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EXPERIMENTAL MODELLING OF THERMAL CONSOLIDATION
EFFECTS AROUND A HIGH LEVEL WASTE REPOSITORY

A report prepared by A.P.S. Selvadurai, Department of Civil Engineering, Carleton University,
in association with Selvadurai & Associates Inc., under contract to the Atomic Energy Control
Board.

ABSTRACT

This report summarizes the results of a research programme which involves the development of
a laboratory experimental facility for the simulation and study of hydro-thermo-mechanical
processes in saturated geomaterials with low permeability. The experimentation involves a
synthetic cement based porous material made of cement grout which possesses permeabilities in
the range of dense unfracrured sandstones or shale. Specially manufactured pore-pressure
transducers were installed within the cylindrical block at locations adjacent to a plane free
boundary. The block was saturated with the periodic application of a vacuum. In its saturated
state the plane boundary of the block was subjected to heating via a circular heater the
temperature of which was maintained constant. The resulting pore pressure generation along
with temperature at these locations was monitored continuously. The results of a series of
experiments are documented and further extensions to the overall scope of the experimental
research programme are also discussed.

RÉSUMÉ

Ce rapport résume les résultats d'un programme de recherche qui comporte l'établissement d'une
installation expérimentale de laboratoire pour la simulation et l'étude de processus hygro-thermo-
mécaniques dans des matières géologiques saturées peu perméables. L'expérience porte sur une
matière poreuse à base de ciment synthétique faite d'un coulis de ciment dont les perméabilités
se trouvent dans l'échelle des grès ou des schistes denses non fracturés. On a installé des
transducteurs de pression de l'eau interstitielle, fabriqués spécialement à cette fin, à l'intérieur
du bloc cylindrique à des points faisant contact avec une surface plane dans la matière. On a
saturé le bloc en y appliquant périodiquement un vide. La surface plane du bloc à l'état saturé
a été chauffée à l'aide d'un générateur de chaleur circulaire à température constante. On a
surveillé constamment la pression de l'eau interstitielle ainsi créée et la température à ces points.
Les résultats d'une série d'expériences sont documentés et l'on aborde aussi la possibilité
d'étendre encore la portée globale du programme de recherche expérimentale.

DISCLAIMER

The Atomic Energy Control Board is not responsible for the accuracy of the statements made
or opinions expressed in this publication and neither the Board nor the author assumes liability
with respect to any damage or loss incurred as a result of the use of the information contained
in this publication.
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1. INTRODUCTION

The current Canadian concept for the disposal of the heat-emitting long-lived high-level

nuclear wastes advocate the deep burial of waste containers in deep vaults located in

granitic rock formations. A multiple barrier system, which consists of both engineered and

natural barriers, forms a key aspect of the proposed disposal concepts. The engineered

barriers include a waste container, a bentonite clay buffer region which isolates the waste

containers from the host rock in either borehole emplacement or in room emplacement

configurations, backfill regions and shaft seals. The primary natural barrier is the

geological formation in which the repository is constructed [1]. The objective of the

engineered and natural barriers is to retard the migration of radionuclides to the biosphere

upon eventual disintegration of the waste container.

The primary processes contributing to radionuclide migration are flow processes and

diffusion processes. The predominance of either form of transport mechanism will be

influenced by the condition of the various engineered barriers during the early stages of the

life of the repository. For example, the engineered barrier immediately surrounding a

waste container is a buffer region which consists of a mixture of bentonite clay and crushed

silica sand. Under ideal conditions of moisture influx and radiogenic heat transfer, the

buffer region will be maintained in an intact condition where the primary mode of transport

of any released radionuclide is expected to be that due to ionic diffusion. If, on the other

hand, dessication and cracking of the buffer regions has occurred as a result of heat

induced moisture depletion, the major transport mechanism could consist of a flow rather

than a diffusion process. This influence of the hygro-thermo-mechanical processes on the

performance of buffer materials is the subject of extensive experimental and theoretical

modelling efforts [2-5]. The dominance of either form of radionuclide transport will

greatly influence the time scales involved in the rate and magnitude of the release of

radionuclides to the biosphere. Consequently, the influence of hygro-thermo-mechanical



processes on the performance of both the engineered and natural geological barriers needs

to be properly understood.

In the context of a hard rock repository, the natural geological medium is an integral

component of the multi-barrier scheme which, as a natural barrier, should provide a

significant attenuation in the migration of radionuclides. In a natural geological medium,

the radionuclide migration processes will depend upon the in situ permeability and other

transport characteristics of the medium. With heavily fractured geological media, the bulk

permeability is dominated by the permeability characteristics of the fractures. In a

repository context the geological media chosen are, by and large, intact formations. In

intact granite, for example, the permeability is controlled by low aspect ratio cracks.

Several types of cracks occurring in granite include intra-granular cracks in all three major

minerals, coincident grain boundary cracks and trans-granular cracks. For example, cracks

in Westerly granite include all three types. Although they are always present in intact

granite, their length rarely exceeds the grain size. In addition, the various types of cracks

join together to form networks that provide pathways for flow through the rock. Thus the

specific geometrical characteristics of individual cracks and the geometry of the networks

are both significant in controlling the permeability. Most repositories are expected to

experience a radiogenic thermal pulse as a result of the radioactive decay of the wastes. In

many instances, the peak temperature of this pulse will be reached within a few decades of

the waste emplacement. When the pore structure of a repository material such as granite is

saturated, the radiogenic heating is expected to influence its hygro-thermo-mechanical

behaviour. The largest change in stress will result from changes in the porewater pressure

that can be expected as a consequence of the thermal expansion of the water and the time

lag that accompanies the dissipation of pore water pressures.

Recent efforts in hygro-thermo-mechanical modelling of fluid saturated porous materials

such as granite would suggest that critical combinations of radiogenic heating and



compressibility and transport or permeability characteristics of the granite can result in the

generation of excessive fluid pressures within granitic rocks. These processes could be

further accentuated by chemical influences. If heated aqueous liquids are pumped through

granite, chemical interaction of the heated fluid with its surroundings in the rock can cause

changes in the physical characteristics of the rock. For example, if the fluids are

under-saturated with respect to the granite, then cracks in the rock will be enlarged as

material is dissolved away from the faces of the crack. The enlarged cracks will cause

increased permeability. In contrast, super-saturated fluids may precipitate quartz on crack

faces causing substantial reductions in the effective permeability of the granite.

Permeability experiments in which heated aqueous fluid was passed through rock samples,

have demonstrated substantial decreases in permeability with time [6]. The combination of

radiogenic heating and attenuation in the permeability characteristics of granitic rocks could

lead to the generation of substantial pore fluid pressures which could have the adverse

effects of fracturing the granite rock in regions of high pore fluid pressure generation. The

role of radiogenic heating on the hygro-thermo-mechanical performance of the granite rock

therefore merits further investigation.

There are basically three approaches that can be adopted in the investigation of heat induced

pore water pressure generation in saturated geological media. The simplest approach to the

study of such transient hygro-thermo-mechanical phenomena is to conduct theoretical

simulations of such processes. Plausible theoretical developments can be achieved where

the poroelastic behaviour of the rock medium is modelled by appeal to the fundamental

theories of poroelastic media developed by Biot [7] and extended, among others, by Atkin

and Craine [8], Bowen [9], Booker and Savvidou [10] and Huckel et al. [11]. These

developments have also been implemented in finite element codes capable of providing

solutions to practical three-dimensional problems of technological interest (see, e.g.,



Admittedly, these theoretical and numerical developments invoke a significant number of

constitutive assumptions and specialized computational schemes, and the reliability of such

assumptions need to be clearly assessed prior to their use for the purposes of predicting

repository performance. Such assessments can be achieved only by recourse to discerning

experimental investigations. Two types of experimentation can be envisaged; the first

refers to actual field studies in which the predictive capabilities of a modelling exercise are

tested. Such investigations are extremely time consuming and expensive and, apart from

these disadvantages, the definition of boundary constraints and boundary conditions

necessary for calibration of a modelling exercise is a difficult and uncertain exercise which

requires additional field studies. An alternative to such a procedure is to utilize laboratory

simulations of hygro-thermo-mechanical processes by appeal to small scale modelling. The

objective of a laboratory simulation is not to exactly model any potential repository

condition but to develop a test arrangement where the conditions of the experiment, with

regard to material characterization, input control, boundary control, etc., can be accurately

defined for the purpose of theoretical or numerical simulations. The limitations of

laboratory simulations are that actual repository conditions can rarely be modelled in terms

of scale, macro-permeabilities and matching of thermal loadings. On the other hand, the

experiments can be carefully controlled, the thermo-mechanical constitutive parameters of

the chosen experimental material can be accurately determined and the resulting system can

be made amenable to accurate computational modelling. Such methodologies have met

with considerable success in the experimental modelling of hygro-thermal phenomena in

compacted bentonite clay buffer materials ([18] -[23]). The research programme, for this

study, was planned with the primary purpose of developing an experimental facility in

which the fundamental thermo-mechanical processes in a fluid-saturated, synthetic porous

medium can be studied in an effective manner.



2. THE EXPERIMENTAL FACILITY

The objectives of the research programme are to develop: (i) an experimental facility which

can be used to examine the influences of hygro-thermo-mechanical processes in the

development of excess pore water pressures in a water-saturated, porous medium, and (ii)

an experimental data base which can be used to calibrate the predictive quality of

mathematical and computational models which describe the thermally induced pore pressure

generation and decay in relatively impermeable geological materials. The initially envisaged

experimental facility is shown in Figure 1. The essential components of the facility

consisted of the following:

(i) A cylindrical porous rock specimen measuring approximately lm in diameter and

lm in height,

(ii) A centrally located heat source which could be controlled by a prescribed heater

surface temperature or by a constant power output,

(iii) Pore pressure transducers located in the porous rock specimen in the

vicinity of the heater,

(iv) Thermocouples which are located in the vicinity of the heater and the pore

pressure transducers,

(v) A steel vacuum chamber used for the purposes of saturation of the porous

rock specimen.

(vi) A data acquisition system which can be used to monitor the response of the

heater, the pore pressure transducers and thermocouples at prescribed time

intervals throughout the duration of the experiment.

The cylindrical porous rock specimen was contained within a steel chamber which could be

subjected to a vacuum. The experiments were to be conducted with little or no excess pore

water pressures in the porous block. All electrical connections within the chamber were to



be maintained in a waterproof condition. The procedure for conducting a test can be

summarized as follows:

• The instrumented porous rock specimen is allowed to uptake water under

vacuum

• When full saturation of the porous rock specimen is achieved, the entire cell is

subjected to a nominal pressure to establish the response of the pressure

transducer

• The system is allowed to achieve an ambient background pressure level

• The heater is activated either on a prescribed surface temperature mode or power

output mode

• The time histories of the pore pressure development within the rock sample due to

the container heating are monitored.

It may be noted that the heating within the porous rock specimen can introduce secondary

heating of the water surrounding the block. If the water is maintained under low excess

pressure during the test it is possible to maintain a continuous flow within the chamber

such that the excess heat is withdrawn from the system. In this way the thermal boundary

conditions on the surface of the porous rock specimen can be defined accurately.



3. DEVELOPMENT OF A CEMENT BASED POROUS

MATERIAL

The original proposal for the experimental research programme focused on use of a rock

block to simulate the porous medium. The primary difficulty with such an approach was

the lack of availability of a candidate porous geological medium which met with the

following constraints.

(i) The porous geological material should have a permeability within a critical range

(10"6 cm/sec to lO'^cm/sec) which will allow measurement of time dependent

generation and decay of porewater pressure within a manageable time scale of an

experiment (up to a maximum 500 hours).

(ii) The porous geological material should be sufficiently uniform to ensure that the

hydraulic, thermal and mechanical properties of the entire block (lm diameter and

lm height) can be estimated by conducting tests on smaller specimens (e.g.

7.5cm in diameter and 15.0cm in height).

(iii) The heater, pore pressure transducers and the thermocouples should be installed

within the porous geological material without appreciable alterations in the

hydraulic, thermal and mechanical properties of the fabricated porous block.

Furthermore, the differential thermal expansion induced by the embedded heater

should not create delaminations in the epoxy-type materials used to install the

heater, the pore pressure transducer and the thermocouple leads.

For these reasons, and upon discussions with scientists and engineers at AECB, the focus

of the research project was directed to the development of a synthetic porous medium.

Owing to considerations of cost, the development of an epoxy based porous medium was

not pursued. The attention was focused on the development of a cement-based, porous



medium to simulate the porous rock. The constraints imposed on the selection of the

cement based porous material were the following:

(i) it should be a mixture of fine sand (particle diameter in the range of 0.001 to 0.1

mm), coarse sand (particle diameter 0.1 to 1.0 mm) and cement mixed in the

appropriate proportions to achieve the desirable permeability in the range

lO'^cm/sec to lO'^cm/sec. The use of larger aggregate sizes were not advocated

at this stage in order to generate a cement based porous medium with a relatively

close packed aggregate fabric which will not result in large voids and

inhomogeneities which can introduce significant variations of the hydraulic,

thermal and mechanical properties in the vicinity of the heater and the sensors,

(ii) it should possess sufficient workability in the unhardened state to be placed in the

mould, within the final dimensions of the cylindrical block, with the minimum of

compaction or vibration. The objective of this constraint is to avoid the

disturbances associated with the conventional internal concrete vibrators which

can introduce sufficient inhomogeneities to influence the accuracy of the

experimentation.

(iii) the workability should be achieved without a high water-cement ratio (of the

order of 0.5) which can introduce substantial random shrinkage cracks which can

alter the local permeability of the porous medium particularly in the vicinity of the

sensors.

(iv) it should maintain relatively constant hydraulic, thermal and mechanical properties

within the duration of an experiment with little or no chemical alterations or

interactions with the heater and embedded sensors.

3.1. Preliminary Mix Designs and Water Absorption Tests

A review of the literature on cement-based composites indicated that the majority of the

research investigations focus on the testing and evaluation of the permeabilities of concretes



which are used for conventional civil engineering applications (see,e.g.[24]).

Furthermore, the available information on permeability measurements in cement based

composites invariably focused on concrete which contained a high proportion of large

particle sizes varying from 3mm to 15mm. Consequently these estimates of permeabilities

did not greatly assist in narrowing down the selection of the mix proportions for the porous

material to satisfy the constraints indicated previously. For this reason it was decided to

fabricate an extensive series of 5 cm cubes which were composed of silica sand with

particle diameters classified by sieve numbers 10, 16, 40, 50 and 70. The water-cement

ratios were varied to achieve mixes with satisfactory workability and 28 day strength .

The parameter of primary interest to the research effort was the hydraulic conductivity of

the cement based material. Owing to the large number of samples involved in the

preliminary material characterization, it was not feasible to conduct permeability tests on all

samples. Instead, a series of water absorption tests was conducted on all cubical samples.

The mixtures of water, cement and fine aggregate were cast in Brass moulds and allowed to

cure for 72 hours. The samples were then oven dried for 24 hours at 50°C. They were

allowed to reach the ambient temperature of the laboratory and weighed. The cubes were

then submerged in a water bath for periods of 1 hour, 2 hours, 4 hours, 8 hours, 24 hours

and every subsequent 24 hours for 7 days. During each time interval, the cube samples

were weighed to ascertain the amount of water absorption. The results of the water

absorption tests for cubes 1 - 48 are presented in Appendix A of the Interim Report and in

Appendix D of this Report. The experiments indicated that the cubes absorbed between

10% and 16% of their dry weight over the 7 day period. Furthermore, with certain mixes,

the water absorption was virtually complete within 24 hours.

3.2 Superplasticizer Based Mix Designs and Water Absorption Tests

A review of the literature by Czernin [25] suggests that the permeability of cement based

materials is strongly influenced by the water-cement ratio. The lower the water-cement
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ratio the lower the permeability, provided the mixture has the workability to be compacted

with the minimum of air voids. It is noted that, in order to achieve the range of

permeabilities desired for the porous medium, the water-cement ratio would have to be

maintained at below 0.50. Certain mixes were made with the most promising combinations

of grades of silica sand and superplasticizer. Although the later mixes absorbed less water

than the previous mixes (between 6% to 8% of the initial dry weight), they did not possess

the desired workability which would have ensured sound compaction around the embedded

heater and sensors. The absorption rates for these specimens were also considered to be

too rapid to generate the desired permeability characteristics. The details of the water

absorption rates for cube samples 49 to 60 are given in Appendix A of the Interim Report

and in Appendix D of this Report. Further literature review indicated that additives, such

as bentonite, could be used as a pore filler to reduce the permeability. Several mixes in the

cube group 49 to 60,which showed promise as possible candidates for the porous medium,

were recast with varying amounts of bentonite (1% to 3% by weight of the aggregate). The

water absorption rates for the cubes incorporating bentonite varied between 10% to 12% of

the dry weight. The water absorption rates (cubes 7 6 - 8 1 and 88 - 99 in Appendix A of

the Interim Report and Appendix D of this Report) were still considered to be too rapid for

the purposes of the proposed heater experiment.

3.3. Mortar Sand-Superplasticizer Based Mix Designs and Water

Absorption Tests

The results derived from the water absorption tests conducted on cubes, which utilize silica

sand, indicated that large volume fractions of fine particles in the very fine sand range

(particle size less than 0.01mm) are necessary to generate cement based composites with

the permeability in the range lO'^cm/sec to lO^cm/sec. A series of cubes was made with

mortar sand as the paniculate filler. The mixes were made with different water-cement

ratios and aggregate-cement ratios. Varying amounts of superplasticizer were also used to

assess the workability of the mixes. The water absorption results for this series of tests are

given by cube designations 97 to 138 in Appendix D. The literature on concrete technology
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[26] indicates that the air entrainment in the concrete can be reduced further by

incorporating a larger volume fraction of aggregate passing the 160|im size. A series of

cubes were also fabricated incorporating varying amounts of the very fine paniculate filler

with particle sizes less than 160(im. The results of the water absorption tests are shown in

Appendix A, sample designations 139 to 156. The mix with the noticeably slow rate of

water absorption consisted of the mix proportions water : cement : mortar sand and fines

passing the 160(im sieve : superplasticizer in the ratio 1.25 : 4 : 8 : 0.25 by weight. Minor

variations were made, after the completion of the permeability tests, to the proportion of the

particulate filler to examine the influence of the filler cement on the permeability

characteristics.

3.4 Low Shrinkage Grout Material

Although extensive permeability tests were carried out on concrete with the mortar sand

based mix designs, the workability of the mixes was considered to be low. An excessive

amount of vibration was required to achieve a well-mixed concrete which was relatively

free of honeycombed structures. The presence of such honeycombed structures could alter

the fluid transport properties within the sample in a non-uniform fashion. Furthermore,

with the level of workability attained in the small samples, it was conjectured that the

fabrication of the 0.50 metre diameter cylinder would pose considerable difficulties and

would lead to uncertain and non-uniform estimates for the properties of the cement-based

porous material.

Attempts were, therefore, made to develop alternative cement based composites with a

demonstrated high workability. One such material was the low shrinkage SIKA grout

which is used extensively in structural engineering applications. The grout material is

supplied in a dry premixed condition by the manufacturer, thus ensuring uniformity of a

mix. The mix consists of cement and sand (maximum particle size less than approximately

0.5 mm) and coarse aggregate. Several small diameter grout cylinders were cast in order to



12

examine the workability of the mix and the ability to place the grout in restricted

environments such as those encountered in the vicinity of the pressure sensors used to

measure the pore pressure. The different mixes were cast, cured and cut to appropriate size

for permeability testing. The Table 1 lists the results for the permeabilities of the various

grout mixes and the observed workabilities.
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4. PERMEABILITY TESTING

Based on the results of the absorption tests, several mix proportions were selected for

permeability testing. Cylindrical samples of the selected mixes measuring 7.5 cm in

diameter and approximately 15.0cm in overall length were cast for purposes of

permeability testing. The mix was blended manually with a hand trowel and placed in the

plastic moulds and vibrated on a shaking table. The workability of the mix was noted

during the mixing and vibrating operations. The mixtures, which had the consistency of a

viscous fluid during mixing and which possessed the ability to flow during vibration, were

designated high workability mixes. The cylinders were allowed to cure in the moulds for

72 hours and vacuum saturated for 24 hours before testing.

The permeability tests were conducted on samples cut from cylinders. The specimens

were approximately 7.5 cm in diameter and approximately 5.0 cm in thickness. The

determination of permeability of materials, such as porous concrete and rock, require

specialized equipment in contrast to the conventional permeability testing carried out on

porous materials, such as sand, silt or clay. Due to the low permeability of cement based

composites and rock, the samples need to be subjected to high hydraulic gradients to

permit a measurable rate of flow through the sample. Furthermore, the pressures applied to

the sample should be low enough so as not to initiate damage or hydraulic fracture within

the sample.

4.1. Permeability Tests Conducted at NRCC

The first series of permeability tests on the selected mixes were carried out at the Concrete

Materials Research Division at the National Research Council of Canada. The description

of the high pressure permeability testing device is shown in the schematic diagram in

Figure 2. The basic specifications of the apparatus were as follows:
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Maximum Confining Pressure = 2000 psi (14,000 kPa)

Maximum Applied Pressure: less than confining pressure

Specimen Characteristics: Diameter 3 in (7.5 cm)

Thickness (normal) 2 in (5.0 cm)

Thickness (maximum) 6 in (15 cm)

Composition: Solid (i.e. no loose particles).

In this test, the sample was sandwiched between two perforated stainless steel cylinders.

This assembly was placed within a snug fitting neoprene sheath of wall thickness 0.5 in

(12 mm). The pressure cell was filled with water to the halfway mark . The bottom part of

the neoprene sheath was slipped over the bottom pedestal in the pressure cell. A stainless

steel plunger was then forced into the top of the sheath. This plunger has a single opening

through which all water which passes through the test specimen was channelled . The

pressure cell was then completely filled with water and the top screwed on and sealed.

The water outside the neoprene sheath and above the plunger was pressurized. This

confining pressure kept the sample in place and prevented water flow between the sample

and the neoprene sheath. The pressurizing system consisted of a tank of compressed

nitrogen and a pressurizing cylinder. The pressurizing cylinder has a floating head piston

which separates the nitrogen from the water. The head moves upward when the nitrogen

tank is opened and pressurizes the water in the cell. Once a specified confining pressure is

attained, a valve is closed to lock in the confining pressure. In the current series of tests the

confining pressure was set at 1000 psi (7000 kPa). Water was forced through the test

sample under pressure. The pressure was maintained at 500 psi (3500 kPa). The water

which flows through the sample was collected in a beaker which was located on an

electronic balance. The amount of water which is collected during a specified time interval

was recorded and the coefficient of permeability is calculated from
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where k is the permeability; Q is the volume of water passing through the sample in time t; /

is the thickness of the sample; d is the diameter of the sample; p is the pressure applied to

the sample to initiate flow.

The NRCC Permeability Testing facility was ideally suited for operation at the high

confining pressures necessary to achieve a good seal between the sample and the neoprene

membrane. However, difficulties were experienced in obtaining repeatable results for the

coefficients of permeability even with repeated tests on the same sample of porous

concrete. Due to this inconsistency, attention was focused on the adaptation of a triaxial

pressure chamber for the determination of permeability of the porous concrete.

4.2. Permeability Tests Conducted at Carleton University

The triaxial apparatus has been used to assess the consolidation characteristics of soils such

as clays and silty clays with relatively low permeability [27],[28]. Guided by this

observation, the triaxial apparatus was modified to conduct permeability tests on the porous

concrete. The schematic configuration of the test is shown in Figure 3. The basic

specifications of the apparatus were as follows:

Maximum applied pressure: 400 psi (2800 kPa)

Specimen characteristics: Diameter 3 in (7.5 cm)

Thickness (normal) 2 in (5.0 cm)

Thickness (maximum) 6 in (15 cm)

Composition - solid (i.e. no loose particles).

The cylindrical surface of the test specimen was sealed with wax to prevent radial water

flow and to provide a smooth surface which would not damage the thin triaxial membrane

used to encapsulate the sample. The sample was vacuum saturated for a period of 24
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hours. A layer of geotextile fabric was placed at the top and base of the test sample. The

sample was placed on the base pedestal of the triaxial chamber and a perforated cylindrical

aluminum block was placed on the upper face of the sample. The membrane is stretched to

obtain good contact between the sample, the geotextile fabric and the top perforated

cylinder. This procedure is also intended to remove any air trapped in the system. O-ring

seals were placed around the bottom pedestal and the top perforated cylinder in order to

provide a seal. Four O-ring seals were also placed in the mid-section of the sample.

The triaxial chamber was placed in position and the cell was filled with water and

pressurized. During this procedure, the valve outlet at the base of the sample is usually

kept open. The application of the pressure pushes the rubber membrane against the test

sample and the perforated cylinder, thus preventing the flow of water at the interface

between the sample and the membrane. The opening of the outlet valve will create a

pressure gradient across the sample and initiate the flow of water through it. The water

which flows through the sample at a specified time was collected and weighed. These

results were used in the computation of the coefficient of permeability. The results for the

permeability obtained from this experiment give repeatable and consistent results.

4.3. Summary of Results

The results derived from both experimental investigations are summarized in Table 1. The

Table 1 indicates the composition of the cement based porous material, the computed

permeabilities and an indication of the workability of the mixes. The workability is only a

subjective indication of the relative vibratory compactive effort necessary to achieve flow in

the sample during the fabrication of the cylinders. From the results of these permeability

tests, and on the basis of the observations related to workability, the mix proportions to be

used in further tests are the following: the water : cement : mortar sand : superplasticizer

ratios by weight are 2 : 4 : 10 : 0.1.
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With grout mixes, the variable amount of water added to the mix does have an influence on

the observed permeability. The mix proportions chosen for purposes of the experimental

research programme consisted of 5 litres of water per 25 kg of SIKA grout.
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5. CALIBRATION OF SENSORS

The instrumentation, used in the final experiments, consists of a flat disc-shaped heater,

transducers for the measurement of porewater pressures and thermocouples which will be

used for the measurement of temperatures within the porous concrete block. Prior to the

installation of these components within the porous concrete block, it was necessary to

assess the reliability of performance of such sensors embedded within concrete, as opposed

to testing in the ambient environment. It must also be noted that the preliminary calibration

tests were conducted on a porous concrete rather than a cement grout-based, porous

medium.

5.1. The Disc Heater Elements

The heating of the saturated porous concrete block was achieved by employing a stainless

steel disc shaped heater element, which was fabricated by Geotherm Inc., Oakville,

Ontario. The heater consisted of a stainless steel outer shell and a cover plate as shown in

Figure 4. The heating was provided by helically wound heating elements. In order to

reduce the thermal inertia of the heater the cavity region was filled with electrically

insulating, thermally conducting epoxy sealant. The cover plate is glued to the disc to

ensure a water resistant seal. The heater contains 6 thermocouples which are placed in

close proximity to one of the plane faces. The leads of the heating coils and the

thermocouples exit the disc heater at the cylindrical surface. This exit point has been

sealed with epoxy to make the entire heater waterproof and capable of operating in a

submerged environment. The disc heater can be maintained at a specific temperature

through thermocouples located at the surface of the heater. It is observed that the heating

of the disc heater occurs relatively uniformly when the heater surface temperature is

controlled from the thermocouple located at the centre of the disc heater. Examples of

temperature distributions across the diametral section of the heater embedded in sand are
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shown in Figure 5. Disc heater elements of diameter 7.5 cm and 15 cm have been

fabricated and both heaters display similar characteristics. The maximum allowable

temperature for each heater was 150°C.

5.2. Pore Pressure Transducers

An extensive search was made to select a pressure transducer of suitable dimensions which

could be incorporated within the synthetic cement-based porous medium. Since the

transducers were located in close proximity to the plane heated surface of the concrete

cylinder, the largest dimensions of the transducers had to be substantially smaller than the

diameter of the plate heater. Considering this constraint, the transducers selected had a

maximum dimension which was less than 1.5 cm.

5.2.1. The Kvowa Model

The transducer proposed for use in the first series of experiments was supplied by Kyowa

Manufacturing Co., Japan. The basic element in this device is a Kyowa Model No: PS-50

KBM 260 diaphragm type pressure transducer which has a measuring surface of 6 mm in

diameter (Figure 6). The active area of the transducer surface is approximately 2 mm in

diameter. In the final test configuration this transducer was embedded within the porous

concrete region. In order to provide an effective surface for the measurement of the

porewater pressure changes it was necessary to prevent adhesion between the active face of

the transducer and the porous concrete. In order to prevent the adhesion, the active surface

of the transducer was fitted with a highly porous rigid filter cap (Figure 6). The

performance of the porous filter cap was examined in a prior test by embedding a mock up

of the transducer-porous filter cap system in a concrete cylinder. It was found that, if the

porous tip were kept moist during the casting of the porous concrete, there was no

infiltration of the cement particles into the porous tip region. The leads of the transducer

were coated with a sealant (polyurethane) to prevent damage due to moisture influx along
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the leads. The assembly was embedded in a cylindrical specimen of the porous concrete

for purposes of calibration. All transducers were individually calibrated by the application

of water pressure to a triaxial cell in which the upper plate was modified to accommodate

the transducer leads. The transducers were pressurized to a maximum of 2200 kPa. The

calibration data agreed with those provided by the suppliers.

5.2.2. A.L. Design Model

These pore pressure transducers (Model ALD-MPM) were custom built for the project by

A.L. Design Inc., of Buffalo, N.Y. The basic element has a nominal dimension of 6 mm

diameter and 6 mm height. The active surface has nearly the same diameter as the entire

transducer. The transducer housing is made of stainless steel. The transducer leads were

protected by a Teflon sheathed cable of length 2 m. The entire surface of the transducer

was protected with a silicone sealing barrier, which is relatively incompressible and

provides the waterproofing. The silicone coating extended to approximately 5 cm along the

leads (Figure 7). The transducer was provided with two leads for the excitation voltage

and two leads for the signal. To provide additional protection against water influx to the

transducer region, the termination point of the silicone seal and the teflon cable was sealed

with a heat resistant Devcon epoxy. The transducers were also calibrated individually by

the application of water pressure to a triaxial cell where the upper plate was modified to

accommodate the transducer leads. This procedure also evaluated the efficiency of the

waterproofing seals involving the silicone and Devcon. The transducers were pressurized

to a maximum of 1300 kPa. The calibration data agreed with those provided by the

suppliers. The accuracy of this calibration was within 0.1% of the supplier's

specifications. The Figure 8 shows the arrangement of the tranducers in the mould used

for the fabrication of the large diameter grout cylinder.

5.3. Thermocouples

The temperature in the vicinity of the pore pressure sensors were measured by a series of
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Type K thermocouples. The thermocouple was fabricated from a Chromel-Alumel

junction. In order to fabricate a thermocouple, the Alumel and Chromel 0.13 mm diameter

wires were aligned and welded at the junction. The junction was coated with a Devcon

epoxy to prevent water influx. The Alumel and Chromel wires used in the larger cylinders

had Teflon coating to resist any corrosion. They were also maintained in an aligned

configuration to eliminate the possibility of interaction between the wire at any damaged

locations, leading to an erroneous specification of the tip of the thermocouple. This

particular arrangement made it possible to locate the thermocouples in the test cylinder by

simply stringing the two-material thermocouple wire such that the thermocouple tip is at the

desired location. The wire itself required no additional harness for alignment and support

(Figure 9 ).

5.4. Instrumented Small Diameter Cylindrical Specimen

In order to assess the performance of the Kyowa pressure transducer and the thermocouple

within the hardened porous concrete region, the sensors were located along the axis of

symmetry of a cylinder measuring 7.5 cm in diameter and 16.25 cm in length. A plastic

concrete mould was used for casting the cylinder. An opening of diameter 7.5 cm was

made at the base of the mould which was mounted on to a wooden plate as shown in

Figure 9. The pore pressure transducer was mounted on a harness composed of thin wires

of diameter 0.30 mm. The thermocouple tip was located at the surface of the porous tip

region. The leads of the transducer and the thermocouple emerged at points along the

cylindrical surface of the mould and were sealed with an epoxy sealant to prevent moisture

influx. The openings were sealed with a flexible sealant. At this stage the operational

capabilities of the sensors were verified. The open surface of the mould was placed on a

plexiglass surface with a smooth finish and the contact line sealed with a flexible sealant.

The mould was filled with the candidate mixture in gradual increments. During the

placement of the concrete, the system was subjected to vibration. The details and
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sequences of the stages involved in the fabrication of the cylinder of porous concrete are

shown in Figure 10. The concrete was allowed to cure in the mould for a period of 72

hours. The plastic mould was removed making sure the leads for the sensors were not

damaged.

Three types of tests were conducted to verify the feasibility of the experimental

methodology. Each separate test investigated the following:

(i) the influence of boundary heating on the performance of the pressure

transducer

(ii) the influence of water pressure applied external to the cylinder on the

pore pressures recorded within the saturated porous concrete

(iii) the influence of boundary heating on the development of pore pressures

within a saturated porous rock.

These experiments were conducted only on the small cylindrical specimen containing only

the Kyowa type pressure transducer. No attempt was made to repeat the same series of

tests on a small cylinder containing an A.L. Design type transducer. The general

conclusions nonetheless are applicable to any type of transducer embedded in the porous

medium.

5.4.1. Effects of Boundary Heating on Dry Porous Medium

The objective of this experiment was to establish the influence of thermally induced

deformations of (a) the porous concrete, (b) the porous filter tip, and (c) the transducer on

the transducer response. To conduct the experiment, the dry porous concrete cylinder was

placed within a plastic container and surrounded by polystyrene (styrofoam) bead

insulation as shown in Figure 11. The disc heater was placed on the smooth plane surface

of the porous concrete cylinder and was maintained at constant temperature at its axis of

symmetry, by a temperature controller. The temperatures at the circumference of the disc

heater were also noted in order to establish the uniformity of heating across the disc heater.
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The temperatures within the porous concrete cylinder in the vicinity of the transducer were

also noted via the thermocouple embedded in the porous concrete. The results of primary

interest relate to the variation of 'pseudo' contact pressure recorded by the transducer

during the surface heating of the porous concrete and the response during the cooling

process. The results are shown in Figure 12. It is observed that, due to the heating

effects, the transducer records an apparent pressure of approximately 100 kPa over the

temperature range 26°C to 69°C. The factors contributing to this apparent pressure could

be either the thermally induced local deformations of the system or the expansion of

locked-in gases in the porous medium. The recorded maximum pressure, in the 29° - 69°C

temperature range, is approximately 1.7 % of the full scale output of the transducer and can

be considered to be within the order of accuracy of the sensitivity of the pressure

transducer. It is also noted that, although there is a hysteresis in the response, there are no

irreversible stresses locked in within the system as the cylinder is cooled down to its

original temperature. This would indicate the absence of large permanent strains or

noticeable delaminations or factional locking at the various interfaces.

5.4.2. Effect of External Water Pressure

The objective of this experiment was to establish the reliability of the embedded pore

pressure transducer in accurately measuring pore water pressure transients within the

saturated porous concrete. Several possible pore pressure responses can occur. If the

porous concrete is incompletely saturated, then the externally applied water pressures will

not result in an immediate change in the internal porewater pressure. Alternatively, if the

porous concrete is fully saturated, the externally applied water pressures will cause a

corresponding change in the internal pore water pressure. It should also be noted that, if

drainage paths are created along the leads from the pore pressure transducer, the externally

applied water pressures can be communicated along these pathways, leading to an

erroneous interpretation of the transducer response.
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In the current preliminary investigation, a specially fabricated triaxial cell was used to apply

external water pressure to the boundary of the saturated cylindrical specimen, The results

show a consistent change in the pore pressure transducer response to the applied water

pressure.

5.4.3. Boundary Heating of Saturated Porous Rock

The objective of this experiment was to establish the range of porewater pressures that can

be generated in the vicinity of the heat source located at the surface of the saturated porous

rock. The saturated cylinder was immersed in a container where the water level was

maintained at the smooth surface of the porous concrete. Boundary heating was applied to

the cylinder. The temperature of the heater was increased in stages.from the ambient value

of approximately 20°C, to a peak value of 70°C. Experiments conducted to date show no

evidence of increased pore pressure development due to the heating effects. It would

appear that possible leakages in the vicinity of the transducer leads can result in the rapid

dissipation of any heat-induced pore pressures. It should be noted that the selection of a

grout based material did rectify this deficiency and resulted in an adequate seal for the

measurement of thermally induced pore water pressures.
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6. FABRICATION OF THE LARGE DIAMETER

GROUT CYLINDERS

As a result of the extensive tests conducted in connection with this research programme, the

SIKA grout based cementaceous material was chosen to model the porous material with

low permeability. The original scope of the research programme was to develop a single

cylinder for the purposes of conducting the entire series of tests which would examine the

thermally induced pore pressure development. As will be evident the malfunction of the

pore pressure transducers, in the first large diameter tests cylinder, necessitated the

construction of a second large diameter test cylinder. For the record, the procedures used

in the fabrication of both cylinders will be documented.

6.1 Instrumented Cylinder #1

The mould used for casting the cylinder was a sonotube of diameter 50 cm and height 47

cm. The approximate height of the mould was dictated by the height restriction of the steel

chamber that was used to house the entire block for purposes of vacuum saturation. The

mould was mounted on a wooden plate as shown in Figure 13. The highly polished

surface of the wooden plate served as the upper surface of the cylinder which would be

subjected to boundary heating. Three Kyowa pressure transducers, with porous tips, were

located along the axis of the cylinder at distances 16 mm, 32 mm and 72 mm from the

surface. The transducers were held in position with the aid of 0.05 mm diameter nylon

wire which was installed in the porous tips. Thermocouples were also positioned at salient

points within the mould. Three thermocouples were located at the wooden base surface of

the mould, one at the centre and the others 7.5 cm along a diametral axis. The remaining

thermocouples were placed along the axis of the cylinder at distances 21 mm, 50 mm, 97
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mm, 152 mm, 305 mm and 432 mm from the base of the mould. The leads from the

transducers were housed in terminal blocks, measuring 7.5 cm x 7.5 cm x 3.75 cm,

located at the base of the mould. These blocks were incorporated, both for ease of

connection and for maintaining the terminal in a dry condition, during vacuum saturation

and testing. The three thermocouples, along the surface, and the two, nearest to the surface

of the block, were also connected to the terminal blocks. The remaining thermocouple

leads were directed to locations on the cylindrical surface of the mould (Figure 13).

The premixed dry SIKA grout was mixed in a rotating drum mixer by adding 5 litres of

water per 25 kg bag of grout. The mixed grout was sieved to exclude any particles greater

than 5 mm being placed in the grout mixture. The entire grout cylinder was cast in 2 hours

and the workability of the grout mixture was sufficient to place the material without

requirement for any extensive vibration. A nominal amount of vibration was used to

evenly distribute the grout over the entire area of the mould. Upon placing the grout, the

nylon wire supports for the pore pressure transducers were removed. The surface of the

concrete was covered with a moist cloth and a plastic sheet. In order to provide a moist

environment during the curing process, and to minimize the occurence of shrinkage cracks

in the grout due to moisture depletion, the curing region was supplied with hot water. The

cylinder was allowed to cure for 28 days after which the mould was removed. During the

removal of the mould, three of the four terminal blocks, which contained the thermocouple

and pressure transducer leads, were damaged. The leads were relocated, spliced and the

terminal blocks regrouted. The performance of all the pressure transducers and the

thermocouples were checked periodically during, and after, the curing process. The

instrumented cured grout cylinder was placed in a steel chamber and the chamber filled with

water sufficient to just cover the cylinder. The concrete cylinder was subjected to periodic

vacuum saturation for a period of 10 days (Figure 14).
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Upon completion of the periodic vacuum saturation process, it was found that all the pore

pressure sensors in the porous cylinder had suffered damage. The exact cause for the

malfunction of the pore pressure transducers could not be determined. The malfunction

persisted even after the cylinder was removed from the saturation chamber and allowed to

completely dry out. This would suggest that either the piezoelectric sensing device was

damaged by the moisture influx or that there was corrosion in one or more of the leads in

the transducer. This necessitated the fabrication of a second cylinder with revised

performance specifications for the transducers. The thermocouples embedded in cylinder

#1 performed satisfactorily throughout these procedures.

6.2. Instrumented Cylinder # 2

The procedures adopted for the fabrication of concrete cylinder # 2 were largely the same as

those described in Section 6.1. The dimensions of the sonotube, used as a mould, were as

follows: 50 cm in diameter and 50 cm in height. The sonotube was mounted on a smooth

wooden plate, as shown in Figure 15; this represented the upper surface of the formed

concrete cylinder which would be subjected to heating. In view of past experience, the use

of terminal blocks at this surface was avoided. Five pore pressure transducers were placed

in proximity to the plane surface that would be subjected to boundary heating. The

positions of these sensors were selected following consultation with scientists and

engineers at AECB. Three pore pressure transducers were located along the central axis of

the cylinder at distances 12 mm, 40 mm and 70 mm from the active plane surface. The

remaining transducers were located approximately 12 mm below the surface, and

positioned 100 mm and 50 mm from the axis of the cylinder along a diametral axis.

Thermocouples were positioned at salient locations of the cylinder. Three were positioned

along a diametral axis on the plane surface which would be subjected to heating, one at the

centre, one at 50 mm from the centre and one at 100 mm from the centre. Three additional

thermocouples were placed 12 mm below the surface beside each transducer. The
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remaining thermocouples were placed along the central axis beside the transducers (40 mm

and 70 mm from the surface, and at 100 mm, 150 mm, 300 mm and 450 mm below the

surface). The teflon sheathed leads of the transducers and the thermocouple leads were

brought out along the side of the mould. The locations of the transducers and

thermocouples are shown in Figure 15. The accurate positioning of the pore pressure

transducers was achieved by using the nylon wire harness in conjunction with a silicone

adhesive. The active surfaces of the pore pressure transducers were lightly oiled to prevent

any development of adhesion between the grout and the protective coating.

Prior to casting the cylinder, the performance of all the pore pressure transducers and the

thermocouples was checked against calibration data. The cylinder was cast, using the same

grout mixture and water-cement ratio (5 litres of water per 25 kg premixed dry grout

sample). The casting of the cylinder was performed in 2 hours. As before, all wire

harnesses were removed upon placement of the grout. The unhardened grout cylinder was

moved to a temperature and humidity controlled curing room. The cylinder was allowed to

cure for 10 days in the mould. The sonotube mould was removed after ten days and the

cylinder was kept in the curing room for a further 18 days. The cylinder was then placed in

the steel chamber for vacuum saturation and testing.



29

7. EXPERIMENTAL RESULTS

The pore pressure transducers in the grout concrete cylinder # 1 yielded no reliable

information pertaining to the development of heat-induced, pore-water pressures within the

concrete. The thermocouples in cylinder # 1 functioned in an extremely satisfactory

manner and gave acceptable trends in the time-dependent development of temperatures

within the concrete cylinder due to heating applied at the plane boundary of the cylinder.

This section of the report will largely focus on the documentation of experimental results

derived from the cylinder # 2.

7.1 Results Derived From Cylinder # 1

Prior to the application of a vacuum, for the purposes of saturating the concrete, cylinder #

1 was, in its cured condition, subjected to heating at the plane surface. The temperature at

the centre of the contact plane was specified and maintained constant throughout the

duration of the experiment. Several experiments were performed at different specified

heater temperatures. Figure 16 illustrates the time-dependent increase in temperatures

within the cylinder # 1 when the boundary temperatures were prescribed at 50°C. During

this experiment the three pore pressure transducers were continuously monitored to

ascertain whether there was any interaction between the active surface of the transducer and

the concrete. These experiments indicated that there was no thermally-induced interaction

between the active transducer surface and the concrete (Figure 17).

Upon completion of this test the cylinder was vacuum-saturated for a period of 10 days.

The malfunction of the pore pressure transducers was noted at the end of this saturation

period. The boundary heating tests were continued in order to monitor the time-dependent

development of temperature fields at the locations of the pressure transducers. The cylinder

# 1 was removed from the saturation chamber and allowed to dry. A heater test was
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conducted on the cylinder in its dry state. A comparison of the time-dependent

development of temperatures, within the concrete cylinder for various states of moisture

retention in the concrete, is shown in Figure 18.

7.2 Results Derived From Cylinder # 2

Before saturation of cylinder # 2, the response of the thermocouples and the pressure

sensors was assessed by subjecting the plane surface of the cylinder to heating. In two

tests, the boundary temperature at the centre of the circular heater was maintained at both

40°C and 70°C for a duration of 1 and 6 hours, respectively. During these tests there was

no observable increase in the pressure in the transducers, indicating the absence of

interaction between the active surface of the transducers and the porous concrete. Figure

19 indicates the time dependent response of the pressure transducers and the thermocouples

at the transducer locations, due to the boundary heating of cylinder # 2 in the post-cured

condition. Consistent results were obtained upon repeating the experiment.

Cylinder # 2 was subjected to a vacuum of 14.7 kPa over a period of 10 days. At the

completion of the saturation sequence all sensor readings were recorded. The cylinder was

kept at atmospheric pressure for a period of 72 hours. Upon completion of the vacuum

saturation sequence, the performance of the pore pressure sensors was reexamined. It was

observed that the pore pressure transducer # 3 had suffered damage, most likely due to

moisture influx to the piezoelectric unit. The first heater test was conducted with the heater

maintained at 50°C. Figure 20 illustrates the time dependent variation of pore water

pressures developed in the partly saturated concrete cylinder # 2. The results indicate the

development of pore pressures which is consistent with the increase in temperatures

observed in the thermocouples placed at these transducer locations. The experiment was

terminated after 1440 min (24 hours) and the cylinder was allowed to achieve ambient room

temperature prior to a repeating of the vacuum saturation procedure for a period of
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approximately 10 days. In the subsequent experiment the heater temperature was set at

70°C. Figures 21 to 24 illustrate the time-dependent variations in the pore water pressures

and the associated temperature variations. This experiment was terminated at

approximately 7000 minutes (116 hours) ; Figures 21 to 24 also record the pore pressure

values obtained during the cooling period. Figure 21 illustrates the responses obtained for

the heater temperature, the temperature at the thermocouple located at the pore pressure

transducer # 1 and the response of the pore pressure transducer # 1. It may be noted that

the heater response in this experiment exhibited a set of characteristic peaks even though the

heater temperature was prescribed at 70°C. These peaks are due to the addition of water to

the test container to replenish the water loss due to evaporation from the open container.

The added water had a temperature slightly below (approximately 15°C) that of the water in

the vicinity of the heater. Nonetheless the temperature measurements indicate that both the

heater temperatures and the temperatures within the block have consistent variations. The

pore pressure response recorded in transducer # 1 indicated an initially increasing trend

with a wide range of fluctuations which were recorded without modification. The factors

contributing to these fluctuations cannot be accurately ascertained. It would appear that

there may have been migration of moisture into the transducer electrical circuits, thereby

inducing fluctuations which were indicators of a malfunction. Also, noticeable fluctuations

were observed as the pore-water pressure in the region increased. Figure 22 illustrates the

variations in the pore pressure and the temperature observed at the thermocouple # 2. Here

again, there were temperature fluctuations associated with the addition of water to the

container. The pore pressure sensor at this location performed satisfactorily and the

variations in the pore pressure correspond accurately to the variations in the boundary

temperature of the heater location. At the termination of the experiment the pore pressure at

the # 1 transducer location returned to its starting value. Figure 23 illustrates

corresponding results for the temperatures and pore pressures at transducer location # 4.

The influences on the fluctuations in temperatures at the heater location were less

prominent at transducer # 4 location. The pore pressures at the transducer # 4 location
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increased gradually. At the termination of the experiment, however, the transducer did

record a residual pore pressure. The time-dependent variations in temperatures and pore

water pressures, at transducer location # 5, are illustrated in Figure 24. In this instance,

the thermal loading at the transducer location was insufficient to generate any noticeable

pore pressure rise.

The results of the preliminary experiments indicated that both transducers #1 and #3 were

malfunctioning and the results derived from these transducers were unreliable. Also, the

grounding of the data acquisition system was refined to achieve a better control of the data

acquisition. In order to complete this phase of the research programme three further tests

were conducted. In these tests the chamber was maintained in a covered condition to

minimize moisture loss from the reservoir region. In the first experiment the central

boundary location of the heater was maintained at 80°C for a period of approximately 1350

minutes, at which time the heater was switched off. The heater startup temperature was

approximately 81.5°C and achieved the 80°C at the time of termination of the experiment.

The apparent discrepancy stems from the accuracy of the thermocouples which are within ±

1°C. The Figures 25, 26 and 27 illustrate, respectively, the time dependent development of

pore water pressures and temperatures at the transducer locations 2,4 and 5. A further

experiment was conducted with the central temperature at heater-grout cylinder interface

maintained at approximately 90°C. The Figures 28, 29 and 30 indicate, respectively, the

build of pore water pressure as heat conduction takes place within the concrete grout

cylinder. The duration of the experiment was approximately 1350 minutes. The

experiment was repeated with the temperature at the centre of the heater prescribed at

approximately 90°C. The results of the transducer data are shown in Figures 31-33.
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8. CONCLUDING REMARKS

AND RECOMMENDATIONS

Complex hygro-thermo-mechanical interactions can occur in the vicinity of geological

repositories which could be used for the disposal of heat-emitting, high-level nuclear fuel

waste. With predominantly saturated geological media, the thermal loadings will induce an

increase in the pore fluid pressure within the geologic medium. This excess pore fluid

pressure can dissipate either through migration within the pore structure network or

through fractures in the geological medium. Relatively intact geological formations, which

constitute ideal repository sites, will have a greater capacity for the attenuation of

radionuclide migration, the dominant mode of pore fluid pressure dissipation in such intact

media is expected to be by transport through the pore network. For this reason it is

important to assess the manner in which the build up and decay of thermally induced pore

pressures occurs within the pore structure network. The purpose of this research

programme was to develop an experimental methodology to investigate the process of

thermal consolidation, which describes the generation and/or decay of thermally induced

pore pressures in a relatively impermeable synthetic porous medium. The experimental

approach consisted of the following aspects:

(i) the identification of a synthetic porous medium which can adequately simulate

the range of permeabilities that can be encountered in an intact porous rock;

(ii) the development of a system of reliable sensors which can be installed in the

synthetic porous medium for the purposes of monitoring both the

temperatures and the heat induced pore pressure generation in the medium;

(iii) the development of an experimental configuration which can be used to

saturate the synthetic porous medium within a realistic time scale and which

can be conveniently subjected to heating in the vicinity of the pore-pressure
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sensors;

(iv) the selection of an experimental configuration, which is amenable to

convenient theoretical/numerical modelling;

(v) the completion of certain preliminary tests involving the facility to observe the

presence/absence of heat induced generation of pressure in the pore fluid.

The findings are summarized below:

(i) The investigations largely focused on cement-based materials where the mix

proportions of cement, sand and water were varied to examine the influence

of these factors on the hydraulic conductivity and moisture absorption

characteristics of the mix. The final mix chosen was a commercially available

non-shrink grout mixture (SIKA grout), which had the desired permeability,

strength, deformability and workability characteristics. The grout has

permeabilities in the range of 10"7 cm/sec to 10'8 cm/sec which is considered

a suitable material for purposes of the laboratory simulation of the saturation

process and measurable time scales for the accumulation and/or decay of heat

induced pore pressure.

(ii) The sensors used in this investigation were thermocouples for the

measurement of temperatures within the porous block, and pore pressure

transducers for the measurement of heat-induced pore pressures. The

techniques for the measurement of temperatures within the porous medium are

well developed and the thermocouple configurations described in the report

can be efficiently used to measure temperatures within the block with a margin

of error of ± 1°C. The devices are also relatively inexpensive and a large

number of thermocouples can be used to monitor the thermal fields in salient

locations of the block. The sizes of the thermocouple tips are such that they

do not represent anomalies to either the heat conduction process or the fluid

transport processes within the porous material.
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The development of sensors for the measurement of pore pressures within the

block was a difficult and non-routine exercise. Firstly, the size of the sensor

was a constraint in the problem. The sensors had to be of a suitable small

scale to ensure measurement of pore pressures in a region substantially

smaller than the size of the heated region (i.e. a length ratio of approximately

1:15). Secondly, the sensors had to measure the pore pressure changes at the

location itself, without the requirement for appreciable movement of the fluid.

Thirdly, the leads of the sensor should not interfere with the conduction of

heat or act as a conduit for the dissipation of porewater pressures. Fourthly,

the sensor unit had to function with precision and reliability in a water

saturated, corrosive environment for long periods of time. These constraints

were difficult to realize within the constraints of the experiment particularly in

relation to the size of the block, the time frame for the saturation of the block

and the time frame for the measurement of heat-induced, pore-pressure

generation and/or decay. Extensive searches and trials were conducted to

develop a satisfactory miniature pore-pressure transducer. Two types of

transducers (Kyowa and A.L. Design) were investigated. The A.L. Design

model can be adopted as a miniature transducer for the measurement of pore

fluid pressures within the cement based porous material. The failure rate of

the miniature pore-pressure sensors has been an impediment to the successful

measurement of pore pressures at the desired locations. The non-recoverable

nature of the transducers and the loss of data from important locations within

the block made the experimental procedures expensive and time consuming.

If the research programme is to progress along the lines of experimentation

discussed previously, attempts should be made to identify or develop a

suitable miniature pore pressure sensor which can guarantee the operational

specifications for the pore pressure sensor. The boundary heating of the
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block can be applied with a flat circular heater which is maintained in contact

with the surface of the block. The heater can be made to operate satisfactorily

in a water-saturated environment.

(iii) The experimental facility, in the form of a cylindrical block, has suitable

dimensions which can be moved, placed within the saturation chamber and

subjected to vacuum saturation within a realistic time frame. Also, the

axisymmetric configuration of the experiment makes it possible to carry out

hygro-thermo-mechanical numerical modelling by appealing to finite element

computations relatively conveniently.

(iv) The preliminary tests conducted on the test facility indicate the temperature

fields, within the cement-based saturated porous block, respond consistently

to the boundary heating imposed on its plane surface. The pore-pressure

transducers, embedded within the block and located below the heated surface,

also indicate pore pressure gains consistent with the boundary heating

imposed on the surface. At distances remote from the heated surface the

pore-pressure transducers show no appreciable rise. The experiments,

conducted in fulfilment of the contract, have focused entirely on the

measurement of the pore pressure rise within the cement-based, saturated

porous solid as a result of the heating. It is anticipated that, due to the

relatively low permeability of the porous medium, the time for dissipation of

any generated pore water pressure could be of the order of several months.

Such long range tests should be the subject of future studies.

One of the primary limitations of the experimental modelling procedure is the use of a

synthetic porous cement based material to simulate the hydraulic response of the rock. It is

feasible that the hydraulic properties of a material, such as cement grout, can experience a

change, with time, due to the hydration of the cement particle resulting in a reduction of the

pore space, which governs the hydraulic conductivity of the medium. Also, the cement
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presents an adverse environment for the operation of the sensors which can lead to the

premature corrosion of the transducer leads. The methodology however has the advantage

that the consistency of the cement based material can be adjusted to obtain a relatively

homogeneous porous material and that the sensors can be embedded in the porous region

without much difficulty. The time for saturation of the cement-based porous material can

be kept within realistic limits by incorporating additives to the grout mixture.

The preferred alternative to the use of the cement-based porous material is to use an actual

block of rock to simulate the geological medium. This avenue has the greatest appeal

among many researchers who are involved in experimental simulation of geological

materials. It is possible to consider use of a granite cylinder for the purposes of the

experiment. The primary disadvantage of this procedure is that the pore pressure sensors

cannot be easily installed. If sensors are to be located in small diameter conduits drilled

into the rock, then adequate measures must be taken to ensure that these conduits are

perfectly sealed and that such seals remain intact even during thermal loading of the block.

The thermal compatibility of the sealing material and the granite will ensure that no

delaminations occur at the interface due to the wide range of temperature increases. A

second disadvantage of the use of a granitic material is that the saturation of a large intact

block measuring about 50 cm in diameter and of similar height will require an inordinate

amount of time.

A successful alternative which could overcome the deficiencies of the experimental

methodologies associated with both the use of a cement-based, porous medium model and

the use of a large granite cylinder would be to use small granite samples which would allow

for examining the basic processes associated with thermally-induced, pore-pressure

generation and dissipation. Since the type of flow processes investigated in the

experimentation relates primarily to flow in the intact rock mass, the basic processes can be

captured by testing granite cylinders of dimensions 15 cm in diameter and 15 cm in height.
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It is possible to saturate such samples relatively quickly and maintain them in a saturated

sealed condition. The pore-fluid pressure changes in such samples, due to the thermal

loading, can be monitored by externally placed reusable transducers. The decay of

pore-fluid pressures in such rock specimens can be monitored accurately and used to

calibrate computational models, which are used to describe the hygro-thermo-mechanical

processes in saturated rocks. Similar experimental procedures can be developed to examine

the processes of decay in pore pressures developed in individual fractures due to thermal

effects. Such experimentation can be developed quite conveniently to examine a wide

range of parameters influencing hygro-thermo-mechanical processes in intact rock masses.
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APPENDIX A Measurement of Elastic Constants and Ultimate

Strength of the Cement Based Porous Medium

Uniaxial compression tests were conducted on three cylindrical samples of the hardened

cement based porous medium which was kept in an air dried condition. The sample was

instrumented with 4 strain gauges which measured both the axial compressive strain and

the circumferential strain. One strain gauge was bonded in the longitudinal direction and

another was bonded in the lateral direction, at the mid-length of the cylinder. A

corresponding pair, with the same orientation and location , was bonded at diametrically

opposite locations. Each cylinder was subjected to loads corresponding to one quarter of

the ultimate strength of the individual cylinder. The stress and corresponding strain were

recorded at intervals. The results of the tests yielded the following values for the elastic

constants:

Young's Modulus = 26650 MPa

Poisson's Ratio = 0.24

Eleven cylinders were tested to failure in a Tinius Olsen machine at a loading rate of 1.25

mm/min. The results of these tests were used to calculate the ultimate strength of the

cement grout.

Ultimate Strength = 39 MPa



APPENDIX B Measurement of (he Coefficient of Thermal

Expansion and Density of the Cement Based Porous

Medium

Cylindrical samples of the hardened cement based porous medium were subjected to

temperature increases in an oven with a regulated temperature. The cylinder was

instrumented with temperature compensated strain gauges which measure both the

longitudinal and circumferential strains at the cylindrical surface of the sample. In

addition, thermocouples are installed both within and at the surface of the cylinder to

accurately monitor the uniformity of temperature within the sample. The specimens were

placed in an oven set at approximately 100°C for 24 hours. The strains in the concrete

were measured at the attainment of a steady sample temperature of 80°C. The results of

the experiments indicate the following:

Coefficient of thermal expansion of the cement based porous medium = 6.9 x lO'fy'C.

The moist density of the grout material was determined by accurately determining the

weight and volume of the small diameter cylinders. The average density of the grout

material is 2300 kg/m3.



APPENDIX C Measurement of the Thermal Conductivity of the

Cement Based Porous Medium

Transient heat conduction tests were conducted on cylindrical samples of the grout

material which were instrumented along the axis with thermocouples located close to the

heated plane. The plane end of the cylinder was subjected to heating (47'C) and the

cylindrical surface of the specimen was kept insulated. Time dependent variation in the

temperatures within the heated cylinder was monitored via a data acquisition system. The

thermal conductivity of the cement based porous material is estimated by utilizing the

solution to the one-dimensional transient heat conduction equation. A least square

technique is used to match the experimental data and the theoretical estimates over a 100

minute interval. The heat capacity of the material is assigned a value that is applicable to

most cementaceous materials. The results of the experiments give the following:

Heat capacity of the cement based porous medium = 2 x 10^ J/

Thermal conductivity of the cement based porous medium = 0.563 J/m/sec/°C



APPENDIX D Water Absorption Rates for Cement Mortar Cubes
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WATER ABSORPTION IN TIME t
CUBE MIX: 1.5-4-4 (All mortar sand)
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10.8 g (3% aggregate wt.) bentonite used
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WATER ABSORPTION IN TIME t
CUBE MIX: 1.5-4-8 (All mortar sand)*

Same mix as for cubes #85-#87 (repeatability of results)
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WATER ABSORPTION IN TIME t
CUBE MIX: 1.25-4-8 (All mortar sand)
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15g superplasticizer used
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WATER ABSORPTION IN TIME t
CUBE MIX: 2-4-12 (All mortar sand)
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WATER ABSORPTION IN TIME t
CUBE MIX: 2-5-10 (All mortar sand)
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WATER ABSORPTION IN TIME t
CUBE MIX: 2-5-15 (All mortar sand)

10 g (1.67% aggregate wt.) superplasticizer used
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WATER ABSORPTION IN TIME t
CUBE MIX: 1.5-4-8 (All mortar sand)

2.7 g (recommended amount) superplasticizer used
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WATER ABSORPTION IN TIME t
CUBE MIX: 2-5-15 (All mortar sand)

2.3 g (recommended amount) superplasticizer used
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WATER ABSORPTION IN TIME t
CUBE MIX: 1.25-4-8 (All mortar sand)

15 g superplasticizer + 14.4 g bentonite used
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CUBE MIX: 1.4-4-8 (All mortar sand)

6g superplasticizer used
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CUBE MIX: 1.35-4-8 (All mortar sand)

9g superplasticizer used
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WATER ABSORPTION IN TIME t
CUBE MIX: 1.5-3-8 (All mortar sand)
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WATER ABSORPTION IN TIME t
CUBE MIX: 2-4-10 (All mortar sand)
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WATER ABSORPTION IN TIME t
CUBE MIX: 2-4-11 (All mortar sand)
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WATER ABSORPTION IN TIME t
CUBE MIX: 1.75-5-8 (All mortar sand)
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WATER ABSORPTION IN TIME t
CUBE MIX:1.25-4-8(7-mrtr sand, 1-fines)
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15 g superplasticizer used
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WATER ABSORPTION IN TIME t
CUBE MIX:1.25-4-8(5-mrtr sand,3-fines)

15 g superplasticizer used
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WATER ABSORPTION IN TIME t
CUBE MIX:1.4-4-8(7-mrtr sand, 1-fines)

6g superplasticizer used
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WATER ABSORPTION IN TIME t
CUBE MIX:1.4-4-8(5-mrtr sand,3-fines)

6g superplasticizer used
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WATER ABSORPTION IN TIME t
CUBE MIX: 1-3-9 (Ail mortar sand)

18g superplasticizer used
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WATER ABSORPTION IN TIME t
CUBE MIX: 1 -3-9(6-mortar sand,3-fines)

18g superplasticizer used
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Table 1 : Summary of mix designs, permeabilities and workabilities

SAMPLE

1.25#-4-8"
*+0.25 supcrplasticizcr

"5 parts sand - 3 parts fines
fines >= #200 sieve added

1.5-4-8

2-4-10

2*-4-10
'+0.1 supcrplasticizcr

2'-4-10"
'+0.1 superplastici/.er

"fines >= #70 sieve removed

2"-4-10"
*+0.1 supcrplasticizcr

"fines >= #80 sieve removed

2'-4-10"
"+0.1 superplasticizcr

"fines >= #100 sieve removed

Grout Mixes
1-6.25*

'Sika Grout

1-5*
"Sika Grout

l-l.l '-4.35"
"mortar sand
"Sika grout

l-l'-S"
'silica 16 sand

'Sika grout

PERMEABILITY (cm/s)

NOT MEASURABLE

3.06E-06

4.31E-07

7.10E-07

3.45E-07

4.71E-07

3.71E-08

1.12E-09

1.11E-08

1.71E-10

6.75E-10

WORKABILITY

dry mix
flows with excessive vibration

as above

flows better than above

flows easier than 2-4-10

needs little vibration for flow

just as workable as 2'-4-10"
(#70)

same as 2"-4-10" (#70 & #80)

poured like a liquid
no vibration needed for flow

same "flow characteristics" as
1-6.25" but more fluid

no vibration needed for flow
mix consistency between 1-6.25*
and l - l ' -5"

no vibration needed for flow
mix consistency thicker than
1-6.25"



Datait ot A

LEGEND
1 Porous Rock Specimen

2 Steel Chamber with Internal
Waterproof Coating

3 Stiffeners

4 Pressure-rated Coupling

5 Pere Pressure
Transducer Leads

6 Stiffened Cover Plate

7 Heater

8 Pore Pressure Transducer

9 Heater Leads

10 Thermocouple Leads

Figure 1: A Schematic View of
Test Facility

11 Bleed Valve

12 To Vacuum Pump or
Pressurized Water

13 Valve

14 Water Inlet

15 Neoprene Seal

16 Lifting Connections

17 Epoxy or Devcon Seal

18 Water

19 Flexible Porous Disc

the Originally Proposed



Water 3450 kPa

6900 kPa
confining
pressure

LEGEND

1 Beaker

2 Weigh Scale

3 Pressure Chamber

4 Neoprene Sleeve

5 Base Pedestal

6 O-Ring Seal

7 Top Plunger

8 Perforated Aluminum Disc

9 Concrete Test Specimen

10 Perforated Aluminum Disc

11 Pressurizing Cylinder

12 Compressed Nitrogen Tank

Figure 2: NRCC High Pressure Permeability Apparatus



LEGEND

1 Pressure Regulator

2 O-Ring Seal

3 Rubber Membrane

4 Modified Triaxial Chamber

5 Waler

6 Perforated Aluminum Disc

7 Bleed Valve

8 Geotextile Layer

9 Concrete Test Sample

10 Beaker

11 Weigh Scale

Figure 3: Carleton University Triaxial Cell Permeability
Apparatus



(a) Location of Thermocouples:
Equal spacing between #1 to #4

1.6 mm

1.6 mm

JL!=
1

77.8 mm

J
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T 10 mm

1.6 mm

(b) Dimensions of the Disc Heater
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joint '
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joint thermocouples heater and

thermocouple
leods

(c) Components of the Disc Heater

Figure 4: The Disc Heater
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1 Variable Temperature Controller/Thermocouple Reader

2 Plastic Container

3 Mortar Sand

4. Disc Heater

5 Thermocouples
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(b) Calibration of Disc Heater: Temperature Along a Diametral Axis

Figure 5: Disc Heater Calibration



(a) Kyowa Type PS-50KBM260 Pressure Transducer

Active Surface

2.0 mm l"*~ 6.0 mm

6,0 mm — •- 3.0 mm

Leads

(b) Dimensions of the
Pressure Transducer

r
6.4 mm

L

r 9.0 mm —i Porous Tip

(c) Porous Tip Located
at the Active Surface

Figure 6: Details of the Pore Pressure Transducer
Used in Cylinder No. 1



Ground

(a) ALD-MPM Miniature Transducer

Silicon Coating

Teflon Sheathing

6.35 mm

3 mmJ
6.35 mm

(b) Dimensions of the Pressure Transducer

Figure 7: Details of the Pore Pressure Transducer
Used in Cylinder No. 2



Figure 8: The Arrangement of Pore Pressure
Transducers in Mould used for the
Fabrication of the Grout Cylinder



•Concrete

Tape

Chromel Wire

Mould

Alumel Wire

Welded Junction

Figure 9: Thermocouple Positioning Arrangement



76.2 mm

152.4 mm

Transducer Leads
Thermocouple Leads

Thermocouple Flexible Seal

Pressure Transducer

Concrete

Plafe Wlih
Mirror Finish

Vibrating Table

76.2 mm-

152.4 mm

Highly Polished Surface

Figure 10: The Preparation of a Small Diameter Porous
Concrete Cylinder Containing the Transducer
and the Thermocouple



LEGEND

1 Power Supply/Variable Temperature Controller

2 Plastic Container

3 Styrofoam Bead Insulation

4 Concrete Test Specimen

5 Disc Heater

6 Pressure Transducer

7 Transducer Readout Unit

Figure 11: Test Arrangement for the Calibration of the
Pressure Transducer: Boundary Heating of the
Dry Porous Concrete Cylinder
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Figure 12: Response of the Embedded Pore Pressure
Transducer During Boundary Heating of the
Cylindrical Porous Concrete Specimen
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1 Cylindrical Mould (Sono Tube)

2 Base of Mould (Laminated Particle Board)

3 Sensor Terminal Block

O Thermocouple

X Pore Pressure Transducer
— — Nylon Line (to Position Sensor)

(All Dimensions In mm)

Figure 13: A Cross—Sectional View of the Mould for Cylinder
No. 1 Including the Location of Thermocouples
and Pressure Transducers



Pressure Gage

Gasket Seal

Concrete
Cylinder No. 1

Steel Chamber

Water

Geotextile

Vacuum Pump Desiccating Flask

Figure 14: A Schematic View of the Test Arrangement for
the Vacuum Saturation of Concrete
Cylinder No. 1
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Figure 15: A Cross-Sectional View of the Mould for
Cylinder No. 2 Including the location of the
Thermocouples and Pressure Transducers
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Figure 17: The Time Dependent Response of Transducers
Located in the Air Cured Cylinder No.l due to
Boundary Heating
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Transducer 5 Located in a Fully Saturated
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Transducer 4 Located in a Fully Saturated
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Figure 27: Time Dependent Response of Pore Pressure
Transducer 5 Located in a Fully Saturated
Cylinder No. 2 due to Boundary Heating
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Figure 30: Time Dependent Response of Pore Pressure
Transducer 5 Located in a Fully Saturated
Cylinder No. 2 due to Boundary Heating
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Figure 31: Time Dependent Response of Pore Pressure
Transducer 2 Located in a Fully Saturated
Cylinder No. 2 due to Boundary Heating
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Figure 32: Time Dependent Response of Pore Pressure
Transducer 4 Located in a Fully Saturated
Cylinder No. 2 due to Boundary Heating
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Figure 33: Time Dependent Response of Pore Pressure
Transducer 5 Located in a Fully Saturated
Cylinder No. 2 due to Boundary Heating


