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Abstract Lindsay Limestone is an argillaceous limestone

encountered in Southern Ontario, Canada. The Lindsay

formation is regarded as a suitable geologic medium for the

construction of a Deep Geologic Repository for storing low

to intermediate level nuclear waste. The Lindsay Lime-

stone is a nodular argillaceous rock with very low perme-

ability, requiring the use of hydraulic pulse tests for the

measurement of its permeability characteristics. The paper

describes the triaxial testing facility, the theoretical basis

for the test and the procedures used to analyze the exper-

imental results for estimating the permeability of the

Lindsay Limestone. The results are compared with the data

available in the literature.

Keywords Axial flow pulse tests �
Permeability measurement � Lindsay Limestone �
Experimental modelling

Introduction

The development of methodologies for the storage of

nuclear fuel waste has received concerted attention over the

past half a century. In recent years, the topic has come to the

forefront as a result of the climate change debate, where

nuclear energy is viewed as an alternative to other forms of

fossil fuel-based energy production, which emit significant

amounts of greenhouse gases. The need for developing Deep

Geologic Repositories for the safe storage of hazardous

spent nuclear fuel has been underscored by the recent

(11 March 2011) earthquake and the resulting tsunami that

inflicted damage to the nuclear reactor facilities at Fuku-

shima, Japan. Comprehensive reviews of the storage con-

cepts are given by Laughton et al. (1986), Chapman and

McKinley (1987), OECD (1988), Gray (1993), Gnirk (1993)

and Huertas et al. (2000). The general consensus points to

the deep geological disposal of radioactive wastes in com-

petent rocks that are considered to be stable in the time scales

relevant to the storage of the wastes. Although the overall

nuclear waste disposal concept relies on engineered barriers

that also include the waste containers and engineered clay

barriers (Pusch 1990; Hueckel et al. 1996; Selvadurai and

Nguyen, 1996; Selvadurai 1997, 2002a; Hoteit et al. 2002;

Alonso et al. 2002, 2005), it places a great deal of reliance on

the geologic formation itself to act as a natural geological

barrier to attenuate long-term radionuclide migration from

the waste repository. The permeability of the geological

formation that includes both intact and fractured regions is

of central importance to the feasibility of the storage con-

cept. The types of geological formations that have been

targeted for high level nuclear waste disposal have included

crystalline rock, similar to the granitic rocks found in

countries, such as Canada, Finland, Japan, Sweden, and

Switzerland; porous tuffs in the Western USA; dense clay

and clay stone deposits in Europe, particularly Belgium,

France, Spain and Switzerland. Recently, attention has

focused on the possible use of clays and other sedimentary

formations as host geologic media for siting deep ground

repositories for the storage of nuclear wastes. An example is

argillite at the Tournemire site in France that is being

investigated for deep geological disposal of heat emitting

nuclear fuel wastes (Armand and Su 2006; Millard and

Rejeb 2008; Maßmann et al. 2009). The rationale for con-

sidering sedimentary formations is based on the specific
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geological attributes of a particular formation in terms of the

assessments of historical groundwater movement patterns

and on the beneficial aspects of sedimentary rocks, which are

capable of mitigating the detrimental effects of underground

excavations that can lead to damage zones and alterations in

permeability. An example of a candidate sedimentary rock is

the Lindsay formation in Southern Ontario, which is iden-

tified as a potential host rock for siting a repository for

storing low and intermediate level nuclear wastes.

Proposals have been put forward for the construction of

a deep geologic repository (DGR) would be constructed in

the Paleozoic formation in the vicinity of the Bruce

Nuclear Power Generating Station located on the shores of

Lake Huron. The formation consists of a layered sequence

of carbonates, shales, evaporites and minor sandstones. The

sedimentary sequence is approximately 800-m thick and

rests on the Precambrian basement. Extensive studies have

been conducted to determine the stratigraphy, age, thick-

ness and nomenclature of the sedimentary formations

beneath the site of the Bruce Nuclear Power Generating

Station. The suitability of the Middle Ordovician limestone

sequences encountered at the Bruce site, and in particular

the Lindsay formation, for the proposed siting of the DGR

is discussed in the reports by Mazurek (2004), Vilks and

Miller (2007) and OPG (2008). Argillaceous limestones in

particular are known to possess self-healing properties

(Horseman 2001), which are desirable attributes, particu-

larly for nuclear waste management endeavours.

At the proposed location for the DGR, the geologic for-

mations are nearly horizontally stratified and the approxi-

mately 45-m thick Middle Ordovician Lindsay formation is

located almost 630 m below ground level. This sequence is

overlain by Upper Ordovician Siltstone and Gray Shale

(approximately 200-m thick) and underlain by Shaly

Argillaceous limestone and Cambrian Sandstone sequences

(approximately 150-m thick). The entire sequence of

Paleozoic rocks rests on the Pre-Cambrian Granitic Gneiss

(Fig. 1). The stratigraphic sequence was determined from

both shallow boreholes and deep off-site gas exploration

wells. The reports by Golder (2003), Mazurek (2004) and

OPG (2008) also document the hydrogeological and geo-

mechanical properties of the geologic strata encountered at

the proposed DGR site. Of particular interest are the esti-

mates for the hydraulic conductivity distribution with depth

over the entire sequence of rocks, which ranges from

10-5 m/s in the upper dolostone to between 10-11 and

10-13 m/s in the Shaly limestone encountered immediately

above the Precambrian Basement (Fig. 2). This translates to

a permeability in the range 10-18 to 10-20 m2 for a dynamic

fluid viscosity of 10-6 kN s/m2 and a fluid unit weight of

approximately 10 kN/m3 (Table 1) .

The main geologic horizon of interest to a DGR is the

upper 45-m thick stratum of the Lindsay formation which

consists of fine-grained thin to medium bedded nodular

textured argillaceous limestone. This sequence has the

lowest hydraulic conductivity, and along with other attri-

butes is considered to be a suitable formation for siting a

DGR. The composition of the Lindsay Limestone is quite

distinct from other limestones that are highly porous due to

their vuggy nature that can result from cracks, fissures and

stress-induced damage zones (Selvadurai 2004). This paper

deals with the experimental determination of the perme-

ability characteristics of the Lindsay Limestone using

results of axial flow hydraulic pulse tests conducted on

cylindrical samples with a diameter 100 mm. It describes

the experimental procedures, the analytical details and the

results of tests that lead to the estimation of the perme-

ability characteristics of this low permeability rock.

Axial flow hydraulic pulse tests

Permeability of rocks and other geomaterials can be measured

using either steady state tests or transient tests. The former is

more suited for geomaterials with permeabilities up to

10-16 m2, where steady state conditions can be established

relatively conveniently and quickly (Selvadurai and Głowacki

2008; Selvadurai and Selvadurai 2007, 2010). For low per-

meability geomaterials with permeabilities \10-19 m2,

steady state techniques are ineffective since the time required

to establish a steady state condition is prohibitively long; the

accurate interpretation of attainment of a steady state condi-

tion is difficult, because of the inability to conduct a fluid mass

balance calculation accurately, making the steady state tests

less reliable. The main advantage of the steady state test,

however, is that there are virtually no extraneous parameters

needed to interpret the results. Once the dimensions of the

sample, the hydraulic gradient, the flow rate and the dynamic

viscosity of the fluid at the test temperature are known, the

permeability can be directly estimated.

Hydraulic pulse tests are transient tests that can be

conducted relatively quickly to determine the permeability

characteristics of low permeability geomaterials and

are generally used for geomaterials with permeabili-

ties\10-19 m2. The test involves the application of a fluid

pressure pulse within a confined region in sealed contact

with the open surface of a saturated geomaterial. The rate

of pressure decay in the confined region depends, among

other factors, on the permeability characteristics of the

geomaterial. The main advantage of the hydraulic pulse

test is the rapidity with which the test can be conducted.

The disadvantage of the procedure is that a number of

extraneous parameters are needed to conduct an analysis

of the test, including the compressibility of the fluid used

in the test, the compressibility of the pore skeleton and

its porosity, the volume of fluid that is undergoing
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decompression and the ability to solve the transient initial

boundary value problem of the pressure diffusion in a

manner convenient for estimation of the permeability.

This research uses transient one-dimensional pulse tests

to determine the permeability of the argillaceous Lindsay

Limestone. The one-dimensional hydraulic pulse testing of

the permeability characteristics of rocks was pioneered by

Brace et al. (1968) who determined the permeability of

Westerly Granite under high confining pressures. The work

of Hsieh et al. (1981), Neuzil et al. (1981) and Bernabé

(1986, 1987) discuss the application of the technique

for measuring the permeability characteristics of rocks,

Fig. 1 Regional Geological

Framework and the Location of

the DGR beneath the Bruce Site

(OPG 2008)

Table 1 Summary of reported permeability data on the Lindsay Limestone

References Location Kmin ð m2Þ Kmax ð m2Þ Kmedian ðm2Þ

Raven et al. (1992) OHD-1, Mississauga/Lakeview 1.02 9 10-20 6.42 9 10-19 3.26 9 10-19

Raven et al. (1992) UN-2, Darlington/Bowmanville 6.42 9 10-21 1.63 9 10-18 8.19 9 10-19

Golder Associates (2003) DDH01/02, Bowmanville 1.33 9 10-19 4.08 9 10-18 2.11 9 10-18

Intera Ltd (1988) Darlington generating station tunnels 1.02 9 10-18 1.02 9 10-15 5.11 9 10-16

Intera Ltd (1988) Wesleyville shallow boreholes 2.04 9 10-17 4.08 9 10-13 2.04 9 10-13

Vilks and Miller (2007) Cobourg perpendicular to bedding planes \10-22 3.50 9 10-22 N/A

Vilks and Miller (2007) Cobourg parallel to bedding planes 1.20 9 10-22 2.20 9 10-21 N/A

Gartner Lee Ltd (2008) Cobourg vertical N/A N/A 9.79 9 10-20

Gartner Lee Ltd (2008) Cobourg horizontal N/A N/A 9.79 9 10-19

Mazurek (2004) In situ Packer tests in vertical or inclined boreholes 6.42 9 10-21 4.08 9 10-18 N/A
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including Chelmsford Granite and Barre Granite. Reviews

of other applications of the hydraulic pulse tests for per-

meability testing are given by Selvadurai and Carnaffan

(1997) and Gross and Scherer (2003) (measurement of

permeability of cementitious materials) and Selvadurai

et al. (2005) (measurement of permeability of granite cyl-

inders, measuring 405 mm in diameter) and Song and

Renner (2006) (permeability of Fontainebleau Sandstone).

Recently, Selvadurai (2009) has examined the influence of

residual hydraulic potentials and the degree of saturation

on the performance of the axial flow pulse test. It was

observed that low permeability can lead to residual

hydraulic gradients introduced during saturation that can

influence the transient response of a subsequent pulse test.

The theoretical concepts associated with hydraulic pulse

tests are documented in many of the references cited pre-

viously and a brief summary is presented for completeness.

We restrict attention to one-dimensional pressure transient

phenomena in the saturated rock. The partial differential

equation governing the transient pressure in an one-

dimensional configuration is given by (see e.g. Bear 1972;

Hsieh et al. 1981; Barenblatt et al. 1990; Philips 1991;

Selvadurai 2000, 2002).

o2p

ox2
¼ Ssg

Kcw

op

ot
; x 2 ð0; L0Þ ð1Þ

where pðx; tÞ is the fluid pressure (e.g. dimensions: M=LT2),

L 0 is the extent of the domain, g is the dynamic viscosity

(dimensions: M=LT ; M refers to the dimension of mass

and T is the dimension of time), K is the permeability

(dimensions: L2), cw is the unit weight of water

(dimensions: M=L2T2), Ss is the specific storage of the

porous medium (dimensions: 1=L), composed of a solid

material that is non-deformable and defined by.

Ss ¼ cwðnCw þ CeffÞ ð2Þ

In (2), n is the porosity and Cw and Ceff (dimensions:

LT2=M) are, respectively, the compressibilities of the pore

fluid and the porous skeleton. The solution of (1) is subject

to the boundary conditions.

U
op

ox

� �
x¼0

¼ op

ot

� �
x¼0

; pðL; tÞ ¼ 0 ð3Þ

where

U ¼ AK

gVwCw

� �
ð4Þ

with Vw being the volume of fluid contained within the

sample and the measurement unit and A is the cross-

sectional area of the sample in contact with the pressurized

region. The initial condition

pðx; 0Þ ¼ 0; x 2 ð0; L0Þ ð5Þ

indicates that the tested region is initially under zero

hydraulic head, which is necessary for the rigorous

application of the simplified theoretical developments.

The first boundary condition in (3) is a kinematic constraint

indicating that the rate at which water flows from the cavity

Fig. 2 Variation of hydraulic

conductivity at the DGR site.

WWMF-LLW Geotechnical

Feasibility Study (Golder

Associates 2003)
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into the sample, as expressed by Darcy’s law applied to the

end of the sample, is equal to the rate at which the water

stored within the pressurized region expands as the

pressure within the system declines. The initial boundary

value problem defined by Eqs. 1–5 is well posed, and has

similarities to the analogous heat conduction problem. In

particular, attention is focused on pressure transients in a

semi-infinite domain, which makes the developments much

simpler and replaces the boundary condition given by the

second equation of (3) by a regularity condition requiring

that pðx; tÞ ! 0 as x!1 for 8t� 0. If the pulse test is

conducted by applying a hydraulic pulse in the form of a

Dirac delta function of time then

pð0; tÞ ¼ p0 dðtÞ ð6Þ

where dðtÞ is the Dirac delta function. The solution to the

resulting initial boundary value problem applicable to the

semi-infinite domain x 2 ð0;1Þis given by

pðtÞ
p0

¼ expðX2tÞErfc
ffiffiffiffiffiffiffi
X2t

p� �
ð7Þ

where Erfc(xÞ is the complementary error function defined

by

ErfcðxÞ ¼ 2ffiffiffi
p
p
Z1

x

expð�n2Þ dn ð8Þ

and

X2 ¼ A2KðnCw þ CeffÞ
g V2

wC2
w

� �
ð9Þ

The decay of the pressure pulse given by (7) contains

known parameters except for the permeability K. The value

of the permeability can be altered during the numerical

evaluation of pðtÞ so that the responses can be matched

over the initial phases of the test when the conditions

consistent with the semi-infinite domain are likely to be

satisfied. Such a procedure can be used to estimate K.

Experimental procedure

This section outlines the details of the recovery of cores

from block samples, the preparation of the cores for per-

meability testing, the experimental facilities used to con-

duct the tests and the results of typical tests.

Sample preparation

The cylindrical samples of the Lindsay Limestone used in

the experimental research were obtained from a block

sample of the rock supplied from the Saint Mary’s Quarry

in Bowmanville, Ontario. The Lindsay Limestone outcrops

at this location and the geological features of the limestone

are consistent with what is documented for the limestone at

depth. The cuboidal block samples of Lindsay Limestone

measured approximately 0.45 9 0.45 9 1 m and since the

samples were recovered from a quarry, they displayed

evidence of very sparse fracturing. It was, however, pos-

sible to recover samples of the rock, for the purposes of the

experimental research that had no observable defects. The

block samples were wet cored using diamond tipped corers.

The dimensions of the cored samples varied depending on

their proximity to fractures and the intact samples mea-

sured approximately 108-mm diameter and 100–300 mm

in length. Cores were recovered both perpendicular to and

along the bedding directions. Typical views of the recov-

ered cores are shown in Fig. 3 and the colour contrast

clearly illustrates the nodular nature of the Lindsay

Limestone. The cored diameter was 108 mm and the core

length was kept to a maximum to give sufficient length for

machining purposes. The ends of the sample were cut

perpendicular to the axis. The sample ends were machined

parallel to form a 200-mm long sample, and the cylindrical

(a)

(b)

Fig. 3 Cores recovered from block samples of Lindsay Limestone

from the Saint Mary’s Quarry, ON (core diameter, approximately

106 mm). a Samples recovered by coring perpendicular to the

bedding planes, b samples recovered by coring along the bedding

planes
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surface was machined to a precise diameter of 100 mm.

These precise dimensions and smooth surface characteris-

tics were necessary for companion tests that would be

conducted under high confining pressures. During prepa-

ration of the sample, and particularly during machining, the

sample was taped to prevent contamination.

As was observed by Selvadurai (2009), the degree of

saturation of the rock prior to hydraulic pulse testing can

have a significant influence on the transient pulse decay.

For this reason, the sample was saturated using a de-airing

technique, which involved the application of a prolonged

vacuum to a sample of the Lindsay Limestone, vacuuming

and vibrating simultaneously during immersion in a 1-lm

filtered water bath. Ideally, the pore fluid used in hydraulic

pulse testing should be identical to that found at the loca-

tion where the sample was retrieved. At large depths in the

vicinity of the proposed DGR, the groundwater is saline

and any tests performed on samples recovered from deep

boreholes should reflect the geochemical properties of the

in situ ground water. In the current research investigations,

however, the block samples were recovered from a shallow

depth and at these locations the Lindsay Limestone can be

exposed to the atmosphere and water influx for several

decades. In this case, the use of distilled water to conduct

the hydraulic pulse tests is justified. The details of the

arrangement used to saturate the samples are shown in

Fig. 4. Vacuum saturation was performed for 3 days and

during this period expulsion of air from the sample was

noted. After completion of the vacuuming sequence, the

sample was allowed to remain in the water at a nominal

pressure for a further 3 days to ensure that there was suf-

ficient time for dissipation of any negative pressures that

will develop during the saturation sequence. The exact time

needed to either saturate or de-saturate the sample depends

on the permeability of the Lindsay Limestone. The absence

of air expulsion is regarded as a state of saturation and the

same amount of time is allowed for the dissipation of

excess pressures.

The experimental facility

The transient pressure pulse tests were conducted in a GDS

high pressure triaxial chamber that could accommodate

rock samples of diameter 100 mm and lengths up to

200 mm, dependent on the incorporation of an in-chamber

load cell that can be used to measure deviatoric loads

applied to the sample. The triaxial cell was chosen because

of the ability to apply isotropic stress states to the sample

consistent with the depth of sample recovery; the triaxial

cell was also used quite successfully to examine the evo-

lution of permeability hysteresis of Indiana Limestone

Fig. 4 A schematic layout of the experimental procedure for the

saturation of the Lindsay Limestone samples

Fig. 5 The GDS Triaxial Cell

and ancillary components of the

test facility for conducting

hydraulic pulse tests
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subjected to isotropic compression (Selvadurai and

Głowacki, 2008). Other components of the test facility

included a Quizix precision pump (Model QX-6000-HC) to

supply fluid flow to the sample at flow rates in the range

0.00034–50.00 ml/min with an accuracy of 0.1% of the set

value. The pressure pulses were measured using a Hon-

eywell Model TJE-200 g pressure transducer (Model

060-0708-12TJG; 0-200 psi gauge pressure, with an

accuracy of 0.1% of full scale range) and all data acqui-

sition was performed using components supplied by Mea-

surements Computing. The acquisition of data was

integrated using the Tracer DAQ Pro-software that allowed

scanning rates up to 50 kHz. Although the pulse is applied

over a finite time, the result relevant to the estimation of the

permeability using the pulse test is the magnitude of the

maximum initial pressure pulse and its decay with time. A

schematic view of the experimental layout is shown in

Fig. 5.

Sample assembly

The sample should be assembled in the GDS cell so that

there is no possibility of leakage from the pressurizing

chamber into the sample. The cell pressure is applied

through a nitrile membrane supplied by Premier Industrial

Hose Manufacturing Ltd. The unstretched internal diameter

of the membrane was approximately 100 mm, with a wall

thickness of approximately 3.2 mm. The sample is placed

on the base pedestal and sealing is normally provided by

stainless steel hose clamps that are located at the base and

at the top of the sample. The seal between the nitrile

membrane and the base pedestal and top cap is crucial to

the reliable experimentation. It was observed that at pres-

sures ranging from 5 to 20 MPa, a sealing agent was

needed to develop the reliable seal. The base pedestal and

the top cap and nitrile membrane were first cleaned using

Sika Remover-208 and treated with Sika-Aktivator. The

flexible sealant Sikaflex-221 was applied to all metal–

nitrile membrane contacting surfaces, ensuring that a thin,

but continuous coating was developed to provide the seal.

The first hose clamp was then tightened around the base

pedestal. The membrane was then filled with de-aired water

and the lower porous steel diffuser disc was placed on the

surface of the base pedestal. A prepared Lindsay Limestone

core subjected to the saturation sequence described previ-

ously was then inserted into the nitrile membrane causing

the water to force out any air trapped in the tubes leading to

the sample and preventing drying of the sample. The upper

porous metal diffuser is then inserted and the top cap and

top of the membrane are cleaned and treated with Sika

Remover-208 and Sika-Aktivator. The second hose clamp

is placed over the membrane, and the Sikaflex-221 is

applied to the top cap and to the top of the membrane. The

top cap is then inserted and the hose clamp fastened. The

assembled sample is kept unpressurized for 24 h to allow

drying of the sealants. Water is then pumped through the

system in the absence of sealing pressure to remove any air

that could have been trapped at the sample–nitrile mem-

brane interface and within the pore space of the stainless

steel diffuser discs. This sample assembly procedure was

found to be highly effective and was followed during the

assembly of both samples that were tested. The chamber of

the GDS cell was filled with water and the confining

pressure increased to its starting value of 5 MPa.

Experimental procedure and results

The outlet for fluid flow from the sample consisted of high

pressure-resistant stainless steel, which allows unobstructed

fluid efflux from the sample in a high pressure environment.

The outer cell of the GDS triaxial cell was secured using a

self-sealing arrangement and the maximum cell pressure

that could be applied to the cell was 65 MPa. The pres-

surizing fluid can also be silicone oil, but this was not

necessary for the range of pressures encountered in the

current series of experiments. Once the triaxial cell was

assembled, de-aired water was pumped through the sample

to remove any further air that may have been released

subsequent to the sample assembly procedure described in

the previous section. This required the pumping of

approximately 300 ml of water to fill the cell using a gravity

feed. A critical criterion for conducting a reliable perme-

ability test, either steady state or transient, is the estab-

lishment of a perfect seal between the sample and the

sealing membrane. This was achieved by applying a cell

pressure of 5 MPa; previous experiments (Selvadurai and

Głowacki 2008), indicated that at this cell pressure level a

perfect seal can be achieved between the membrane and an

aluminum cylinder with a smooth surface. This starting

level of cell pressure was maintained in all the hydraulic

pulse tests conducted on the Lindsay Limestone. During

application of this cell pressure, the inlet and outlet ports to

the sample were allowed to drain to eliminate pressure

build-up that could damage the sensors. The hydraulic pulse

test was conducted by pumping de-aired water to the sample

until a target pressure of 1 MPa was reached. Owing to the

initial confining pressure of 5 MPa, the pressure pulse will

not alter the contact between the sample and the pedestal.

The duration for the attainment of the pressure was

approximately 60 s, and the inlet valve was closed to shut-

in the pressure. The valves used for this purpose were

precision Swagelok Ball Valves that have no air entrapment

during closure. The decay of the pressure pulse was con-

tinuously monitored for durations up to 5,000 s.

It is noted that the integrity of the sealing system is

crucial to the success and validity of the experimental
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procedures. Any leakage from the connections, valves, the

sealing between the sample and the nitrile membrane and

diffusion of water molecules into the nitrile membrane

could, in principle, influence the results of the experiments.

The issue of possible leakage through the membrane can be

excluded from the discussion, since such a leak would have

been recorded as a drastic increase in the upstream pres-

surization boundary and rapid water efflux from the

downstream boundary. The fluid pressure in the pressur-

izing chamber also remained unchanged during these

additional tests. The question of leakage through the

components, including valves and connections was exam-

ined by conducting a pulse test where the sample was a

solid aluminum cylinder of diameter 100 mm and length

200 mm. The experiment was performed at both 5 and

20 MPa of confining pressure. The duration of the test was

approximately 5,000 s and Fig. 6 illustrates the typical

decay curves that have been observed for the system

leakage for tests conducted at both 5 and 20 MPa. It is

clear that the increase in cell pressure does not result in any

change in the decay rate. This suggests that the seal

between the sample and the membrane is sound and the

system leakage is most likely due to factors associated with

the components of the pressurizing system. The perme-

ability corresponding to the leakage can be quantified in

terms of an ‘‘apparent permeability’’ and this is estimated

at approximately 3� 10�23 m2 (which is an order of

magnitude lower than the estimated permeability of the

Lindsay Limestone).

Analysis of experimental results

To estimate the permeability of the tested Lindsay Lime-

stone using the experimental data, additional mechanical

and physical parameters are needed. The mechanical

parameter relates to the compressibility of the porous

skeleton; this is estimated by determining the Young’s

modulus and Poisson’s ratio for the unsaturated porous

skeleton: i.e.

Ceff ¼
3ð1� 2meffÞ

Eeff

ð10Þ

The Young’s modulus and Poisson’s ratio were deter-

mined by conducting uniaxial compression tests on

instrumented samples of the Lindsay Limestone. Several

samples were first tested to failure to determine the

compressive strength of the limestone. The elasticity

parameters were determined by subjecting the instru-

mented samples to stress levels approximately one-third

the peak stress and by repeating the tests over several cycles

of quasi-static loading and unloading. Poisson’s ratio for the

Lindsay Limestone was determined from the record of the

lateral strains during axial compressions. The average

Young’s modulus for the Lindsay Limestone obtained from

these experiments was approximately 21 GPa and Poisson’s

ratio was approximately 0.25. Corresponding values

available in the literature (Golder Associates 2003) are

35 GPa and 0.30, respectively. The porosity of the Lindsay

Limestone was estimated from saturation drying tests

conducted on several sizes of samples. The visual

observations of inhomogeneities in the samples point to

possible multiple levels of porosity, although in the present

investigations, the porosity is specified within the range

0.01–0.04. The published literature (Gartner Lee Ltd 2008)

cites a value of 0.02 for the porosity. Mercury Intrusion

Porosimetry (MIP) tests were also conducted at the AECL

Laboratories in Pinawa, Man. In these tests, the porosity

varied between 0.0675 and 0.135 and well outside the

range of porosity observed in other investigations. The

effectiveness of MIP tests for rocks of very low

permeability thus needs to be re-assessed. Processes, such

as micro-fracturing during mercury injection could lead to

abnormally high estimates of the porosity. The remaining

parameter needed to perform the computations for an

assigned value of K is the volume of the fluid mass that

experiences expansion during the pressure decay. It is

assumed that the porous steel disks, the valves, the

diaphragm of the pressure transducer, the connecting

tubes and any part of the nitrile membrane in contact with

the pressurized region experience negligible volume change

at the pressures applied to create the hydraulic pulse. The

volume of water in the pressurized region was determined

by weighing all the valves and fixtures in a fully saturated

condition and subtracting the weight in an air-dried

condition. The volume of water in the porous stainless

steel disk at the inlet end of the sample was determined in a

similar manner. The estimated values of the parameters

required to develop the decay curves are as follows:

Fig. 6 Leakage curves conducted on a solid aluminum cylinder with

identical experimental arrangements
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Compressibility of the porous skeleton ðCeffÞ ¼ ð7:22Þ
10�8 m2=kN

Compressibility of the pore water at 21�C (White 1986)

ðCwÞ ¼ ð454:1Þ 10�9 m2=kN

Dynamic viscosity of water at 21�C ðgÞ ¼ 10�6 kN s/m2

Nominal porosity of the limestone ðnÞ ¼ 0:015

Area of cross section of the limestone sample ðAÞ ¼
0:007854 m2

Volume of water in the compressed region ðVwÞ ¼
ð29:9Þ10�6 m3 (thick end plate)

Volume of water in the compressed region ðVwÞ ¼
ð18:75Þ10�6 m3 (thin end plate)

These values give

X2 ¼ A2KðnCw þ CeffÞ
g V2

wC2
w

� �

¼

ð67:252ÞKs�1 for thin porous plates

ð26:402ÞKs�1 for thick porous plates

8>><
>>:

ð11Þ

where K is expressed in m2. There are several procedures that

can be used to estimate the permeability of the tested rock

using experimental data and the theoretical relationships.

The method used here follows the procedures proposed by

Selvadurai and Carnaffan (1997) and Selvadurai et al.

(2005), which involves assigning a range of values of K in the

expressions (7) and (11), so that a set of experimentally

determined pulse decay curves can be completely bounded.

This procedure will result in a set of bounds for the perme-

ability of the Lindsay Limestone rather than a specific value.

The theoretical estimates for the decay curves applicable to

both values of porosity are included for purposes of refer-

ence. The justification for the procedure is self-evident since

all the material and physical parameters ðCeff ; Cw; g; n;

Vw and AÞ used to generate the theoretical pulse decay

curves will themselves have error estimates; a more rigorous

approach will involve a complete error analysis of the result

(7), which perhaps is not altogether justified. The corrected

pressure pulse decay curves for tests conducted on two

samples of the Lindsay Limestone cored perpendicular to

the nominally identifiable bedding plane, at the reference

confining pressure of 5 MPa are shown in Fig. 7. For the

Sample 1, the permeability can be assigned the range K 2
ð0:2; 0:5Þ10�22 m2 and for the second sample, the perme-

ability range corresponds to K 2 ð1:1; 2:7Þ10�22 m2. There

are no observable reasons for the apparent variations in the

measured permeability. When considering the composite of

results, the permeability for the samples tested with flow

induced perpendicular to the bedding plane and at the

confining pressure of 5 MPa can be assigned the

range K 2 ð0:2; 2:7Þ10�22 m2. The values reported in

the literature (Golder Associates 2003) are in the range

K 2 ð2:00 to 21:00Þ10�22 m2. The fact that the permeability

estimates determined from this research investigation are

lower than those reported in the literature indicates that the

experimental technique is reliable in terms of little or no

leakage from the facility, from the connections, from the

interface between the membrane and the rock specimen or

existence of fractures in the specimen, which would have

certainly contributed to a much higher estimate for the bulk

permeability of the rock sample. The corresponding results

for the corrected pressure pulse decay curves for tests con-

ducted on a sample cored perpendicular to the bedding plane

and at the reference confining pressure of 20 MPa are shown

in Fig. 8. For the Sample 1, the permeability can be assigned

the range K 2 ð1:2; 2:5Þ10�22 m2 and for the second

sample, the permeability range corresponds to K 2
ð4:2; 7:5Þ10�22 m2: For the first two samples, there is con-

sistency in the measured values in the sense that the Sample 1

gave results that were lower than the Sample 2. The results of

the estimates indicate that at the reference confining pressure

of 20 MPa, the permeability of the tested samples of the

Lindsay Limestone can be assigned the range.

As a supplement to this series of tests, permeability tests

were also conducted on the samples of the Lindsay

Fig. 7 The results of hydraulic pulse tests conducted on two samples

of the Lindsay Limestone (reference confining pressure of 5 MPa)
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Limestone cored perpendicular to the bedding plane, at

stages of 5 MPa, increasing up to a cell pressure of

20 MPa. In this series of tests, the cell pressure was

increased in stages and the pore fluid pressure in the sample

was allowed to remain unaltered during the application of

the cell pressure. This provides some degree of assurance

that the surface region of the cylindrical sample where the

pulse tests are performed is not subjected to excess fluid

pressures. Between 3 and 9 hydraulic pulse tests were

conducted on each sample and at each stress level and the

fluid pressure applied to conduct the pulse test was main-

tained at 1 MPa. The evolution of permeability in the

samples of Lindsay Limestone with increasing confining

pressure up to 20 MPa and its subsequent reduction to the

reference confining pressure of 5 MPa are shown in Fig. 9.

For ease of comparison, the results for the cell pressure-

induced alteration in the permeability in the samples are

presented as absolute values so that the influence of the

isotropic stress history can be easily observed.

During the increase in the cell pressure up to 20 MPa,

both samples displayed an increase in the permeability

(increases of approximately 5.8 times for the sample 1 and

3.1 for the sample 2 (these are estimated using the averages

of individual curve fits). The permeability of the samples

was also measured during the unloading of the cell pressure

from 20 to 5 MPa, again in stages of 5 MPa. At the end of

the quasi-static cell pressure cycle, both samples experi-

enced increases in the permeability; increases of approxi-

mately 10.7 for sample 1 and approximately 5.0 for sample

2 (again, these are estimated using the averages of indi-

vidual curve fits). This is in contrast to the irreversible

order of magnitude decrease in permeability with increase

in confining stress that was observed in the experimental

investigations reported by Selvadurai and Głowacki

(2008), albeit for Indiana Limestone, which has a relatively

uniform structure. In addition, the studies by Vilks and

Miller (2007) indicate that the permeability of the Lindsay

Limestone at Cobourg, perpendicular to the bedding plane

was approximately ð3:5Þ 10�22 m2 at a confining pressure

of 4.7 MPa and approximately ð2:0Þ 10�22 m2 at a con-

fining pressure of 9.5 MPa. These tests, however, were

carried out on samples with a core length of 1.5 cm. and a

surface area of 4.91 cm2. It should be noted that the nod-

ular inclusion-type features can be approximately 2 cm in

dimension. At this scale, sample preparation itself can

induce damage that can influence test results of perme-

ability. Permeability decrease with an increase in isotropic

compression is perhaps the norm for structurally relatively

uniform rocks such as sandstones, limestones and granite

(David et al. 1994; Wong et al. 1997; Suri et al. 1997; Zhu

and Wong 1997; Heidland 2003; Selvadurai 2004) and

such effects could be attributed to pore closure, pore col-

lapse, and the closure of defects at the inter-granular and

intra-granular levels. Further references to in situ perme-

ability evaluations also point to a decrease in the

Fig. 8 The results of hydraulic pulse tests conducted on two samples

of the Lindsay Limestone (reference confining pressure of 20 MPa)

Fig. 9 Variation of permeability of the Lindsay Limestone during a

quasi-static load cycle (results derived from 81 pulse tests conducted

on two samples)
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permeability with depth, resulting from an increase in the

net isotropic stress state with depth (see e.g. Banks et al.

1996). Finally, the possibility of both hydraulic and elastic

transverse isotropy due to the nominal presence of a

stratified structure in this material requires further investi-

gation. The elastic transverse isotropy can influence the

effective skeletal compressibility of the rock that can

influence the interpretation of the results.

Conclusions

The argillaceous Lindsay Limestone has a nodular fabric

where the inhomogeneities point to distinct arrangements

either perpendicular to the bedding plane or along the

bedding plane and such features could in general result in

a possible directional dependence in both the mechanical

and fluid transport characteristics. This phase of the

research program focused on the estimation of the per-

meability characteristics of the rock perpendicular to the

bedding plane, using results of axial flow hydraulic pulse

tests. The estimates for the permeability obtained from this

research are lower than values available from investiga-

tions conducted in connection with the assessment of

hydraulic properties at depths corresponding to a proposed

Deep Geologic Repository. The experimental investiga-

tions were extended to include an evaluation of the per-

meability of the Lindsay Limestone during the application

of an isotropic confining pressure. The results of these

tests point to the potential increase in the permeability of

the rock with increasing isotropic stress. This is in stark

contrast to the usual observation of an irreversible

decrease in the permeability of relatively uniform rocks

due to effects such as pore closure and pore collapse

mechanisms. This reverse trend seems to suggest that the

noticeable inhomogeneity in the sample can be a source of

micromechanical damage or cracking at inter-nodular

boundaries that could result in the observed increase in the

permeability. It also suggests the possibility of the

development of complex three-dimensional stress states in

the internal fabric of the rock even during the application

of isotropic external stress fields and these can contribute

to increasing permeability evolution. The experiments

further point to a continued increase in the permeability of

the rock during the unloading of the isotropic confining

pressure. These results are an anomaly, where the normal

manifestation to a reduction in the applied cell pressure is

the closure of micro-fissures that would lead to some

measure of recovery or reduction of the permeability. The

results nonetheless point to the need for further experi-

mental investigations to establish the process of perme-

ability evolution in rocks with a dominant internal fabric

under applications of generalized states of stress.
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Bernabé Y (1986) The effective pressure law for permeability in

Chelmsford Granite and Barre Granite. Int J Rock Mech Min Sci

23:267–275
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