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This paper examines the influence of triaxial stress states with confining stresses between 5 and 30MPa, includ-
ing post-failure, on the alteration of intrinsic permeability of Indiana Limestone. The permeating fluid used in the
experiments was distilled/de-aired water. Experimental results are used to develop an empirical state space
model of permeability evolution due to the action of maximum and minimum principal stresses imposed on
the sample. The developed empirical model is implemented in a computational code to examine the influence
of stress-induced permeability alterations on the flow into an unlined cylindrical cavity located in a rock mass
subjected to geostatic stresses.
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1. Introduction

Permeability of rocks is important to many geoenvironmental en-
deavors influenced by groundwater movement, including, geologic dis-
posal of hazardous and toxic substances (Gnirk, 1993; Selvadurai and
Nguyen, 1996; Tsang et al., 2008), energy resources extraction
(Harrison, 1983; Boyer et al., 2006; Osborn et al., 2011), and geological
sequestration of greenhouse gases (Lemieux, 2011; Selvadurai, 2013).
In themajority of these applications, it is understood that the fluidmove-
ment in the geologicalmedium at the field scale is an important consider-
ation. Permeability plays an important role in the management of
groundwater resources (Bouwer, 2000; Liu et al., 2008). Globally, it is es-
timated that between 20% to 25% of the world population depends on
water supplies extracted from carbonate rocks (Ford and Williams,
2007) and any groundwater contamination from the sequestration, stor-
age or extraction process could adversely affect the fresh water supply.

In conventional studies involving groundwater movement in geo-
logical media it is implicitly assumed that permeability is a property
that remains unchanged during the flow and transport processes. How-
ever, alterations to the stress state in a geologicalmediumand pore fluid
pressure-induced damage to the porous system can cause changes to
the permeability at both pore and field scale. It is therefore important
to assess the influence of the stress state on the development of perme-
ability of rocks. Such considerations are common when dealing with
fractured geological media (Boulon et al., 1993; Selvadurai, 2015). Ex-
amples of instances where the permeability can be influenced by the
acki),

durai, A.P.S., Stress-induced
alteration in the stress state due to engineering activities are shown in
Fig. 1.

The experiments of Fatt and Davis (1952) and Fatt (1953) described
alterations in the permeability of sandstones, with porosities ranging
from 15% to 22%, during the application of isotropic compression,
where a decay in permeabilitywas attributed to effects such as pore col-
lapse and fabric compaction. Other examples of permeability reduction
during the application of largely isotropic compression are given by
McLatchie et al. (1958) and Wyble (1958). Brace et al. (1968) deal
with the permeability changes in Westerly Granite during the applica-
tion of very high (400 MPa) confining stresses. Permeability reduction
with isotropic compression was also observed by Bernaix (1966),
Gangi (1978), Kranz et al. (1979), Wright et al. (2002) and Lion et al.
(2004). Selvadurai and Głowacki (2008) also observed a permeability
reduction with increasing isotropic compression of Indiana Limestone
and permeability hysteresis during unloading. With heterogeneous
geological media, the external application of isotropic compression
can also lead to the development of non-uniform stress states in the in-
ternal fabric of the geological medium that can result in an increase in
permeability. An increase in permeability in the argillaceous Cobourg
Limestone under isotropic compression was observed by Selvadurai
et al. (2011). The work of Keaney et al. (1998) on sandstones demon-
strated that in the “brittle faulting regime”, under deviatoric compressive
stresses, the permeability decreases until failure, after which the in-
crease is controlled by the properties of the fracture. Further examples
of permeability evolution in geomaterials are given by Selvadurai
(2004) and Selvadurai and Ichikawa (2013).

The change in permeability in the vicinity of excavation damage
zones is an important consideration with regard to fluid movement
around repositories constructed for the deep geological storage of
permeability changes in Indiana limestone, Eng. Geol. (2016), http://
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Fig. 1. (a) Hydrocarbon extraction near a fault zone with permeability variations due to stress (Matthäi and Roberts, 1996); (b) Tunnel subjected to geostatic stresses and influx of water.
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hazardous materials. Souley et al. (2001) describe the excavation
damage-induced increase in permeability, up to four orders of magni-
tude, in granite from the Canadian Shield. The recent study by Massart
and Selvadurai (2012) developed amulti-scale computational approach
to relate the permeability evolution to the isotropic anddeviatoric stress
states where the micro-mechanical processes at the grain-scale incor-
porate both Coulomb-friction and dilatant friction.

The novelty in this research is that it investigates the evolution of
intrinsic permeabilitywith distilled/de-airedwater in eleven cylindrical
samples of Indiana Limestone when the triaxial stress state is
changed, including post failure, using the steady state flow method.
Azeemuddin et al. (1995) used an oscillating pulse to estimate the per-
meability of Indiana Limestone under triaxial compression: at low con-
fining pressures (6.9 MPa); permeability decreased until the initiation
of dilatancy, beyondwhich it increased. At high confining pressures, di-
latancy is suppressed and the permeability decrease continues due to
pore compression. Leith et al. (1996) tested cores of Salem Limestone
subjected to a net radial confining stress of 3.445MPa andused air injec-
tion techniques to determine the absolute and relative permeabilities.
They concluded that a large portion of the porosity is intragranular,
since the carbonate grains hold static water, which contributes very lit-
tle to fluid transport. Suri et al. (1997) and Dautriat et al. (2011) report-
ed a reduction in permeability ranging from 25% to 80% for triaxial tests
performed on Indiana Limestone and Estaillades Limestone, respective-
ly, at effective confining pressures ranging between 6.9 MPa and
48.3 MPa. Additional research (Selvadurai and Głowacki, 2008;
Selvadurai and Selvadurai 2007, 2010 and 2014) has examined the
fluid transport properties of Indiana Limestone in either an isotropic
stress state or an unstressed state. This research extends the previous
ones and culminates in the development of a “State-Space Permeability
Evolution Model”, which provides an analytical result to describe the
variation in permeability of the Indiana Limestone in the compressive
stress range involving σ1 and σ3 for relatively large samples (85 mm
in diameter and 170 mm in height). The larger samples used in the
current research ensures amore representative volumeelement that in-
cludesmore of the defects and effectively includesmoremicrostructural
heterogeneities. The state space approach has been successfully applied
to examine the thermo-hydro-mechanical behavior of clay barriers pro-
posed for use in nuclear waste management endeavors (Nguyen et al.,
2005). The model is implemented in a computational procedure that
Please cite this article as: Głowacki, A., Selvadurai, A.P.S., Stress-induced
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accounts for stress-dependent permeability evolution and is used to ex-
amine the flow into an excavated circular cavity (tunnel) in an elastic
geomaterial under geostatic stresses. The influence of the stress-
induced permeability alteration on the flow rate to the cavity is
estimated.

2. Theoretical background

The fundamental law governing fluid flow through an isotropic po-
rous medium was proposed by Darcy (1856) (see e.g. Harr, 1962; Bear,
1972; Selvadurai, 2000; Ichikawa and Selvadurai, 2012). From Darcy's
Law, the fluid flow in a porous medium is governed by the gradient in
the reduced Bernoulli potential (hydraulic head) φ(x), which consists
of the pressure potential (pressure head) φP(x)and the datum potential
(elevation head) φD(x), while the velocity potential is neglected in rela-
tion to these. In its general form, Darcy's Law can be written as:

v xð Þ ¼ −
Kγw

μ
∇φ xð Þ ð1Þ

where v(x)is the velocity vector (units L/T) or specific discharge
(Darcy's velocity), K is the permeability (units L2), γw is the unit
weight of water (units M/L2T2), μ is the dynamic viscosity of water
(units M/TL), ∇ is the gradient operator and x is a position vector.
When permeability is estimated from one-dimensional experiments,
where fluid pressures (units M/T2L) are prescribed at the inlet ðpiÞ
and the outlet ðpoÞ locations, the permeability (K) can be calculated
from the elementary result:

K ¼ QμL
A pi−poð Þ ð2Þ

where Q is the flow rate (units L3/T), L is the length of the sample
(units L) and A is the cross sectional area of the sample perpendicular
to the nominal flow direction (units L2).

3. Materials

The Indiana Limestonewas supplied by Les Carrières Ducharme Inc.,
Québec, in blocks measuring 35 cm × 47 cm × 91 cm. It was quarried
permeability changes in Indiana limestone, Eng. Geol. (2016), http://
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Table 1
Chemical analysis of Indiana Limestone.

Units

wt% ppm

SiO2 0.553
TiO2 0.015
Al2O3 0.173
Fe2O3 0.123
MnO 0.007
MgO 0.450
CaO 54.087
Na2O 0.013
K2O 0.010
P2O5 0.013
BaO –
Ce –
Co –
Cr2O3 23.0
Cu 24.0
Ni –
Sc –
V 10.1
Zn 23.0
LOI 44.217
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from the Salem Formation, located in Indiana (USA) that was formed
during the Mississippian period, more than 300 million years ago. It is
a calcite cemented grainstone made up of fossil fragments and oolites
with a calcium carbonate content of ~98.3%, measured using X-ray fluo-
rescence (XRF) analysis. The petrographic analysis of the Indiana Lime-
stone used in the current study was done using the Philips PW2440
4 kW X-ray fluorescence spectrometer system with a PW2540 VRC
168 sample auto-changer and the summery of the chemical analysis is
presented in Table 1.
3.1. Porous media characterization

The blockswere cored to obtain the cylindrical samples. The physical
and mechanical properties of the Indiana Limestone are quite well
known (ILIA, 2007) and are summarized in Table 2 for completeness.
3.2. Compressive strength

The compressive strengths were determined using the ISRM (2007)
Standard. The samples were tested on the MTS load frame (MTS Sys-
tems Corporation 315.03 Load Frame), with a loading rate of
0.2 mm/min until failure; strains were measured with stain gauges
and extensometers.
Table 2
Geomechanical and physical properties of the Indiana Limestone (NWMO, 2015).

Property State Dimensions Value

Height N/A [mm] 122.6 ± 0.1
Diameter N/A [mm] 49.1 ± 0.1
Unit Weights (γ) N/A [kN/m3] 22.0 ± 0.2
Porosity (n) N/A Non-Dimensional 0.16 ± 0.01
Unconfined Compressive Dry [MPa] 37.9 ± 1.5
Strength (σC) Saturated [MPa] 30.5 ± 2.4
Tensile Strength (σT) Dry [MPa] 3.7 ± 1.2
Young's Modulus (E) Dry [GPa] 33.2 ± 2.5

Saturated [GPa] 31.1 ± 3.7
Poisson's Ratio (v) Dry Non-Dimensional 0.28 ± 0.01

Saturated Non-Dimensional 0.33 ± 0.04
Cohesion (c) Dry [MPa] 7.5
Angle of internal friction (ϕ) Dry Non-Dimensional 33.4
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3.3. Porosity

The estimates for porosity shown in Table 2 were obtained using the
Mercury Intrusion Porosimetry (MIP) technique, which was first pro-
posed by Washburn (1921). The results from the MIP tests gave a
mean value of n=0.144 which compares well with the value of
n=0.160 obtained using a vacuum water saturation technique. The
vacuum water saturation technique consists of gradually submerging
the sample in water to allow the evacuation of air; this process avoids
trapping of air bubbles by initially fully submerging the sample. Samples
are placed in a sealed container towhich a vacuumpressure of−81 kPa
is applied. The sampleswere periodically weighed until themass differ-
ence between measurements stabilised to less than 0.01%.

3.4. Tensile strength

Four disk samples (50 mm in diameter (D) by 27 mm in length (L))
were used to measure the tensile strength of the Indiana Limestone
using the Brazilian Test technique (ISRM, 2007). The Brazilian splitting
test consists of using a compressive load to generate a state of tension
within the test specimen. The compressive failure load P0 can be used
to estimate the tensile strength of the rock using the following formula:

σT ¼ 2P0=πLD ð3Þ

All samples were tested in the MTS load frame.

4. Experimental procedures

The test cell used in this research was an Obert-Hoek Triaxial Cell
(Obert, 1963; Hoek and Franklin, 1968) capable of testing samplesmea-
suring 85 mm in diameter and 170 mm in height. A schematic view of
the modified Obert-Hoek Cell is shown in Fig. 2a. The radial stress was
applied through the pressurization of the internal rubber membrane
and the axial stress was applied via stainless steel loading platens. The
radial stress applied to the Indiana Limestone samples was maintained
by a digitally-controlled servo-hydraulic system (GDS Instruments,
Controller 2, pressure-rated for 65 MPa). The test specimen measured
85mm in diameter and 146 to 170mm in length andwas contained be-
tween upper and lower stainless steel loading platens. Both platens had
entry ports to providewater inflowand outflow. The interfaces between
the plane ends of the platens and the sample were equiped with
geotextile layers (Texel: F-200), which served to distribute the water
entry to the sample as well as to reduce friction between the sample
and the loading platens. In the compressed state, the permeability of
the geotextile (≈2.3 × 10−7m2) is significantly higher than the perme-
ability of the Indiana Limestone (≈1.6 × 10−14 m2) at a reference con-
fining pressure of 5 MPa (Selvadurai and Głowacki, 2008). The rubber
membrane (Adiprene LF-950) used to seal the sample was capable of
withstanding the applied peak cell pressures, up 60 MPa, without rup-
ture when in contact with either the cylindrical surface of the Indiana
Limestone sample or the geotextile layers. The absence of interface leak-
age was verified in a test by replacing the rock specimenwith an alumi-
num cylinder with a smooth surface.

At the outset we note that the radial stresses σ3 and axial stresses σ1

can be defined in relation to either a system of total stresses or a system
of effective stresses depending on the pore fluid pressures used in the
permeability testing. From previous research involving Indiana Lime-
stone (Selvadurai and Głowacki, 2008) and the Cobourg Limestone
(Selvadurai et al., 2011) it was established that a minimum radial stress
of 5 MPa is required to provide a seal between the isolating membrane
and the sample to prevent interfaceflowduring afluidflowexperiment.
The minimum fluid pressures needed to initiate one-dimensional flow
through the sample can vary with the radial and axial stress states. For
example, (i) when the axial and radial stress is 5 MPa, the inlet water
pressure is 114 kPa (i.e. 2.3% of the radial stress) and when failure is
permeability changes in Indiana limestone, Eng. Geol. (2016), http://
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initiated at a radial stress of 5 MPa and an axial post-failure stress of
38 MPa, the inlet water pressure is 6.2% of the radial stress; and (ii)
when the radial stress is 30 MPa, the inlet water pressure required for
steady flow is 0.9% of the radial stress and at a post-failure stress of
97MPa, the inlet water pressure is 3.9% of the radial stress. Considering
the relative magnitudes of the minimum radial principal stress and the
maximum pore fluid pressures in the permeability tests, it can be con-
cluded that within the range of accuracy of the measurements, the ex-
ternally applied radial stresses and the axial stresses can be regarded
as being equivalent to the effective stresses that are applied to the
Indiana Limestone sample. Additionally, the inlet fluid pressures were
Please cite this article as: Głowacki, A., Selvadurai, A.P.S., Stress-induced
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kept below 25% of the tensile strength of the rock in order to avoid the
creation of micro-cracks and/or damage to the samples.

Fluid flow through the pressurized Indiana Limestone sample was
supplied at flow rates as low as 0.5 mL/min (verified to be well within
the laminar flow regime) using a high precision pump (Quizix QX-
6000). Selvadurai and Selvadurai (2010), explored the validity of the
Darcy flow regime for conducting steady state flow tests on Indiana
Limestone, and based on their calculations of the Reynolds number,
the current experimental flow rates fall well within the Darcy flow
range with Re=4×10−9 when compared to a limit (Re≪n) given by
Philips (1991) where n is the porosity (i.e. 0.16) or by Bear (1972),
permeability changes in Indiana limestone, Eng. Geol. (2016), http://
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Re≤1to10. Furthermore, based on the criterion presented by Zeng and
Grigg (2006), the Forchheimer number (Fo= 0.000003) falls below the
non-Darcian flow regime criterion (Fo = 0.005 to 0.2). The flow pres-
sure was monitored using a pressure transducer (Honeywell, TJE-
1500PSI) attached to the water supply line. The radial stress (σ3) and
the inlet fluid pressure, as well as the temperature of the permeating
water and the axial stress (σ1), were monitored throughout the test.
All results were saved (TracerDAQ® Pro, Measurement Computing Cor-
poration) to a computer using a data acquisition system (USB-1408FS,
Measurement Computing Corporation).

It is particularly important to ensure that the sample is fully saturat-
ed prior to testing. Special attention was given to the water used in the
experiments, in order to avoid any air bubble formation,which could af-
fect the pump performance; this can occur, for example, in long dura-
tion tests of several weeks (Fredlund, 1976). The water used in the
experimentswas distilled and de-aired using a heliumgas purging tech-
nique, supplied at a flow rate of 10 ml/min, (Shimadzu Corporation).
The temperature of the water used in the permeability experiments
was between 23 °C and 25 °C and the pH, measured using an Oakton™
Waterproof Big Display pH Spear, was 6.8. Using de-airedwater also re-
sulted in a steady signal in the recorded water pressures. To control air
bubble formation and dissolution in the permeating water, the outflow
pressure ðpoÞ was maintained above the atmospheric pressure at
100 kPa by using a backpressure regulator (Lee and Black, 1972). Each
test commenced with the application of a radial and axial stress to the
test specimen such that a specified isotropic stress state was achieved.
Once permeability was determined at that specific isotropic stress
state, the axial stress was increased using a manual hydraulic pump
and refined control wasmaintained using a GDS Instruments controller
1 (Fig. 2). The loading sequence was as follows:

1. Attainment of desired isotropic stress state
Through a sequential incremental increase in the axial stress σ1 and

the radial stress σ3 (e.g. σ1=σ3=15MPa).
2. Application of a deviatoric stress state
The radial stress was maintained at the value reached in (1) and the

axial stresswas increased continuously until the desired axial stresswas
Typical 5MPa confining stress-state

A

Fig. 3. Results for deviatoric stress vs. axial s
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achieved; this was then maintained during permeability testing (e.g.
σ3=15 MPa, σ1=σf/2=43 MPaor(4/5)σf=69 MPa) where σf is
the failure stress (total axial) for the specific radial stress, obtained
from the triaxial compression tests (see the Results section).

3. Application of the failure stress state
The radial stress wasmaintained at the value attained in (1) and the

axial stresswas increased until a peak valuewas observed (e.g.σ3=15-
MPa,σ1bσf=86MPa); after failure the axial stress was allowed to sta-
bilize, typically at around σ1=(4/5)σf=69 MPa and was then
maintained during permeability testing.
5. Results

5.1. Triaxial compression tests

Experimental results for the triaxial compression tests conducted
on the Indiana Limestone are shown in Fig. 3; an inspection of the re-
sults of the stress-stain curves indicates that when σ3∈ (0,5)MPa,
the failure process is brittle. When σ3∈ (5,20)MPa the behavior at
failure exhibits some ductility and can be considered to be in a tran-
sitional state. At confining stresses of σ3N20MPa, the stress-strain
behavior is generally ductile. Similar behavior was observed by
Chitty et al. (1994) on Indiana Limestone and by Descamps et al.
(2012) on the Sorcy Limestone with porosities ranging from 0.29 to
0.30 and with ductile strain hardening occurring at confining pres-
sures above 20 MPa. The typical sample, in the ductile failure
mode, exhibited no observable (at least to the naked eye) signs of lo-
calization, damage or compaction band development. The results by
Vajdova et al. (2004) on triaxially stressed Indiana Limestone
showed that at confining pressures between 5 MPa and 10 MPa the
samples failed by brittle faulting accompanied by dilatancy and
strain softening, whereas compactive cataclastic flow occurred at
confining pressures of 20 MPa and higher. Additionally, CT-imaging
and SEM of the pore structure of Indiana Limestone subjected to hy-
drostatic and triaxial stresses was analysed by Ji et al. (2012).
 at which permeabilities were taken

A : Indiana Limestone post
failure view at confining
stress of 15MPa

train at different confining stress states.
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5.2. Influence of the triaxial stress states on permeability evolution

Permeability evolution was examined with isotropic stress states in
the range of 5 MPa to 30MPa. At the upper limit (30 MPa), the average
axial stress required to cause failurewas 117MPa,whichwaswithin the
load capacity of the test facility and higher than the identified brittle-
ductile failure transition range (e.g. 20 MPa to 30MPa). The loading se-
quence applied to the samples was identical for both the compressive
strength tests and the permeability evolution tests, see Fig. 3.

Steady state permeability tests were performed on the Indiana
Limestone under triaxial stress states where confining stress states
were limited to 5, 10, 15, 20 and 30 MPa (see Fig. 4). The results show
a decrease in permeability for all samples loaded up to 80% of the failure
load. Within the confining stresses of 5 to 30 MPa the applied axial
stresses caused compactive deformations that resulted in a reduction
in the accessible flow paths and pores. Such compactive behavior in
Indiana Limestone under similar stresses states was observed by
Vajdova et al. (2004 and 2012); the collapse of macropores accompa-
nied by cataclastic damage was detected using optical microscope and
scanning electron microscope images. Post-failure, the permeability in-
creased slightly (on average 7%with respect to pre-failure stress states)
and a clear crack (see Fig. 3 detail A) occured when tests were carried
out at isotropic stresses between 5 MPa and 15MPa; however, the per-
meability determined from steady state tests remained constant for iso-
tropic stress states of 20 MPa and 30 MPa. Similar behavior was
observed for triaxial tests on Indiana Limestone reported by
Azeemuddin et al. (1995) and Chitty et al. (1994).

6. Discussion

The results of permeability estimates obtained from the eleven ex-
periments [31 data points] were used to develop a model to describe
the evolution of permeability with axial (σ1) and radial (σ3) stresses.
The experimental datawas analysed and several empirical relationships
were considered. A requirementwas that the relationship should be ca-
pable of incorporating either the tensile or compressive nature of the
axial and radial stresses. Since the relationship to be derived from triax-
ial stress states is in the compressive stress range, the relationship should
not contain quadratic terms in σ1 and σ3 but should include non-linear
dependencies. The exclusion of quadratic terms allows the use of the re-
lationship to approximately account for permeability changes in the
tensile stress range (i.e. the permeability can increase with a tensile
stress state and decrease with a compressive stress state.). Considering
this constraint and recognizing the type of relationships that have been
established for variations of permeability during isotropic compression
1 3

0

,k

k

1

T

compressive

3

T

compressive

Fig. 4. Permeability evolution with stress state, where σ1 is the maximumprincipal stress,
σ3 is the minimum principal stress (all normalized with respect to the tensile strength of
the Indiana Limestone). Data points are shown in 3D space with vertical lines (error)
connecting to the surface including the 4 selected outlier points (green squares). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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of Indiana Limestone (Selvadurai and Głowacki, 2008) we restrict the
relationship to the exponential dependence of permeability with linear
arguments in σ1 and σ3, i.e.:

K σ1;σ3ð Þ
K0

¼ exp −λ1
σ1

σT

� �
exp −λ2

σ3

σT

� �
ð4Þ

where σ1 is the major principal stress and σ3 is the minor principal
stress (in MPa); σT(=3.7MPa) is the average tensile strength;
K0=4.0×10−15m2 is the average initial permeability in the unstressed
state and λ1 and λ2 are constants to be determined from statistical anal-
ysis of the data.

When the complete set of experimental data was used to obtain the
constants λ1 and λ2 in Eq. (3), the coefficient of determination was ap-
proximately R2∈(0.6493). In order to examine the sensitivity of the de-
velopments to the data set, certain experimental data points that clearly
could be classified as outliers were systematically excluded by consid-
ering the residuals with respect to the proposed model. Referring to
Fig. 4, the identified outliers are shown as squares. When these outliers
were removed in succession, the values of the coefficient of determina-
tion improved fromR2=0.65 to R2=0.80. Referring to Fig. 4, the results
of the analysis indicates that the four outlier points (2.7,2.7,0.07);
(5.4,5.4,0.05); (8.1,4.1,0.52) and (10.3,2.7,0.06) have a significant in-
fluence on the parameter identification exercise as well as on capturing
the general trend ofwhat could realistically be expected in permeability
evolution with stress, in a relatively homogeneous rock.

Of the several empirical expressions examined, the empirical
expression, which gave the highest coefficient of determination was
selected as a plausible expression for modelling the state space surface,
including the four data points described as outliers. The surface pre-
sented in Fig. 4 can be described by Eq. (3), with the following parame-
ters: λ1=0.12; λ2=0.05;σT=3.7MPa;K0=4.0×10−15m2. The outlier
points are presented in Fig. 4 for reference purposes.

7. An application

The expressions for permeability change with stress state can be
used to examine an elementary problem in groundwater mechanics,
where the stress state in the rock is altered due to geotechnical con-
struction activity (Fig. 1). Ideally, the process of alteration of stress
states in a fluid-saturated rock should be examined by considering a
fully coupled theory of poromechanics (Biot, 1941; Selvadurai, 1996;
Nguyen and Selvadurai, 1995; Selvadurai et al., 2015). In this study we
assume that the alteration in the stress state can be established by
modelling the associated elasticity problem and the fluid flow is
considered in the rock setting where the permeability is altered due to
the change in the stress state. This rationale also follows the “Stationary
Damage Concept” proposed by Selvadurai (2004) for examining
poromechanical influences in a damaged material, where the damage
can be evaluated independently and altered permeability values
assigned to examine the poroelasticity problem. The fluid coupling
effects do not lead to any noticeable alterations to the assigned
permeabilities.

We consider the problem of seepage into an unlined tunnel con-
structed in an elastic rock mass. The in-situ stress state in the rock is
geostatic and the bulk unit weight of the rock γ=22.0kN/m3; a 2D fi-
nite elementmodel was used assuming plane-strain conditions. The un-
lined cylindrical cavity has a diameter 2a=3.0m and is located at a
depth of 1300 m; the rock mass is assumed to be isotropic elastic with
E=33.0GPa and v=0.3 (see Fig. 5). The ground water level is consid-
ered to be at the upper surface of the domain and the DATUM on the
lower surface. The parameters for water are: the dynamic viscosity
μ=0.001Pa·sec and the density ρ=999kg/m3. For purposes of illus-
tration we assume that both the elasticity problem and the fluid flow
problem can be modelled by considering symmetry of the domain and
Darcy's Law for steady state flow. The computations were performed
permeability changes in Indiana limestone, Eng. Geol. (2016), http://
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using themultiphysics code COMSOL™. First, the fluid inflow rate to the
tunnelwas calculated by assuming that the permeability of the rock is at
the unaltered value of K=4.0×10−15m2. In the secondmodelling exer-
cise, alterations in the stress state due to the construction of the tunnel
were established from the elastic analysis of the unlined tunnel prob-
lem. The spatial distribution of permeability in the elastic material was
then estimated from the relationship (3) and thefluid flow into the cav-
ity calculated using the revised spatial distribution of permeability. The
distribution of the altered permeability around the tunnel is shown in
Fig. 6. The computed values of fluid flow rates are as follows:

(i) Fluidflow into the cylindrical cavitywithout any stress-induced al-
teration of permeability is 4.12m3/day/m of the tunnel. The average fluid
velocity at the boundary of the opening is 5.1 × 10−4 cm/s.
k = 4.0E-15 m2

k = 8.3E-16 m2

Fig. 6. Zoomed viewof computational results from Fig. 5 (obtained using COMSOL™) of an
underground tunnel subjected to compressive stresses: permeability distribution based
on principal stress state model (Eq. (4)).
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(ii) Fluid flow into the cylindrical cavity taking into consideration
stress-induced alteration in the permeability of the rock is 2.02 m3/day/
m of tunnel. The average fluid velocity at the boundary of the opening
is 2.5×10−4cm/s. The permeability varied from K=4.0×10−15m2 up
to K=8.3×10−16m2 in themost compressed region around the tunnel.

8. Conclusions

The proposed state space description of permeability evolution with
principal stresses σ1andσ3 is a convenient representation suitable for
adaptation in geomechanics problemswhere the stress state is expected
to change due to engineering activities, such as deep excavations and
underground construction. The results of permeability alteration with
stress can be used in computational codes that account for hydrome-
chanical coupling in order to examine the influence on groundwater
flow and seepage calculations. The experimental results show that
there is a slight increase in permeability, in the brittle failure regime,
which points to the creation of a typical failure plane that conducts
the fluids with less resistance; however, this is attributed to the stress
reduction after failure (i.e. the sample is subjected to an axial stress
state lower than the failure stress). In the ductile failure regime, howev-
er, the sample experiences irreversible changes in the fabric of the rock
and compression of the pore space, similar to the development of
compaction bands that can act as barriers to fluid flow; as a result, the
estimated permeability can decrease. These processes can materialize
without significant alterations in the overall dimensions of the rock
sample. Also, the stress states applied to the samples do not lead to
the development of failure planes that had higher permeabilities in
comparison to the parent material. Even in such situations, the method
of permeability testing should be capable of capturing the fluid flow
though the failure region; one-dimensional fluid flow arrangements
are incapable of addressing this issue unless the failure plane forms a
permeability changes in Indiana limestone, Eng. Geol. (2016), http://
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direct path through the tested sample. The proposed experimental pro-
cedure for testing permeability evolution with triaxial stress states in
Indiana Limestone can easily be used on other rocks of similar porosity,
as long as the steady state flowmethod can be utilized. Otherwise, alter-
native permeability measuring methods, such as the hydraulic pulse
method, would require significant modification to the proposed exper-
imental setup.
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