 Summary of Measured Responses in the Concrete Bulkhead 

The following is a summary of observations based on the responses of sensors installed in the 
concrete bulkhead. 

• The maximum temperature rise at the centre of the concrete bulkhead was 20°C. The 
thermal pulse due to heat of hydration had completely dissipated within 5 months of 
the concrete pour. 

• Shrinkage of the concrete and the pore water potential (suction) in the hardening 
concrete was essentially unaffected by applying water to the face of the concrete 
bulkhead during the first 10 days of concrete curing. Average shrinkage strain in the 
concrete bulkhead was very close to the autogenous shrinkage of 250 fie determined 
from wrapped laboratory specimens for the time period beginning 1 day after concrete 
casting. However, the average shrinkage strain recorded during the first 24 hours after 
the TSX concrete pour was nearly zero. This can be compared with a shrinkage of 
400 fie measured in large concrete cylinders during the first 24 hours, using the same 
type of strain gauge. It could be concluded that the conditions under which the TSX 
concrete was cured resulted in no shrinkage strain during the first 24 hours. 

• Fibre optic sensors installed in the concrete were effective in monitoring shrinkage in 
the concrete within the first two days of the concrete pour. The vibrating wire strain 
sensors were effective in monitoring shrinkage strains after the first 2 days, strain due to 
changes in the stress state of the hardened concrete, interpreting changes in elastic 
properties of the concrete, and identifying the occurrence of cracking in the vicinity of 
the sensors. 

• A large shrinkage crack propagated through the keyed region of the bulkhead 9 days 
after the concrete pour. This crack initiated at the 90° corner in the concrete key, 
presumably as a consequence of tensile stress concentrations, and propagated towards 
the downstream face of the bulkhead. Nucleation and propagation of this crack was 
effectively identified by the acoustic emission monitoring system. The system also 
identified that crack nucleation occurred at the 90° corner of the bulkhead key around 
the circumference of the tunnel. Velocity and signal amplitude measurements made 
using the same system identified the occurrence of cracking at the concrete-rock 
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interface and grout filling of the internal shrinkage crack. The acoustic emission system 
was identified as a useful tool for performance monitoring of massive concrete bulkheads. 

• Vibrating wire strain gauges indicated that cracks propagated while the tunnel pressure 
was being increased to 2000 kPa. It is probable that the cracks propagating in response 
to increased tunnel pressure were those that nucleated at the 90° corner during the 
initial period of concrete shrinkage. Seepage past the concrete bulkhead was shown to 
be at least partially related to cracking in the concrete, although it was not identified 
whether this cracking was occurring along the concrete-rock interface or through the 
concrete bulkhead. 

• The Low-Heat High-Performance concrete continued to hydrate for up to one year after 
the concrete pour. This hydration was evident from increasing static and dynamic 
elastic moduli of the concrete. 

• The interface displacement sensors indicated that concrete-rock interface remained 
largely intact throughout the first two years of experiment operation. Some debonding 
of the concrete from the rock was evident in the roof and floor of the tunnel on the 
upstream, unkeyed portion of the bulkhead. Some debonding was also evident on the 
vertical face of the concrete key in both the roof and floor of the tunnel. However, some 
of this debonding was interpreted as shear displacement rather than an opening of the 
interface due to tensile stresses. 

• The downstream face of the bulkhead displaced in response to increased pressure in the 
TSX test tunnel, although the magnitude of this measured displacement was small. 
Downstream displacement of the bulkhead implied compression at the inclined portion 
of the concrete-rock interface in the concrete bulkhead key. 

3.5 T R A C E R TEST 

The objective of the TSX Tracer Test was to characterize the advective transport properties 
through, and around, each of the two bulkheads. It is not sufficient to determine only the 
effective hydraulic conductivity of the bulkheads for evaluation of the seal performance as a 
barrier to transport of radionuclides. The rate of movement of solutes is affected by the 
velocity of the water travelling past the bulkheads and the dispersivity of the solutes. The 
velocity of the water is affected by the porosity and tortuosity of the transport pathway, or, if 
travelling through fractures or interfaces, by the aperture of the opening. Shorter travel times 
(faster velocities) will result from smaller apertures, decreased porosity or less tortuous 
pathways. Back analysis of the data produced by the TSX tracer test made it possible to 
estimate the material properties required for calculation of the rate of contaminant transport 
past well-constructed clay or concrete tunnel seals. An additional goal of the tracer test was 
to develop methods for determining solute transport characteristics on the scale of tunnel or 
shaft seals that could be applied in different host rock environments. 

The tracer test was conducted while the tunnel pressure was maintained at 800 kPa. The clay 
bulkhead was still predominantly unsaturated at the time the tracer test was performed. 
(Pre-test analyses suggested that several years at full tunnel pressure would be required to 
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achieve full clay bulkhead saturation.) The tracer test began in 1999 July, after the measured 
seepage rates past the two bulkheads had decreased to approximately steady-state conditions. 
The tracer test continued at constant pressure until breakthrough was recorded past the clay 
bulkhead in 2000 April. Although the pressure in the tunnel was increased from 800 to 
2000 kPa between 2000 April and July, the collection of solute concentration samples on the 
downstream end of the clay bulkhead continued until 2001 April, one year after tracer 
breakthrough was observed. 

3.5.1 Design and Implementation of the TSX Tracer Test 

The first task in the design of the tracer test was to define the method for injection of tracer 
solution into the test tunnel. Three options were considered: 

• A pulse of tracer solution could be injected into the test tunnel, or into one or more of 
the hydrogeological packer intervals adjacent to the bulkheads. 

• The water in the test tunnel could be drained completely and replaced with 
tracer-laden water. 

• A concentrated tracer solution could be injected into the test tunnel and allowed to 
diffuse through the sand to achieve an average target concentration. 

The option of draining the tunnel would have required complete depressurization and then 
repressurization of the test tunnel which was considered to be both potentially damaging to 
the bulkheads and very time consuming. To facilitate back-analysis of the test data, the 
source function (the tracer concentration as a function of time on the upstream side of the 
bulkheads) should be as simple as possible. Therefore, it was decided to inject a sufficient 
amount of tracer into the test tunnel to bring the concentration of the solute quickly up to a 
target value. Ideally, the tracer solution would instantaneously increase from background 
concentrations to the target value, thus creating a step concentration function on the 
upstream side of the bulkhead. 

The tracer solution was injected into the header on the floor of the test tunnel. As the 
solution was injected, water in the tunnel was removed from the outlet header at the same 
rate in order to maintain a constant tunnel pressure of 800 kPa. During the design of the 
tracer test the rate of diffusion of the tracer solution through the sand in the test tunnel was 
uncertain. Therefore, a method was developed for mixing the solution within the test tunnel 
by circulating the water through the inlet and outlet headers, if so required. The water 
supply headers used for injection of the tracer solution, and eventually for water circulation, 
are illustrated in Figure 3.27. The arrangement of headers in the tunnel is drawn 
schematically in Figure 3.28. 

3.5.1.1 Electrical Conductivity Sensors and Sampling Ports 

It was acknowledged that the tracer solution would not immediately diffuse evenly throughout 
the test tunnel. However, as long as the concentration of solutes at the upstream face of each 
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FIGURE 3.138: Photograph of Water Sampling Port (upper) and Electrical Conductivity Sen
sor (lower). 

bulkhead was known, back-analysis of the tracer test results was possible. Therefore, in order 
to better understand the distribution of solute concentration inside the test chamber, and to 
know exactly when the tracer reached the upstream end of either bulkhead, a ring of six 
electrical conductivity probes was installed near to the upstream face of both bulkheads. Six 
sampling ports were also installed at each bulkhead, one beside each of the conductivity 
sensors. The purpose of installing sampling ports at the same location as the conductivity 
sensors was to facilitate periodic sampling for confirmation the tracer concentrations indicated 
by the sensors. The sampling ports would also provided a backup method for determining 
tracer concentration at the upstream face of the bulkhead, should some of the sensors fail. 

The electrical conductivity probes were designed and built by AECL personnel. Although 
there were a number of commercially available electrical conductivity sensors, none were 
designed to withstand water pressures up to 4 MPa. Designing and building the sensors 
'in-house' was considered more cost effective than buying the sensors and subsequently 
modifying them to function under the expected experiment conditions. The conductivity 
sensor was designed to operate at water pressures up to 5 MPa. The sensor consisted of two 
308 stainless steel electrodes housed in a nylon block to measure conductivity with a third 
electrode added to help eliminate polarization of the water surrounding the sensors. 

Each sensor was paired with a sample tube that permitted water samples to be collected at 
the conductivity sensor locations. The sample tubes were 6-mm-diameter flexible copper 
tubing, except for the metre of tubing near the conductivity sensors, which was made of 
high-pressure nylon to avoid any metal interference with the conductivity sensors. A nylon 
mesh was tied in place around the end of the sample tube to prevent fine material from 
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FIGURE 3.139: Locations of the Electrical Conductivity Sensors. 

clogging the tube. The conductivity sensors and sampling ports were located approximately 
30 cm from the upstream face of the concrete and clay bulkheads, suspended on plastic 
tubing fitted into short holes drilled into the tunnel wall. A conductivity sensor and sample 
collection port are illustrated in Figure 3.f38. The leads from the sensors and the copper 
sample collection tubes all passed through the two instrument lead boreholes connecting the 
test tunnel with Room 417. The locations of the conductivity sensors at the face of each 
bulkhead are shown schematically in Figure 3.f39. 

3.5.F2 Tracer Chemicals 

Two chemicals were selected for use in the TSX Tracer Test: Sodium Iodide (Nal) and 
Fluorescein (uranine). The Iodide concentration would be determined in the water collected 
from experiment sample points to produce plots of solute concentration as a function of time 
for use in back-analysis of the transport properties. The Fluorescein was included to provide 
a visible indication of tracer breakthrough past the bulkheads. It was not known whether 
breakthrough past the clay bulkhead would require days or months, therefore, the visible 
indication of breakthrough helped to establish the rate at which samples were collected and 
analyzed. Although many samples were collected, most of the water samples taken before 
breakthrough was observed were not sent for solute concentration analysis, but were archived 
for possible future analysis, if warranted. 
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FIGURE 3.140: Photograph of Automated Sample Collection System for the TSX Tracer Test. 

The target concentration of Iodide in the test tunnel was 1000 mg/L, whereas the background 
Iodide concentration in the water was only 0.01 mg/L. The volume of water in the test tunnel 
was estimated to be 51,000 L (see Section 3.2.3). 50 kg of Nal were injected into the test 
tunnel to achieve the target Iodide concentration. Approximately 750 g of Fluorescein was 
added to the water for an average final concentration in the test tunnel of 14 mg/L. Both 
chemicals were mixed in one of the 1900 L water tanks used for the emergency supply water 
for the experiment. A total of 1700 L of water was mixed for injection into the test tunnel at 
an average Iodide concentration of 30,000 mg/L. The Iodide/Fluorescein solution was mixed 
overnight using an electric propeller mixer before injection into the test tunnel. 

3.5.1.3 Sample Collection 

Three sampling locations were set up to collect water seeping past the concrete and clay 
bulkheads. The two sampling locations at the concrete bulkhead were: 

• An observed discrete seepage point at the "2 o'clock" position on the face of the 
concrete bulkhead, and 

• A shallow hole in the rock on the floor of the tunnel on the downstream face of the 
bulkhead. 

The seepage collection weir was emptied and a shallow hole drilled into a low-point in the 
floor of the tunnel. Water was pumped out of this borehole and into an automated fraction 
collector. Water from the discrete seepage collection point flowed by gravity into a separate 
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FIGURE 3.141: Pore Pressure Drawdown in the First Four Zones of HFT-10 Following Tracer 
Sampling in 1999 October and November. 

fraction collector. For the clay bulkhead, water was pumped out of the sump between the 
steel shell and the stainless steel plate using the pipe and well-screen installed to collect 
seepage (Figure 3.34). Water was pumped out of the sump and into a third fraction collector. 
A photograph showing the ISCO Retriever I I fraction collectors on the concrete bulkhead is 
provided in Figure 3.f40. Each collector was capable of collecting forty-two 20 mL samples on 
a timed basis. One sample was collected every 100 minutes making it possible to collect 
samples for almost three days before the sample bottles needed to be replaced. Two of the 
collectors were coordinated with pumps, which operated on a timed basis. Once every 100 
minutes water would be pumped out of the sumps in front of the clay and concrete bulkheads 
for a time period sufficient to drain the water from the sump. If more than 20 mL of seepage 
was collected in a single time interval the water was allowed to overflow the collection vials. 
For this reason it was not possible to get an accurate measurement of seepage during the 
period of time the fraction collectors were in operation. This resulted in a gap in seepage 
measurements as indicated in the upper plot in Figure 3.45. 

The sampling frequency was decreased as the test duration increased. The fraction collectors 
were used for only two months after which the sampling frequency was reduced to once per 
working day. In addition to the three sample locations noted above, water samples could also 
be taken from any of the f 8 seepage collection zones on the face of the clay bulkhead 
(Figure 3.33), should any seepage be observed. Water samples could also be collected from 
the hydrogeological packer zone nearest the two bulkheads using the four horizontally aligned 
borehole packer installations (HGT-4 and HGT-6 for the concrete bulkhead, and FfGT-8 and 
HGT-I0 for the clay bulkhead). The first zone of the packer string was only fOO mm in 
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length and was located within 50 mm of the bulkhead-rock interface. The specially designed 
packer used is shown in Figure 3.55. Pumping water from these zones would result in 
depressurization of the water in the rock surrounding the interval. Figure 3.141 illustrates 
that one set of samples would perturb the hydraulic pressure surrounding the bulkhead for 
approximately three weeks. Therefore, collection of samples using the HGT boreholes was 
deferred until after the use of the fraction collectors were discontinued and these boreholes 
were then sampled at a frequency of approximately once per month. Since the concrete 
bulkhead tracer test was completed relatively quickly, samples were never collected using 
boreholes HGT-4 and HGT-6 near the concrete-rock interface. 

3.5.1.4 Tracer Injection 

Injection of the tracer solution into the test tunnel had the requirement of not affecting 
tunnel pressure by more than 20 kPa. To maintain a constant pressure, the outlet header was 
attached to a standpipe that went up the URL shaft a distance of approximately 80 m. The 
tracer solution was pumped into the inlet header and water was allowed to flow out through 
the outlet header and up to the top of the standpipe. The elevation of the top of the 
standpipe was adjusted to maintain a constant pressure of 800 kPa at the centreline of the 
TSX tunnel. 

As noted previously, the tracer solution was mixed in one of the 1900 L emergency water 
supply tanks. The water supply system plumbing was modified to allow isolation of the two 
emergency water supply tanks from each other and to allow the water to be directed to an 
electric pump. A temporary line was installed from the pump directly to the inlet header. 
Possible corrosive effects of a high concentration of Nal were considered, therefore, the 
pressure reducing valve and electromagnetic flow metre were bypassed during tracer injection. 
A trial injection was conducted on 1999 June 29 using potable water. The purposes of the 
trial injection were to test the method and equipment for tracer injection, to establish the 
rate of tracer injection, to determine the potential pressure variation in the test tunnel, and 
to finalize the procedure for tracer injection. A total of 400 L of water was pumped into the 
tunnel at a rate of 7 L/min. During the test the tunnel pressure was constant at 
approximately 820 kPa, while the pressure at the inlet header was only 10 kPa higher than 
the pressure at the outlet header throughout the test. Based on this trial it was established 
that the 1700 L of tracer solution could be pumped into the test tunnel in less than five hours. 

The racer solution containing Nal and Fluorescein was successfully injected into the test 
tunnel on July 14. The tunnel pressure was maintained between 800 and 830 kPa, while 
1700.2 L of tracer solution was pumped into the tunnel at an average rate of 7 L/min. 
Samples of the tracer were collected from between the pump and the inlet header, and based 
on these samples the injected concentrations of Nal and Fluorescein were 28,600 mg/L and 
443 mg/L respectively. Seepage past both the clay and concrete bulkheads was unaffected by 
the injection of tracer and was relatively steady at 0.4 mL/min and 4 mL/min respectively. 
The tracer solution, however, remained concentrated on the floor of the tunnel. Based on the 
both electrical conductivity measurements (Figure 3.142) and Iodide concentrations in 
samples of water collected from the test tunnel, the Nal solution remained in the bottom 
0.5 m of the tunnel at a concentration of approximately 28,000 mg/L. Only the lowermost 
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electrical conductivity sensors responded to Iodide injection. Owing to the high density of the 
tracer solution, there was no diffusion of the Iodide throughout the sand in the test tunnel. 

Attempts were made in 1999 August to mix the tracer solution within the test tunnel. On 
1999 August 26, 2000 L of solution were pumped from the bottom of the tunnel into the top 
of the tunnel to determine if gravity would aide in diffusion and mixing. It was concluded 
that circulation of the water in the tunnel was required, which was conducted every day for 
one week during normal working hours. Circulation during working hours allowed close 
monitoring of the circulation flow rate, pumping pressure, tunnel pressure and possible leaks 
in the circulation system. The following two weeks the circulation pump was run for 24 hours 
a day for five days. Figure 3.143 includes a plot of the electrical conductivity sensors near the 
face of each of the two bulkheads. Circulation was stopped on September 17 when a relatively 
uniform tracer concentration was measured across the face of both bulkheads. In total, 
75,000 L of water was circulated through the tunnel, or approximately 1.5 tunnel water 
volumes. 

The Iodide concentration was measured in water samples collected from each of the 12 
sampling points at completion of circulation, and these values are listed in Table 3.9. The 
average Iodide concentration of all 12 samples was 924 mg/L which was close to the target of 
1000 mg/L. The closeness of the actual concentration to the target concentration indicates 
that the initial water volume estimate of 51,000 L was reasonable. Although the sample from 
CS-6 indicated a comparatively low Iodide concentration, it can be seen from Figure 3.143 
that the concentration of Iodide at this sensor increased during the following week without 
circulation, falling more in line with the concentration at CS-3, 4 and 5. Another observation 
was that the Iodide concentration in the compacted sand adjacent to the lower portion of the 
clay bulkhead was slightly lower than concentrations in the hand-placed sand in the roof of 
the tunnel or adjacent to the concrete bulkhead. It was decided, however, that the 
concentration across the clay bulkhead was sufficiently high and relatively uniform, and that 
continued water circulation was not warranted. 

TABLE 3.9 

IODIDE CONCENTRATIONS A F T E R T R A C E R SOLUTION MIXING 

Clay Bulkhead Concrete Bulkhead 
Location mg/L Location mg/L 

CS-1 1005 CS-7 1024 
CS-2 1017 CS-8 1037 
CS-3 790 CS-9 1033 
CS-4 750 CS-10 1041 
CS-5 819 CS-11 1039 
CS-6 505 CS-12 1026 
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FIGURE 3.143: Electrical Conductivity Sensor Response for the During 3 Weeks of Water 
Circulation: Clay Bulkhead (top) and Concrete Bulkhead (bottom). 
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3.5.2 Tracer Test Modelling 

3.5.2.1 Two-Dimensional Axisymmetric Modelling 

A pre-test solute transport analysis of the clay bulkhead tracer test was conducted by Kajima 
Corp. for JNC. A two-dimensional axisymmetric, finite element model was constructed of the 
clay bulkhead and the surrounding materials. The model considered the bulkhead to be 
constructed in a cylindrical tunnel having a diameter of 4 m. Six different materials were 
incorporated into the finite element analysis as shown in Figure 3.144. The materials used in 
the model and their properties are listed in Table 3.10. A sensitivity analysis was conducted 
using coefficients of longitudinal dispersivity of both 0.1 m and 1.0 m for all materials. All 
cases assumed that the clay bulkhead was saturated during the tracer test, and used the 
saturated hydraulic conductivity of the clay, as provided in Table 3.10, to define the hydraulic 
behaviour of the bulkhead. 

The finite element model calculated hydraulic pressures, seepage rates and solute 
concentrations, and assumed that hydro-mechanical coupling could be ignored for this 
problem. A constant 4 MPa hydraulic pressure was applied on the outer boundary of the rock 
mass (the lower boundary in Figure 3.144). A sensitivity analysis was first conducted to 
assess the distance to the lower constant pressure boundary and the thickness of the EDZ. 
Pore pressures in the model were compared with pore pressures measured in hydrogeological 
packer boreholes HGT7 and HGT8. As noted in Section 3.4.2.2 measured pore pressures in 
the roof and floor were very different and both could not be closely approximated using an 
axisymmetric model. A distance of 5 m to the 4 MPa boundary and an EDZ thickness of 
0.5 m was selected, since this combination produced pore pressures in the model that were an 
average of conditions in the roof and floor. 

A: Clav 
E • Hackfi 
C: 
U 

Sti^-Clay 
Pi 7— \ LU j . < 

EDZ-2 F: Rae*. 
Dr: E or F 

1 

rlûfi-ftam 
boundary 

4MPa 

FIGURE 3.144: Axisymmetric Finite Element Model for Clay Bulkhead Tracer Test Analysis. 
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TABLE 3.10 

PROPERTIES OF THE MATERIALS USED IN THE NUMERICAL T R A C E R TEST ANALYSIS 

Hydraulic Specific Coefficient of 
Material Conductivity Storage Diffusion Porosity 

m/s m _ 1 m 2/s 
Clay Blocks 3 x i f r 1 3 5.8 x l f r 4 f x l f r 1 0 0.3 

Backfill f x fCT1 1 5.8 x 10" 4 1 x 1CT1 0 0.21 
Shot-Clay f x f O " 1 2 5.8 x H T 4 1 x 1CT1 0 0.53 

EDZ-f (tunnel) f x f O " 9 3.2 x fCT7 1 x 1CT1 2 0.01 
EDZ-2 (key) f x fir 1 1 1.7 x fCT7 5 x lrr1 3 0.005 
Intact Rock f x fir 1 3 5 x 10" 8 i x 1er13 0.0025 

after f year after 2 years after 3 years 

FIGURE 3.145: Contours of Solute Concentration from the Numerical Analysis at 800 kPa. 

A second sensitivity analysis investigated the effect of turning off the zone of damaged rock 
on the vertical face of the clay key. Properties of the damaged rock on this vertical face were 
made either equal to the properties of intact rock or to the properties of the EDZ around the 
remainder of the keyed region (EDZ-2 in Table 3.f0). Assigning the properties of intact rock 
virtually shut off all seepage around the clay bulkhead and forced the water to seep slowly 
through the clay blocks. This condition of no EDZ on the vertical face of the key produced 
seepage volumes that were far too low when compared with measured seepage rates past the 
clay bulkhead, and was not considered in any revised analyses. 

The final sensitivity analysis investigated the influence of the longitudinal dispersivity on 
tracer breakthrough times. The resulting solute concentration contours for a longitudinal 
dispersivity of O.f m are shown in Figure 3.145. Seepage tends to follow the EDZ in the 
model. Using a dispersivity of 0.1 m resulted in the model predicting that three years would 
be required before breakthrough of the Iodide tracer would be observed around the clay 
bulkhead. Increasing the dispersivity to f m had the effect of increasing the dispersion of 
Iodide into the clay blocks and intact rock and decreasing the rate of solute transport along 
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FIGURE 3.146: Calculated Iodide Concentrations for HGT8 and HGT10 Sample Locations 
Based on Pre-Test Numerical Analysis. C/Co is the normalized solute con
centration. 

the EDZ. Breakthrough in greater than three years was predicted using a dispersivity of 1 m. 

The model illustrated in Figure 3.145 was conducted using a tunnel pressure of 800 kPa and 
predicted a steady state seepage rate of 0.14 mL/min. This seepage rate compares very 
closely with the steady state seepage rate of 0.12 mL/min measured in 2000 February 
(Table 3.4 and Figure 3.46). However, the modelling was conducted prior to injection of the 
Iodide tracer when the seepage rates were approximately 1 mL/min. The hydraulic 
conductivity of the damaged rock around the key (EDZ-2) was modified to match this higher 
seepage rate. The hydraulic conductivity of material EDZ-2 in Table 3.f0 was increased by a 
factor of 20 to produce a seepage rate of 0.9 mL/min. In this revised model, breakthrough 
past the clay bulkhead was predicted to occur in 6 months. The resulting plots of solute 
concentration versus time at the hydrogeological sample locations HGT8 and HGTf 0 are 
provided in Figure 3.f46. This plot was used in determining the rate of sample collection at 
locations HGT8 and HGTfO during the conduct of the clay bulkhead tracer test. The results 
of this modelling effort were considered in the decision to run the tracer test for a minimum 
of 6 months. 

1.0 -r— 
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3.5.2.2 One-Dimensional Model 

The one-dimensional modelling conducted by AECL assumed that seepage occurred only 
along the interface. In this model, a solute travels in a line through one material type from 
the upstream to the downstream ends of the bulkhead. The length of the path, therefore, 
considers the added length caused by keying the bulkhead into the rock. The seepage path 
length for the clay bulkhead is 4.6 m, while the path length for the concrete bulkhead is 6 m. 
The hydrodynamic dispersion coefficient (units of m 2/s) was assumed to be linearly 
proportional to velocity (Bear 1972) and the coefficient of ionic diffusion for Iodide was 
sufficiently small that it could be ignored. The dispersion coefficient, therefore, was equal to 
the longitudinal dispersivity multiplied by velocity. Longitudinal dispersivity (d with units of 
m) was independent of velocity and a characteristic of the porous material. The two 
parameters required for the one-dimensional model included d for the transport pathway and 
the velocity (v) of the water. 

The equation for one-dimensional solute transport is: 

where C is the solute concentration, CQ is the solute concentration in the tunnel, t is time, 
and x is position. Use of this equation assumes that velocity is constant, which is reasonable 
for the period between 1999 July and 2000 March when the tunnel pressure was constant at 

A sensitivity analysis was conducted to help in the design of the TSX tracer test. In this 
analysis a longitudinal dispersivity of 0.5 m was used based on the results of the EDZ Tracer 
test conducted in the Mine-by Experiment tunnel (Frost and Everitt 1996). Seepage rates of 
0.5 mL/min and 4 mL/min for the clay and concrete bulkheads respectively were used in the 
estimation of seepage velocity. A sensitivity analysis was conducted on the influence of the 
thickness and porosity of the damaged rock zone through which the water was assumed to be 
travelling. Fast, intermediate and slow seepage pathways were considered. The fast seepage 
pathway had a thickness of 50 mm and a transport porosity of 0.5%; the intermediate 
velocity pathway EDZ had a 150 mm thickness and a transport porosity of 1%; the slow 
pathway had a thickness of 300 mm and a porosity of 2%. The calculated solute transport 
breakthrough curves for the clay and concrete bulkheads are provided in Figures 3.147 
and 3.148. The three curves in each plot are for sampling at the two intermediate 
hydrogeological packer strings and at the outflow from the bulkhead. 

There was a large variability in the time required to observe breakthrough for each analysis. 
Considering breakthrough to correspond to 1% of the tunnel solute concentration as 
measured at the outflow, breakthrough past the clay bulkhead ranged from 7 to 163 days in 
the sensitivity analysis. Breakthrough past the concrete bulkhead was estimated to require 
between 36 hours and 30 days. The slow velocity one-dimensional analysis was the closest to 
the results of the two-dimensional model presented in the preceding section. For comparison, 
solute concentration at borehole HGT8 reached 50% of the tunnel concentration after 
3 months in the two-dimensional model. In the slow one-dimensional model solute 
concentration was 20% after 3 months, and reached 50% after 6 months. 

800 kPa. 



FIGURE 3.147: Sensitivity Analysis for Solute Transport Past the Clay Bulkhead. C/Co 
the normalized solute concentration. 



FIGURE 3.148: Sensitivity Analysis for Solute Transport Past the Concrete Bulkhead. C/Co 
is the normalized solute concentration. 
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The following are conclusions from the sensitivity analysis with respect to the design of the 
tracer test. 

• The possibility of very quick breakthrough past the concrete bulkhead resulted in 
installing an automated sampler on the outflow of each bulkhead. Samples were taken 
for solute concentration analysis every 100 minutes using the automated sampler. 

• Since tracer breakthrough could take weeks or months, every sample collected need not 
be analyzed for Iodide concentration. The Fluorescence of samples would be taken as a 
visible indication of breakthrough, after which a representative number of samples 
would be sent for Iodide concentration analysis. 

• Six months (180 days) should be sufficient time to conduct the tracer test in order to 
observe breakthrough past the bulkheads. 

• In response to no breakthrough occurring past the clay bulkhead after one month, 
samples would then be taken from the hydrogeological packer boreholes HGT8 and 
HGT10 to better define the evolution of Iodide concentration with time and hence be 
used for back-analysis of transport properties. 

• Sampling from hydrogeological boreholes near the concrete bulkhead (HGT4 and 
HGT6) would not be required. 

3.5.3 Tracer Test Data 

Solute concentration data for samples collected from the concrete bulkhead seepage collection 
points are illustrated in Figure 3.149. Data from the two hydrogeological packer zones and 
from the downstream clay bulkhead seepage collection zones are provided in Table 3.11 and 
illustrated in Figure 3.150. Most of the water seeping past the concrete bulkhead was 
collected in the sump in the floor of the tunnel, while only approximately 5% of the total 
seepage past the concrete bulkhead was collected in the discrete seepage point at the 
"2 o'clock" position. It should be recalled that the injected Iodide solution sat on the bottom 
of the test tunnel at a concentration of about 28,000 mg/L after it was injected into the 
tunnel. Fluorescein was observed in samples of outflow past the concrete bulkhead 4 hours 
after tracer injection was completed. In 4 hours only 1 L of water would have seeped past the 
concrete bulkhead, implying that although the effective hydraulic conductivity of the 
bulkhead is relatively low, seepage velocities are comparatively fast. The concentration of 
Iodide in the seepage past the concrete bulkhead leveled off at 15,500 mg/L eight days after 
tracer injection. Assuming that the concentration of Iodide is diluted by the water seeping 
from the top portion of the test tunnel, it can be concluded that approximately 55% of the 
seepage past the concrete bulkhead occurs very close to the tunnel floor. An interesting 
observation is that breakthrough was also observed at the upper discrete seepage collection 
point. This observation implied that the solutes not only seeped quickly in the downstream 
direction but also about 3 m upwards from where the Iodide solution was observed in the test 
tunnel. 

Mixing of the tracer solution in the test tunnel began on August 26, approximately 43 days 
after tracer injection. Solute concentration in the seepage past the concrete bulkhead 
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TABLE 3.11 

IODIDE CONCENTRAT ION DATA FROM THE CLAY BULKHEAD T R A C E R TEST 

Date Iodide Concentration (mg/L) 
HGT boreholes Clay Bulkhead Seepage Collection Zones 
HGT8 HGT10 6 10 12 13 14 15 (sump) 

1999 Oct. 13 0.13 1.13 
November 16 11.6 
November 19 0.49 
December 10 3.15 30.3 
2000 Jan. 11 75.3 68.6 
February 10 174 84.9 
February 17 278 

March 1 0.43 0.02 
March 9 99.9 

March 15 0.20 0.10 
March 17 311 
April 4 90 
April 5 0.59 0.08 
April 11 331 

After Test Tunnel Pressure Increments Above 800 kPa 
May 25 305 
May 26 391 
May 29 19.4 2.5 12.1 0.48 
July 4 132 352 106 100 19.3 
July 6 662 357 

August 30 890 658 
September 5 196 282 343 96.1 219 

October 3 859 651 
October 6 271 2.1 336 504 165 313 

November 9 396 3.0 429 502 246 421 
November 14 917 668 
2001 Feb. 2 914 736 
February 5 549 12.5 NF NF 556 568 

April 5 936 706 
April 16 370 5.3 582 682 

NF - No Flow 
Empty spaces mean that no data was collected on that date. 
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FIGURE 3.149: Iodide Concentrations for Concrete Bulkhead Tracer Test. 
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FIGURE 3.150: Iodide Concentrations for Clay Bulkhead Tracer Test. 
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responded immediately to mixing. Mixing of the tracer solution reduced the upstream Iodide 
concentration to 1000 mg/L and essentially provided a second tracer test having decreasing 
solute concentrations. Ultimately the downstream Iodide concentration at both of the 
concrete bulkhead sampling points approached 1000 mg/L as indicated in Figure 3.149. 

Solute concentration samples for the clay bulkhead were collected at the hydrogeological 
packer boreholes HGT8 and HGT10. Samples were also collected from the seepage points on 
the downstream side of the bulkhead. Although seepage was observed at a number of 
downstream sampling locations, almost all the seepage was collected in Zone 15, or the sump 
between the stainless steel plate and the steel shell. Fluorescein was first observed on the 
downstream side of the clay bulkhead on 2000 April 11, nine months after tracer injection. 
More complete breakthrough curves were provided by samples collected from the two HGT 
boreholes. The observation of Fluorescein indicated breakthrough at HGT10 on 1999 
November 16 (4 months after injection) and at HGT8 on December 10 (5 months after 
injection) (Figure 3.150). This sequence of breakthrough was unexpected since HGT8 is 1 m 
closer to the upstream end of the clay bulkhead than HGT10. The implication is that a faster 
seepage pathway existed, connecting the upstream side of the bulkhead with HGT10. 
However, the Iodide concentration at HGT8 eventually exceeded the concentration at 
HGT10. The plots of solute concentration versus time for these two locations indicate an 
initial rise in concentration followed by a plateau and then a second rise in concentration. 
The first rise in Iodide concentration was interpreted as a response to the initial high 
concentration tracer injection, whereas the second rise was in response to a uniform mixing of 
the tracer solution within the test tunnel. The pressure in the test tunnel was maintained at 
800 kPa until 2000 April. Increasing the pressure resulted in an increased rate of seepage. 
Back-analysis of the tracer test data became increasingly difficult with variations in both the 
hydraulic gradients and seepage rates, and hence seepage velocities. The potential existence 
of a faster pathway to HGT10, the initially high Iodide concentration on the floor of the 
tunnel, and the increasing seepage velocities with increased tunnel pressure, are each 
considered in the next section describing the back-analysis of tracer test data. 

A chemical analysis of the water collected on the downstream side of the clay bulkhead was 
conducted. High total dissolved solids in the water samples suggested that the water had 
seeped through the clay material of the bulkhead. An absence of strontium or bromine in the 
water implied that the seepage pathway had not included the rock. Strontium and bromine 
are strong chemical signatures of the pore water in the granite and would be expected in 
greater than background concentrations if even a portion of the pathway was through the 
rock. The conclusion from the chemical analysis was that the seepage collected on the 
downstream end of the clay bulkhead traveled entirely through the clay and not through the 
EDZ or intact rock. This is an important observation since it implies that the EDZ was 
effectively interrupted by keying the clay bulkhead into the rock, and that the seal 
performance was unaffected by the existence of rock damaged by tunnel excavation. 

3.5.4 Derived Solute Transport Parameters from Back-Analysis 

The tracer test data were back-analyzed using the one-dimensional model described in 
Section 3.5.2.2. It was assumed that for both the clay and concrete bulkheads, solute 
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FIGURE 3.151: Comparison of Three-Channel Model to Solute Concentration Data Collected 
from the Concrete Bulkhead After Tracer Injection. C/Co is the normalized 
solute concentration. 

transport would not be limited to one path. The approach to the back-analysis was to 
sequentially add flow paths until the modeled breakthrough curve resembled the actual data 
trends. 

3.5.4.1 Concrete Bulkhead Back-Analysis 

The concrete bulkhead tracer test occurred completely within the time frame where the 
highly concentrated tracer remained at the bottom of the tunnel. The concentration of Iodide 
tracer in the floor of the tunnel was 28,000 mg/L. After 12 days, the Iodide concentration in 
the outflow past the concrete bulkhead had leveled off at 15,500 mg/L. This represented a 
dilution of the tracer by 45% from flow coming from above the floor. For the concrete 
bulkhead tracer analysis the Iodide concentration in the tunnel,C0, was taken to be 15,500 
mg/L and all the measured values, C, were divided by CQ to obtain a normalized tracer 
concentration. All the flow paths along the concrete-rock interface were assumed to have the 
same longitudinal dispersivity. Three flow paths were required to produce a model that 
closely approximated the measured solute breakthrough curve. All three used a longitudinal 
dispersivity of 0.3 m. The flow paths differed in the velocity of the flow and the percentage of 
the seepage carried by each flowpath. The results from the one-dimensional back-analysis, 
along with the parameters for the three-channel model, are presented in Figure 3.151. 
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FIGURE 3.152: Comparison of Three-Channel Model to Solute Concentration Data Collected 
from the Concrete Bulkhead After Mixing of Tunnel Water. C/Co is the 
normalized solute concentration. 

During mixing of the tunnel in f 999 August and September, the water on the floor of the 
tunnel, having a high concentration of Iodide, was replaced with water having a concentration 
of just 1000 mg/L. As a test of the three-channel model developed from the initial 
concentration data, the model was compared with solute concentration data collected 
following tunnel mixing. The measured Iodide concentration in the outflow decreased from 
10,600 mg/L to f600 mg/L over 15 days. The data were normalized such that 10,600 mg/L 
corresponded to a normalized concentration (C/C 0 ) of f.O and f600 mg/L corresponded to a 
normalized concentration of zero. The three-channel model is compared with normalized 
solute concentration data collected after mixing in Figure 3.f52. The three-channel model 
illustrated in Figure 3.152 is simply the same model as that in Figure 3.151 subtracted from 
unity. The close approximation of the modelled concentration to the collected data provided 
confirmation of the appropriateness of the model. 

3.5.4.2 Clay Bulkhead Back-Analysis 

The solute concentration data from the clay bulkhead were analyzed in a similar manner to 
the data from the concrete bulkhead for the period between f 999 July 14 and 2000 April 10. 
After 2000 April 10 the pressure in the tunnel was slowly increased causing an increased 
seepage rate past the clay bulkhead. The higher hydraulic gradient combined with increased 
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FIGURE 3.153: Idealization of the Solute Concentration Source Term for the Clay Bulkhead 
Tracer Test Analysis. 

seepage rate implied that the assumption of steady state seepage velocity was not valid 
during tunnel pressurization. The following is a list a factors taken into account in the 
back-analysis of the clay bulkhead tracer test data. 

• The solute transport model needed to provide an approximate match to Iodide 
concentration data collected from the two hydrogeological boreholes and from the 
outflow. 

• The model needed to account for tracer breakthrough being observed at HGT f 0 before 
HGT8, since HGT10 was the more distant sampling point. 

• The initial injection of high concentration Iodide sat on the bottom of the tunnel for 
one month before mixing. During this period, only transport pathways near the floor of 
the tunnel contributed to solute transport as measured in samples collected at HGT8, 
HGT f 0 and the outflow. The amount of dilution of this tracer from water seeping in 
from the upper three-quarters of the tunnel was unknown. 

• After mixing, the source of tracer was uniformly distributed with an Iodide 
concentration of approximately 1000 mg/L. 

• Pressure in the tunnel was linearly increasing between 2000 April 11 and July 27. 

An attempt was made to account for all the factors listed above by introducing as few new 
parameters as possible. The Iodide concentration in the test tunnel is idealized in 
Figure 3.153. The seepage pathways considered in the analysis are illustrated in Figure 3.154. 
Path 2 in Figure 3.154 was introduced as a faster seepage pathway to account for 
breakthrough being observed at HGT10 before HGT8. Prior to April 11, solute concentration 
at the two packer locations was calculated assuming a constant seepage velocity and using a 
closed form solution (see Section 3.5.2.2). In all, four pathways were considered each 
potentially having a different longitudinal dispersivity and different seepage velocity: 

• Path 1. Application and removal of unknown concentration corresponding to the period 
after injection and before mixing. 
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FIGURE 3.154: Idealization of Seepage Pathways for the Clay Bulkhead Tracer Test Analysis. 

• Path 1. Application of 1000 mg/L source concentration on September 14. 

• Path 2. Application and removal of unknown concentration corresponding to the period 
after injection and before mixing. 

• Path 2. Application of 1000 mg/L source concentration on September 14. 

The addition of two unknown source concentrations for the period between August 14 and 
September 14, and the unknown relative proportions of the total seepage for each pathway 
resulted in eleven unknown parameters that could be adjusted as part of the back-analysis. 
The parameters were selected by visually comparing the solute transport model with the 
collected data. 

The increasing seepage velocity during pressurization of the test tunnel was taken into 
account without introducing new parameters. A finite difference formulation was used to 
solve the one-dimensional advection-diffusion differential equation: 

in which C is the solute concentration, t is time, x is position, d is longitudinal dispersivity, 
and v is velocity. All calculations were conducted using a spreadsheet. The 4.6 m long 
transport pathway was discretized into 50 mm segments for the purpose of the analysis. The 
velocity was assumed to increase everywhere instantaneously and proportional to the increase 
in hydraulic gradient. The velocity at the end of pressurization, therefore, was 2.5 times the 
velocity assumed at a tunnel pressure of 800 kPa. The velocity was assumed to be linearly 
increasing for the entire period. The velocity was updated and the solute concentrations 
calculated for every 6 hour time increment. The resulting breakthrough curves for HGT8, 
HGT10 and the outflow are compared with measured data in Figures 3.155, 3.156 and 3.157. 
Only data collected prior to 2001 July 6, and from HGT8 and HGT10 were used to construct 
the model. The data collected subsequently on 2001 August 30 were closely approximated by 
the model providing some degree of confidence in the appropriateness of the parameters used. 
The outflow solute concentration data (Figure 3.157) were also reasonably well approximated 

dC_ 

~dt 

d2C 

dx2 
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FIGURE 3.155: Solute Transport Model Compared with Iodide Concentration Data for 
HGT8. 

TABLE 3.12 

SUMMARY OF CLAY BULKHEAD T R A C E R TEST BACK-ANALYSIS 

Parameter Path I 
Before mixing* After mixing 

Path 2 
Before mixing* After mixing 

Velocity at 800 kPa (mm/d) 6 9 9 14 
Dispersivity (m) 0.03 0.1 0.1 0.1 
Initial concentration* (mg/L) 425 650 
Calculated path thickness 
multiplied by porosity (mm) 1.6 1.1 1.6 1.0 
Transmissivity 6 x 1 0 " 1 2 m 2/s 10 x 1 0 - 1 2 m 2/s 

Corresponding to high Iodide concentration solution on the floor of the tunnel prior to 
1999 September 14. 

by the model providing additional confirmation of parameters. The parameters used in the 
model are summarized in Table 3.12. 
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FIGURE 3.156: Solute Transport Model Compared with Iodide Concentration Data for 
HGT10. 

The seepage velocity used in the analysis (Table 3.12) was estimated using a trial-and-error 
approach to history matching of the solute concentration data. The velocity increased slightly 
after mixing, when a more uniform distribution of Iodide existed throughout the tunnel. This 
apparent increase in velocity is possibly related to a decrease in transport distance, since the 
Iodide no longer had to take a convoluted path from the floor of the tunnel to the walls were 
the hydrogeological boreholes were located. A longitudinal dispersivity of 0.1 m was used 
almost uniformly throughout the analysis indicating that this value is representative for 
dispersion of solutes travelling through shot-clay. The transmissivity was calculated using the 
measured seepage rate and the assumption within the model that 60% of the total seepage 
was travelling along Path 2. 

The calculated average thickness of the porous material through which seepage was occurring, 
multiplied by its transport porosity would be a useful parameter for conducting finite element 
analyses. This parameter is determined by multiplying the transmissivity by the hydraulic 
gradient along the flow path (which is 17 for the clay bulkhead at 800 kPa) and dividing by 
the velocity derived from the back-analysis. The two pathways in Table 3.12 are additive, 
that is, the total value for thickness times porosity is approximately 2 mm. Therefore, for 
example, the shot-clay could be modelled using a 20 mm thick element having an 
approximate hydraulic conductivity of 1 0 - 1 0 m/s and a transport porosity of 10%. 
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FIGURE 3.157: Solute Transport Model Compared with Outflow Iodide Concentration Data. 

Data from the Tunnel Sealing Experiment include many measurements in and around the two 
bulkheads. However it is the quantity of seepage and the rate at which solutes travel past the 
bulkheads that are of greatest importance in assessing the overall bulkhead performance. This 
is because solute transport relates to the potential for radionuclide transport in a repository. 
The measurement of clay bulkhead moisture content and swelling pressure, concrete bulkhead 
strains, or acoustic emissions are examples of measurements that provide insight into the 
factors affecting bulkhead performance. Numerical modelling and smaller-scale physical tests 
provide additional information to improve our understanding of important physical processes. 
The Tunnel Sealing Experiment has all these elements in abundance. This chapter 
summarizes the performance of the TSX bulkheads, and list the factors that affect the 
performance as indicated by experiment data. The chapter will also attempt to put the 
results in a more general context of bulkheads constructed in other host rock environments. 

The objectives of the experiment are presented in Section f .3 and the overall objectives are 
repeated here: 

To assess the applicability of technologies for construction of practicable concrete 
and bentonite bulkheads; to evaluate the performance of each bulkhead; and to 
identify and document the parameters that affect that performance. 

This chapter assesses to what extent the first five years of the TSX have met these objectives. 

4. DISCUSSION OF RESULTS 
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4.1 OVERALL ASSESSMENT OF BULKHEAD PERFORMANCE 

During the process of experiment design, before the bulkheads were pressurized, it was 
important to provide a perspective for looking at the experiment results to decide whether or 
not the experiment had met its objectives. A sensitivity analysis was conducted to provide a 
basis for comparing measured seepage rates to the range of seepage rates that could be 
reasonably expected. The sensitivity analysis is presented below. The experiment results are 
then discussed in terms of overall performance of the bulkheads. 

4.1.1 Sensitivity Analysis for Seepage Rate 

Prior to completion of experiment construction, there was considerable discussion among 
TSX participants on how best to gauge the performance of the bulkheads. The two alternate 
viewpoints that emerged can be summarized as follows: 

• Establishing a "goodness" of test criterion before the experiment began would provide a 
means to gauge the success of the test. 

• It would not be appropriate to categorize the clay or concrete bulkheads as either 
successful or unsuccessful seals using arbitrarily selected parameters. Furthermore, seals 
in a repository would not be designed as constructed for the TSX, with composite 
concrete-clay bulkheads considered for some repository designs. 

It was concluded that setting an arbitrary criterion for a successful result, or the comparison 
of clay bulkhead and concrete bulkhead performance was not in keeping with the original 
experiment objectives. The function of a tunnel or shaft seal can never be better than that of 
the host rock which surrounds it. For example, the overall sealing performance of a relatively 
impermeable tunnel seal constructed in a very fractured rock mass will only be as good as the 
surrounding highly permeable rock. Therefore, a seal design that is appropriate for a 
fractured rock mass may not be the most appropriate for a sparsely fractured or low 
permeability host material. Classifying the goodness of the seals based on their performance 
in the TSX was, therefore, not the method used for establishing the success of the 
experiment. A sensitivity analysis on measured seepage was conducted to provide some 
means to gauge bulkhead performance. Calculation of an effective hydraulic conductivity for 
a bulkhead provided a basis for characterizing the seepage rate in a manner that did not 
depend upon water pressure, hydraulic gradient or cross-sectional area. 

The effective hydraulic conductivity for the bulkhead is the hydraulic conductivity for the 
entire sealing system (bulkhead, interface, and damaged rock zone) calculated by dividing the 
measured seepage rate by the average hydraulic gradient and the cross-sectional area of the 
empty tunnel: 
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where ke is the effective hydraulic conductivity of the bulkhead, Q is the seepage rate in 
m 3/s, I is the length of the bulkhead, P is the tunnel pressure in metres of head, and A is the 
nominal cross-sectional area of the tunnel, which for the TSX is 12.0 m 2 . 

For the purpose of this sensitivity assessment, it was assumed that the hydraulic conductivity 
of the clay bulkhead, concrete bulkhead and undisturbed host rock in the TSX are the same. 
The hydraulic conductivity of a saturated assembly of clay blocks, based on the results of the 
clay bulkhead simulation, is 1 0 - 1 2 m/s. The hydraulic conductivity of Low Heat High 
Performance Concrete, based on hydraulic pulse tests in the 18 m 3 block, is 1 0 - 1 4 m/s. The 
hydraulic conductivity of the intact rock based on SEPPI measurements in the TSX tunnel, 
and on pulse tests elsewhere in the URL, is 1 0 - 1 3 m/s. In the TSX it was not expected that 
either the clay or concrete bulkheads would become saturated in the short term and no flow 
would occur directly through either bulkhead. Flow was expected to occur along the interface 
between the bulkhead and the rock, or through the near-field rock damaged (or fractured) by 
excavation. A bulkhead hydraulic conductivity of 1 0 - 1 2 m/s is roughly representative of the 
three materials and is low enough to require that any measurable flow must take place along 
the bulkhead-rock interface. 

The clay- or concrete-rock interfaces are considered to be characterized by hydraulic 
transmissivities. Flow along the interface could be through the water-filled porosity between 
the bulkhead and the rock, through the material used to seal the interface (grout, shot-clay), 
or through the fractures or microcracks in the EDZ. The hydraulic transmissivity of the 
interface captures the combined characteristics of these flow pathways in one parameter. Five 
types of interfaces are described below to provide an indication of representative 
transmissivities. Using transmissivity (units of m 2/s) instead of hydraulic conductivity (units 
of m/s) to characterize flow along the interface has the advantage of not requiring assignment 
of an arbitrary interface thickness. 

1. The first example is a 20 mm thickness of shot-clay. Based on the as-placed density of 
the shot-clay (1.3 Mg/m 3 ) , the material has an estimated hydraulic conductivity of 
1 0 - 1 1 m/s. To be conservative, it was arbitrarily assumed that some of the shot-clay 
would have a lower density and a higher hydraulic conductivity by a factor of 5. Using 
an average thickness of 20 mm, the transmissivity of this interface material is calculated 
to be 10 " 1 2 m 2/s. 

2. The pre-test EDZ permeability characterization conducted in the TSX tunnel is 
described in Section 3.1.8. The transmissivity of the damaged rock, based on the results 
of this test, is approximately 1 0 - 9 m 2/s. This would be equivalent to a 0.1 m thickness 
of fractured rock having a hydraulic conductivity of approximately 1 0 - 8 m/s. 

3. As noted in Section 2.4.5, experience from three different connected permeability tests 
indicated that the transmissivity of a bonded contact between concrete and rock is 
approximately 1 0 - 7 m 2/s. 

4. The estimated transmissivity of the grouted concrete-rock interface (from Figure 2.138) 
is 1 0 " 1 0 m 2/s. 

5. The transmissivity of a 0.6 mm air gap was calculated using parallel plate theory 
(Section 2.4.5). The transmissivity of such a gap is 10" 4 m 2/s. 
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The flow of water past one bulkhead can be represented by the following equation: 

Q= [Ti- + kb)iA 

where T is the interface transmissivity, c is the length of the tunnel perimeter (12.4 m for the 
TSX) , kb is the bulkhead conductivity, i is the gradient and A is the tunnel area. The 
effective bulkhead hydraulic conductivity is defined as follows: 

ke — T ^ + kj). 

The proportion of the total flow which passes through the interface is calculated by: 

* 7 % x 1 0 0 % ' 

TABLE 4.1 

INTERFACE TRANSMISSIV ITY SENSITIVITY ANALYSIS 

Interface 
Transmissivity 

(m 2/s) 

Effective 
Hydraulic 

Conductivity 

Percent 
Flowing 
Along 

Calculated Seepage (mL/min) 
2000 kPa 300 kPa 

Clay Concrete Clay Concrete 
Ti (m/s) Interface Bulkhead Bulkhead Bulkhead Bulkhead 

ke i = 77 i = 57 i = 30.8 i = 22.9 
i o - 7 1.03 10" 7 100 5723 4252 2289 1701 
i o - 8 1.03 10" 8 100 573 425 229 170 
l O " 9 1.03 10" 9 100 57 43 23 17 

1 0 - i o 1.04 10 " 1 0 99 5.8 4.3 2.3 1.7 
io- 1 1 1.13 10 " 1 1 91 0.7 0.5 0.25 0.19 
i o - 1 2 2.03 10 " 1 2 51 0.12 0.09 0.05 0.03 

Table 4.1 was generated using the above equations, and it provides calculated flow rates for 
tunnel pressures of both 800 kPa and 2000 kPa. The uppermost row in the table ( T = 
1 0 - 7 m 2/s) represents a concrete bulkhead with a bonded but ungrouted concrete rock 
interface. The third row ( T = 1 0 - 9 m 2/s) represents an extrapolation of the TSX connected 
permeability test. The bottom row ( T = 1 0 - 1 2 m 2/s) represents the expected transmissivity 
of a 20 mm thickness of shot-clay. 

A similar sensitivity analysis for solute transport was used in the design of the tracer test and 
that analysis is described in Section 3.5.2.2. 



- 388 -

4.1.2 Parameters Determined Through Back-Analysis of Measured Data 

4.1.2.1 Effective Hydraulic Conductivity 

The measured seepage past the clay and concrete bulkheads is summarized in Table 3.4. The 
effective hydraulic conductivity of the clay bulkhead was consistently between 5 and 
8 x 1 0 - 1 2 m/s. This result is slightly greater than the sensitivity analysis for an interface 
transmissivity of 1 0 - 1 2 m 2/s, as indicated in Table 4.1. The indication as of 2001 March was 
that the clay bulkhead was not completely saturated, hence it is likely that flow is travelling 
primarily through the shot-clay. 

As the clay bulkhead slowly hydrates it would be expected to eventually behave as a 
homogeneous mass having a hydraulic conductivity of 1 0 - 1 2 m/s. The shot-clay around the 
perimeter would compress under the swelling pressure generated by the saturating clay 
blocks. The hydraulic conductivity of the shot-clay would then approach the conductivity of 
the saturated clay blocks. The effective hydraulic conductivity, and hence measured seepage, 
would not be expected to increase as the bulkhead becomes saturated. 

The seepage past the clay bulkhead can be compared with the reference seepage rate based 
on the pre-test EDZ seepage characterization (Table 3.1). Construction of the clay bulkhead 
resulted in a 99.4% reduction in seepage rate compared with seepage past a concrete weir cast 
against damaged rock (a seepage of 0.47 mL/min measured for the clay bulkhead at 2 MPa 
compared with an estimated 78 mL /min based on concrete weir data extrapolated to the 
same hydraulic gradient). Also, the effective hydraulic conductivity for the concrete bulkhead 
was at, or slightly greater than, the results from the sensitivity analysis for an interface 
transmissivity of 1 0 - 1 0 m 2/s (Table 4.1). 

The effective hydraulic conductivity of the concrete bulkhead increased from 1.1 x 1 0 - 1 0 m/s 
to 4.6 x 10 " 1 0 m/s (Table 3.4) while the pressure in the tunnel was increased from 800 to 
2000 kPa. This conductivity increase was likely the consequence of cracking or debonding 
occurring at the concrete-rock interface or, to a lesser extent cracking within the concrete, 
when the pressure was increased. Seepage past the concrete bulkhead was only 33% of the 
reference seepage in Table 3.1, which is based on the pre-test seepage characterization (the 
concrete weir data) extrapolated to hydraulic gradients for the concrete bulkhead at 2 MPa 
(measured seepage rate of 19 mL/min compared with the reference seepage rate of 
58 mL/min). 

4.1.2.2 Solute Transport Parameters 

Flow Pathways 

The seepage pathways past the clay and concrete bulkheads are envisaged to be very 
different. When the experiment was designed, it was believed that most of the seepage would 
occur through the zone of damaged rock around both bulkheads. However, the water seeping 
past the clay bulkhead has a chemical signature that is consistent with water travelling 
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through clay and not through the EDZ. Seepage rates for the clay bulkhead suggest that the 
water is travelling through the shot-clay near the clay-rock interface. Therefore, the solute 
transport properties derived through back-analysis of the clay bulkhead tracer test are those 
for the shot-clay material. 

The velocity of solute transport past the concrete bulkhead was also not in keeping with the 
slow movement of water through an interconnected network of microcracks. The sensitivity 
analysis for tracer movement through a thin (50 mm) EDZ having a very low porosity (0.5%) 
(the solute concentration analysis using these parameters are shown at the top of 
Figure 3.148) predicted an average seepage velocity of approximately 2 m/d. The seepage 
velocity derived from back-analysis of tracer test data was as high as 6.5 m/d. The very low 
EDZ porosity of 0.5% is not consistent with a highly conductive zone of damaged rock. It was 
probable that for the concrete bulkhead seepage was travelling along the interface between 
the concrete and the rock and that this interface had characteristics similar to a tightly closed 
fracture. 

Longitudinal Dispersivity, Porosity and Hydraulic Conductivity 

Dominico and Schwartz (1990) provide a general rule for estimating longitudinal dispersivity. 
Based on the compilation of the results from a number of tests, it was estimated that 
dispersivity was approximately 10% of the test length. The results of the TSX tracer test and 
of the EDZ tracer test in Room 415 of the URL (Frost and Everitt 1996) illustrate that 
different materials have different dispersivities not necessarily related to the scale of the seals 
tested. Frost and Everitt (1996) showed that fractured rock in the EDZ (the damaged rock 
shown in the photograph on the right side of Figure 2.14) had a dispersivity of 0.6 m. From 
TSX data, the dispersivity of the concrete-rock interface was 0.3 m and the dispersivity of the 
shot-clay was 0.1 m. These values of dispersivity range from 2 to 40% of the test length, and 
hence are more dependent upon the material through which the solutes travel than the length 
of the pathway. 

Not all of the porosity of a material contributes to the flow. Shot-clay in the TSX had an 
as-placed porosity of about 50% and an average thickness of 25 mm around the clay 
bulkhead. In Section 3.5.4 it was concluded that for the shot-clay in the TSX the porosity 
multiplied by the thickness was equal to 2 mm. Therefore, the transport porosity for the 
25 mm thickness of shot-clay was only 8%. This implies that as the bentonite in the shot-clay 
hydrates, much of the water is held within the shot-clay and does not contribute to seepage. 
For comparison, the transport porosity of a highly fractured EDZ was determined to be 3% 
(Frost and Everitt 1996). 

Determining the transport porosity of the concrete-rock interface was more complex. An 
interface thickness had to be assumed in order to assign porous material properties. The 
apparent transport porosity used will depend upon the assumed thickness of the zone through 
which seepage was occurring. For example, a 10 mm thick zone had a calculated transport 
porosity of between 0.5 and 3% (depending upon which velocity from the three-channel model 
was used). Decreasing the thickness increased the porosity. 
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The hydraulic conductivity of the 25 mm thickness of shot-clay was 6 x 1 0 - 1 0 m/s, assuming 
that all the flow past the clay bulkhead was seeping only through the shot-clay. This 
conductivity was a bit higher than the expected conductivity of 1 0 - 1 1 m/s. The hydraulic 
conductivity of an assumed 10 mm thick concrete-rock interface was 3 x 1 0 - 8 m/s. The 
hydraulic conductivity for the damaged rock of the Mine-by tunnel was 1 0 - 6 m/s (Chandler 
et al. 1996) while the EDZ hydraulic conductivity for the floor of the TSX tunnel was 
estimated to be 1 0 - 8 m/s. These derived properties are summarized in Table 4.2. 

TABLE 4.2 

SEEPAGE A N D TRANSPORT PROPERTIES FOR THE MATERIALS IN THE TSX 

Material Dispersivity Transport Hydraulic Conductivity 
m Porosity (%) m/s 

Shot-clay 0.1 8 6 x 1 0 " 1 0 

Concrete-Rock Interface 0.3 3* 3 x 10 " 8 * 
EDZ 0.6** 2** 2 x 1 0 " 8 * * * 

* These properties assume that the interface thickness is 10 mm. 
** EDZ transport properties from Room 415 of the URL (Frost and Everitt 1996). 
*** EDZ hydraulic conductivity from the TSX connected permeability test (Section 3.1.8). 

Concrete-Rock Interface Aperture 

To avoid the requirement for assigning an arbitrary thickness to the concrete-rock interface, 
the interface can be treated in much the same manner as a fracture with a finite aperture. 
The transmissivity of this interface was measured to be 3 x 1 0 - 1 0 m 2/s. It should be noted 
that this transmissivity applies only to a grouted concrete-rock interface. The transmissivity 
of an ungrouted interface was shown to be greater than 1 0 - 7 m 2/s (Section 2.4.10.2). The 
bond between the concrete and rock in both these grouted and ungrouted interfaces would be 
considered to be mostly intact. Unbonded interfaces having apertures of only 1 mm would 
have transmissivities that are several orders of magnitude greater than for bonded interfaces. 
The volume of flow (Q) between two parallel plates was defined previously in Section 2.4.5 as: 

^ 12/x 

where I, for the TSX, is the circumference of the tunnel (12.4 m), b is the aperture, ji is the 
dynamic viscosity of water (0.0015 N-s/m 2 ) , 7 is the density of water, is the acceleration of 
gravity and i is the hydraulic gradient. The flow in mL/min can be derived from a simplified 
equation using known parameters for water and distances b and I in metres: 

Q = 3.27 x 10 1 36 3/i. 
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Similarly the velocity (v in m/d) of the water between two parallel plates becomes: 

v = 4.71 x Wwb2i. 

Table 4.3 summarizes the calculation of the hydraulic aperture of the concrete-rock interface 
using the parallel plate model. The aperture was calculated first using measured seepage 
rates before interface grouting, and after grouting at constant tunnel pressures of 800 and 
2000 kPa. The aperture was also calculated using the three seepage velocities determined 
from tracer test back-analysis (6.5, 2.6 and 1.0 m/d for the three channel model in 
Figure 3.151). The calculated aperture of the grouted interface from seepage measurements 
at 800 kPa was 7 fim. This aperture can be compared with the value of between 1 and 3 fim 
determined from seepage velocities computed from tracer test back analysis. The apertures 
computed using the two methods are of the same order of magnitude. However, the aperture 
based on measured seepage volumes is a more direct calculation since the seepage velocity 
interpretation first requires a numerical back-analysis of the tracer test data to obtain the 
velocities. Also, as seepage was measured continuously throughout the experiment, measured 
seepage volumes were used to study the influence of changing experimental conditions on the 
inferred hydraulic apertures of concrete-rock the interface. 

TABLE 4.3 

CALCULATED INTERFACE APERTURES 
FROM SEEPAGE A N D SOLUTE TRANSPORT DATA 

Flow Rate Hydraulic Calculated Seepage 
mL/min Gradient Aperture fim Velocity m/d 

Measured Seepage Data 
1500 (before grouting) 5 90 

1.8 (at 800 kPa) 13 7 
19.2 (at 2000 kPa) 33 11 

Three Velocities from 
Tracer Test Back-Analysis 

13 3 6.5 
13 2 2.6 
13 1 1.0 

Measured seepage volumes were used to calculate the changes in interface aperture resulting 
from interface grouting and the 800 kPa to 2000 kPa tunnel pressure increase (Table 4.3). 
Grouting the interface reduced the apparent interface aperture by an order of magnitude 
(from 90 fim to 7 fim). Increasing the tunnel pressure from 800 to 2000 kPa introduced some 
cracking along the flow pathway resulting in an increase in the calculated aperture from 7 to 
11 fim. 
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4.2 SUMMARY OF FACTORS AFFECT ING BULKHEAD PERFORMANCE 

The factors that most affected bulkhead performance were not those related to the properties 
of the sand-bentonite mixture or the concrete that comprised the two bulkheads. The most 
predominate features affecting the bulkhead performance were the interfaces between the 
pre-compacted clay blocks and the rock, and between the concrete bulkhead and the rock. 
The treatment of these interfaces in the design of the experiment greatly affected the 
observed performance. The factors that influenced the performance of the two bulkheads are 
summarized in this section. 

4.2.1 Excavation Method and the EDZ 

Two excavation techniques are commonly considered for the construction of repository 
excavations: mechanical excavation (or tunnel boring machine), and drill-and-blast 
excavation. The TSX excavations were constructed using the drill-and-blast technique. In the 
highly stressed rock of the URL, most damage occurs as a consequence of stress redistribution 
and not from blasting. The amount of stress-induced damage, and the likelihood for the 
formation of a highly fractured EDZ (such as that shown in the right photograph in 
Figure 2.14), was found to be independent of whether the tunnel was mechanically excavated 
(such as the Mine-by tunnel) or excavated using drill-and-blast methods. The primary 
difference in the damage observed from blasting or mechanical excavation is the occurrence of 
discrete fractures emanating outwards from blast holes on the perimeter of the excavation. 
These fractures tend to propagate parallel to the surface of the excavation, as was mapped on 
the keys for the TSX (Figure 2.33). However, in rock that is under low compressive stress 
(such as the rock at the 240 m depth of the URL ) blast-induced fractures propagate radially 
outwards a distance of up to 0.5 m. None of the blast-induced fractures mapped on either the 
concrete or clay bulkhead key in the TSX had propagated outwards by more than 0.3 m. 

The TSX tunnel geometry was designed to account for the high horizontal in situ stress 
magnitudes at the 420 m depth of the URL. Constructing the tunnel using an elliptical 
cross-section resulted in stress-concentrations in the roof and floor of the tunnel that were less 
than 120 MPa, the apparent long-term strength of the grey granite. No breakout notches 
formed along the length of the TSX tunnel, nor did any highly fractured zones of damaged 
rock, which are generally associated with such breakouts. Small notches formed in the grey 
granite at the intersection between the clay bulkhead key and the tunnel. However these 
breakouts were localized and not believed to contribute to connected permeability around the 
bulkheads. Construction of a tunnel geometry producing a higher compressive stress 
concentration in the roof of the tunnel (i.e., construction of a circular tunnel) would have 
resulted in larger breakouts at these locations. 

The damage that occurred as a consequence of excavation was generally limited to 20 cm 
from the tunnel wall. Visible fracturing subparallel to the excavation surface was mapped on 
the walls of the bulkhead keys and in boreholes drilled outwards from the excavation to a 
depth of 20 cm. The hydraulic conductivity of the EDZ to this depth was measured to be as 
high as 1 0 - 8 m/s. The damage in this region would be both blast-induced and stress-induced. 
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This more highly damaged region was characterized by low S-wave velocities and was referred 
to as the "inner" damage zone in Figure 3.13. There was also a zone in the walls of the 
tunnel that had slightly increased permeabilities and decreased acoustic velocities extending 
to a depth of up to 70 cm. This damage resulted from stress-redistribution only, and was the 
consequence of stress relaxation and extension in the walls of the excavation. The results from 
EDZ characterization in the TSX tunnel confirmed the need for excavating a key into the 
rock a distance of 1 m to reduce the connectivity of fractures or microfractures in the EDZ. 

In summary, the drill-and-blast excavation of the TSX tunnel resulted in some additional 
fracturing within the first 20 to 30 cm of the excavation surface. Keying the bulkheads 
through this damaged zone eliminated the effects of the excavation method on bulkhead 
performance. In fact, at the URL, the drill-and-blast excavation technique has the advantage 
over tunnel boring in allowing flexibility in the tunnel geometry. The use of a circular tunnel 
boring machine in the TSX would have resulted in higher compressive stress concentrations in 
the roof and floor of the tunnel, possibly exceeding the long-term strength of the rock. A 
circular tunnel would have increased the damage at the intersection of the tunnel roof and 
the excavated keys and would probably have adversely affected the performance of the TSX 
tunnel seals. 

4.2.2 Keying the Bulkheads into the Rock 

Keying the clay bulkhead 1 m into the rock had a positive effect on bulkhead performance. 
Extrapolation of measured seepage through the EDZ from the pre-test seepage 
characterization test indicated an expected seepage rate of 78 mL/min at a tunnel pressure of 
2 MPa (Table 3.1). Keying the bulkhead into the rock reduced the rate of seepage to 
0.46 mL/min, a factor of 170. Furthermore, chemical analysis of the water collected on the 
downstream end of the clay bulkhead indicated that the seepage was traveling through the 
clay and not the EDZ. Acoustic emission data also indicated little or no cracking near the 
vertical face of the clay bulkhead key (Figures 3.76 and 3.77). This lack of cracking is 
consistent with the interruption of hydraulic pathways through an interconnected EDZ. 

Numerical modelling of key shapes suggested that the concrete-bulkhead key was better 
designed than the clay key to effectively cut off both shear-induced and tensile microfracturing 
caused by stress-redistribution. The measured flow along the concrete-rock interface was 
19 mL/min. Extrapolation of the pre-test inflow characterization test predicted a seepage rate 
of 58 mL/min, indicating a reduction in seepage by a factor of three. Although keying the 
bulkhead into the rock had a positive effect on bulkhead performance, it was not as dramatic 
an effect as observed for the clay bulkhead. Seepage along the concrete-rock interface was of 
the same order of magnitude as seepage through the unkeyed seepage characterization test. 
Therefore, for the concrete bulkhead most of the positive effect of cutting off flow through the 
EDZ was masked by the flow occurring along the concrete-rock interface. 

The line-drilling and rock-splitting method for key excavation worked acceptably well, 
however, the rough surface formed by the overlapping line-drilled boreholes provided a 
challenge in sealing the interface between the clay blocks and the rock. It was estimated that 
the thickness of shot-clay on these rougher surfaces was three to four times greater than 
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shot-clay thickness on the outer keyed surface of the clay bulkhead. An improvement to the 
excavation technique would be to saw-cut the vertical surfaces rather than create them by 
line-drilling. Diamond wire saw cutting techniques have been used at the URL to cut 1 m 3 

blocks of granite and the same technique could be applied to saw cutting for key excavation. 
A saw cut surface would require little or no shot-clay to seal the gaps between pre-compacted 
clay blocks and the rock. 

Compression of the clay bulkhead with increasing tunnel pressure resulted in blocks placed 
against the upstream vertical face of the key being pushed away from the rock. This loss of 
contact was a consequence of key design, and was a contributing factor to the large leak 
events early in the experiment. The slower rate of pressurization adopted after 1999 April 
made it possible for swelling pressure to be generated against this face with no subsequent 
loss of contact pressure. Differential displacements in the clay bulkhead of up to 44 mm 
resulted as a consequence of key design (i.e., greater compression occurred in the main portion 
of the bulkhead than in the keyed region), but did not affect the performance of the bulkhead. 

Keying only half the concrete bulkhead into the rock resulted in a stress concentration at the 
90° corner that lead to cracking within the bulkhead. The large shrinkage fractures identified 
by acoustic emission monitoring were the direct result of this key design. These fractures 
tended to nucleate at this corner and follow the original outline of the tunnel perimeter. 
Either keying the TSX concrete bulkhead into the rock for its entire length, or having no key 
at all, would have avoided the formation of these shrinkage fractures. However, it is uncertain 
whether the fracturing would have been replaced with additional debonding at the 
concrete-rock interface. 

In summary, keying the clay bulkhead into the rock had a positive effect on the overall 
performance of the clay bulkhead. Keying the bulkhead into the rock interrupted the 
interconnected pathways of microfractures around the clay bulkhead and the resulting 
seepage through the EDZ was small in comparison with flow through the shot-clay. The 
design of the clay bulkhead facilitated the placement of pre-compacted clay blocks, which 
could have been improved by cutting smooth vertical rock surfaces to reduce the amount of 
shot-clay required. Keying the concrete bulkhead into the rock had a smaller positive effect 
on overall bulkhead performance. Flow along the concrete-rock interface was of the same 
order of magnitude as flow through an uninterrupted EDZ, based on pre-test 
characterization. Keying only half the bulkhead into the rock created stress concentrations 
leading to internal cracking of the concrete. Keying the entire concrete bulkhead into the 
rock would have improved the bulkhead design, and not keying the concrete bulkhead into 
the rock would be another possible design option. It is probable that interface grouting of an 
unkeyed bulkhead would also have sealed the near-field EDZ with the result still being an 
overall reduction in seepage rate. 

4.2.3 Grouting of the EDZ 

Clay grout was injected into the EDZ on the upstream side of the clay bulkhead. Even 
though the grout injection boreholes were located in regions of high and low stress 
concentrations they did not intersect any visible fracturing. Although a method for injecting 
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clay grout into the EDZ was developed and successfully tested, the grouting had no effect on 
the performance of the TSX bulkhead. The reason why the clay grout did not reduce the 
EDZ permeability was because the initial rock permeability was very low, and there were very 
few cracks or fractures to fill. It is possible that clay grouting would have had a positive effect 
on bulkhead performance had the EDZ been more fractured. However, there was insufficient 
evidence from this phase of the TSX to make that conclusion. 

4.2.4 Placement Method for the Compacted Sand-Bentonite 

Two methods were considered for placement of the compacted sand-bentonite in the TSX 
bulkhead: in situ compaction and placement of pre-compacted blocks. The pre-compacted 
block placement worked very well and produced a clay bulkhead having homogeneously high 
density. Results from a physical model of the TSX demonstrated that the interfaces between 
the pre-compacted blocks would be possible pathways for flow when the bulkhead was dry. 
However, once these interfaces became wet they would seal off quickly and would not form 
preferential pathways through the bulkhead. Evidence from both a pressure test on a 
small-scale clay block seal and the TSX itself tended to support the observation that sudden 
flows of water would occur between the dry blocks but that these pathways would seal 
quickly and seepage would subsequently decrease to zero. After the initial wetting, the clay 
block structure behaved homogeneous mass. 

In situ compaction would have had the benefit of not requiring shot-clay to be placed in the 
lower portion of the bulkhead. Compacting the buffer directly against the rock would have 
resulted in a good seal being created at the lower clay-rock interface. In situ compaction of 
buffer in the upper third of the bulkhead would have been difficult, probably resulting in 
decreased densities or air gaps at the top of the bulkhead. A combination of in situ 
compaction in the lower two-thirds of the bulkhead and the clay-blocks and shot-clay in the 
upper third would have produced a densely compacted bulkhead with a minimum of shot-clay 
on the interface. 

Blocks were fabricated easily and efficiently. The adobe block compression machine proved to 
be a cost effective method for fabrication of a large number of consistently high quality clay 
blocks. Achieving minimum density specifications was not an issue using this compaction 
equipment. Block placement was slow, however, with an average rate of about 8 blocks per 
hour. In regions of the bulkhead where there was no instrumentation, a block placement rate 
of about 30 blocks per hour could be sustained. At that rate, the entire bulkhead could have 
been built in twelve and a half days working in shifts 24 hours per day. The rate of bulkhead 
construction could be improved by increasing the size of the blocks, however, blocks that are 
too large would be difficult to manipulate and place tightly together. Although fabrication 
and placement of large blocks has already been tested elsewhere (e.g. (Kawakami et al. 
2001)), the technical challenges are to fabricate homogeneous large blocks and to place them 
tight against the rock surface. 
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4.2.5 Treatment of the Clay Bulkhead-Rock Interface 

During the first two years of experiment operation, it was apparent that nearly all the flow 
past the clay bulkhead traveled through the shot-clay placed near the clay-bulkhead rock 
interface. It was also evident that the large leak events described in Section 3.3.3 occurred 
through the shot-clay. It was not a surprise that water preferred to travel through the 
shot-clay rather than through the clay blocks during the initial phase of the experiment. The 
shot-clay had a hydraulic conductivity that was at least one order of magnitude greater than 
that of the clay blocks. In designing the experiment, however, it was expected that the EDZ 
around the clay bulkhead would be the most conductive pathway and flow through the 
shot-clay would be small by comparison. This expectation was supported by the 
axisymmetric seepage modelling conducted for tracer test analysis (Section 3.5.2.1). In this 
model, the properties of the EDZ and not the shot-clay controlled the flow past the bulkhead. 
Analysis of the experiment data indicated that the EDZ was effectively cut off around the 
clay bulkhead key. If the EDZ had been the prevailing seepage pathway, as initially 
anticipated, the performance issues relating to the shot-clay would have been less important. 

Aside from the initial leak events, the shot-clay performed well during the experiment. 
Seepage past the clay bulkhead was only 0.47 mL/min under an applied head of 200 m of 
water, a very positive result from the experiment. The calculated effective hydraulic 
conductivity of the clay bulkhead was only 8 x 1 0 - 1 2 m/s. It was expected that the bulkhead 
effective hydraulic conductivity would decrease as the bulkhead became saturated. In a fully 
saturated bulkhead, swelling of the bentonite will compress the shot-clay creating a 
homogeneous low permeability bulkhead. To this end, the shot-clay performed as intended. 
There were few air gaps at the interface between clay blocks and the rock and this interface 
did not become a long-term high-seepage volume pathway. The shot-clay was applied quickly 
and uniformly using conventional pneumatic equipment. An improvement in the design could 
be to increase the proportion of compacted bentonite in the shot-clay to 100%, if possible, to 
achieve a higher effective clay density and lower saturated hydraulic conductivity. An 
improvement noted earlier would be to create a smooth vertical surface of the key, thus 
resulting in a much lower average thickness of shot-clay. 

The large leak events early in the experiment were attributed to fast flow pathways through 
the shot-clay. The TSX tracer test was initiated only a few months after the last leak. The 
tracer test was successful in characterizing solute transport through the shot-clay and the 
observed solute velocity was relatively slow. Despite the previous fast flow leak events 
through the shot-clay, nine months were required before tracer breakthrough occurred past 
the entire bulkhead. At a tunnel pressure of 800 kPa, the velocity of solute transport through 
the shot-clay was only about 10 mm per day. 

In the early stage of the test, there was an apparent limit to the rate at which the shot-clay 
could be pressurized without creating a leak. This critical rate of pressurization was exceeded 
on four occasions during the first eight months of test operation. Had a slower rate of 
pressurization been adopted initially the shot-clay would likely have provided a continuously 
effective seal throughout the entire experiment, and its performance would not have been an 
issue. Construction gaps at the top of the bulkhead and the use of shot-clay or other lower 
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density clay fill material will need to be considered in the design and construction of a 
compacted clay bulkhead. Despite the limitations described in this report, the shot-clay used 
in the TSX met the functional requirements for sealing the clay-rock interface. 

4.2.6 Degree of Clay Bulkhead Hydration Compared with Rate of Pressurization 

A small-scale physical model of the clay bulkhead with an air gap on one side illustrated the 
ability for the compacted sand-bentonite to provide a seal whose performance was linearly 
related to time (Figure 3.40). The TSX clay bulkhead showed some evidence that supported 
this observation (Figure 3.41). This apparent critical rate of pressurization was 40 kPa per 
week for the TSX. Extrapolating this linear theory, the TSX clay bulkhead would have been 
able to resist the maximum design pressure of 4 MPa as of 2000 October (or after 700 days). 
It was expected that the ability for the bentonite in the bulkhead to hydrate and create a seal 
would increase with time. As time progresses, more water seeps into the unfilled pores of the 
unsaturated clay and a larger proportion of the bulkhead becomes saturated. When the TSX 
tunnel pressure was held constant at 800 and 2000 kPa, the total pressure within the clay 
bulkhead was constantly increasing, suggesting a steady increase in the degree of bulkhead 
saturation. 

However, it is not as simple as a linear relationship with time. In the TSX, the rate of 
hydration was controlled by the applied water pressure in the tunnel. Both the measured rate 
of total pressure increase within the clay and the rate of water uptake (based on inflow and 
outflow measurements) were higher at higher applied hydraulic pressure. The ability of the 
bulkhead to create a seal, therefore, was related to both the water pressure used to hydrate 
the clay and the duration of the hydration period (i.e., the time required to create a 
saturated seal decreases at increased hydration pressure). It was also observed that sudden 
instantaneous pressure increases were more likely to cause leaks than a gradual application of 
the tunnel pressure increments. These sudden pressure pulses would not be in keeping with 
the expected rate of water pressure increase on one side of a bulkhead in a repository, and 
were not representative tests of the clay bulkhead integrity. It would be advisable to avoid 
sudden pressure increments in future sealing tests or demonstrations. 

It was not necessary for the entire clay bulkhead to become saturated in order to create an 
effective seal. It was apparent from moisture content measurements that the core of the TSX 
clay bulkhead was unsaturated while the bulkhead, overall, provided an effective seal at a 
pressure of 2 MPa. It was important, however, that a portion of the bulkhead became 
saturated across its entire cross section. The upstream end of the clay block bulkhead was 
probably not entirely saturated during the first eight months of operation when the leaks 
occurred. It was not until the upstream portion was completely saturated that experiment 
could be safely pressurized beyond 800 kPa. 

In summary, time was one of the most important factors in the performance of the TSX clay 
bulkhead. However, there is no unique formula that can be derived from TSX data for the 
time required before a compacted clay block bulkhead can provide an effective seal. The 
small-scale clay block simulation provided an effective seal with the pressure increased at 
average increments of 180 kPa per week. At the time the TSX was being designed, numerical 
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modelling was not sufficiently well developed to be able to predict either the rate of hydration 
of the clay bulkhead or the limiting rate at which it could be pressurized. Considering that 
the shot-clay was the important pathway in the early stage of the experiment, the 
development of predictive models should focus on the rate of hydration of this lower density 
material at the interface. Data from the TSX will be useful in development of these models. 

4.2.7 Swelling of Bentonite and Healing of Flow Pathways 

On 1998 December 11, more than 20,000 L of water traveled through the clay bulkhead over 
a period of about 20 hours (Section 3.3.3). It is fair to say that there was considerable 
pessimism about the ability of the clay bulkhead to ever generate an effective seal after this 
large leak event. The actual amount of erosion, or the nature of the flowpath through the 
shot-clay after the leak, will never be known with certainty and can only be speculated on. 
The fact that the leak occurred, and was subsequently healed to create a low permeability 
seal, was one of the most positive results of the TSX. The attribute of bentonite to swell and 
heal highly conductive pathways was effectively demonstrated by the results of the TSX. 

4.2.8 Clay Bulkhead Volume Expansion 

Clay bulkhead volume expansion was not a factor affecting sealing performance in the TSX. 
The clay bulkhead experienced only mechanical compression as a result of increased hydraulic 
pressure applied to one side of the bulkhead. The bulkhead compressed by 36 mm at a tunnel 
pressure of 2 MPa. During periods when the tunnel pressure was held constant, the bulkhead 
continued to compress slowly in a manner consistent with time-dependent creep or 
consolidation. It can be concluded, therefore, that the steel shell structure on the downstream 
side, and the tunnel fill material on the upstream side, provided sufficient restraint against 
expansion of the clay in the direction of the tunnel axis. As a result, hydration of the 
bentonite was translated into increased swelling pressure within the clay bulkhead, and at the 
bulkhead-rock interface. This increased swelling pressure would have only a positive effect on 
sealing performance within the shot-clay and along the block-to-block interfaces. 

4.2.9 Concrete Heat of Hydration 

The maximum temperature rise in the concrete bulkhead due to the heat of concrete 
hydration was only 20°C. A temperature rise of around 50°C would have been expected using 
high-performance Portland cement concrete. Heat of hydration of the concrete could have 
been further reduced, if warranted, by mixing the concrete in a cooler environment or by 
using chilled water or materials, thus lowering the initial concrete temperature. The 
Low-Heat High-Performance Concrete (LHHPC) used to construct the TSX concrete 
bulkhead included silica fume and silica flour as a partial replacement of the cement. The 
LHHPC maintained properties of high strength (75 MPa at 28 days) while having lower heat 
of hydration. Low-pH is considered as a positive attribute of concrete for use in repositories 
where concrete may be placed adjacent to swelling clay materials. The TSX demonstrated 
that a full-scale bulkhead seal could be constructed using LHHPC and practical concrete 
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handling and placement methods. It is speculated that if the temperature had risen to 
greater than 70°C, as would have been expected if a standard high performance concrete were 
used, differential thermal expansion or contraction at the concrete-rock interface may have 
resulted in mechanical damage to that interface. Since the temperature of the concrete rose 
only to 45°C at the centre of the bulkhead, heat of hydration was not a major factor in 
sealing performance. The validation of a numerical model for temperature rise during 
concrete curing was an important achievement of the TSX (Section 2.4.4). 

4.2.10 Concrete Shrinkage 

Concrete shrinkage was a factor affecting the sealing ability of the concrete bulkhead. 
Shrinkage of the concrete resulted in internal cracking as indicated by acoustic emission data. 
Shrinkage also resulted in localized debonding of the concrete-rock interface. Characterization 
of the autogenous shrinkage of the concrete produced values of 250 and 600 fie depending on 
whether or not shrinkage during the first 24 hours after concrete casting was considered. 
Shrinkage of 600 fie would produce up to 10 MPa tensile stress in the concrete, should it have 
remained bonded to the rock, or up to a 2 mm gap at an unbonded concrete-rock interface. 
The actual radial shrinkage in the TSX measured by fibre optic strain sensors was 250 fie. 
The consequence of this shrinkage was partial debonding of the concrete-rock interface and 
some tensile cracking within the bulkhead at regions of high stress concentration. 

Tests conducted in characterizing LHHPC demonstrated that if water were applied to the 
surface of the concrete during the first week of hydration, the irreversible autogenous 
shrinkage could be reduced or avoided entirely. Special forms were constructed to apply water 
to the downstream face of the concrete bulkhead during the initial curing phase of the 
experiment. It was concluded that, given the size of the bulkhead and its low hydraulic 
conductivity, applying water to just one face was insufficient to affect shrinkage at regions 
distant from the wetted face. Although 400 fie of shrinkage was recorded by fibre optic 
sensors in large laboratory cylinders during the first 24 hours of concrete curing, no shrinkage 
was measured during the first 24 hours for the TSX concrete bulkhead using the same type of 
fibre optic sensors. It is probable that either the application of water to the face of the 
bulkhead, or the locking-in of pressure in the fluid concrete during pumping resulted in the 
elimination of this initial shrinkage. Investigating alternative means for reducing concrete 
shrinkage, such as efficiently providing water to a large hydrating concrete mass, is a 
potential area of study based on the results of the TSX. 

Whether or not shrinkage occurred in the concrete was not as important as having a plan in 
place to grout the concrete-rock interface. Regardless of whether the interface aperture was 
1 mm or 0.1 mm, shrinkage gaps at the interface would have been effectively sealed by 
grouting. Despite evidence of cracking within the bulkhead from acoustic emission 
monitoring, there was no evidence of seepage through the concrete mass after the grouting 
was complete. As noted previously, the design of the concrete bulkhead would have been 
improved by keying the entire bulkhead into the rock, or possibly by not keying the bulkhead 
into the rock at all. Keying only half of the bulkhead resulted in the stress concentrations that 
lead to internal shrinkage cracking. The coupled thermo-mechanical modelling developed as 
part of the TSX (Section 2.4.4) could be used in the design of an optimum bulkhead geometry 
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that would reduce the concrete strain or tensile stress resulting from concrete shrinkage. 

4.2.11 Grouting the Concrete-Rock Interface 

It was recognized in the design of the concrete bulkhead that grouting the concrete-rock 
interface would eventually be required. Grout lines and geomembranes were included in the 
bulkhead design to facilitate this grouting. This pro-active approach was considered more 
effective than responding after-the-fact to observations of high seepage rates. Drilling 
boreholes through the bulkhead for injection of grout into point locations on the interface 
would not have had as complete coverage as the geomembrane system that was used. 
Calculations based on parallel plate flow indicated that the ungrouted concrete-rock aperture 
was approximately 0.1 mm. After grouting, the transmissivity of the interface was reduced by 
three orders of magnitude and the calculated interface aperture was just 0.007 mm. Evidence 
from acoustic velocity measurements within the concrete bulkhead indicated that grout had 
effectively filled and sealed the shrinkage fracture identified by AE source locations. In 
addition, during injection the grout was observed to flow out of the concrete-rock interface 
everywhere around the face of the bulkhead. This indicated that the microfine grout 
effectively penetrated the entire interface, whether it was bonded or not, and did not follow 
preferential open pathways. The design of the grouting system prior to concrete pouring, the 
effective injection of microfine grout, and the resulting three-order of magnitude decrease in 
the interface transmissivity was a notable achievement of the experiment. 

Grouting produced a very tight concrete-rock interface. One consequence of the tight 
interface was very short solute transit times between the upstream and downstream ends of 
the concrete bulkhead. Seepage rates and seepage velocities were consistent with an average 
concrete-rock interface aperture of about 2 to 7 /mi. Although transport velocities were 
relatively fast, the volume of seepage at 2 MPa tunnel pressure was less than 30 L/d. 

4.2.12 Cracking of Concrete or Debonding of the Interface During Pressurization 

Increasing the tunnel pressure from 800 to 2000 kPa resulted in additional cracking within 
the concrete and along the concrete-rock interface. The TSX demonstrated the potential 
benefit of using acoustic systems for monitoring the integrity of concrete seals in a repository. 
The absence of ultrasonic acoustic monitoring during pressurization of the tunnel from 800 to 
2000 kPa was notable. A datalogger was subsequently acquired to allow acoustic monitoring 
during the planned increase in tunnel pressure above 2000 kPa. Cracking during 
pressurization from 800 to 2000 kPa was evident from vibrating wire strain gauges and from 
the LVDT interface displacement sensors. Cracking appears to have continued in the same 
region of stress concentration as was previously observed during the initial concrete 
hydration. The cracking, however, was apparently not as significant, but resulted in a factor 
of four increase in seepage rate past the bulkhead. There was a subsequent time-dependent 
decrease in the seepage rate past the newly formed pathways, occurring over more than a 
year. It was postulated that this decrease in seepage was the result of clogging of the smaller 
fractures with debris restricting the flow through these cracks and past the bulkhead. 
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Pressurization induced cracking within the concrete and at the concrete-rock interface. This 
cracking resulted in an increase in seepage past the concrete bulkhead, and therefore was a 
factor affecting seal performance. A study of the extent and location of cracking, and the 
corresponding effect on seepage rates, for applied tunnel pressures of up to 4 MPa is planned 
for the next phase of the TSX. 

4.2.13 Factors Not Addressed 

The following are factors not studied during the first five years of the TSX. It may be 
possible to examine these factors, and their potential influence on the performance of tunnel 
seals, during continuation of the TSX. 

• Monitoring concrete cracking using AE during pressurization and heating. Cracking in 

the concrete bulkhead was not studied using acoustic emission equipment during 
pressurization of the test tunnel. Although data collected from strain gauges indicated 
that continued cracking was occurring, it was not apparent whether this cracking was 
taking place along the concrete-rock interface or though the concrete itself. The 
location of the cracks, and the integrity of the grouted interface, could be studied using 
the acoustic emission sensors already in the bulkhead. Data collected during continued 
pressurization of the TSX tunnel above 2000 kPa will include the collection of AE data 
from the concrete bulkhead. This would be facilitated by lease or purchase of an AE 
datalogging system dedicated to the concrete bulkhead. This system could also be in 
place during heating of the experiment to investigate the potential for crack formation 
as a consequence of thermal expansion of the concrete, grout and rock. The acoustic 
data could be evaluated in parallel with the seepage data to indicate the effect of 
cracking on bulkhead performance. 

• Tunnel pressurization to 4 MPa. Water pressure in the TSX tunnel, at the end of the 
first five year phase of the TSX, was approximately 2000 kPa. This is representative of 
the hydrostatic water pressure in a saturated rock mass at a depth of about 200 m. 
Most repository concepts propose repository depths of between 500 and 1000 m, where 
the expected pore water pressure would be between 5 and 10 MPa. The influence of 
applied water pressure representative of deep geological repositories was not addressed 
in the first five years of the TSX. The pressurization system for the TSX supplied water 
to the test tunnel using a static head system. The water supply tanks were located on 
surface and the experiment at a depth of 420 m, therefore, the TSX could have provided 
a water pressure of up to 4 MPa. Although 4 MPa is representative of deep geological 
formations, it is not a bounding condition (i.e., it is not greater than the water pressure 
expected at 1000 m depth). The water pressure to the tunnel could conceivably be 
augmented by pumping high pressure water into the test tunnel, However, water supply 
pipes, the clay bulkhead restraint system, and experiment instrumentation were neither 
selected nor designed to withstand pressures in excess of 4 MPa. At 4 MPa, the tunnel 
pressure would approach equilibrium with the surrounding pore pressure in the rock 
defining a limiting condition in a deep repository environment. In addition, since full 
water pressure is generally not expected in backfilled repository tunnels until after 
closure, a differential pressure of 4 MPa across a tunnel or shaft seal could be 
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considered conservatively high, with differential water pressures across repository seals 
expected to be less than 4 MPa. Increasing the tunnel pressure to 4 MPa could be 
studied in a continued TSX without modification to the existing water supply system. 

Clay bulkhead performance at saturation. The performance of the clay bulkhead was not 

tested at full saturation. At full saturation, seepage through the entire bulkhead 
contributes to the performance of the clay bulkhead sealing system. Swelling of the 
bentonite will close gaps, compress the shot-clay and extrude it into cracks in the rock. 
Saturation will also change the mechanical properties of the compacted sand-bentonite, 
potentially resulting in increased compression of the bulkhead and possibly greater 
differential displacements. Upon pressurization to 2000 kPa it was estimated that 500 
to 1000 L of air voids remained in the partially saturated clay bulkhead. Complete 
saturation of the bulkhead would be expected to occur during pressurization of the 
experiment to 4 MPa. The tracer test should be repeated after the clay bulkhead 
reaches full saturation, and a numerical back-analysis should be carried out to estimate 
the properties that define the solute transport performance characteristics of the 
saturated clay bulkhead. 

Elevated temperature. The bulkhead performance was not tested at elevated 
temperature. Most concepts for deep geological disposal of heat generating spent 
nuclear fuel consider the surface temperature of waste isolation containers to rise to 
between 85 and 100°C . The temperature increase at the location of tunnel and shaft 
seals will be somewhat less, depending upon repository configuration. The design of 
repository layouts could be constrained by allowable temperature increases at tunnel 
seals. Temperature increase can affect seal performance through differential thermal 
expansion of the materials in a sealing system, by thermally induced cracking in the 
rock surrounding a seal, or by thermally increased pore pressures in low permeability 
materials. A temperature increase of 20 to 50°C above ambient temperatures could 
reasonably be expected at seal locations. The TSX was designed to allow circulation of 
water through the test tunnel at elevated temperature. Instrumentation was selected 
and tested to ensure continued performance at temperatures up to 80°C, if required. 
The effect of increased temperature on seal performance can be studied in a 
continuation of the TSX. 

Long-term effects. Long-term effects were not studied. At the time of preparing this 
report, the TSX had been operating for less than three years, which is insufficient to 
study some time-dependent phenomena. No statement can be made from TSX results 
regarding the long-term stability of the concrete and clay bulkheads in an underground 
environment. 

The effect of increasing salinity on seal performance. The effect of salinity on sealing 

was not addressed. The clay materials were fabricated using potable water and the 
experiment test tunnel was filled and pressurized with potable water. The salinity of 
the pore water in the rock at the depth of the TSX is approximately 80 g/L, which is 
relatively high. In a repository environment, the salinity of the water in the tunnel and 
bulkhead seals would eventually come into equilibrium with the salinity of the water in 
the surrounding rock. It has been suggested that lower density (<1 Mg/m 3 effective 
clay dry density) bentonite-based materials will have diminished swelling capacity under 
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saline conditions. The sealing performance of the shot-clay, therefore, may be 
insufficient if salinity is an issue. This potential effect on performance was not studied 
as part of the TSX. 

• EDZ grouting. EDZ grouting to improve the performance of the clay bulkhead was not 
adequately addressed. The pre-test clay grout injection into the EDZ around the TSX 
was not effective in locally reducing the permeability of the rock since there were very 
few cracks or fractures to fill. It may be possible to study the effectiveness of clay grout 
injection around the clay bulkhead if the injection test were performed after bulkhead 
construction and after the clay bulkhead is fully saturated. Grout can then be injected 
into the rock very close to the bulkhead without concern for loss of grout into the 
empty tunnel or into the gaps between blocks in a relatively dry clay block structure. 
The effectiveness of grout injection can then be evaluated by measuring seepage past 
the bulkhead before and after grouting. The effectiveness of grout injection around the 
concrete bulkhead was adequately demonstrated during interface grouting. 

4.3 A P P L I C A B I L I T Y T O OTHER HOST-ROCK ENVIRONMENTS 

The TSX was conducted in a sparsely fractured crystalline rock, however, the results from 
this test have obvious applicability to other host rock environments. A variety of rock 
environments are being considered for radioactive waste disposal repositories. 

• Intact crystalline rock. Similar to the URL, this rock mass would be characterized as 
having a hydraulic conductivity that is much less than the attainable effective hydraulic 
conductivity of a well constructed seal. 

• Fractured or more permeable rock. This host rock environment would be characterized 
as having a hydraulic conductivity greater than the achievable effective hydraulic 
conductivity of a well-constructed seal. 

• Compressible host rock. Compression of the granite at the URL is relatively 
insignificant in response to changes in hydraulic pressure or swelling of the bentonite. 
Compression of less stiff rock at higher applied pressures may become an important 
consideration. These less stiff materials may also exhibit time-dependent stress-strain 
behaviour or creep. 

• Salt. In addition to having time-dependent properties that allow the material to creep 
inwards around rigid inclusions, salt has the unique capability of healing of rock damage 
and microcracks. 

• Swelling host material. Some clay-based potential host rock environments may have the 
capacity to swell as the material becomes saturated. 

As discussed in Section 3.3.6 seepage through the undamaged granite from the TSX test 
tunnel and around the seals was negligible compared with the total measured seepage past 
the bulkheads. This allowed the results from the TSX to be a measure of the performance of 
the seals themselves, largely unaffected by the host rock characteristics. The TSX seals 
included the bulkhead material (concrete or clay), the interface between the bulkhead and the 
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rock, and the near-field damaged rock. The performance of the bulkhead sealing materials is 
applicable to all host rock types. The importance of the interface between the seal and the 
rock was highlighted by the results of the TSX, although the characteristics of this interface 
may differ from one host rock environment to another as discussed briefly below. The 
damaged rock zone will be highly variable from one host rock environment to another. The 
TSX has shown that the influence of a damaged rock can be minimized through effective 
design of bulkheads. The potential influence of damaged rock zones in other environments are 
discussed below. 

One of the most important conclusions from the TSX applies to all other host rock 
environments. That is, that well-constructed full-scale clay and concrete seals can be 
constructed using existing technology. The same, or similar, technology can be used for 
construction of any compacted clay or concrete repository seals, either by themselves or in a 
composite design, either in tunnels or in shafts. The TSX has shown that these seals, 
constructed in this way, can achieve certain minimum performance characteristics, which 
should be achievable regardless of the host rock environment. 

Intact crystalline rock. The 420 Level of the URL, the location of the TSX, is an example of 
an intact crystalline rock. Since the hydraulic conductivity of the rock is low ( < 1 0 - 1 3 m/s), 
the predominant potential mechanism for radionuclide transport through the rock mass is 
diffusion. Therefore, there is increased importance of advective transport along the lengths of 
the tunnels and shafts. In stiff, unfractured crystalline rock masses, the in situ stresses can be 
expected to be sufficiently high to create damaged rock zones around the tunnels and shafts 
that could potentially become hydraulic pathways along the lengths of excavations. 
Therefore, one purpose of the seals would be to interrupt the damaged zone to eliminate the 
hydraulic connection from one water bearing fracture zone to the next through disposal 
rooms. The TSX has shown that well constructed seals, keyed into the rock, and having a 
component of bentonite-based sealing material can provide this function. In this rock mass 
type, there cannot be a criterion that the seal's effective hydraulic conductivity is as low as 
the conductivity of the host rock material. However, the TSX provided data that can be used 
in the design of concrete, clay or composite seals. Based on these data, seals can be 
constructed to meet specific minimum performance specifications. 

Fractured or more permeable rock. Rock masses containing fractures or hydraulic 
discontinuities will have different sealing requirements than intact crystalline rock. In such 
rock, the performance criteria for the tunnel and shaft seals may be based on requirements 
that the potential rate of radionuclide transport through a seal will be small in comparison to 
the potential for transport through the host rock. The TSX has shown that concrete or clay 
seals can achieve effective hydraulic conductivities of 1 0 - 1 0 m/s or less. Solute transport data 
from the TSX provide information that can be used to design seals to meet specific solute 
transport requirements. The principal difference between the TSX environment and a 
fractured rock environment is the nature of the damaged zone around the tunnel. The in situ 
stresses carried by a fractured rock mass would be expected to be lower than for an intact 
rock mass, however, a zone of excavation damaged rock should still be expected. Such a 
damaged zone could consist of blast induced fracturing (for drill-and-blast excavations), 
microcracking due to stress redistribution, and a combination of shear and normal 
displacements of fractures that intersect the excavation. Keying seals into the rock will 
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interrupt some of the flowpaths in the EDZ, however, the TSX did not examine the 
consequence of key excavation in a fractured rock environment. Grouting of the EDZ may be 
included in the design of seals in fractured rock. The TSX provided experience in clay grout 
injection but did not provide a demonstration of grouting effectiveness in a more permeable 
EDZ. The TSX also provided experience with grouting the concrete-rock interface and 
demonstrated the potential effectiveness of such grouting. The concrete-rock interface 
grouting technique used in the TSX could be expanded to include grout injection into the 
surrounding damaged rock zone at the same time. It is probable that just injection of 
microfine cement grout into the concrete-rock interface will also penetrate a permeable zone 
of near-field damaged rock. Overall, by conducting the TSX in an intact, low permeability 
rock mass, the performance capabilities of the sealing systems alone were quantified without 
requiring attempts at subtracting estimated quantities of seepage or solute transport 
occurring through the host rock. Therefore, quantities such as the effective hydraulic 
conductivity of the seals or the transport characteristics of the interfaces as derived from the 
TSX, can be more readily applied to the design of sealing systems in fractured rock, than if 
the TSX were actually conducted in a more permeable host rock environment. 

Compressible host rock. In the TSX, the rock mass was considered to be relatively 
undeformable compared with the sand-bentonite sealing material and at the water pressures 
experienced in the experiment. The rock elastic modulus of 60 GPa was similar to the elastic 
modulus of the hardened concrete (60 GPa for LHHPC as determined from in situ 
measurements), however, differential displacements at the concrete-rock interface were 
expected to allow the two materials to deform more-or-less independently. Other potential 
host rock environments (sedimentary or argillaceous rock masses, salt) will have a low 
stiffness when compared with intact granite. The performance of seals in such environments 
would be expected to be similar to seal performance in the TSX. However, a few questions 
arise when considering the compression characteristics of the rock mass, such as: 

• Can pressurized water in interfaces compress the surrounding host rock, thus further 
opening the interface apertures? 

• If a significant differential pressure exists across a seal, such as in the TSX, will 
deformations in the surrounding host rock affect seal performance? 

Deformations in any rock can be expected to be relatively small, and the conclusions from the 
TSX will almost completely apply to more compressible rock types. Generally, water pressure 
at the bulkhead-rock interface should equilibrate with water pressure in the surrounding host 
rock and adjacent bulkhead seal, thus making it unlikely that increased hydraulic pressure at 
the interface will affect hydraulic apertures after a long period. Deformations in the host rock 
can generally be estimated through knowledge of stress-strain properties of both the rock and 
the sealing material, and from reasonable estimates of the expected stresses at seal locations. 
It should be noted that deformations of a more compressible host material may result in a 
tighter contact between the rock and the seal components, and hence improved seal 
performance. Seal design modifications could minimize potential adverse effects, if any, 
making the positive conclusions from the TSX applicable. It should be noted, however, that 
stiff clays can be both deformable and fractured. The possible application of the TSX results 
to fractured rock was discussed above. 
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Salt. Salt is unique in that it creeps slowly inwards to fill openings and gaps. At first glance, 
it has many attributes in common with brittle, crystalline rock. The material fractures or 
cracks when loaded quickly and microcrack-scale damage exists around new excavations. The 
materials have similar hydraulic conductivities and similarly show increased hydraulic 
conductivity with increased damage. In salt, however, fractures that formed will close with 
time and pressure and the microcrack damage will heal. In hard crystalline rock, an open 
interface between the concrete and rock will stay open, although it may fill in over the long 
term as naturally occurring fractures do. Salt will eventually creep in around a rigid seal, 
such as that provided by the concrete bulkhead. The good performance of the seals in the 
TSX is transferable to seals in salt, as a lower bound for expected performance. Seepage 
characteristics past the TSX bulkheads may be representative of seepage past bulkheads 
constructed in salt immediately after construction. With time, the salt will creep in around 
the concrete or clay seals and close the interface. Experience at W I P P suggests that the 
interface between salt and concrete disappears entirely with time and is not a long-lasting 
hydraulic pathway. The same applies to the clay bulkhead. Inward creep of salt would also 
compress the less dense clay at the outer regions of the bulkhead, thus making a more 
uniformly compacted low permeability clay seal. The damaged rock zone in salt also requires 
a different design approach than the EDZ in granite. Since salt damage tends to heal with 
time around rigid inclusions, the requirement for interrupting a continuous zone of damaged 
rock by excavating a bulkhead key is not as rigourous. The TSX demonstrated the 
technologies required for construction of shaft or tunnel seals and provided baseline 
performance characteristics, which in a salt environment, would be expected to improve with 
time. 

Swelling host rock. Certain rocks expand in volume as they evolve from unsaturated to 
saturated conditions. Ventilation past underground excavations tends to dry out or 
desaturate the rock surrounding these excavations. The rock near the surface will have been 
affected by both stress relief during excavation and desaturation during ventilation. This 
near-surface damaged rock zone would have very different properties than damaged rock 
zones in granite. The tunnel or shaft seals would be constructed adjacent to these partially 
saturated rocks. Upon completion of the seal, the surrounding rock would tend to return to a 
saturation condition. The resulting volume expansion of the rock during the transition 
towards saturation would compress the interface between the bulkhead and the rock 
improving seal. As with disposal facilities in salt, the TSX demonstrated the technologies 
required for construction of shaft or tunnel seals for a swelling host rock environment and 
provided baseline performance characteristics, which would be expected to improve with time. 

4.4 IMPLICATIONS FOR BULKHEAD DESIGN 

The TSX clay and concrete bulkheads were not intended to be exact replications of potential 
seal designs for excavations in a radioactive waste repository. The experiment was conducted 
to gain information on the performance characteristics of clay and concrete as tunnel or shaft 
sealing materials for application to the design of repository sealing systems. Although the 
test was constructed as a tunnel seal, many of the observations are equally applicable to the 
design of bulkheads in shafts. The following is a list of factors to consider in the design and 
construction of repository shaft or tunnel seals. 
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The treatment of interfaces in seal design requires special attention. The TSX 
illustrated that the flow of water along the various interfaces was large compared with 
the flow through the intact sealing materials. Important interfaces included compacted 
clay to rock, concrete to rock, and between pre-compacted clay blocks. 

Design of bulkhead seals should begin with the design of the excavations where the seals 
will eventually be required. Minimizing excavation damage at seal locations will 
improve the expected performance of the seals. Characterization methods exist that are 
capable of quantifying excavation-induced damage and these methods, combined with 
geological characterization, should be used to optimize seal locations. The TSX showed 
that combining a number of different characterization methods is useful in evaluating 
the extent and nature of rock damage. 

Although machine excavation has advantages in different host rock environments, 
drill-and-blast excavation had no discernible effect on sealing, as identified by the TSX. 
Excavation damage due to blasting was completely interrupted by mechanical 
excavation of 1-m-deep keys into the rock. 

Clay blocks can be used to construct a homogeneous low permeability bulkhead. 
Seepage may have occurred along block-to-block interfaces when the bulkhead was 
relatively dry (as was observed in a physical model of the TSX ) . After initial wetting, 
however, the compacted block interfaces did not appear to contribute to seepage 
through the clay bulkhead in either the physical model or the full-scale experiment. 
Placement of blocks with care may take longer than in situ compaction. The placement 
of clay blocks in the upper region of the TSX bulkhead ensured that well compacted 
material was placed near the roof of the tunnel. Alternatively, in situ compaction may 
remove the need for shot-clay where the sand-bentonite material can be compacted 
directly against the rock. One design option may be to have in situ compaction in the 
lower portion of the clay seal and pre-compacted clay blocks in the upper portion. 

A keyed compacted sand-bentonite bulkhead creates an effective seal if pressurized 
slowly. Keying the bulkhead into the rock effectively interrupted the hydraulic 
continuity of the EDZ. The TSX keyed, compacted, sand-bentonite bulkhead provided a 
very low effective hydraulic conductivity (5 x 1 0 - 1 2 m/s) and solute transport velocities 
were very slow (approximately 10 mm/d at a hydraulic gradient of 17). For effective 
sealing, however, the clay bulkhead performed well only if pressurized slowly. The 
allowable rate of pressurization of a compacted clay bulkhead will depend upon seal 
design characteristics. The TSX, however, could be pressurized at an average rate of 
less than 5 kPa per day during the first few months of the experiment. The rate of 
pressurization will be a concern only in fractured rock masses where there is measurable 
inflow into the excavations, and hence a more rapid rate of pressurization of repository 
excavations. For intact rock masses, such as the rock at the 420 Level of the URL, 
filling the excavation with water from the rock will require several decades and the 
pressurization rate will not be an issue. 

Shot-clay was an acceptable means of treating the clay-rock interface, however the 
thickness of shot-clay should be minimized. Unlike in the TSX, the bulkhead keys 
should be excavated with smooth surfaces. The overlapping boreholes on the vertical 
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faces of the TSX clay bulkhead key required shot-clay to be applied in a thickness of up 
to 60 mm, which affected the overall sealing performance of the shot-clay. Keys should 
be constructed with smooth surfaces to minimize this thickness. The performance of 
shot-clay using a high salinity water supply was not tested, and the use of shot-clay in 
saline environments requires examination. 

Concrete bulkheads can provide functional low permeability seals. An effective 
hydraulic conductivity of 5 x 1 0 - 1 0 m/s for the TSX bulkhead implies that concrete 
bulkheads could provide acceptable sealing characteristics for specific repository 
environments. Increasing the length of the bulkhead would proportionally decrease its 
effective hydraulic conductivity. Construction of a rigid concrete bulkhead in salt or 
swelling clay would be expected to result in improved interface properties with time, 
hence improved overall performance. Results from the TSX after less than three years 
of operation cannot be used to make any statements on the long-term durability of 
concrete. 

Seepage along the concrete-rock interface dominates the hydraulic performance of the 
concrete-rock sealing system. Grouting of concrete-rock interfaces should be included in 
the design of concrete seals. Seepage will still preferentially occur along bonded 
concrete-rock interfaces, hence, grouting of these bonded interfaces is required for 
optimum seal performance. An interface grout injection system constructed within the 
concrete bulkhead was an effective approach for the design of the TSX concrete 
bulkhead. Grouting will result in decreased seepage past the concrete bulkhead, but 
transport velocities will be high relative to a clay seal (up to 6.5 m/d for the TSX ) . 
Solute transport velocities along the concrete-rock interface should be considered when 
assessing the performance of potential concrete bulkhead designs. 

Concrete bulkheads should be built with uncomplicated geometry, either unkeyed for 
their full length or keyed for their full length. Corners in the design of the concrete 
bulkhead will create regions of stress concentration. These corners may become the 
locations for nucleation of shrinkage cracks within the concrete bulkhead. 

Shrinkage of non-expansive concrete mixtures should be expected. Attempts to 
minimize shrinkage of the concrete in the TSX were not entirely successful. Applying 
water to the face of the concrete bulkhead and/or locking a pressure into the 
unhardened concrete during concrete pumping may have resulted in an absence of 
shrinkage during the first 24 hours after the concrete pour. After the first day, however, 
concrete shrinkage continued unabated. Methods aimed at minimizing shrinkage should 
be included in the design of the concrete or its formwork. Shrinkage may not be an 
important issue, however, if a system for grouting the concrete-rock interface is 
incorporated into the design of the bulkhead and if the bulkhead geometry is kept 
sufficiently simple to avoid nucleation of shrinkage cracks within the bulkhead. 

A composite concrete-clay bulkhead would have a number of advantages. The concrete 
bulkhead would provide a rigid restraint against volume expansion of the bentonite. 
The concrete bulkhead in parallel with a clay seal would reduce the potential for high 
flow leaks past the clay seal during the period before the clay is completely saturated. 
This factor would be particularly important for seals, which isolate flowing fracture 
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zones. The TSX addressed the issue of cement-clay interaction by reducing the cement 
content in the concrete design. The Low-Heat High-Performance Concrete used in the 
TSX would not have free portlandite at the end of the concrete hydration process and 
would provide a relatively low pH environment (pH < 10) in the vicinity of the concrete 
bulkhead. A demonstration of cement-bentonite interaction for LHHPC was not 
included as part of the TSX. Issues related to the long-term integrity of concrete were 
also not studied in the TSX. 

5. SUMMARY 

This report describes the design, construction and operation of the Tunnel Sealing 
Experiment during its first five years. The experiment was initiated in 1995 July with the 
first TSX Coordination Meeting. This report summarizes all activities and data collected to 
2001 March. The objectives of the TSX were: 

To assess the applicability of technologies for construction of practicable concrete 
and bentonite bulkheads; to evaluate the performance of each bulkhead; and to 
identify and document the parameters that affect that performance. 

In this chapter, the contents of the report are summarized as they apply to the experiment 
objectives. 

5.1 A P P L I C A B I L I T Y OF BULKHEAD CONSTRUCTION TECHNOLOGIES 

The term practicable is defined as capable of being put into practice or capable of being used. 
The technologies applied to the construction of the clay and concrete bulkheads can be 
applied to the construction of tunnel or shaft seals in a radioactive waste repository. The 
concrete and clay seals constructed using technologies similar to those applied in the TSX 
will be functional in terms of limiting the seepage of water and transport of radionuclides 
across the seal. Many construction techniques were refined as part of the TSX. 

• Excavation of tunnels and preparation (keying) of excavation surfaces at seal locations. 

• Characterization of the quality of rock at potential seal locations. 

• Preparation and placement of a compacted sand-bentonite mixture. 

• Pneumatic placement of a sand-bentonite mixture as shot-clay at the clay-rock interface. 

• Pneumatic placement and in situ compaction of a backfill material adjacent to the 
compacted clay bulkhead. 

• Injection of a bentonite grout into the EDZ. 

• Mixing, transport and placement of a concrete bulkhead. 

• Injection of a micro-fine grout into the concrete-rock interface. 



- 410 -

• Placement of instrumentation in clay, concrete and rock for performance monitoring. 

Through the course of the TSX design, a process of developing design criteria and making 
design decisions based on those criteria was applied. Many of the design criteria developed as 
part of the TSX will have universal applicability to repository seals at any location in any 
host rock environment. However, every location will have unique aspects, and design criteria 
should be developed to address important site-specific features that could potentially affect 
seal performance. In addition, the functional requirements of the seal will be different at 
different locations within a repository. For example, seals at disposal room entrances may 
have different functional requirements than shaft seals. The TSX provided an approach to 
itemizing and addressing design requirements. During this process, a number of specific 
design related activities resulted in technological developments in the characterization and 
analysis of the various component materials. 

• The development of Low-Heat High-Performance Concrete. 

• Increased understanding of factors important in concrete shrinkage. 

• Techniques for fabrication of a large number of pre-compacted sand-bentonite blocks. 

• Development of technologies for placement of shot-clay. 

• Development of grouting and other specialized technologies for sealing concrete-rock 
interfaces. 

• Development of excavation methods for bulkhead keys. 

• Development of methods to construct full-scale clay and concrete bulkheads. 

• Development of numerical models for thermo-mechanical analysis of concrete hydration 
and for the gradual wetting of unsaturated clay. 

• Improvement to methods for measuring permeability and acoustic velocity in damaged 
rock. 

Construction of the clay and concrete bulkheads employed current technologies to produce 
seals that could be used in deep underground radioactive waste repositories. Therefore, the 
TSX met its objective of demonstrating applicable technologies for construction of practicable 
concrete and bentonite bulkheads. 

5.2 EVALUATION OF BULKHEAD PERFORMANCE 

The overall performance of the bulkheads was defined as the ability to minimize transport of 
solutes past the seals. This performance has two components: the rate of seepage past the 
bulkheads, and advective (and dispersion/diffusion) solute transport in the seepage water. 
The rate of seepage past the two bulkheads was tested at water pressures up to 2000 kPa 
applied to one face of the two bulkheads. The water pressure was held constant for extended 
periods at 800 kPa and 2000 kPa and a solute transport study was conducted at the constant 
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applied water pressure of 800 kPa. Methods were developed to maintain a high water pressure 
within the tunnel between the two tunnel seals and to monitor seepage on the downstream 
side of the seals. Methods were also developed to inject Sodium Iodide and Fluorescein 
tracers into the tunnel under pressure and to mix with the water in the tunnel by circulation. 
Water sampling points were included within the tunnel, in the rock adjacent to the two 
bulkheads, and on the downstream side of the bulkheads. A borehole hydraulic monitoring 
system in the rock, and individual piezometers in and around the two bulkheads, were used 
to monitor the background hydraulic conditions, and to provide indications of hydraulic 
gradients and potential pathways. Seepage around the clay bulkhead into the open excavation 
was measured as evaporation on the downstream side of the clay bulkhead. The evaporation 
contribution to overall seepage was found to be sufficiently small that it could be ignored. 

Four substantial, short-duration leakage events past the clay bulkhead occurred during the 
first six months of pressurization. This led to the conclusion that the compacted 
sand-bentonite seal could not be pressurized very quickly during the period when the 
bulkhead remained predominantly unsaturated. Seepage during these events was through the 
shot-clay at the clay bulkhead-rock interface. These leaks highlighted the importance of the 
bulkhead-rock interface in the overall performance of the bulkheads. 

The concrete bulkhead-rock interface was similarly important. Seepage past the concrete-rock 
interface was both continuous and substantial (up to 1.6 L/min at 300 kPa tunnel pressure) 
before the interface was injected with microfine cement grout. It was concluded that the 
grout was successful in penetrating and sealing the entire concrete-rock interface, even though 
the concrete-rock contact was presumed to be fully bonded at that time. Cement grout 
injection reduced the transmissivity of the interface by three orders of magnitude. The design 
of the concrete bulkhead assumed that such grouting would eventually be required, and the 
system for grout injection into the concrete-rock interface was constructed as an integral part 
of the bulkhead. The main conclusion from both the clay bulkhead leakage events and the 
concrete-rock interface grouting was that the treatment of interfaces was at least as important 
to overall seal performance as the fabrication and placement of the bulkhead material. 

Despite the high-flow leakage events early in the experiment, the clay bulkhead created an 
effective seal when provided with sufficient time for the bentonite within the material to 
hydrate and swell. The early leakage combined with the eventual measurement of very low 
seepage rates past the clay bulkhead demonstrated the healing, or resealing, capabilities of 
bentonite. The overall seepage performance of the two bulkheads was characterized by an 
effective hydraulic conductivity. The effective hydraulic conductivity of each bulkhead is 
defined as the measured seepage rate divided by the hydraulic gradient and the 
cross-sectional area of the tunnel. The effective hydraulic conductivity of the clay bulkhead 
was between 5 x 1 0 - 1 2 m/s and 8 x 1 0 - 1 2 m/s, while the effective hydraulic conductivity of 
the concrete bulkhead was between 1 x 1 0 - 1 0 m/s and 5 x 1 0 - 1 0 m/s. A reference seepage 
test was conducted in the TSX tunnel before experiment construction using a concrete weir 
placed on an untreated excavation damage zone. Comparing the seepage rates past the two 
tunnel seals to the seepage rate extrapolated from the results of this reference test indicated 
that the construction of the keyed clay and concrete bulkheads reduced the rate of seepage by 
99.4% and 67% respectively. The conclusion was that both bulkheads created effective 
full-scale tunnel seals at applied pressures of up to 2000 kPa. 
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Solute transport characteristics past both seals were derived from the results of the TSX 
solute transport study. It was presumed that most of the seepage past the two bulkheads 
occurred at the bulkhead-rock interfaces. The dispersivity, transport porosity and hydraulic 
conductivity of the materials at the interfaces were derived from test data. It was concluded 
that the dispersivity was more related to the material type than to the length of the 
transport pathway. The hydraulic aperture of the concrete-rock interface was calculated from 
both seepage data and solute transport data, and was determined to have been reduced from 
90 fim before grouting to approximately 7 fim after grouting. A consequence of a very small 
hydraulic aperture was relatively fast seepage velocities. The first observed breakthrough of 
the tracer past the concrete bulkhead was only 4 hours after the tracer was injected. During 
this 4 hour period only one litre of water had seeped past the concrete bulkhead. 
Breakthrough past the clay bulkhead occurred nine months after tracer injection. The 
transport velocities and the measured seepage rates allowed a useful characterization of the 
flowing pathways past each bulkhead. This information from the TSX can be used in the 
design of concrete and clay seals to meet specific sealing objectives. 

The TSX pressure test and solute transport test provided information that was used to 
evaluate the performance of the clay and concrete bulkheads. The experiment, therefore, met 
the objective of quantifying seepage and solute transport characteristics of the performance of 
well constructed concrete and clay bulkheads during the transient period when water pressure 
on one side of the bulkhead increased from zero to 2000 kPa. 

5.3 PARAMETERS AFFECT ING PERFORMANCE 

One element of seal performance evaluation was the collection of data from sensors installed 
in, and around, each seal to monitor the parameters that may affect bulkhead performance. 
The TSX included 928 sensors, most of which performed well. Use of these sensors in the 
TSX provided guidance for their potential use in performance monitoring of repository seals. 
Observations from the monitoring of TSX instrumentation include the following. 

• Commercially available instrumentation. Commercially available equipment, systems 
and sensors monitoring pore pressure, displacement, total pressure, temperature and 
strain provided reliable information over the course of the experiment. The instruments 
were installed in rock, concrete and clay. All commercial instrumentation required 
checks to the manufacturer's calibrations before use in the experiment, as well as 
modifications to ensure that the instruments and wiring were effectively sealed against 
leakage. Special modifications were required to sensors monitoring pore pressure and 
displacement at, or near, the interfaces between the bulkheads and the rock, and these 
modified sensors also performed well. Had the instruments been used as provided by 
the manufacturer it is likely that their failure rate would have been higher. Experiment 
data provided useful insight into the various factors that affected seal performance. 

• Moisture sensors. Three sensor types were used to monitor soil moisture conditions in 
the unsaturated compacted sand-bentonite. Hygrometers and psychrometers were used 
effectively to interpret soil water suction in the pore space of the material. Conversion 
from soil suction to moisture content, to allow comparison with Time Domain 
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Reflectometry ( TDR) probes, required assumptions with respect to the effect of total 
stress or clay density change on sensor response. Interpretation of the response from all 
three sensor types requires more development before the inferred changes in moisture 
content can be used with confidence. 

• AE/MS. Microseismic (MS) and ultrasonic acoustic emission (AE) monitoring 
technology provided the TSX with useful performance related data. The microseismic 
and acoustic emission systems remotely monitored cracking in the rock and concrete at 
two different scales. The MS system monitored the volume of rock surrounding the 
entire tunnel (approximately 100,000 m 3 ) and the AE systems recorded more detailed 
information at the scale of about 100 m 3 . Microseismic events were located to an 
accuracy of 0.4 m, while the AE events in the concrete bulkhead were located to an 
accuracy of .03 m. Both the MS and AE systems delineated regions of cracking in the 
rock and concrete illustrating potential value as remote performance monitoring tools 
for repository excavations and concrete seals. In particular, the nucleation and 
propagation of a shrinkage fracture in the concrete bulkhead was identified by the AE 
system, while existence of this fracture, or its location would not have been distinctly 
detected by other instrumentation. The AE system also provided continuous monitoring 
of P- and S-wave velocity variations in the rock and concrete. Velocity and signal 
amplitude data provided information on crack density in the rock, the integrity of the 
concrete-rock interface, and the increasing elastic modulus of the hardening concrete. 

• Strain gauges. Most strain gauges embedded in concrete work well in hardened 
concrete. Monitoring shrinkage in unhardened concrete, however, is affected by the 
rigidity of the sensor, thermal expansion of the sensor as the concrete temperature 
increases due to the heat of hydration, and the corrections required to compensate for 
temperature change. The fibre optic sensor used in the TSX was useful in capturing 
strain during the first 24 hours after the concrete pour. 

• Psychrometers in concrete. Psychrometers installed in the concrete bulkhead provided 
insight into changes in liquid phase suction during concrete curing, and this suction had 
implications related to concrete shrinkage. The use of psychrometers to monitor suction 
during concrete curing in the TSX is the only known instance of such an application. 

• Camera. A sacrificial, closed-circuit video camera installed at the top of the concrete 
bulkhead allowed monitoring of the filling of the top of the keyed region during the 
concrete pour. This video camera provided visual information that could be used to 
plan grouting of the top portion of the bulkhead, if it had been required. 

Data from the experiment were used to identify several parameters or design elements that 
could have a potential effect on the performance of repository seals. The following is a list of 
the elements studied and their potential effects as indicated from the results of the TSX. 

• Excavation method and the EDZ. The selection of drill-and-blast tunnel excavation over 
mechanical excavation resulted in blast-induced damage only out to 0.3 m, which did 
not affect the performance of bulkheads. The flexibility in cross-sectional geometry 
allowed by drilling-and-blasting helped to minimize stress-induced damage in the rock. 
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Keying the bulkheads into the rock. Keying was very effective for the clay bulkhead. 
Seepage rates were reduced from extrapolated pre-test measurements by a factor of 170. 
Chemical analysis of seepage water indicated that most of the seepage traveled through 
clay and not the EDZ. Keying the concrete bulkhead did not have as great an effect on 
seal performance. Seepage along the concrete-rock interface was reduced by only a 
factor of 3 from that expected through the EDZ of an un-keyed bulkhead. 

Grouting the EDZ. Clay grouting of the EDZ was a useful demonstration. However, 
since there were no visible fractures in the EDZ, no conclusions could be made 
regarding the effectiveness of grouting on clay bulkhead performance. 

Compacted sand-bentonite placement method. Placement of pre-compacted blocks 

produced a homogeneous and high-density bulkhead. Block-to-block interfaces did not 
have a long-lasting effect on sealing. The advantage over in situ compaction is the 
ability to have uniform density to the top of the keyed bulkhead; the disadvantages are 
that block placement requires shot-clay at the clay-rock interface and that the clay 
placement rate using blocks is slower than using in situ compaction. 

Treatment of the clay bulkhead-rock interface. The short-term performance of the clay 

bulkhead was greatly affected by the shot-clay at the interface. Pressurization of the 
shot-clay too quickly resulted in formation of high flow pathways through the shot-clay. 
A slower pressurization rate resulted in formation of a saturated low-permeability flow 
path. 

Degree of saturation/rate of pressurization. Physical simulations of the TSX bulkhead 
showed that as the block structure becomes saturated it can seal to pressures as high as 
4 MPa. However, a volume of clay at the core of the bulkhead can remain unsaturated 
with the bulkhead still providing an effective seal. 

Healing of flowpaths by swelling bentonite. The TSX was an effective demonstration of 

this attribute of bentonite-based structures. Initial high flow pathways through the 
unsaturated shot-clay were effectively sealed once the bentonite was allowed to hydrate 
and swell. 

Clay bulkhead volume expansion. The TSX clay bulkhead only experienced compression. 
The TSX demonstrated that volume expansion can be prevented at full-scale through 
careful design. 

Concrete heat of hydration. The temperature rise due to heat of hydration was only 
20°C. Differential displacements caused by thermal expansion for this temperature rise 
did not affect the seal performance. 

Concrete shrinkage. Concrete shrinkage resulted in partial debonding of the 
concrete-rock interface and nucleation of a shrinkage crack at a location of tensile stress 
concentration within the bulkhead. The effects of shrinkage on sealing performance 
were greatly reduced by injection of grout into the interface. 

Grouting the concrete-rock interface. The pro-active approach of installing grout lines 
and geomembranes on the interface was very effective in producing a low permeability 
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seal, and was considered a better option than drilling and grouting as a remedial action 
after observation of leaks. 

• Cracking and debonding during pressurization. Cracking within the concrete and 

debonding of the concrete-rock interface continued to occur as the tunnel was 
pressurized resulting in a slight increase in seepage rates. 

A number of considerations for seal design can be identified based on the above-mentioned 
factors. 

• Treatment of interfaces requires special attention in seal design. 

• Although machine excavation has many advantages in different host rock environments, 
drill-and-blast excavation has no discernible effect on the performance of 
well-constructed seals. 

• Clay blocks can be used to construct a homogeneous low-permeability bulkhead. 
Placement of blocks with care may take longer than in situ compaction. One design 
optimization may be to have in situ compaction in the lower portion of the bulkhead 
and clay block placement in the upper portion. 

• A keyed compacted sand-bentonite bulkhead creates an effective seal if pressurized 
slowly. 

• Shot-clay is potentially an acceptable means of treating the clay-rock interface but its 
thickness should be minimized. Keys should be constructed with smooth surfaces, 
where possible, to minimize this thickness. 

• Concrete bulkheads can provide functional low permeability seals. 

• Grouting of concrete-rock interfaces should be included as an element of the design of 
concrete seals. Grouting of bonded interfaces is still required for optimum seal 
performance. 

• Concrete bulkheads should be built with uncomplicated geometry, either unkeyed for 
their full length or keyed for their full length. 

• Although shrinkage of non-expansive concrete mixtures should be expected, methods 
aimed at minimizing shrinkage should be included in the design of either the concrete or 
its formwork. 

• A composite concrete-clay bulkhead would have the advantage of reducing the potential 
for high flow leaks past the clay bulkhead during the period before the bulkhead is 
completely saturated. 

A number of factors were not addressed in the first five years of the TSX, and these include 
the following: 

• After the initial curing period, cracking in the concrete was not studied using AE 
equipment. Such equipment would have allowed a better understanding of the nature 
and location of cracking during incremental increases in tunnel pressure. 
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• Tunnel pressure in the TSX at the end of the first five years was low (2 MPa) compared 
with water pressures expected in concepts for deep geologic repositories (>5 MPa) . 

• The performance of the clay bulkhead was not tested at full saturation. 

• The performance of the bulkheads was not tested at temperatures representative of 
thermal conditions expected around repositories for spent nuclear fuel. 

• Long-term effects were not studied. 

• The effect of salinity on sealing was not studied. Low density bentonite-based materials, 
such as shot-clay, may have the potential to lose their sealing capabilities in saline 
environments. 

Overall, the TSX has met its objective of identifying the parameters or design elements that 
potentially affect seal performance. Continuation of the TSX at higher pressure and elevated 
temperature, using the facilities in place at the end of the first five-year phase of the 
experiment, would provide for a more complete set of experiment outcomes, and would 
address most of the factors not addressed in the first five years. 

5.4 OVERALL CONCLUSIONS 

This report summarizes the first five years of the Tunnel Sealing Experiment. The TSX met 
its objectives as established when the experiment was conceptualized. Many parallel activities 
have contributed to a wealth of information arising from the experiment and most of this 
information is documented in this report. The most important outcome from the TSX, thus 
far, is that functional full-scale repository seals can be constructed using currently available 
technology. The conclusions arising from the TSX are directly applicable to either tunnel or 
shaft seals constructed in any host rock environment under consideration for radioactive 
waste disposal. The results from the TSX have direct application to the repository sealing 
programs of the participating countries. 

The TSX represents a valuable investment not only in terms of its facility but also in terms of 
all the data and experience gained. This investment can pay further dividends by 
investigating several problems related to bulkheads and sealing posed by previous studies and 
problems not included in the first phase of the project. 
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