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ABSTRACT
This thesis comprises three journal articles that will be submitted for publication
(Journal of Geophysical Research-Solid Earth). Their respective titles are:‛Undrained
through Drained Evolution of Permeability in Dual Permeability Media‛ by Igor Faoro,
Derek Elsworth and Chris Marone, ‚Evolution of Stiffness and Permeability in Fractures
Subject to Thermally-and Mechanically-Activated Dissolution‛ by Igor Faoro, Derek
Elsworth Chris Marone; ‚Linking permeability and mechanical damage for basalt from
Mt. Etna volcano (Italy)‛ by Igor Faoro, Sergio Vinciguerra, Chris Marone and Derek
Elsworth.
Undrained through Drained Evolution of Permeability in Dual Permeability Media:
temporary permeability changes of fractured aquifers subject to earthquakes have been
observed and recorded worldwide, but their comprehension still remains a complex issue.
In this study we report on flow-through fracture experiments on cracked westerly cores
that reproduce, at laboratory scale, those (steps like) permeability changes that have
been recorded when earthquakes occur. In particular our experiments show that under
specific test boundary conditions, rapid increments of pore pressure induce transient
variations of flow rate of the fracture whose peak magnitudes decrease as the variations
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of the effective stresses increase. We identify that the observed hydraulic behavior of the
fracture is due to two principal mechanisms of origin; respectively mechanical
(shortening of core) and poro–elastic (radial diffusion of the pore fluid into the matrix of
the sample) whose interaction cause respectively an instantaneous opening and then a
progressive closure of the fracture.

Evolution of Stiffness and Permeability in Fractures Subject to Thermally-and
Mechanically-Activated Dissolution: we report the results of radial flow-through
experiments conducted on heated samples of Westerly granite. These experiments are
performed to examine the influence of thermally and mechanically activated dissolution
on the mechanical (stiffness) and transport (stress-permeability) characteristics of
fractures. The sample is thermally stressed to 80 oC and measurements of the constrained
axial stress acting on the sample and of the flow rate of the fracture are recorded with
time. Net efflux of dissolved mineral mass is also measured periodically to provide a
record of rates of net mass removal. During the experiment the fracture permeability
shows high sensitivity to the changing conditions of stress and temperature but no
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significant permanent variation of permeability have been recorded once the thermal
cycle ends.

Linking permeability and mechanical damage for basalt from Mt. Etna volcano
(Italy): volcanic edifices, such as Mt. Etna volcano (Italy), are affected from repeated
episodes of pressurization due to magma emplacement from deep reservoirs to shallow
depths. This mechanism pressurizes the large aquifers within the edifice and increases
the level of crack damage within the rocks of the edifice over extended periods of times.
In order to improve our understanding of the complex coupling between circulating fluids
and the development of crack damage we performed flow-through tests using cylindrical
cores of Etna Basalt (Etna, Italy) cyclically loaded either by constant increments of the
principal stress:
pressure:
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=

(deviatoric condition), or by increments of the effective confining
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(isostatic conditions). Under hydrostatic stresses, the permeability

values of the intact sample decrease linearly with the increments of pressure and range
between 5.2*10-17 m2 and 1.5*10-17m2. At deviatoric stresses (up to 60 MPa) the
permeability from the initial value of 5*10-17 m2 slightly decays to the minimum value of

v

2*10-17 m2 observed when the axial deviatoric stresses range between 40 MPa and 60
MPa. For higher deviatoric stresses, increases to 10-16 m2 are then observed up to the
peak stress at 92 MPa. After failure the permeability persisted steady at the value of
8*10-16 m2 for the whole duration of the test, independently from the applied stress. We
interpreted the decrease observed as due to the progressive closure of the voids space,
as the axial load is incremented.
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I

UNDRAINED THROUGH DRAINED EVOLUTION OF PERMEABILITY IN
DUAL PERMEABILITY MEDIA

I.1

Introduction

Describing and understanding the transmission characteristics of fracture network
systems is relevant to a broad variety of scientific and industrial problems and processes
(e.g. exploitation of geothermal resources, oil production, groundwater resources
development). Although the feedbacks between the transient evolution of permeability
and such processes as compaction, hydraulic fracturing, poroelastic response, and
dissolution-precipitation reactions have been quantitatively explored (Connolly 1997b1 ;
Connolly and A. B. Thompson 19892 ; Dutrow and D. Norton 19953 ; Lowell et al. 19934
; Lowell et al. 19955 ; Nur and J. Walder 19906 ; Walder and A. Nur 19847 ), challenges
remain in quantifying rates and the sense of permeability change and in relating this to
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state of stress, chemistry and the evolution of fracture face morphology and flow
topology.
Natural discontinuities such as fractures and cracks are primary high permeability
paths for fluid and mass transport in crystalline rocks. However, as a result of processes
related to deformation, dissolution and precipitation of minerals and other diagenetic
and metamorphic processes, permeability is a time-dependent property.

Mechanical and chemical compaction of sediments typically results in a gradual
evolution of permeability while water-rock interactions, hydraulic fracturing or dynamic
and static stressing by earthquakes can cause permeability to evolve more rapidly (King
et al. 19998 ; Muir-Wood and King 19939 ; Quilty EG and Roeloffs 199710 ; Roeloffs
199611 ; Roeloffs 198812 ; Roeloffs et al. 198913 ; Rojstaczer S and Wolf 199214 ; Rojstaczer
S et al. 199515 ; Elkhoury et al. 200616).

For example, simulations of calcite dissolution in coastal carbonate aquifers, for
example, suggest significant changes in porosity and permeability over timescales of 104–
105 years(Sanford and L. F. Konikow 198917) while analyses of near-surface silica
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precipitation in hydrothermal up flow zones indicate that at high temperatures (300 oC),
large (1 mm) fractures can be sealed by silica precipitation in 101 years( Lowell et al.
199344).

Conversely, the evolution of permeability in fractured aquifers as a result of dynamic
stressing by earthquakes occurs rapidly – and is anticipated to occur on timescales of the
order of passage of the body wave – maybe more rapid than 10-4 years. Observations
have shown rapid increases in permeability to 3 times the background (Elkhoury et al.
200616), with these augmented permeabilities declining to background over months to
years.

Figure I-1 illustrates the phase shift of the water level, relative to the dilatational
strain for semidiurnal tides measured (Elkhoury et al. 200616) for two wells in fractured
granodiorite at the Pinion Flats Observatory. The phase lags quantify the evolution of
mean permeability in the low permeability fractured aquifer. In particular if the
permeability of the aquifer is high, then the oscillations in the well (due to the pressure
gradient generated by the volumetric strain of the Earth tide) are nearly in phase with
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the imposed tidal strain. If the permeability is low the water level oscillations lag
significantly behind the solid Earth tidal strain as flow into the well is delayed.

In Figure I-1 negative phases imply greater delay, so less negative phase shifts
correspond to smaller phase lags and increasing permeability. The rapidity of this change
in phase lag is a direct proxy for an induced change in permeability.

The transient changes in the phase response seen in Figure I-1 at the times of all the
earthquakes imply that those seismic events induce temporary increases in permeability
(short period) that slowly decay to background magnitudes (long period).

In this study we explore these enigmatic observations of rapid (order of hours)
increase in permeability followed by a slow (order of years) recovery to original
permeability recorded in fractured aquifers subject to distant (order of 50 km)
earthquakes (Elkhoury et al. 200616). We examine the role of undrained through drained
changes in permeability in a fractured low-permeability reservoir resulting from rapid
(undrained) augmentation of fluid pressures as a proxy for dynamic stressing.
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I.2

Experimental Method

To better understand processes that may contribute to rapid increases of
permeability followed by a slow retreat to background magnitudes (Elkhoury et al.
200616), we examine the role of dynamic stressing through the proxy of fluid pressure
augmentation in dual-permeability fractured aggregates. We report laboratory flowthrough tests on dynamically stressed Westerly granite containing an artificial fracture.
The experimental methodology is described in the following.

I.2.1 Experimental Set Up

The schematic of the experiments is reported in Figure I-2a. A cylindrical sample
with an axial injection hole is split to develop a through-going fracture that is
perpendicular to the long axis of the cylinder. The fractured sample is re-mated,
jacketed, and compressed between upper and lower cylindrical platens (Figure I-2b). The
upper platen is plumbed to allow fluid to pass into the axial injection hole within the
sample that terminates at the fracture. Fluid inflow is controlled by a high-precision
servo-controlled pressure intensifier capable of both measuring and controlling either flow
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rate into the sample or fluid pressure. Fluid injected into the axial injection conduit
discharges radially through the fracture and is gathered in a circumferential annulus and
ultimately discharged to atmospheric pressure via high conductivity axial conduits on
the outside of the sample (Figure I-2c). Axial stress is applied to the sample by a servocontrolled hydraulic ram with a resolution of 0.01 MPa.

We perform our experiments on artificial fractures in notched cores (diameter: 44
mm, length 100 mm, notching depth: 2mm, notching high: 50 mm) of Westerly granite.
The fractures are created by loading the circumferentially notched sample under
Brazilian test conditions in a parallel-jaw vice (Figure I-2c,d). We dry drill half of the
specimen in a lathe using a 1/8’ bit after carefully cleaning the fracture of gouge
(compressed air) (see Figure I-2c,d). We reassemble the sample in mated format between
the platens without offsetting the walls of the fracture. The sample is sheathed in an
impermeable membrane and sealed against the platens using twin rubber ‚o” rings to
prevent radial leakage of the circulating fluid (de-ionized water) at the rock-platen
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interface. Once ready, the specimen is loaded into the pressure vessel (50 50 40 cm)
and connected to the hydraulic circuit (see Figure I-2b).

I.2.2 Experimental Procedure

Flow through experiments is performed at room temperature on these axiallystressed cores of Westerly granite containing a single horizontal fracture. Experiments
are run at axial stresses of 8 MPa (tests: p2117, p2398, p2531), 12 MPa (p2458) and 16
MPa (p1989). Once the specimen is loaded, we confine the ‚system‛ between the vertical
piston and the steel vessel floor, by locking the vertical ram. The high stiffness of the
load frame assemblage (0.5 kN/ m) relative to the samples (0.25 kN/ m) means that
once locked the loading system can be considered as effectively infinitely rigid. Therefore
all displacement-related changes in permeability observed within the sample are due to
the transient re-distribution of strains within the sample due to the migration of effective
stresses.

A typical experimental cycle involves incrementing the injected fluid pressure within
the axially stressed and rigidly constrained sample. Incidental changes in total axial
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stress are recorded together with the evolution of influent flow rate to the fracture.
Absent changes in storage, the flow rate acts as a proxy for evolving fracture
permeability as the fracture dilates or closes in response the applied and maintained
injection pressure increment. Fluid pressure is incremented from a minimum gauge
magnitude of 0.2 MPa to a maximum of 2 MPa through intermediate levels of 0.5 MPa,
1 MPa and 1.5 MPa (for details see Table I-1and Figure I-3a).

For each test we measure both total axial stress from the load cell on the vertical
ram and the flow rate via the displacement of the piston within the pressure intensifier.
The flow rate is recovered as:

(1)

where: Q is the flow rate [m3/sec] ; Ppdisp: pore-pressure intensifier displacement [m];
t: time interval [sec]; APp: cross-sectional area of pore-pressure intensifier piston [m2].
An example of our measurements is represented in Figure I-3a,b.
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I.3

Results

Results from the experiments are highly reproducible. Correspondingly we show as
an example the complete series of data only for test p2117 (Figure I-3a,b) and limit the
remainder of the reporting to derived parameters from the remaining full suite of
experiments (Table I-1). Key reported parameters are those for initial and ultimate flow
rates and total axial stress (peak and residual) that have been measured for each applied
increments of pore pressure.

Our experiments show that in a regime of zero axial displacement (the vertical ram
has been locked) and steady state flow, increments of pore pressure cause both
permanent variations of total normal stress and temporal changes of the flow rate in the
fractures (pulses). Once a pressure increment is applied, in fact, the flow rate initially
spikes to a high magnitude but then slowly drops to background magnitudes with time.
This response results as an initial increase in permeability is driven by an undrained
dilation of the fracture followed by a slow pressure-diffusional counter-dilation of the
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bridging rock core. This behavior is discussed and explored later (see Figure I-3 and
Table I-1).

The principal data are the timing of the applied fluid pressurization and the history
of outflow from the fracture (measured as the inflow rate). Measurements of matrix
storage using an unfractured but longitudinally drilled sample indicate that matrix
storage effects are negligible in comparison to the observed flow-rate history and can be
ignored. To confirm that storage within the matrix is inconsequential in contributing to
the observed transient change in flow rate, we have measured the flow rate of a intact
Westerly core sample with partially penetrating central injection hole at pore pressure
increments between 0.5 MPa and 8 MPa (for details see Table I-1 exp #: p2114).
Recorded flow rates are about 2 orders of magnitude lower than steady flow rates
through the fractured samples (see Figure I-6).

Experimental data are analyzed (see Figure I-4) using non-dimensional parameter
groupings. For the core samples of modulus E, initial fracture aperture b0 and fracture
spacing S the measured flow rates (Q) and applied pressure increments

P may be
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arranged in dimensionless groups as the two quantities:{(Q/ P)/ (Q/ P)0} and
( P/E*S/b0) .These parameters are reciprocally related as will be demonstrated.

Consider that initial permeability k0 and final permeability k may be defined at
times t0 (eq. 2) and t (eq. 3) as:

(2)

(3)

Where: k0 and k are the permeabilities at time respectively t0 and t in [m2]; bo is the
hydraulic aperture of the fracture and

b is the variation in aperture that occurs until

time t [m]; S is the spacing between two adjacent fractures (in our case is the length of
the sample): [m], Q is the flow rate: [m3/sec] and

P is the incremented pore pressure:

[m]. The ratio between k and k0 is:

(4)

and if during each increment of pore pressure we consider of the incremented total stress
to remain invariant at a magnitude

( see Table I-1), from:

11

(5)

we can assume that :

(6)

Where:

': variation of effective axial stress [Pa], and E is the Young’ modulus of the

matrix rock, which in this case is ~70 GPa (granite).

Rearranging equation (6) results in the change in aperture as:

(7)

Finally substituting equation (7) into equation (4) results in the change in
permeability defined as,

(8)

(9)

and simplifying yields the final form of the measured relations as

(10)
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(eq.6) and also that S, E, b0 are constants that may be recovered from

Since

the experimental arrangement, we can interpret the quantity:

as an ‚indirect‛

measure of the variation of the effective axial stress within the Westerly matrix.

Within each experiment and for each incremented magnitude of pore pressure, we
compute

and

using respectively the peak and residual flow rates and their

respective values of pore pressure. We then normalize the results relative to the smallest
calculated. To relate these results to the unmeasured magnitudes of effective stress
within the Westerly core we use the ‚indirectly‛ determined effective stress

, where

the initial aperture is recovered from the permeability, k0. Transmissivity T of the
fracture [m2/sec] is recovered from steady radial flow as reported in eq. 11, and linked to
aperture or permeability through substituting

in eq. 11

(11)

Where the terms are:

: water density [kg/m3]; g: gravity acceleration [m/sec2]; k:

permeability at steady states [m2]; bo: hydraulic aperture [m];

: dynamic viscosity
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[kg/m/sec]; Q: flow rate at steady state conditions [m3/sec];

r1 and r2: respectively

radius of the injection conduit and of the fracture [m]; h2-h1: water head gradient
computed from the pore pressure [m] (see Table I-1 and Figure I-4).

I.4

Discussion

In a system where overall strains are constrained the injection of fluid into the
fracture results in an instantaneous increase in total stresses in both matrix and fracture.
In the case where the Biot coefficients for the fracture and matrix are assumed to be
unity then the consequent change in effective stress in the fracture is null but effective
stresses in the low permeability and rigid matrix are augmented by the increment in
total stress. As a result, the matrix contracts, the fracture dilates, and this dilation is
recorded by the increased permeability of the fracture (Figure I-4). In this particular
experimental geometry, the changes in total stress are small (see Table I-1) since pore
pressures fall logarithmically from the peak magnitude in the center to zero
(atmospheric) at the fracture periphery.
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Necessary to facilitate this is for a transient dynamic stress or the resulting remnant
static stress to induce a rapid increase in pore fluid pressure, possibly as a result of void
compaction. This occurs for zero lateral strain and initially dilates fractures set in a
high-rigidity low-permeability matrix. With time, the excess pore fluid pressure in the
fracture dissipates into the matrix, and the resulting reduction in effective stress allows
the block to dilate and the fracture to sympathetically compact. At the completion of
this process, the fracture returns to its original aperture and therefore permeability.

The initial change in aperture of the fracture is driven by excess fluid pressure and
results in a change in aperture as given by equation (7). This occurs immediately as the
pressure rises. As a consequence, we record an instantaneous increase in the steady flow
rate in response to this change in aperture and related permeability. The magnitudes of
storage in the fracture system, and within the small void system of the Westerly matrix
are very small in comparison to the volumetric flow-through rate of the fracture – hence
flow within the fracture system is always close to a steady state. Consequently these flow
measurements are direct measurements of fracture deformation response.
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The rates at which permeability recovers to the background magnitude is indexed
by the rate of pressure-diffusion of the incremented pore pressure in the central conduit
to reach a new steady pressure distribution. This is controlled by the radial and
longitudinal diffusion of pore fluids into the matrix and the accompanying poroelastic
deformation of the Westerly matrix. Pore pressure diffusion into the sample geometry of
Figure I-5 is governed by the diffusion equation as:

(12)

where the hydraulic diffusivity cv [m2/sec] is defined in terms of the bulk modulus of
the matrix Eb (~20 GPa) as

.

(13)

In particular we consider a geometry where the upper boundary is constrained from
displacing and fluid pressures are augmented in the center of the fracture and vary
logarithmically in the radial direction along this boundary according to equation (12).
The infiltrating flux from the central conduit is neglected but if included may increase
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equilibration rates by a factor of two, only. As a consequence of this pressure-diffusion
into the matrix effective stresses are reduced and the Westerly matrix dilates against the
stiffness of the resisting fracture (Figure I-5). The resulting differential deformation of
the fracture is recorded as a permeability change apparent in the change in fracture
inflow rate. Rates of change of aperture are conditioned by a diffusive time and are
constant for all magnitudes of pore pressure change. However larger changes in pressure
will yield larger changes in effective stresses and correspondingly larger absolute changes
in permeability – although rates of recovery of normalized permeability will be sensibly
identical for magnitudes of pressure increments.

The results of this analysis are shown in Figure I-7 using the data collected from
experiment p2117 since it is the most significant and complete. These data cover the
entire spectrum of responses represented in Figure I-4. These results may be compared
with evaluations for the average rates of deformation of the fracture and using mean
pressure changes within the sample. This progress to equilibration may be indexed by
the average degree of equilibration Um from the solution where the true logarithmic
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distribution of basal pressure is used. The degree of equilibration Um varies from 0 to 1
and is conditioned by a diffusive time, Tv. The theoretical values have been computed
by a FEM model computing the solution of equation 12 for the same boundary
conditions represented in Figure I-5 and described above. Experimental magnitudes are
evaluated from :

(14)

where S(t) is the settlement at time t and Sf is the displacement at time infinity when
the system is fully equilibrated.

In our experiments the displacements correspond to scaled changes in aperture of
the fracture and are conditioned by the stiffness of the Westerly matrix and the stiffness
of the fracture. However the dominant effect of the stiffer matrix in this configuration
leaves the resulting displacements as insensitive to fracture stiffness. Each transient
change of flow rate recorded during experiment p2117 has been separately considered
and the corresponding values of the hydraulic aperture of the fracture determined from
the measured flow rate and calculated permeability. These are determined for the full
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history of flow rates using equation 11. The theoretical and experimental normalized
magnitudes of fracture closure/opening are reported at a common scale in Figure I-7 as a
function of diffusive Tv. The analytical magnitudes are recovered (Sivaram et Swamee,
197718):

(15)

where Tv at any time t is given by:

(16)

where cv is hydraulic diffusivity [m2/sec], R is the length of the sample synonymous
with S [m], t is the real time [sec]. From this the experimental data may be fit around
the time to 50% equilibration. Matching the experimental data to the theoretical
magnitudes yields a predicted hydraulic diffusivity for the sample of cv: 2.45*10-7
[m2/sec] and is bounded by magnitudes half an order of magnitude offset in time as cv-:
8.88*10-7 [m2/sec]; cv+: 1.22*10-7 [m2/sec] (see Figure I-7).
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We compare these magnitudes with independent measurements of transport
parameters recovered from steady flow experiments and from the deformation modulus
of the rock. In particular the value of permeability (k) measured on intact westerly core
sample (at an axial stress of 10 MPa) is 7*10-19 [m2]. Thus the hydraulic diffusivity
defined as

(see equation 13) results 1.57*10-8 [m2/sec], that is consistent with

that recovered from the curve fit: cv: 2.45*10-7 [m2/sec].

For each value of cv we compute respectively the values of Tv corresponding to the
real times (by equation 16), and then the corresponding values of the average level of
compaction (by equation 15). The developments of the simplified values of the average
level of compaction as a function of real time are reported in Figure I-7. As Figure I-7
shows, the experimental values are consistently fitted by the theoretic ones, this proves
that the radial consolidation represents the mechanism controlling the dynamics of the
experiment.

This conclusion is further proved as we compare the theoretic values of flow rate
with the experimental one.
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From the theoretical values of the average grade of compaction, in fact, rearranging
equation 14 and substituting Sf with the last experimental value of aperture of the
fracture we compute their corresponding values of hydraulic aperture of the fracture.
Those are then substituted in equation 11 in order to recover the corresponding values of
flow rate. They are represented in Figure I-8. As the plot shows, the theoretic values and
the experimental values are in good agreement, proving once again our hypothesis.
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I.5

Table for Chapter I

Table I-1: Experiments: Variables & Results

Westerly Granite

:44mm L:100mm

Exp. Variables
Test

p1989

P2114

p2117

p2398

Results
Pp

[MPa]

Flow Rate

b

[m3/sec]

[ m]

[MPa]

[MPa]

Initial

Peak

Residual

Peak

Residual

value

value

value

value

value

0.5

15.2

14.6

9.96e-9

2.32e-9

2.75

1

13.4

13.23

1.01e-8

2.45e-9

2.25

1.5

12.25

12.2

6.24e-9

5.25e-9

2.50

0.5

9e-12

9e-12

1

1.05e-11

1e-11

2e-11

1.05e-11

4

3e-11

2e-11

8

8e-11

5e-11

16

8.6

8

8

constant

2

No
Fracture

0.2

7.09

7.03

4.7e-8

2.3e-10

1.82

0.5

7.04

7

2e-8

4.5e-10

1.58

1

7.02

7.06

1.5e-8

7.9e-10

1.45

2

7.09

7.15

1.01e-8

7.9e-10

1.169

0.2

6.6

6.96

1.88e-7

5.69e-9

2.05

0.5

6.97

6.94

3.48e-8

6.4e-10

1.69

1

7.9

8.12

1.28e-8

6.3e-10

1.43

1.5

8.7

9.2

1.10e-8

7.5e-10

1.33
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p2458

p2531

12

8

0.2

9.8

9.55

5.14e-8

3.1e-10

1.69

0.5

9.56

9.65

3.28e-8

4.0e-10

1.48

1

9.66

9.74

3.88e-9

9.4e-10

1.58

1.5

9.75

9.86

1.02e-8

2.91e-9

1.99

2

9.8

10.4

3.0e-9

8.2e-10

1.19

1

6.6

6.96

3.45e-8

2.7e-10

2.05

1.5

6.97

7.02

9.22e-9

3.9e-9

1.69

2

7.9

8.2

2.87e-8

8.47e-9

1.43

Total Axial Stress, Pp: Differential Pore Pressure, b: Hydraulic Aperture,

: Diameter, L: Length
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I.6

Figures for Chapter I

Figure I-1: Phase changes of the semidiurnal tide for the water level in the well CIB and CIC
relative to the areal strain (Elkhory et al., 2006). Short (SP) and long (LP) periods transient
changes in the phase response are clearly shown at the time of the earthquakes and emphasized
on the right.
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a)

b)

c)

d)

Figure I-2: Equipment arrangement showing: (a) the experimental design, (b) the pressure vessel,
and the tested Westerly core samples, respectively in plain (c) and profile (d) view.
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a)

b)
Figure I-3: (a) Flow rate and applied axial stress developments in function of time at different
values of inlet pressure, (b) particular of the recorded changes of the axial stress (for details see
Table I-1).
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Figure I-4: Normalized proportional values of the permeabilities development in function of the
‚indirect‛ variations of effective axial stresses (for details see Table I-1 and explanation in Results
section).
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Figure I-5: Schematic of the poro-elastic mechanism model responsible to the radial compaction of
the sample with relative closure of the fracture.

Isotropic Fluid
Distribution

Figure I-6: Flow rate and applied axial stress developments in function of time at different values
of inlet pressure on intact Westerly granite core sample only crossed by a blind channel.
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Figure I-7: Comparison between the theoretic values of the average degree of consolidation Um
in function of the factor time Tv (line: Solution Radial Consolidation) and the experimental
values of the average degree of consolidation in function of the real time (lines: Experimental
Data). The dots lines represent the fitting curves of the experimental data in function of the real
time for values of the coefficient of consolidation cv respectively: cv-: 5.88 *10-7 [m2/sec]; cv:
2.45*10-7 [m2/sec]; cv+: 1.22*10-7 [m2/sec].
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Figure I-8: Comparison between the theoretic values of radial flow rate and the experimental ones
in function of time.
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II

EVOLUTION OF STIFFNESS AND PERMEABILITY IN FRACTURES
SUBJECT TO THERMALLY- AND MECHANICALLY-ACTIVATED
DISSOLUTION

II.1 Introduction
During the last decades, intense research has been performed on the processes that
link thermal gradients (T), hydrologic flow (H), chemical alteration (C) and mechanical
deformation (M) in fractured rock (Tsang 199119 ; IJRMMS 199520 ; Stephansson et al
199621). These processes are strongly interconnected since one process effects the
initiation and progress of another. Correspondingly the evolution of the transport and
mechanical properties of rock fractures cannot be predicted by only considering each
process independently. These complex coupled behaviors are important in many systems
related to the oil, gas and geothermal reservoir engineering and for the waste disposal in
underground repositories and reservoirs.
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It has been observed for example that chemical precipitation from aqueous solutions
can reduce (Lowell et al., 199322) and even completely shut down (Martin and Lowell,
200023) rock permeability, transforming open fractures into mineralized veins (Vermilye
and Scholz, 199524). Thermal expansion (contraction) also drastically affects permeability
distribution

and

fluid

flow

characteristics

(Lowell

and

Germanovich,

199525;

Germanovich et al., 200026, 200127) including the role of thermal stresses and the
nonlinear closure characteristics of fractures to applied stress (Gangi, 197828; Neuzil and
Tracy, 198129; Tsang and Witherspoon, 198130 ; Walsh, 198131; Gavrilenko and Gueguen,
198932) and experimentally (Jones, 197533; Kranz et al., 197934; Raven and Gale, 198535).

In general the hydraulic transmissivity of fractured rock masses is strongly affected
by coupled THMC processes and is conditioned by the reciprocal interaction of the
evolution of stress, variation of temperature and the chemistry of the circulating fluid. It
is still difficult to predict the response of the fracture (opening or closing) to these
processes. During flow through tests in limestone (Polak et al., 200336) and novaculite
(Yasuhara et al., 200637), for example spontaneous variations of permeability were
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recorded to changes of temperature without changing of stress or fluid influent
chemistry.

In order to experimentally investigate the interactions between THCM processes in
a natural stressed fracture, we report on heated radial flow-through experiments on cores
of Westerly granite containing a single fracture perpendicular to the core axis. The
evolution of fracture permeability is followed as stresses build in the mechanically
constrained sample as temperature is first incremented and then decremented.
Furthermore efflux of dissolved mineral mass is measured periodically to provide a
record of the net mass removal and to correlate this with changes in aperture observed
during the flow test. The experimental methodology is described in detail in the
following.

II.2 Experimental Set Up

The schematic of the experimental set up is represented in Figure II-1a. In a
pressure vessel (50 50 40 cm) (for technical details see Faoro et al. 200938) a jacketed
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fractured core sample is placed between two axial cylindrical platens, in turn connected
to a high-precision servo-controlled pressure intensifier.

The sample is a Westerly granite core 44 mm in diameter and 100 mm in length.
The sample is circumferentially notched at mid-height to a depth of 2 mm and split in
half in a parallel-jaw vice. The core is then axially drilled with a 3.1mm borehole to
provide an hydraulic connection from the sample top to the intercept the fracture. The
bottom half of the sample, below the fracture is then scored with 6 axial notches to a
depth of 2 mm that drain the fracture exterior to the lower platen (see Figure II-1a,c,d).
The sample is first reassembled without offsetting the walls of the fracture, located
between the two cylindrical platens, jacketed with a latex tube and finally sealed by
wiring (steel 1 mm) the extremities of the jacket against the forcing pattern. In order to
prevent any eventual leakage two rubber ‚o” rings are also located between the top
platen and the sample. Once ready the sample is positioned in the pressure vessel to be
first axially loaded (by a servo-controlled hydraulic ram to a resolution of 0.01 MPa),
then connected to the internal hydraulic circuit for injection into and out-of the sample
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and finally to be confined fluid pressure (XCELTHERM 600 synthetic oil from Radco
Industries) once the doors of the vessel have been sealed.

The inlet fluid (demonized water) circulates in through the axial borehole, radially
outward across the fracture and drains from its edge along the longitudinal notches on
the outside of the sample. The longitudinal notch drains are filled with 2.5mm diameter
steel tubes to prevent incursion of the jacket and the occluding of the flow pathways
(Figure II-1d).

The pressure vessel is lined with refractory ceramics sheets (thickness: 10 mm) to
minimize the thermal dispersion of the heated confining fluid and also to insulate the
vessel itself from the heat (see Figure II-1b). Two cylindrical heaters (power: 600 Watt
each, diameter 10 mm and length 120 mm) are installed in holders in the doors to the
vessel and heat the confining fluid. The temperature is controlled by a thermostat to an
accuracy of 0.1oC. The temperature of both fluids: confining fluid and circulating water
are measured by thermocouples to an accuracy of 0.01oC. In particular the thermocouple
for the inlet fluid is installed on the outlet line of the sample (see Figure II-1b). The inlet
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pipe line is long (60cm) and coiled to guarantee that the inlet fluid is brought to the
same equilibrium temperature as the confining fluid before injection. The large volume of
this coiled line also damps out effects of thermal expansion of the water.

II.3 Experimental Procedure

We report water flow-through experiments on the artificially fractured cores at three
increments (and decrements) of pore fluid (and rock) temperature: 25-40 oC, 40-60 oC, 6080 oC (and 80-60 oC, 60-40oC, 40-25 oC). The fractured samples, once axially compressed
at 13 MPa (p2533) and 11 MPa (p2559), are locked between the vertical ram and the
vessel floor. In this way the rams cannot displace vertically and the axial stress builds as
a function of the transient and equilibrium temperature of the sample. This stress
evolution is independently measured. During the experiment both the pore (Pp) and the
confining (Pc) pressures are kept constant (Pp 0.5 MPa in p2533, and 1.5 MPa in
p2599, Pc: 0.1 MPa in both tests; see Table II-1).
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We measure the temperatures of the fluids, the total axial stress from the load cell
on the vertical ram and the flow rate via the displacement of the piston within the
pressure intensifier as:

(1)

where: Q is the flow rate [m3/sec] ; Ppdisp: pore-pressure intensifier displacement [m];
t: time interval [sec]; APp: cross-sectional area of pore-pressure intensifier piston [m2].

Finally net efflux of dissolved mineral mass is measured periodically to provide a
record of the net mass removal, and to correlate this with observed changes in aperture
observed during the flow test.

II.4 Results

The evolution of axial stress and permeability within the sample is represented in
Figure II-2 (a:p2533, b: p2559). Furthermore in Figure II-3, we report the values of total
axial stress and permeability at steady state conditions of temperature and of inlet flow
rate.
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The permeability values are computed by the measurement of the flow rate
substituting

to the following equation:

(2)

where the terms are: : water density [kg/m3]; g: gravitational acceleration [m/sec2]; k:
permeability [m2]; bo: hydraulic aperture [m]; Q: steady fluid flow rate [m3/sec]; r1 and
r2: respectively the inner and outer radius of the fracture [m]; h2-h1: water head gradient
computed from the pore pressure [m];

f(T)

: dynamic viscosity as a function of the

circulating fluid temperature: [kg/m/sec]:

(3)

where A: 2.414*10-5 [kg/m/sec]; B: 247.8 [oK]; C: 140 [oK]; T: inlet fluid temperature
[oK].

In each experiment we observe that for the same increment (or decrement) of the
equilibrium temperature of the rock a steady axial stress develops as a result of the axial
mechanical confinement. However, the magnitude of this stress is different for each
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sample and equilibrium temperature due to differences in composite sample-fracture
sample stiffnesses and slight hysteresis in loading and unloading. In particular, in both
experiments, the peak values of stress are reached at 80oC but their magnitudes are
different: 50 MPa for p2533 and 60 MPa for p2599 (see Figure II-2, Figure II-3).

Measurements at steady state flow conditions (Figure II-3) show that from the
initial values of 7*10-14 m2 in p2553, and 2*10-13 m2 in p2559 (pre-thermal cycle) the
permeability initially decreases to 2*10-14 m2 in p2553 and 4*10-14 m2 in p2559 as the
temperature rises to 60oC. On cooling permeability then increases to the final values
(post thermal cycle) of ~1*10-13 m2 in p2553 (~two times larger than the initial value)
and 1.9*10-13 m2 in p2559 (same as the pre thermal-cycle value). In both experiments, we
observe that the development of permeability is nonlinear in time and includes both
thermal-diffusional transients and pulses (Figure II-2).

II.5 Analysis

Our measurements show that variations in the temperature of the rock affect both
the mechanical (axial stress) and hydraulic proprieties of the sample (permeability). In
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particular we observe the constrained expansion of the rock-fracture composite during
the thermal cycle and that this generates appropriate increments (or decrements) of
stress proportional to:

(4)

where

is the coefficient of linear expansion: 1.4*10-5 oC-1; E: Young Modulus of rock

and fracture: 70 GPa.

This yields agreement between experimental and theoretical data with the exception
of at 80oC for test p2553, where the measured stress is less than that predicted by ~10
MPa (see Figure II-4:). We attribute this loss of stress and the corresponding mismatch
of theory and data to audible breakage or dislocation of the fracture.

In order to understand the mechanism responsible for the observed evolution of
permeability with time we evaluate the evolution of hydraulic aperture of the fracture
and seek congruence between permeability evolution and the evolution of mechanical
aperture. To do this we solve for bo in equation 2 (see Figure II-6) then we compare this
values with that derived from Hooke’s law (mechanical model) and the measured stress
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change. The change in aperture of the fracture is driven by the thermally activated
change in stress within the sample and this is defined as:

(5)

where

: variation of axial stress MPa,

b: variation of aperture

m, knf nominal

stiffness of the fracture computed as:

(6)

where Em: Young modulus for the rockmass GPa, is computed as the slope of the
tangent of the stress- strain curve (Figure II-5) obtained from the initial axial loading
phase of the experiments. Er: Young modulus of rock matrix, S: spacing of fracture
(length of the sample) [m].

The values of both the hydraulic and mechanical apertures are reported in Figure
II-6. In particular we observe that the variation of the mechanical aperture is insufficient

to explain the observed variation of the hydraulic aperture (and relative variation of
permeability) that are recorded during the experiments. For both experiments the major
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discrepancies are recorded during respectively the initial (25-60oC when hydraulic <
mechanical aperture values) and final (after 80oC when hydraulic > mechanical aperture
values) phases of the heating process.
From measurements of the mass removed (reported in Figure II-6) from the fracture
faces and bridging asperities by dissolution we may estimate the contributions of both
free-face dissolution and resulting from stress-assisted (pressure) dissolution. We define
the contacting surfaces and open fracture surfaces as respectively Ap (from pressure
solution) and Af (from free face dissolution; see Table II-2) as:
(7)
where M: dissolved mass of removal (M=Qc) computed as product of the volumetric
flow rate (Q) and the aqueous concentration (c) of the main elements that compose the
Westerly granite core (chemical composition: 27% quartz, 36% microcline KAlSi3O8, 30%
plagioclase NaAlSi3O8 to CaAl2Si2O8; Meredith and Atkinson,1985 Meredith and
Atkinson,198539). These concentrations are also reported in Figure II-6 as a percentage in
mass;

density of the dissolved mineral; bp and

bf: hydraulic aperture variation
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respectively do to pressure solution computed by the mechanical model and free face
dissolution computed by the hydraulic aperture values (see Figure II-6).
The magnitudes of relative areas of free-face dissolution and pressure dissolution
recovered from this analysis and these data are included in Table II-2.
These results are only consdered reliable (estimating a contact area of ~50%) in that
interval of time when good agreement between the mechanical and hydraulic model has
been already observed.
The recorded mismatches are explicable only if we consider that during the initial
phase of the thermal cycle (25-60oC) the increments of axial stress, forcing the
progressive mechanical closure of the fracture, induce the crushing of the contacting
asperities. As a consequence, the resulting gouge temporarily plugs the fracture and
reduces the permeability (low permeability, hydraulic aperture < mechanical aperture).
As the gouge begins to dissolve (between 60-80oC the dissolved aqueous concentration
increases) the permeability of the fracture increases and as the results show, the
hydraulic aperture of the fracture aperture returns to match the mechanical aperture.
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Finally during the cooling part of the thermal cycle the relative relaxation of the axial
stress induces the fracture to gape facilitating gouge removal within the fracture. This is
confirmed by the observed increase in the dissolved mass removal rate (especially in
p2559, because of the pore fluid pressure gradient is three times larger than in p2533) as
a consequence of temporary episodes (spikes and pulses of the permeability) of flushing
and clearing of the fracture.
Finally our results show that once the system returns to room temperature the preheating stress and permeability of the sample is again recovered. For p2533 the final
permeability is larger than the initial permeability and this is attributed to the audible
cracking of the sample at 80oC (recorded a drop in axial stress of ~10 MPa).
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II.6 Table for Chapter II

Table II-1: Experiments: Variables & Results.

Test

Rock

[MPa]

Pp
[MPa]

Pc

Temperature

[MPa]

[C]

Imposed

Heating

value

P2533

p2559

Westerly

Westerly

13

11

0.5

1.5

0.1

0.1

Cooling

25-40

80-60

40-60

60-40

60-80

40-25

25-40

80-60

40-60

60-40

60-80

40-25

Total Axial Stress, Pp: Differential Pore Pressure, Pc: Confining Fluid Pressure
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Table II-2: Mass removal and values of surfaces of removal from pore pressure solution and free
face dissolution processes.

Test

Temperature [C]

Removal

|Ap/An|

|Af/An|

[mg]
5.88

0.1

0.91

-5

2.42

0.48

0.52

-5

1.75

0.49

0.51

-4

4.79

0.92

0.08

60-40-25

-4

2.77*10

10.42

3.08

2.08

25-40

1.56*10-4

10.14

1.75

0.75

40-60

5.05*10-5

1.61

0.52

0.48

60-80

5.49*10-5

3.55

0.5

0.5

80-60

-4

31.56

1.8

0.8

-4

92.95

15.9

14.9

25-40
40-60-80
80-60

p2559

[mg/sec]

Mass

1.11*10-4

25
P2533

Mass Rate

60-40-25

8.34*10
2.05*10
2.22*10

1.17*10
1.27*10

Ap: pore pressure solution area; Af: free face dissolution area,
An: Nominal fracture area: 0.0019m2
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II.7

a)

c)

Figures for Chapter II

b)

d)

Figure II-1: Equipment arrangement showing: (a) the experimental design, (b) the pressure
vessel, and the tested Westerly core samples, respectively in plain (c) and profile (d) view.
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a)

b)
Figure II-2: Total axial stress, permeability and rock temperature developments in function of
time recorded during a) p2553 test and b) p2559 test.
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a)

b)
Figure II-3 : Permeability and axial stress values in time, at steady conditions of temperature and
fluid flow, respectively: a) p2553 test and b) p2559 test.

49

__Theoretic

a)

__Theoretic

b)

Figure II-4: Comparison between experimental and theoretic (

) total axial stress

values, respectively: a) p2553 test and b) p2559 test.

50

= 5820 -c

Figure II-5: Stress–strain curve from the initial axial loading phase of the experiment. In
particular is report the tangent equation which slope is the measure of the young modulus of the
rockmass, and a schematic represented the distribution of the mechanical proprieties of the
fractured samples.

51

a)

b)

Figure II-6: Developments in time of the hydraulic and mechanical aperture of the fracture and
measured changes of the dissolved mass removal, respectively: a) p2553 test and b) p2559 test.
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III

LINKING PERMEABILITY AND MECHANICAL DAMAGE FOR BASALT

FROM

MT. ETNA VOLCANO (ITALY)

III.1 Introduction

Understanding the dynamics of volcanic systems requires the determination of
physical properties of volcanic rocks as a function of the extrinsic conditions of stress
state, pressure and temperature. In particular in active volcanoes, such Mt. Etna volcano
(Italy) the combination of large aquifers and cyclic magmatic pressurisations is believed
to enhance mechanical damage of the host rocks to cyclic magmatic pressurizations,
leading to the failure of rocks over extended periods of time at stresses far below their
short-term failure stress, through mechanisms such as stress corrosion crack growth
(Vinciguerra et al., 200540).
The most representative basalt from Mt. Etna volcano is a porphyritic,
intermediate, alkali basalt (Heap et al., 200941), with a bulk density of 2700 kg m−3, a
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connected porosity (measured with a helium pycnometer) of 4.4% and a total porosity of
4.8%. It is composed of a fine-grained groundmass (~60%), with crystals of feldspar
(25%), pyroxene (8.5%) and olivine (4%).
Previous laboratory measurements of P-wave and S-wave velocities performed at
hydrostatic pressures up to 80 MPa and room temperature indicate that Etna basalt
contains substantial crack damage (Vinciguerra et al., 200540). The effects of such a
microstructure include anomalously low elastic wave velocity, and a high permeability
(Vinciguerra et al., 200542; Benson et al., 200643). Crack densities inverted from velocity
measurements at increasing pressure steps manifest a remarkable and progressive closure
of the cracks.
Under incremental cyclic uniaxial loading, increasing crack damage has been
observed to accumulate progressively, leading to a significant weakening of the basalt
and to a degradation of elastic moduli (Heap et al., 200941).
Triaxial deformation experiments carried out at low confining pressure (40 MPa)
both in dry and wet conditions show pronounced changes of ultrasonic wave speeds for
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both P and S waves and very strong development of anisotropy (Benson et al., 200744;
Stanchits et al., 200545) Nucleation accelerates to failure when pre-existing microcracks
have been closed, and re-opened in the direction of the principal stress. A significant
contribution of shear cracks detected from located AE suggests the reactivation of preexisting cracks.
A fracture speed of approximately 4 mm/s was inferred using the leading edge of the
propagating fracture point or 1.9 mm/s using the centre of the ellipse. This is much
slower than similar speeds calculated in ‘crack-free’ (Benson et al., 200744).
Open questions remain how incremental damage and effective pressure affect
transport properties in Etna basalt? Is there a critical stress or crack damage threshold
determining changes in transport properties? Which is the difference between transport
properties of Etna basalt as a material and fractures formed within the material?
We carried out a systematic study aimed to quantitatively investigate the
relationships between effective pressure and deviatoric loading on the transport and
storage properties.
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Since transport properties of Etna basalt are strongly controlled from the preexisting crack damage fabric, selected samples of Westerley granite (REF), which are
essentially crack free (porosity less then 1%) were thermally treated at incremental
temperatures (500oC, 800oC) in order to generalize the coupling of increasing crack
damage and transport properties in crystalline rocks.

III.2 Experimental Method

At room temperature, flow trough tests were conducted on cylindrical cores samples,
tri-axially compressed. In order to investigate and to compare the hydraulic proprieties
with the mechanical ones of the rocks, the samples were cyclically loaded either by
constant increments of the principal stress:
the effective confining pressure:

1

=

2

=

3

1

(deviatoric condition), or by increments of

(isostatic conditions).

Detailed descriptions of the experimental equipment, procedure and the key features
of data analysis are provided in the following.
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III.3 Experimental Equipment

Triaxial experiments were performed on cylindrical specimens placed inside a steel
pressure vessel of dimensions ~50
MPa. The principal axial stress

1

50 40 cm, capable of confining pressure up to 70
is applied to the sample via a vertical servo-controlled

hydraulic ram, having resolution of 0.01 MPa; while the secondary stresses (

2

=

3

)

correspond to the pressure of the confining fluid, which is controlled by a high-precision
servo-controlled pressure intensifier. The longitudinal axial deformation of the specimen
is monitored by the displacement of the vertical hydraulic piston, via DCDT (DirectCurrent Displacement Transducer) accurate to 0.1

m.

Radial deformation is not

measured. In addition, two high-precision servo-controlled pressure intensifiers are used
to generate a pressure gradient along the axial length of the sample inducing flow of the
pore fluid (de-ionized water). (Figure III-1(a,b)).

The membrane-sheathed cylindrical samples (diameter, length ratio:

: L ~ 1:2,

except the first two having ratio ~1:1, see Table III-1), are sandwiched between two
cylindrical platens equipped with flow distributors. The sample is jacketed in shrinkable
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latex tube, used to isolate the specimen from the confining fluid (XCELTHERM 600 oil
from Radco Industries). Fluid leakage is minimized by constricting the rubber membrane
against the platens with twin tube-clamps. (Figure III-1(a,b)). Following assembly, the
sample is first axially loaded and the confining stress added, prior to the testing
sequence.

III.4 Experimental procedure

Experiments have been performed at room temperature on samples of basalt and
Westerly granite, the latter both in pristine form and pre-heated to induce micro-crack
damage. The pre-damaged samples were heated to either 800oC or 500oC at a
temperature rate of 100oC/hour and then cooled. The experimental conditions for various
samples are reported in Table III-1.
Experiments were performed under two configurations – isostatic loading and then with
deviatoric loading. Experiment p1914 (see Table III-1) involved the progressive loading
from 7 MPa to 42 MPa at 5 MPa increments of effective confining pressure then
successively unloaded to the initial pressure, with decrements of 10 MPa (Figure III-3).
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The rest of the experimentation has been performed under deviatoric stress conditions to
examine response in the stress ranges 7 MPa- 18 MPa (test p1898), 7 Mpa-72 MPa (test
p2350), and [3 MPa-failure] (test p2442). The maximum principal stress

1

of the first

interval is equal to the highest value of effective confining pressure applied during the
isostatic test (p1914); while in the second [3-72 MPa]

1

corresponds to the 90% of the

stress of failure.
For all the tests under deviatoric conditions, the principal stress has been progressively
increased (and decreased) in load steps of 10 MPa at an axial displacement rate of
5 m/sec with the confining pressure constant at 5 MPa. During each load step the stress
is maintained constant for at least 3 minutes to allow longitudinal through-flow to reach
steady state.

In four experiments the samples were loaded to failure (see Table III-1).

Load cycles are reported in Figure III-4 and the adopted rule of load is represented in
Figure III-6. Furthermore, a picture of the post-test samples of Basalt and heated
Westerly, loaded to failure, is shown in Figure III-1(c).
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In each experiment the flow rate is measured via the displacement of the piston
within the pressure intensifier (see Figure III-2, Figure III-4 Figure III-6(a)) and
calculated by the following equation:

Q

Ppdisp
APp
t

(1)

where: Q is the flow rate [m3/sec] ; Ppdisp: pore-pressure intensifier displacement [m];
t: time interval [sec]; APp: cross-sectional area of pore-pressure intensifier piston [m2].

The permeability of the sample is evaluated from Darcy’ law where inflow and
outflow (Q) are equivalent as:

k

Q v LS
AS P

(2)

where: k is the permeability [m2]; Q: flow rate [m3/sec]; : dynamic viscosity [Pa sec];
LS: length of the sample [m]; AS: cross-sectional area of the sample [m2], and P the pore
pressure gradient over length of the sample[Pa].
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During the loading and unloading stress cycles where the fluid response is transient,
the storage of the sample is evaluated as:

S

Vw
VS

w

(3)

'

where: S is the storage [m-1];

: water compressibility [N m3]; VS: sample volume [m3];

w

': differential effective stress [N m-2], Vw: water volume [m3] computed as:

Vw

Api ( Di1

Di 2 )

Apo ( Do1

Do 2 )

(4)

where: APi and APo: cross-sectional areas respectively of the inlet

and outlet pore-

pressure intensifier pistons [m2], Di1 and Di2 : displacements of the inlet pore-pressure
intensifier piston at the interval time [t1-t2] , [m] ; Do1 and Do2 : displacements of the
outlet pore-pressure intensifier piston at the interval time [t1-t2] , [m], and [t1-t2]: period
of fluid transients when Darcy’ law is not valid [min].

Examples of typical recorded flow rate developments are shown in Figure III-7.
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III.5 Results

Our measurements (the evolution of permeability as a function of time and effective
pressure is shown respectively in Figure III-2(a) and Figure III-2(b)) show that on
isostatically stressed basalt (from 7 MPa to 18 MPa, test p1914 on Table III-1, diameter:
length = 1: 1) the permeability reduces from 5.2*10-17 m2 to 1.5*10-17 m2. Furthermore the
initial value of permeability is almost recovered (4.9*10-17 m2) once the sample is
unloaded. These exhibit the same linear trend as prior results (Vinciguerra et al. 200540

(Figure III-2(b)) but under-predict permeability magnitudes by one order of magnitude.
The permeability values (Figure III-5(a, b)) measured for basalt samples (p1989,
diameter: length = 1: 1) loaded under deviatoric stress conditions, to the same maximum
normal stress of the previous experiment, show a permeability reduction less pronounced,
characterized by the same initial and final values, but with higher minimum value
(4.1*10-17 m2) .
Permeabilities measured from those Basalt samples stressed to the failure or close to
that (respectively p2442 and p2350, diameter: length = 1: 2) show a repeatable trend.
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Permeability values of 5*10-17 m2 are initially found for all the tests. A slight decay to
the minimum value of 2*10-17 m2 is observed when the axial deviatoric stresses range
between 40 MPa and 60 MPa. For higher deviatoric stresses, increases to 10-16 m2 are
then observed up to the peak stress at 92 MPa (Figure III-8(b)). After failure the
permeability persisted steady at the value of 8*10-16 m2 for the whole duration of the
test, independently from the applied stress (Figure III-8(a)).
Permeability for Westerly granite pre-thermally treated to 800oC (p2453) was then
measured (Figure III-11). During the flow trough tests on samples loaded to failure
under deviatoric condition (p2453, p2457, p2459, on Table III-1, diameter: length = 1:
2), we have recorded initial values of 5*10-15 m2 linearly decreasing to 2*10-15 m2 as the
stress approaches the failure occurring at 72 MPa. After the failure, steady values of
5*10-15 m2 are found.
The permeability values of the granite sample thermally treated up to 500oC (p2459)
range between 8*10-18 m2 and 10-15 m2 recorded at 110 MPa (peak stress), with a lowest
peak equal to 3*10-18 m2 at [40 MPa -60 MPa] of deviatoric stress. The sample no
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thermally treated (p2457) shows a permeability with constant values of 3*10-19 m2, which
is not dependent upon the deviatoric stress until 60MPa. After reaching 60 MPa, the
permeability progressively increases to the final pre failure value of 10-16 m2 at 110 MPa.
The last two samples have a post failure permeability equal to 8*10-16 m2 in perfect
agreement with the one found for the basalt specimen (Figure III-11(b)).

III.6 Discussion

Our data show that the permeability of Etna basalt is strongly sensitive to the
loading conditions. Increasing isostatic loading determine closure of pre existing voids
space, particularly the more compliant pre-existing crack damage, resulting in decreasing
permeability. After depressurization the full recovery of the initial values indicates that
those changes in permeability are controlled from elastic and recoverable mechanisms of
cracks closing/reopening. Under increasing deviatoric loading a similar behavior is
observed, however a full recovery is not achieved, due to the formation of new crack
damage and pore collapse, that change permanently the transport properties of the rock.
An evident example of porosity reduction induced by mechanical stress is shown from

64

the data collected during the first two tests in which the principal axial stress increases
from 7 MPa to 42 MPa respectively under isostatic (p1914, Figure III-3) and deviatoric
conditions (p1898), In particular the sample isostatically stressed shows a permeability
reduction that is two times larger than the one of the sample deviatorically loaded
(Figure III-5). This is explainable considering that under isostatic condition the
distribution of the forces is isotropic, resulting in an homogeneous stress field leading to
a sustained compaction, with respect the deviatoric stress condition, where shear and
dilatant mechanisms affect the cracks oriented along the loading direction.. Overall our
permeability data show similar relative trend as a function of the isostatic pressure
applied, but in terms of absolute values there is about 1 order of magnitude lower than
the permeability values obtained in Vinciguerra et al. 200540 (Figure III-2(b)). This falls
in the variability of the different lava flows and their different cooling rate of their
formation that can affect the absolute transport properties.
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The parabolic trend of the permeability recorded on the Basalt samples loaded to
failure or close (p2442, p2350) represented in Figure III-8, shows that there are three
trends of permeability as a function of loading conditions.
In particular, from 3 MPa to 40 MPa of deviatoric stress, the permeability decays
because of the porosity reduction induced from the compactive processes. After 60 MPa
the permeability increases due to increasing crack damage. Finally from 40 MPa to 60
MPa the two phenomena balance each other, resulting into a steady phase in which the
permeability is constant at the minimum value of 2*10-17 m2.
Our observations are supported by the variations of the storage and of the Young’
modulus, occurred during the loading cycles and respectively reported in Figure III-9 and
Figure III-10.
As the loading stresses cyclically increase until the failure, the storage linearly
decreases because of the formation of new permeable void space. At the same time the
rock becomes progressively weaker and a Young’ modulus reduction of 30% was observed
(see Figure III-10).
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We qualitatively compared the hydraulic propriety of the Basalt with the ones of
Westerly granite. In particular two samples were heated respectively at 800oC and 500oC
because it is known that physical/mechanical rock properties such as: unconfined
compressive strength (Nagaraja Rao and Murthy, 200146), Young’s modulus (Daoying et
al., 200647; Homand-Etienne and Houpert, 198948; Takarli and Prince-Agbodjan, 200849),
tensile strength (Homand-Etienne and Houpert, 198948) and porosity and permeability
(Glover et al.,199550; Takarli and Prince-Agbodjan, 200849; Nasseri et al., 200751) show
significant variations when the rock is thermo-treated. This large variation of
mechanical/physical properties is explained by the

quartz phase transition which is

known to occur at roughly 573oC under atmospheric conditions. This phase transition
increases the differential expansion between the quartz grains and other constituent
minerals leading to increased micro cracking of the specimen(Nasseri et al, 200952).

Our results (Figure III-11) show that the basalt permeability values fall between the
ones collected from those Westerly samples heated respectively at 800oC and 500oC. In
particular, during the pre-failure part of the test, only the Westerly sample heated to
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500oC shows the same parabolic permeability trend of the Basalt, but with values that
are ~1 order of magnitude lower.

68

III.7 Table for Chapter III

Table III-1: Experiment Variables

Stress

Pc

condition

[MPa]

[MPa]

[MPa]

p1914

Isostatic

[7-42]

-

1

: 44

L: 50

Basalt

p1898

Deviatoric

5

[7-18]

1

: 44

L: 50

Basalt

p2350

Deviatoric

5

3-72

3

: 44

L: 100

Basalt

p2442

Deviatoric

5

[3-failure]

3

: 44

L: 100

p2453

Deviatoric

5

[3-failure]

3

: 44

L: 100

p2457

Deviatoric

5

[3-failure]

3

: 44

L: 100

P2459

Deviatoric

5

[3-failure]

3

: 44

L: 100

Rock

Test

Basalt

Westerly thermo
treated at 8000C
Westerly
Westerly thermo
treated at 5000C

( 1-

/2

Pc: Confining Pressure; Pp: Differential Pore Pressure;

Pp

Dimensions
[mm]

: diameter, L: length
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III.8 Figures for Chapter III

a)

b)

c)

Figure III-1: Equipment arrangement showing (a) pressure vessel, pressure intensifiers, schematic
of plumbing arrangement, (b) the experiment configuration and (c) the tested (basalt and
Westerly) core samples aspect.
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Figure III-2:

Pressure intensifiers displacements and applied effective pressure development in

function of time for the Basalt core sample tested under isostatic stress conditions (for details see
Table III-1).

a)

b)

Figure III-3: (a) Permeability and effective pressure as a function of time, (b) Comparison of
permeability values (p1914) at a range of effective pressure stresses with the ones recorded in S.
Vinciguerra et al. 2005.
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Figure III-4: Pressure intensifiers displacements and applied axial stress development in function of
time for the Basalt core sample tested under deviatoric stress conditions (for details see Table

III-1).

a)

b)

Figure III-5: (a) Permeability and axial stress as a function of time, (b) Permeability values at a
range of effective axial stresses.
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a)

b)

Figure III-6: (a) Pressure intensifiers displacements and applied axial stress development in function
of time for the Basalt core sample tested under deviatoric stress conditions (for details see Table

III-1), (b) Particular of isteresis loading cycles as function of the axial strain.
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a)

b)

Figure III-7: (a) Particular of flow rates developments at applied axial stress in function of time, (b)
as reaching of the failure axial stress.

a)

b)

Figure III-8: (a) On basalt, permeability and axial stress (upper part of the plot) values as a
function of axial strain, (b) Particular of the permeability development as reaching the failure
stress.
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Figure III-9: On Basalt, storage and axial stress (upper part of the plot) values as a function of
axial strain.

Figure III-10: On Basalt, young’s modulus and axial stress (upper part of the plot) values as a
function of axial strain.
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a)

b)

Figure III-11: (a) On Westerly, permeability and axial stress (upper part of the plot) values as a
function of axial strain, (b) Particular of the permeability development as reaching the failure
stress.
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IV

CONCLUSIONS

In chapter I we explored the observations of rapid (order of hours) increase in
permeability followed by a slow (order of years) recovery to original permeability
recorded in fractured aquifers subject to distant earthquakes (Elkhoury et al. 2006Error!
ookmark not defined.). We have examined the role of undrained through drained
changes in permeability in a fractured low-permeability reservoir resulting from rapid
(undrained) augmentation of fluid pressures as a proxy for dynamic stressing. In
conclusion our experiments have showed that in fractured rocks which displacements
(perpendicular to the plane of fracture) are avoid, rapid increments of pore pressure
induce transient variations of the hydraulic conductivity of the fracture of magnitudes
strongly related to the acting effective stress. We have identified two principal
mechanisms of origins respectively mechanical (shortening of core) and poro–elastic
(radial diffusion of the pore fluid into the matrix of the sample) as responsible for the
observed hydraulic behavior of the fracture, and an explanation of how those
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mechanisms reciprocally interact producing an instantaneous opening and then a
progressive closure of the fracture, has been given.

In chapter II we have experimentally investigated the interactions between THCM
processes in a natural stressed fracture, reporting on heated radial flow-through
experiments on cores of Westerly granite containing a single fracture perpendicular to
the core axis. The evolution of fracture permeability was followed as stresses build in the
mechanically

constrained

sample

as

temperature

first

incremented

and

then

decremented. Furthermore efflux of dissolved mineral mass was measured periodically to
provide a record of the net mass removal and to correlate this with changes in aperture
observed during the flow test. In conclusion the experiments show a high sensitivity of
the fracture to coupled THCM processes. In particular, from the measurements of the
mechanical aperture changes of the fracture we have observed that the fracture
elastically responded to the increments/decrements of axial stress induced by the
thermal expansion processes of the rock. The hydraulic conductivity, on the contrary, is
affected by the presence of the gouge within the fracture, formed from the initial
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brakeage of the contacting asperities as the axial stress is increased. However, significant
variation in the magnitude of the permeability pre-and post-thermal-cycling has not been
recorded because during the experiments; the gouge has been removed mainly by free
face dissolution processes.

In chapter III in order to investigate and to compare the hydraulic proprieties with
the mechanical ones of the rocks (Basalt (Etna) and Westerly Granite), at room
temperature, flow trough tests were conducted on cylindrical cores samples, tri-axially
compressed. In particular the samples were cyclically loaded either by constant
increments of the principal stress: under deviatoric condition, or by increments of the
effective confining pressure: under isostatic conditions. In conclusions under cyclical
deviatoric increments of load we were able to follow in continuum not only the evolution
of the permeability but also the evolution of the porosity of the rocks. In particular from
the tests on Westerly, we show that, before the failure, rocks with low porosity (sample
at 25oC) do not exhibit porosity reduction, but only crack damage/formation (no
permeability change before 60 MPa). On the contrary, rocks highly porous (sample at

79

800oC) principally show a progressive porosity reduction (continuous permeability
decaying) and finally that those rocks with intermediate levels of porosity (Westerly at
500oC and Basalt) are characterized by both mechanical phenomena: pore void reduction
and crack damage/formation.

80

V

BIBLIOGRAPHY

[1] Connolly, J. A. D. (1997b). Devolatilization-generated fluid pressure and deformationpropagated fluid flow during prograde regional metamorphism. J. Geophys. Res., 102,18,149 18,173.
[2] Connolly, J. A. D., and A. B. Thompson. (1989). Fluid and enthalpy production during
regional metamorphism. Contrib. Mineral.Petrol., 102, 347-366.
[3] Dutrow, B., and D. Norton. (1995). Evolution of fluid pressure and fracture propagation
during contact metamorphism. J.Metamorph. Geol., 13, 677-686.
[4] Lowell, R. P., P., Van Cappellen, and L. N. Germanovich, S. (1993). Silica precipitation in
fractures and the evolution of permeability in hydrothermal upflow zones. Science, 260, 192194.
[5] Lowell, R. P., P. A. Rona, and R. P. Von Herzen. (1995). Seafloor hydrothermal systems. J.
Geophys. Res., 100, 327-352,.
[6] Nur, A., and J. Walder. (1990). Time-dependent permeability of the Earth’s crust, in The Role
of Fluids in Crustal Processes. edited by J. D. Bredehoeft and D. Norton, pp. 113-127,Natl.
Acad. Press, Washington, D. C.
[7] Walder, J., and A. Nur. (1984). Porosity reduction and crustal pore pressure development. J.
Geophys. Res., 89, 11,539 -11,548.
[8] King, C.-Y., Azuma, S., Igarashi, G., Ohno, M., Saito, H., and Wakita, H. (1999). Earthquake
related water-level changes at 16 closely clustered wells in Tono, Central Japan. Journal of
Geophysical Research-Solid Earth and Planets, 104, 13073-13082
[9] Muir-Wood, R., and King, G. (1993). Hydrological signatures of earthquake strain. Journal of
Geophysical Research, 98, 220
[10] Quilty, E., and Roeloffs, E. A. (1997). Water level changes in response to the December 20,
1994 M4.7 earthquake near Parkfield, California. Bull. Seism. Soc. Amer. 87, 310-317.
[11] Roeloffs, E. (1996).

Poroelastic methods in the study of earthquake related hydrologic

phenomena. Advances in Geophysics (ed. Dmowska R), Academic Press, San Diego

81

[12] Roeloffs, E. A. (1988). Persistent water level changes in a well near Parkfield, California, due
to local and distant earthquake. Journal of Geophysical Research-Solid Earth and Planets,
103, 869-889
[13] Roeloffs, E. A., Burford, S. S., Riley, F. S., and Records, A. W. (1989). Hydrologic Effects on
Water Level Changes Associated with Episodic Fault Creep Near Parkfield, California.
Journal of Geophysical Research, 94, 12387-12402.
[14] Rojstaczer S, and Wolf, S. (1992). Permeability changes associated with large earthquakes: an
example from Loma Prieta, California.10/17/89 earthquake. Geology, 20, 211-214.
[15] Rojstaczer S, Wolf S, and Michel, R. (1995). Permeability enhancement in the shallow crust
as a cause of earthquake-induced hydrological changes. Nature, 373, 237-239.
[16] Elkhoury, J. E., Brodsky, E. E., and Agnew, D. C. (2006). Seismic wawes increase
permeability Nature, 441 doi: 10.1038/nature04798.
[17] Sanford, W. E., and L. F. Konikow. (1989). Simulation of calcite dissolution and porosity
changes in salt water mixing zones in coastal aquifers. Water Resour. Res., 25, 655-667.
[18] Sivaram, B. and Swamee, P. (1977). A computational Method for consolidation Coefficient.
Soils and Foundations, vol. 17, pp.48-52.
[19] Tsang CF, ed. (1987). Coupled Processes Associated with Nuclear Waste Repositories. San
Diego: Academic Press.
[20] IJRMMS. (1995). Thermo-Hydro-Mechanical coupling in Rock Mechanics. Int. J. Rock Mech.
Min. Sci. (Suppl.)
[21] Stephansson O, Jing L, Tsang CF. (1996). Coupled Thermo-Hydro-Mechanical Processes of
Fractured Media, Elsevier Science B.V.:Amsterdam.
[22] Lowell, R. P., P. Van Cappellen, and L. N. Germanovich (1993), Silica precipitation in
fractures and the evolution of permeability in hydrothermal upflow zones, Science, 260, 192–
194
[23] Martin, J. T., and R. P. Lowell (2000), Precipitation of quartz during hightemperature
fracture-controlled hydrothermal upflow at ocean ridges: Equilibrium versus linear kinetics, J.
Geophys. Res., 105(B1), 869– 882

82

[24] Vermilye, J. M., and C. H. Scholz (1995), Relation between vein length and aperture, J.
Struct. Geol., 17, 423– 434
[25] Lowell, R. P., and L. N. Germanovich (1995), Dike injection and the formation of
megaplumes at ocean ridges, Science, 267, 1804–1807.
[26 ]Germanovich, L. N., R. P. Lowell, and D. K. Astakhov (2000), Stress dependent permeability
and the formation of seafloor event plumes, J. Geophys. Res., 105, 8341–8354.
[27] Germanovich, L. N., R. P. Lowell, and D. K. Astakhov (2001), Temperature- dependent
permeability and bifurcations in hydrothermal flow, J. Geophys. Res., 106, 473–495.
[28] Gangi, A. F. (1978), Variation of whole and fractured porous rock permeability with
confining pressure, Int. J. Rock Mech. Mineral. Sci. Geomech. Abstr., 15, 249–257.
[29] Neuzil, C. E., and J. V. Tracy (1981), Flow through fractures, Water Resour. Res., 17, 191–
199.
[30] Tsang, Y. W., and P. A. Witherspoon (1981), Hydromechanical behavior of a deformable
rock fracture subject to normal stress, J. Geophys. Res., 86, 9287– 9298.
[31] Walsh, J. B. (1981), Effect of pore pressure and confining pressure on fracture permeability,
Int. J. Rock Mech. Mineral. Sci. Geomech. Abstr., 18, 429– 435.
[32] Gavrilenko, P., and Y. Gueguen (1989), Pressure dependence of permeability: A model for
cracked rocks, Geophys. J. Int., 98, 159–172
[33] Jones, F. O. (1975), A laboratory study of the effects of confining pressure on flow and
storage capacity in carbonate rocks, J. Petrol. Technol., 1975, 21–27, Jan.
[34] Kranz, R. L., A. D. Frankel, T. Engelder, and C. H. Scholz (1979), The permeability of whole
and jointed Barre granite, Int. J. Rock Mech. Mineral. Sci. Geomech. Abstr., 16, 225– 235.
[35] Raven, K. G., and J. E. Gale (1985), Water flow in a natural rock fracture as a function of
stress and sample size, Int. J. Rock Mech. Mineral. Sci. Geomech. Abstr., 22, 251–261.
[36] Polak, A., Elsworth, D., Yasuhara, H., Grader, A., and Halleck, P. (2003), Permeability
reduction of a natural fracture under net dissolution by hydrothermal fluids. Geophys. Res.
Lett. 30(20):2020, doi:10.1029/ 2003GL017575

83

[37] Yasuhara, H., Polak, A., Mitani, Y., Grader, A., Halleck, P., and Elsworth, D. (2006),
Evolution of fracture permeability through fluid-rock reaction under hydrothermal conditions,
Earth Planet. Sci. Lett. 244, 186–200.
[38] Faoro, I., A. Niemeijer, C. Marone, and D. Elsworth (2009), Influence of shear and deviatoric
stress on the evolution of permeability in fractured rock, J. Geophys. Res., 114, B01201,
doi:10.1029/2007JB005372.
[39] Meredith, P.G. and Atkinnson, B.K. (1985), Fracture toughness and subcritical crack growth
during high temperature tensile deformation of Westerly granite and Black gabbro. Phys. Earth
and Plan. Int. 39, 33–51

[40] Vinciguerra S., Trovato C., Meredith P.G., Benson P.M.,(2005), Relating seismic velocities,
thermal cracking and permeability in Mt. Etna and Iceland basalts. International Journal of
Rock Mechanics & Mining Sciences, 42, 900–910.
[41] Heap M. J., Vinciguerra S., Meredith P. G., (2009), The evolution of elastic moduli with
increasing crack damage during cyclic stressing of Etna basalt, International Journal of Rock
Mechanics & Mining Sciences 471, 161–169.
[42] Vinciguerra S., Trovato C., Meredith P.G., Benson P.M. (2005), Relating seismic velocities,
permeability and crack damage in interpreting the mechanics of active volcanoes,
International Journal of Rock Mechanics, 42/7-8, 900-910.
[43] Benson P., Schubnel A., Vinciguerra S., Trovato C., Meredith P.G., Young P.R. (2006),
Physical and transport properties of isotropic and anisotropic cracked rocks under hydrostatic
pressure, Journal of Geophysical Research, 111, doi: 10.1029/2005JB003710.
[44] Benson P.M., Thompson B.D., Meredith P.G., Vinciguerra S. and Young R. P.,(2007)
Imaging slow failure in triaxially deformed Etna basalt using 3D acoustic-emission location
and X-ray computed tomography. Geophysical Research Letters, 34, L03303, doi: 10.1029/
2006 GL0 28721.
[45] Stanchits S., Vinciguerra S., Dresen G. (2006), Ultrasonic velocities, Acoustic emission
characteristics and crack damage of basalt and granite, Pure Applied Geophysics, 163, 1-20.
[46] Nagaraja Rao G.M., and Murthy C.R.L. (2001), Dual role of microcracks; toughening and
degradation. Can.Geotech. J.,38(2), 427–440.

84

[47] Daoying X., Yuezhan T., Ting L., and Songlin X. (2006), Experimental investigations of
thermal damage for rocks, Key Eng. Mat. 324-325 II, 1213–1216.
[48] Homand-Etienne F. and Houpert R. (1989), Thermally-induced microcracking granites:
characterization and analysis. Int. Rock Mech. Min. Sci. & Geomech. Abstr. 26(2), 125–134.
[49] Takarli M., and Prince-Agbodjan W. (2008), Temperature effects on physical properties and
mechanical behavior of granite: Experimental investigation of material damage. J. ASTM Int.
5(3), 13 pgs.
[50] Glover P.W.J., Baud P., Darot M., Meredith P.G., Bonn S.A., Leravalec C, M., Zoussi I, S.,
and Reuschle T.(1995), Alpha /beta phase transition in quartz monitored using acoustic
emissions. Geophys. J. Int. 120(3),775–782.
[51] Nasseri M.H.B., Schubnel A., and Young R.P. (2007), Coupled evolutions of fracture
toughness and elastic wave velocities at high crack density in thermally treated Westerly
Granite. Int. J. Rock Mech. Min. Sci. 44(4), 601–616.
[52] Nasseri M.H.B., Graselli, G., and Mohanty, B. (2009), Fracture toughness and fracture
roughness interrelationship in anisotropic granitic rocks. Rock Mech. Rock Eng. (Submitted).

85

VITA
Igor Faoro was born October 29, 1976 in Italy. He obtained a M.S. in Civil
Engineering in 2004 from the ‚Polytechnic of Turin” with a thesis on ‚Measure
of permeability in porous media, with particular reference to Zeolite”.
Research Assistant and Graduate Student in the Graduate Program in Energy
and Geo-Environmental Engineering at the Department of Energy and Mineral
Engineering at Penn State University since May 2005, he obtained a M.S. in
Energy and Geo-Environmental Engineering in May 2007 with thesis: ‚Evolution
of mechanical and transport characteristics of fractures in Novaculite and
Diorite”. During that period he received the Anne C. Wilson Graduate research
award, Pennsylvania State University, 2005-2006.
Successively he began his PhD in Energy and Geo-Environmental Engineering
and in 2009 he also received the Outstanding Graduate Teaching Assistant award
from the Pennsylvania State University.

