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The objectives of this research are to experimentally determine the effects of
anisotropic stress states on the permeability of porous rocks. Numerical modeling is
performed to study the hydraulic conductivity of rock around single opening in
infinite plate and of pillars between parallel circular openings under deviatoric
stresses. The effort primarily involves conducting constant-head flow test on intact
cylindrical sandstone specimens under a variety of confining pressures and deviatoric
stresses. The rock specimens are prepared from Phu Phan, Phra Wihan and Phu
Kradung formations of Khorat group, representing ones of the aquifers in the north and
northeast of Thailand. Hoek cell is used to apply constant confining pressures (ranging
from 1, 2 to 3 MPa) to the specimens while the axial stress is increased until failure.
During loading the rock permeability in axial direction is monitored by performing
constant-head flow test with water injection pressure up to 0.3 MPa. The changes of
rock porosity are measured from the volumetric changes of the specimen. The
permeability results are presented as a function of confining pressure, deviatoric stress.

The results from the constant head flow tests under deviatoric stress states
suggest that before dilation strength the permeability decreases with increasing
volumetric strain. This is probably due to the contraction of the pore spaces in the
specimen. Within this stage the change of rock hydraulic conductivity to the change

of volumetric strain (AK/Agy ratio) decreases as increasing the confining pressures.



After dilation strength the rock permeability increases with specimen dilation
probably because of the initiation and propagation of micro-cracks due to the applied
axial stress approaching failure. Two finite difference mesh models are constructed
to represent single circular opening in infinite plate and parallel circular tunnels under
deviatoric stresses. The results suggest that the hydraulic conductivity of rock around
single circular tunnel increases from 107 x 10 to 120 x 10™° m/s for PW sandstone,
and 140 x 10" to 300 x 10™ m/s for PK sandstone as the horizontal-vertical stress
ratio decreases from 0.8 to 0.2. The hydraulic conductivity of rock pillars between
parallel circular openings increases from 120 x 10° to 180 x 10° m/s for PW
sandstone, and 350 x 10 to 1350 x 10™> m/s for PK sandstone as the vertical stress

increases from 10 to 40 MPa.
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CHAPTER I

INTRODUCTION

1.1 Background of problems and significance of the study

Hydraulic properties of porous rocks are one of the important parameters in
determining the potential yields of groundwater aquifers and the recovery of oil and
gas reservoirs. It has been commonly found that the confining pressure can notably
reduce the effective porosity of rocks, and subsequently decrease their permeability.
The sensitivity of the rock hydraulic properties to the magnitude of confinement
primarily depends on rock types and their packing density. This finding has been
concluded from many flow tests conducted in the laboratory under controlled-
hydrostatic pressures. In the actual field conditions, however, rocks around
groundwater pumping wells and petroleum production wells are subjected to
anisotropic stress states where the tangential and axial stresses are normally higher
than the radial stress. The difference becomes even greater for a deeper borehole. In
principle the rock deformation and the change of pore spaces under anisotropic stress
state are different from those under isotropic condition. Knowledge and experimental
evidences on how the rock permeability changes under anisotropic stress conditions
have been rare.

It has been experimentally found that permeability of intact rocks is affected
by the confining pressures (Iscan et al., 2006; Shangxian and Shangxu, 2006) and by

deviatoric stresses (Ferfera et al., 1997; Oda et al., 2002; Pusch and Weber, 1998;



Heiland, 2003; Zhou and Shao, 2006). The rock permeability generally decreases
logarithmically with increasing the confining pressures. Under deviatoric stresses the
rock permeability first decreases due to a reduction of pore spaces, and starts to

increase due to the damage growth after the rock is dilated under differential stresses.

1.2 Research objectives

The objectives of this research are to experimentally determine the effects of
anisotropic stress states on the permeability of porous rocks, and numerical modeling in
this research aims at studying the behavior and hydraulic conductivity of rock around
single and parallel circular tunnel in infinite plate under deviatoric stresses. The effort
primarily involves conducting constant-head flow test on intact cylindrical sandstone
specimens under a variety of confining pressures and deviatoric stresses. The
permeability results will be presented as a function of confining pressure, deviatoric
stress, and effective porosity. The research findings will improve our understanding of
hydraulic properties of porous rocks as affected by the magnitudes and directions of the
applied stress. A true understanding of the hydro-mechanical responses of the porous
rocks to the complex stress conditions is necessary for predicting the rates of production

of groundwater from aquifer, or oil and gas from reservoir.

1.3 Research methodology
The research methodology (Figure 1) comprises 5 steps; literature review,
sample collection and preparation, laboratory testing, computer modeling, and thesis

writing and presentation.



Literature Review

:

Sample Collection and
Preparation

'

Constant Head Flow Tests
Under Deviatoric Stress States

l

Numerical Modeling

;

Discussions and Conclusions

Figure 1.1 Research methodology.

1.3.1 Literature review
Literature review is carried out to study the genesis and classification
of fractures, permeability of rock mass, apertures, and stress effects on fracture void
geometry. The sources of information are from text books, journals, technical reports
and conference papers. A summary of the literature review is given in the thesis.
1.3.2 Sample collection and preparation
Sandstone samples are collected from the site. A minimum of 3
sandstone types is tested. Sample preparation is carried out in the laboratory at the
Suranaree University of Technology. Samples prepared for the constant head test are

5 cm in diameter and 10 cm long.



1.3.3 Constant head flow test under various confining pressures.

A constant diameter water pump is used to inject water pressure to one
end of the specimen. The specimen is placed in triaxial cell which is used to applied
constant confining pressures to the rock. The applied confining pressures vary from 1
to 3 MPa. The injected water pressure is about 0.3 MPa which is controlled by using
a regulating valve at the top of nitrogen gas tank. A high precision pipette is use to
collect outflow of water at the other end of the specimen. The measured flow rates at
each confining pressure are measured to calculate the rock permeability.

1.3.4 Numerical modeling

A 2-dimensional finite difference mesh is constructed to graphically
represent the rock formation. The computations use the linear finite element code
“FLAC”. The algorithm of this computer code is designed to calculate the stress and
displacement. It is used to determine elastic zone, plastic zone and volumetric strain.

Results from laboratory measurements in terms of rock permeability
and stress states will be used to construct computer models to simulate or predict the
hydraulic conductivity of the rock around the tunnels during operation.

1.3.5 Thesis writing and presentation
All research activities, methods and results are documented and

complied in the thesis.

1.4 Scope and limitations of the study

The scope and limitations of the research include as follows.
1. Laboratory experiments are conducted on specimens from three formations

of sandstone, including Phu Kra-dueng, Pra Wihan and Phu Phan sandstones.



2. Hoek cell will be used to apply constant confining pressures (ranging from
1, 2 to 3 MPa) to the specimens while the axial stress is increased until failure.

3. The changes of rock porosity are measured from the volumetric changes of
the specimen.

4. All tests are conducted under ambient temperature.

5. Up to 3 samples are tested for each rock type.

6. The minimum size of specimens is 5 cm in diameter and 10 cm long.

7. Water is used as flow medium.

8. No field testing is conducted.

1.5 Thesis contents

Chapter 1 introduces the thesis by briefly describing the background of
problems and significance of the study. The research objectives, methodology, scope
and limitations are identified. Chapter Il summarizes results of the literature review.
Chapter 111 describes the sample collection and preparation. Chapter 1V presents
the results obtained from the constant head flow test under deviatoric stresses.
Chapter V describes the numerical modeling to predict the hydraulic conductivity of
rock around openings. Chapter VI concludes the research results, and provides
recommendations for future research studies. Appendix A provides detailed of

technical publication.



CHAPTER Il

LITERATURE REVIEW

2.1 Introduction

Relevant topics and previous research results are reviewed to improve an
understanding of fluid flow through porous rock. These include (1) permeability of
intact rock, (2) permeability of intact rock, (3) damage growth and permeability
change, (4) effect of fluids on deformations, (5) stress dependent permeability, (6)
permeability-porosity relationship and (7) effect of pore pressure and permeability on

well stability in deep boreholes

2.2 Permeability of rock mass

Indraratna and Ranjith (2001) state that permeability is simply the ability to
conduct fluids, such as water, gas or multi-phase flows (e.g. water + gas, water + gas
+ oil) through porous media, such as soil or rocks. The permeability of
discontinuities is referred to as the fracture permeability or the intrinsic permeability,
whereas intact permeability is referred to as the matrix permeability. Therefore, the

combined permeability of rock mass is given by

k = ke + kny 2.1)

where k is the combined permeability of rock mass, and k¢ and k,, are the individual

fracture permeability and matrix permeability, respectively.



For crystalline rocks, fluid flow through rock matrix is much less than that
through fractures, because the extent of interconnected pores and the pore sizes in hard
rocks is generally small. Permeability can greatly influence the mechanical behavior of
rocks, thereby increasing or decreasing the stability of rock structures. As shown in
Figure 2.1, fluid flow within a rock specimen can take place through either the rock
matrix or interconnected discontinuities or combination of both. Under single-phase
fluid flow, permeability can be divided into three main categories: (1) Matrix
permeability, (2) Fracture permeability and (3) Dual permeability. Application of
fractured and matrix permeability in different locations is shown in Figure 2.2 and the

calculation of permeability is as follows (Indraratna and Ranjith, 2001).

K = % 2.2)

where K is hydraulic conductivity, p is density of the fluid, g is acceleration of

gravity, k is the coefficient of permeability and p is the dynamic viscosity of the fluid

OO
— %O
O )

f 5

(a) (b)

Figure 2.1 (a) Intact rock with voids, where possible flow occurs through
interconnected voids. (b) Specimen with a major discontinuity, where flow occurs

through discontinuity and any interconnected voids (Indraratna and Ranjith, 2001).



Figure 2.2 Application of fracture and matrix permeability in different locations
(Indraratna and Ranjith, 2001).
A = Intact rock (continuum flow) — Matrix permeability,
B = Single discontinuity — Fractured permeability,
C = Two discontinuities — Fractured permeability,
D = Several discontinuities — Fractured permeability,

E = Rock mass — Matrix permeability.



2.3 Permeability of intact rock

Indraratna and Ranjith (2001) state that under steady-state flow rate approach,
for a cylindrical rock specimen, the coefficient of matrix/intact rock permeability (k)

can be written using Darcy’s law:

k, = 23)
D’ (dp/dx)

where q is fluid flow rate through the specimen, dp/dx is the pressure gradient along

the length (dx) of the specimen (Figure 2.3), pu is the dynamic viscosity of the fluid

and D is the diameter of the specimen.

Apart from the hydraulic gradient and surrounding stresses applied on the
specimen, the matrix permeability depends on the properties of the matrix,
characterized by the pore size (voids), shapes and the interconnectivity of voids. If
the fluid traveling through the porous rock is gas, then the component of the matrix

coefficient of air permeability (k) is estimated according to the following equation:

2 L
k, = (—Eque*; (2.4)
pi - pe
where q = gas flow rate, u = dynamic viscosity of gas, L = length of the specimen, A =
cross-section area of specimen, p; = inlet pressure of gas and p. = exit pressure of gas.
If the permeability measurement is based on the transient method, the
following expressions are used to calculate the matrix permeability coefficient. The

pressure pulse decays with time according to the expression given below:
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P, =pee ™ (2.5)

where p; and po are final and initial pressure, respectively, t is the decay time and a is
an empirical constant. The matrix permeability coefficient for transient method is
given by Kranz et al. (1979):
LV,V
o= aBM 172 (26)
A(Vl + V2 )

where B = isothermal compressibility of fluid, A = cross-sectional area, V; and V, =
volume of pore fluid at the top and the bottom of the sample, respectively, L = length
of the specimen and a is calculated using Eqn. 4 for given initial pressure, and for the

time period, t.

Py+dp

dx

5
o
A

Figure 2.3 Pressure gradients along a rock specimen (Indraratna and Ranjith, 2001).
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2.4  Damage growth and permeability change

Oda et al. (2002) study micro cracking (crack growth), along with
accumulation of inelastic strain, taking place in crystalline rock, such as granite, when
it is subjected to differential stress. As a result, growing cracks become
interconnected, completely altering permeability. Therefore, coupling between crack
growth and permeability change must be determined to fully understand the hydro-
mechanical response of rocks subjected to non-hydrostatic stress. Rocks under stress
in the field can be regarded as isotropic porous media, in spite of the fact that cracks
grow preferentially parallel to the major stress.

Trimmer (1982) and Kiyama et al. (1996) carried out transient pulse tests in a
triaxial vessel to clarify permeability change under increasing stress up to failure.
Their tests seemed ideal for that purpose. It should be noted, however, that such tests
might result in serious underestimation of permeability coefficients because dead
zones, where no microcracking occurs, commonly develop at the top and bottom ends
of a triaxially deformed sample (Oda et al., 2002). More importantly, it is not easy to
obtain quantitative data concerning damage growth in such tests.

Risnes et al. (2003) stated that hydrostatic loading is the conventional test
procedure to determine the stress dependence of permeability. However, hydrostatic
tests do not truly reflect the deviatoric stress state that exists in most reservoirs. The
main objective of the present project was to study permeability changes under
deviatoric stresses, like encountered in standard triaxial tests. However in measuring
permeability in a triaxial cell, end effects may be important. The friction between the
axial steel pistons and the sample may cause stress concentrations and thereby a non-

homogeneous strain pattern towards the sample ends. To overcome this problem, the
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cell was modified to have pressure outlets from the mid-section of the sample, with
the pressure tubes connected to the outside of the cell for pressure recording. The cell
was designed for 1.5 in plugs with plug lengths of about 80 mm. Tests were
performed on two types of high porosity outcrop chalk: Li¢ge chalk with porosity
around 40 percent and permeability 1-2 millidarcy, and Aalborg chalk with porosity
around 45 percent and permeability in the range 3-5 millidarcy. Methanol was used as
saturating fluid for the chalks. In addition some sandstone samples from core
material were included. The porosity values were rather high, around 30 %, and the
permeability ranged from around 50 millidarcy to over one darcy. Synthetic oil was
used as saturating fluid for the sandstone samples, to avoid any reactions with clay
minerals. The results so far can be summarized as follows : (1) In almost all the tests,
the permeability calculated by the overall pressure drop is smaller than the mid-
section permeability. The reduction could typically be around 20 %. This means that
end-effects play an important role. (2) The permeability generally decreases with
increasing hydrostatic stresses. This is in agreement with observations from other
sources. (3) During deviatoric phases the average stress level is increasing, but the
changes in permeability are rather small, even if the tests are run beyond the yield
stress. The mid-section permeability seems to show a small increasing trend with
increasing deviatoric stresses after yield. But the yield point does not seem to have
any drastic effect on the permeability. (4) The overall permeability seems in general
to show a decreasing trend under deviatoric stresses. The results indicate that
permeability changes with pressure depletion under reservoir conditions may be much

less than expected from hydrostatic tests or tests uncorrected for end-effects.
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Zhou and Shao (2006) present a coupled model for anisotropic damage and
permeability evolution by using a micro-macro approach. The damage state is
represented by a space distribution of microcrack density. The evolution of damage is
directly linked to the propagation condition of microcracks. The macroscopic free
enthalpy function of cracked material is obtained by using micromechanical
considerations. It is assumed that the microcracks exhibit normal aperture which is
associated with the crack growth due to the asperity of crack faces. By using Darcy’s
law for macroscopic fluid flow and assuming laminar flow in microcracks, the overall
permeability of the representative volume element is obtained by an averaging

procedure taking into account the contribution of crack aperture in each orientation.

2.5 The effect of fluids on deformations

Zhu et al. (2002) investigate the influence of stress on permeability anisotropy
during mechanical compaction, a series of triaxial compression experiments with a
new loading configuration called hybrid compression were conducted on three porous
sandstones. The effective mean and differential stresses in hybrid compression tests
were identical to those in conventional triaxial extension tests. Permeability was
measured along the axial direction in both hybrid compression and conventional
extension tests, which corresponds to flow along the maximum principal stress
direction in the former case and the minimum principal stress direction in the latter
case. Since their loading paths coincide, the comparison of permeability values from
the two types of tests provides quantitative estimates of the development of
permeability anisotropy as a function of effective mean and differential stresses. Our

data show that the permeability evolution is primarily controlled by stress. Before the
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onset of shear-enhanced compaction (C*), permeability and porosity reduction are
solely controlled by the effective mean stress, with negligible stress-induced
anisotropy. With the onset of shear-enhanced compaction and initiation of cataclastic
flow, the deviatoric stress induces enhanced permeability and porosity reduction. The
permeability tensor may show significant anisotropy. Their data indicate that the
maximum principal component of permeability tensor (k;) is parallel to the maximum
principal stress (c;), and the minimum principal component (k3) is parallel to the
minimum principal stress (o3). During the initiation and development of shear-
enhanced compaction, k; can exceed ks by as much as two orders of magnitude. With
the progressive development of cataclastic flow, changes of permeability and porosity
become gradual again, and the stress-induced permeability anisotropy diminishes as k;
and ks gradually converge. Their data imply that permeability can be highly
anisotropic in tectonic settings undergoing cataclastic flow, inducing the fluid to flow
preferentially along conduits subparallel to the maximum compression direction.
However, this development of permeability anisotropy is transient in nature,
becoming negligible with an accumulation of strain of about 10%. The anisotropic
development of permeability in a lithified rock is dominantly controlled by
microcracking and pore collapse. This is fundamentally different from the
mechanisms active in unconsolidated materials such as sediments and fault gouges, in
which the permeability evolution is primarily controlled by the development of fabric

and shear localization via the accumulation of shear strain.
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2.6  Stress dependent permeability

Dautriat et al. (2007) state that mechanical effects are of great importance
during reservoir production and induce sensible changes of the transport properties.
This work focuses on the forecast of the change of porosity and permeabilities of
reservoir rocks submitted to hydrostatic and deviatoric stress states representative of
the field conditions. To predict these evolutions, they need to perform flow
experiments with representative stress conditions. Their triaxial cell was designed to
achieve this purpose and allows the measurement of permeabilities in the directions
along and transverse to the principal direction of stresses. A good knowledge of the
rock microstructures is also fundamental to choose the correct set of parameters for
the simulation tools, and the input from our micro scanner facility is therefore of great
importance. Using their directional permeability triaxial apparatus, They applied
different stress paths to sandstones and carbonates samples and the evolutions of
porosity and permeabilities were monitored during loading. They performed a
microstructural analysis of these rocks using Mercury Porosimetry and Computed
Micro Tomography imaging. From the 3D reconstructions, they extracted the poral
network skeletons and the associated pore and throat size distributions. Then they
performed two kinds of pore network modeling, one based on the real pore geometry
and another based on a statistical description, to calculate the macroscopic transport
properties. They included a model of pressure dependence of pore and throat sizes,
based on deformation of porous inclusions in the framework of elasticity theory, to
simulate the evolution of the transport properties with pressure. This model requires
the knowledge of the elastic moduli of the rocks which were determined

experimentally from the compression experiments. They show that the experimental
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determination of the evolution of directional permeabilities under hydrostatic and
deviatoric stress conditions is feasible. The pressure dependences can be of valuable
importance and therefore influence of mechanical effects should be investigated in
experimental transport studies. Finally, they show that pore network modeling
associated with CMT imaging can be used to forecast the pressure evolution of
transport properties and therefore to understand the reservoir response to production.

Pusch and Weber (1998) state that the conversion of rock properties like
porosity and permeability to downhole or in-situ conditions is routinely based on
compressive stress-strain relationships. In a stress field, which is free from sinks and
sources, isostatic stress conditions can be assumed in underground porous formations.
This situation however changes in the vicinity of shafts, wells, storage caverns,
tunnels and underground galeries, where the tangential and radial stress are different
at the wall of the cavity. As a consequence the deformation of the rock leads to
embrittlement, microfracturing, fracture and disintegration of rock zones and
transportation of rock fragments (sand production). The whole spectrum of
phenomena from dislocation to fracturing is controlled by the continuum-mechanics
principle. For a variety of materials — unconsolidated and consolidated sands,
crystalline rocks, clay, rock salt etc. — the stress-strain relationship is well defined
from elastic to viscous behavior, comprising all intermediate stages of elastoplastic to
viscoplastic state. The most complicated material behavior of salt rocks even
includes time dependent effects, like creeping, which has to be taken into account in
rock mechanical models.

The deformation of porous media is mathematically characterized by the

superposition of elastic and non-elastic strain components. If the deviatoric stress
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ratio that is the ratio of the maximum and the minimum normal stress is low, the
compression-state of pore space deformation dominates. If a critical stress ratio is
exceeded, the increasing shear tension leads to an extension of the pore volume
(dilatancy). The mathematical algorithms for the correlation of stress — strain —
permeability relations are based on power law functions and the cubic root law for the
permeability of fissure-networks. Walsh (1981) and Witherspoon (1980) have
described such functions for crystalline rocks, Ali (1987) and Wilhelmi and Somerton
(1967) for sedimentary rocks. An example is shown in Figure 2.4.

For increasing deviatoric stress ratios, Holt (1989) describes a pronounced
permeability reduction for North Sea reservoir rocks (sandstones), if the elastic
deformation boundary of roughly 70 MPa is exceeded. This may lead to plastic
deformation of the near wellbore zone and to sand production. In compression
experiments with Dalquhandy-sandstone Smart (1992) observes a permeability and
corresponding strain minimum, which leads to disintegration of the rock. Zoback and
Byerlee (1975) have performed experiments with Westerly-granite and correlates a
pore volume and permeability dilatancy with the deviator stress after exceeding the

critical stress ratio 6, /o3, as it is shown in Figure 2.5.

2.7 Permeability-porosity relationship

Ghabezloo et al. (2008) presented the evaluation of the permeability-porosity
relationship in a low permeability porous material using the results of a single
transient test. This method accounts for both elastic and non-elastic deformations of
the sample during the test and is applied to a hardened class G oil well cement paste.

An initial hydrostatic undrained loading is applied to the sample. The generated
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excess pore pressure is then released at one end of the sample while monitoring the
pore pressure at the other end and the radial strain in the middle of the sample during
the dissipation of the pore pressure. These measurements are back analyzed to
evaluate the permeability and its evolution with porosity change. The effect of creep
of the sample during the test on the measured pore pressure and volume change is
taken into account in the analysis. This approach permits to calibrate a power law
permeability-porosity relationship for the tested hardened cement paste. The porosity
sensitivity exponent of the power-law is evaluated equal to 11 and is shown to be

mostly independent of the stress level and of the creep strains.

2.8  Effect of pore pressure and permeability in deep boreholes
Stavrogin and Tarasov (2001) state that boreholes which penetrate a zone of
high-level compressive stress change the stress state in the rock mass surrounding the
borehole. This stress state is defined by the principal stresses: 6,>6,>63. Values of
the principal compressive stresses around a borehole can be determined, for example,

by the equations formulated are as follow (Spivak and Popov, 1986):

6,=6,=-(P,, ~P,, JRI/R>~P (2.6)
c,=0,=-P_, (2.7)
63 = Gr = (7\‘ch0 - th )I{ihﬂ{2 - 7\‘cho' (28)

where Py, is the magnitude of the lithostatic or geostatic pressure; Py, is the

hydrostatic pressure of the column of drilling fluid exerted on the borehole wall; A is
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the coefficient of lateral outward thrust; Ry, is the borehole radius; R is the distance
from borehole axis to the point under study in the rock mass.

The various stresses and graphic indicating the stress distribution around a
borehole are shown in Figure 2.6. Graphs were plotted for the case A = 1 and pgr=
0.5prock, Where pgr and prock are the specific gravity of the drilling fluid and rock
respectively. In this computation scheme, Archimedian forces are not taken into
account since they are not of major significance in the investigations.

The rock immediately adjacent to the borehole wall is subjected to the most
extreme conditions since tangential stresses op reach their maximum value here,
while the radial stress o;, which determines the magnitude of triaxial confining
pressure on the rock and hence its strengths are minimum. The latter assertion
follows from the results of studies in which it was experimentally established that
under conditions of non-uniform triaxial (volumetric) compression of the type 6;>c,
>03, the resistance of rock to loading is determined by the value of the minimum
principal stress 63 and depends only slightly on the intermediate stress 6>. Where
pressure is not exerted by a drilling mud on the borehole wall, however, i.e., under
Py=0, the radial stresses 6,=0, the rock in the borehole wall is subjected to conditions
of plane stress and the rock strength is close to the uniaxial compressive strength.
One function of the drilling mud is to increase the stability of the borehole wall. The
pressure exerted by the mud on the borehole wall acts, on the one hand, to increase
the value of &, to a value determined by the weight of the overlying fluid column and,
on the other, to reduce the value of Gy. Experience in drilling deep boreholes has

shown that drilling mud does not always fulfill this stabilization role. Increase in the
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specific gravity of the fluid (or mud weight) very often produces the opposite effect,

i.e., a reduced stability of the borehole wall.
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Figure 2.6 (a) Notation of stresses around a vertical borehole and (b) graphs showing

the distribution of elastic stresses along a horizontal drawn from the

borehole axis (Spivak and popov, 1986).
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CHAPTER Il

SAMPLE PREPARATION

3.1 Introduction

Sandstone specimens selected for this research are from three sources: Phu
Phan, Phra Wihan and Phu Kradung formations (hereafter designated as PP, PW and
PK sandstones). They belong to the Khorat group and widely expose in the north and
northeast of Thailand. They also have significant impacts on long-term stability of
many engineering structured in the region (e.g., embankments and foundations of

highways, railways and reservoirs, dam abutments and tunnels).

3.2 Samples collection

The selection criteria are that the rock should be homogeneous as much as
possible. This is to minimize the intrinsic variability of the test results. Sample
preparation has been carried out for a series for constant head flow testing. It is
conducted in the laboratory facility at the Suranaree University of Technology. The
process includes coring, cutting and grinding (Figures 3.1 through 3.3). Preparation
of these samples follows the ASTM standards (ASTM D4543-08) with a nominal
dimension of 5 cm in diameter and 10 cm long. A minimum of six specimens are

prepared for each rock type.



Figure 3.1 Laboratory core drilling. The core drilling machine (model SBEL 1150)

is used to drill core specimens using diamond impregnated bit with

diameter of 54 mm.
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Figure 3.2 A core specimen of PK sandstone is cut to length by a cutting machine.

PW sar dstone PP sandstone PK sandstone

Figure 3.3 Some sandstone specimens prepared for the constant head flow test under

deviatoric stress states.
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3.3 Mineralogical study

The mineral compositions of the rock samples are determined by using X-ray
diffraction method. Table 3.1 gives the results of the X-ray diffraction analysis. The
mineral compositions determined will be used as data basis to explain the pore space

of rock that affects to the hydraulic conductivity.

Table 3.1 Mineral compositions of three sandstones determined by X-ray diffraction

analysis.
Mineral Compositions
vy | Grain Size .
ROCks(g/cc) (mm) sorting Quartz | Albite | Kaolinite | Feldspar | Mica
(%0) (%0) (%0) (%0) (%0)
PW |2.35( 1.5-2.0 well 99.47 - 0.53 - -
PP |2.45| 1.5-2.0 well 98.40 - - - 1.60
PK [2.63| 0.1-1.5 |[moderate|] 48.80 | 46.10 5.10 - -
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CHAPTER IV

LABORATORY EXPERIMENT

4.1 Introduction

The objectives of laboratory experiment is to determine the effects of
anisotropic stress states on the permeability of sandstone specimens, and to develop a
mathematical relationship between the hydraulic properties with the deviatoric stress
and strain conditions. The effort primarily involves conducting constant-head flow
tests on intact cylindrical sandstone specimens under a variety of confining pressures
and deviatoric stresses. The permeability results are presented as a function of

deviatoric stresses and induced volumetric strain.

4.2 Test method

Constant head flow tests have been performed to assess the effects of
deviatoric stresses on the intact sandstone permeability. Figures 4.1 and 4.2 shows
the laboratory arrangement of the constant head flow test under deviatoric stresses.
After the constant confining pressure is applied using a Hoek cell, the axial stress is
increased until failure occurs. The constant confining pressures varied from 1, 2 to 3
MPa. The flow is measured every 6.9 MPa axial stress increment. The injected water
pressure is maintained at 0.27 MPa (40 psi) using constant diameter water pump
connected to a nitrogen gas tank via a regulating valve. A high precision pipette is

used to collect the excess oil released from the triaxial cell by the specimen dilation.
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All specimens have the core axis normal to the bedding planes (Figure 4.3). A total
of 3 specimens are tested for each sandstone.
The hydraulic conductivity of the specimen (K) is calculated by assuming that

the Darcy’s law is valid (Indraratna and Ranjith, 2001):

K = 4qu / [rD*(dp/dx)] 4.1

where q is water flow rate through the specimen (cm?/s), p is the dynamic viscosity of
the water (N-s/cm?), D is the specimen diameter (cm?), and dp/dx is the pressure
gradient along the length of the specimen.

The excess oil released from the triaxial cell by the specimen dilation is used

to calculate the volumetric strain (gy) of the specimen during loading:

ey = (Vo — Vs) / VR (42)

where Vo is the excess oil volume, Vs is the volume of oil displaced by loading

platen, and Vy is the volume of rock specimen.

4.3 Test results

Figures 4.4 through 4.12 give the permeability results for PW, PP and PK
sandstone specimens as a function of volumetric strain (ey). They are compared with
their corresponding stress-strain curves obtained under various confining pressures
(03). The hydraulic conductivity is calculated by using equation (4.1). Before
dilation the permeability of PW, PP and PK sandstone decreases with increasing the

deviatoric stress. This agrees with the experimental by Ferfera et al. (1997), Pusch
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and Weber (1998), Oda et al. (2002) and Heiland (2003). Table 4.1 summarizes the

flow test result under deviatoric stresses.

Table 4.1 Results of flow testing under deviatoric stresses.

Sample p E Dilation | Ultimate | Pre-failure |Post-failure
No. (Mlga) GPa) | ¥ Strength | Strength |  Ak/As, Ak/Aep
(MPa) | (MPa) | (x10° m/s) |(x10° m/s)
PWSS-01 1 9.66 | 0.33 42 65 -23.00 -3.15
PWSS-02 2 8.66 | 0.35 37 55 -19.13 -3.82
PWSS-03 3 8.52 | 0.33 55 88 -15.02 -4.41
Standard deviation 45+10 69+19
PPSS-01 1 11.58 | 0.27 60 78 -0.042 -1.31
PPSS-02 2 12.77 | 0.27 61 79 -0.023 -1.31
PPSS-03 3 13.0 | 0.26 92 106 -0.002 -0.13
Standard deviation 76+16 88+18
PKSS-01 1 7.47 | 0.27 58 70 -0.013 -0.61
PKSS-02 2 7.70 | 0.30 60 75 -0.008 -0.91
PKSS-03 3 7.39 | 0.31 55 71 -0.007 -0.41
Standard deviation 58+3 73+3

Regulating valve Pipette collecting

water outflow Pipette collecting

excess oil volume

N | e .
” g dia. 5 cm
10 cn?l: g
Constant Specimen
diameter
water pump

Figure 4.1 Laboratory arrangement for constant head flow tests of sandstone

cylindrical specimen under deviatoric stress.
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Figure 4.2 Laboratory arrangement for constant head flow tests of sandstone cylindrical

specimen under deviatoric stress.
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Figure 4.3 Applied principal stress directions with respect to the bedding planes for

all specimens.
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Figure 4.4 Permeability of Phra Wihan sandstone specimen tested under confining pressure

of 1 MPa (top) with the corresponding stress-strain curves (bottom).
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Figure 45 Permeability of Phra Wihan sandstone specimen tested under confining

pressure of 2 MPa (top) with the corresponding stress-strain curves (bottom).
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Figure 4.6 Permeability of Phra Wihan sandstone specimen tested under confining

pressure of 3 MPa (top) with the corresponding stress-strain curves (bottom).
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Figure 4.7 Permeability of Phu Phan sandstone specimen tested under confining pressure

of 1 MPa (top) with the corresponding stress-strain curves (bottom).
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Figure 4.8 Permeability of Phu Phan sandstone specimen tested under confining pressure

of 2 MPa (top) with the corresponding stress-strain curves (bottom).
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Figure 4.9 Permeability of Phu Phan sandstone specimen tested under confining pressure

of 3 MPa (top) with the corresponding stress-strain curves (bottom).



36

10 3
@ 13
k= ] ,
o 1 Post-failure
% 1 AK/Agp=-0.415x10"° m/s
M _ .
0.1 §—m
] Pre-failure N7
1 AK/Ag, = -0.013x10 m/s
0‘01 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1

0 1 2 3 4 5 6
Volumetric Strain(milli-strains)

Fay
| N B B N B [N SN B B N B B B BN () AN HN R NN S B B B B B N I B B B B

-15 -10 -5 0 5 10 15
milli-strains

Figure 4.10 Permeability of Phu Kradung sandstone specimen tested under confining

pressure of 1 MPa (top) with the corresponding stress-strain curves (bottom).
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Figure 4.11 Permeability of Phu Kradung sandstone specimen tested under confining

pressure of 2 MPa (top) with the corresponding stress-strain curves (bottom).
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Figure 412 Permeability of Phu Kradung sandstone specimen tested under confining

pressure of 3 MPa (top) with the corresponding stress-strain curves (bottom).
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4.4 Discussions

The permeability-to-volumetric strain ratio (AK/Aey) before dilation strength,
and the permeability-to-dilation strain (AK/Aep) ratio after dilation strength are
calculated. Before dilation strength the permeability decreases with increasing
volumetric strain. This is probably due to the contraction of the pore spaces in the
specimen. Within this stage the AK/Aey ratio decreases as increasing confining
pressure. After dilation strength the rock permeability increases with specimen
dilation probably because of the initiation and propagation of micro-cracks due to the

applied axial stress approaching failure.



CHAPTER V

NUMERICAL MODELING

5.1 Objective

The numerical modeling in this research aims at studying the deformation and
failure behavior and hydraulic conductivity of two hypothetical cases: (1) rock around
single opening in infinite plate and (2) parallel circular opening under deviatoric
stresses. The analysis determines the increase of rock hydraulic conductivity in
elastic and plastic zones under deviatoric stresses. Results from the mechanical
deformation analysis are used in the evaluation of the changes of rock permeability as
affected by the applied stresses. Properties from PW and PK sandstones are used in

the numerical modeling.

5.2 Rock properties for computer modeling

Before performing the computer analysis, physical and mechanical properties
of sandstone rock are specified in the calculation. FLAC program (Itasca, 1992) is
employed for this research. The major and significant constants in the models are
elastic modulus and Poisson’s ratio of the rock. They are obtained from the constant
head flow test in the triaxial compressive strength test. Cohesion, tensile strength, and
basic friction angle of PW and PK sandstones are taken from Walsri et al. (2008).
Table 5.1 summarizes the basic mechanical properties as obtained from the
laboratory. The maximum (o;) and minimum (o3) principal stresses have been varied

from 0.2, 0.4, 0.5, 0.6 to 0.8.
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Table 5.1 Summary of the basic mechanical properties as obtained from

Walsri et al. (2009).

Basic Mechanical Properties PW Sandstone PK Sandstone
Elastic Modulus

(measured from loading curves) (GPa) 8.66 7.70
Poisson’s Ratio 0.35 0.30

Cohesion (MPa) 10 19

Tension (MPa) 6.7 8.7

Internal Friction Angle (degrees) 58 50
Dilation Angle (degrees) 29 25

5.3 Finite difference simulations

Two finite difference mesh models are constructed to represent the single
circular opening in infinite plate and the parallel circular openings under deviatoric
stresses. The first model (Model A) represents a single circular opening in infinite
plate, and the second model (Model B) analyzes the parallel circular opening under
deviatoric stress states. They are analyzed in axis symmetry and plain strain by
assuming strain in z-axis is zero.

5.3.1 Single circular opening in infinite plate under deviatoric stresses

In the modeling of the opening, two-dimensional finite difference
mesh is created in x-y axis. The third dimensional with z-axis is omitted because this
analysis is a plane strain analysis by assuming strain in z-axis to be zero. For the best
efficiency, finite difference mesh represents only one-fourth of the domain due to the
symmetry. The opening model is under deviatoric stresses of o3/, of 0.2, 0.4, 0.5,

0.6 and 0.8. The variables used in FLAC simulations are shown in Table 5.2.
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Figure 5.1 illustrates the model A created from a quarter of circular
cross-section with a radius of 4 m. Distance from the right and upper boundaries to
the center is 20 m, or equals 5 times of the opening radius. The stresses applied on
the top and the right sides are different. The upper and the right boundaries are
allowed to freely displace in both x- and y-directions. The left boundary which is a
symmetric axis separates the opening in two parts. The y-axis can move in y-direction
but not in x-direction. The lower boundary is a symmetrical axis that separates the
opening into two parts and the x-axis is fixed in y-direction. In order to clearly
illustrate the boundary of the opening in finite difference mesh, elements in the
opening are not shown in the figure.

An assumption used in this study is that the opening is a single
opening which locates far from any other underground structure, at least 5 times of its
radius. This is to prevent the mechanical effect that may be caused by the adjacent

structures.

Table 5.2 Variables used in FLAC simulations for single circular opening in

infinite plate with 4 m radius.

Maximum Minimum
Series Principal Stress Principal Stress K=04/01
(c1) (c3)
(MPa) (MPa)

20 4 0.2
1 20 8 0.4
20 12 0.6
20 16 0.8
10 5 0.5
) 20 10 0.5
30 15 0.5
40 20 0.5
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For the elastic-plastic materials assumed here, the algorithm in FLAC
defines that the plastic deformation will occur after the induced deviatoric stresses
exceed the rock strength. The rock strength is defined here using the Coulomb
criterion with the parameters given in Table 5.1. As a result in the elastic zone the
deviatoric and volumetric strains are calculated from the rock elastic parameters. In
the plastic zone (where the deviatoric stress exceeds rock strength) the deviatoric and
volumetric strains are determined based on an assumption that the material behaves as
perfectly plastic after failure occurs, as shown in Figure 5.2.

The volumetric strains calculated for the elastic zone and plastic zone
are independently used to determine the increase of the rock permeability, i.e. by the

following relation:

AK = A-Ag, (5.1)

where A is empirical constant (AK/Aey) obtained from chapter IV, which depends on
rock material.

Once the distribution of the volumetric strain is obtained from the
FLAC computation, the increase of the rock hydraulic conductivity (AK) can be
calculated. By point-by-point summation of the permeability increase (AK) with the
initial permeability (K,) of the rock, the absolute increase of the rock hydraulic
conductivity can be obtained. Table 5.3 summarizes the initial hydraulic conductivity

of the tested sandstone



Table 5.3 Initial hydraulic conductivity of sandstone specimens.
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Rocks Ko (M/s)
Phra Wihan Sandstone 100x10”°
Phu Phan Sandstone 1x10°
Phu Kradung Sandstone 50x107"
G,
)
> |
¥
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G3
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L -l
r
1

5

Figure 5.1 Finite difference mesh for modeling single circular opening in infinite

media (Model A).
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Figure 5.2 Constitutive relation assumed in this analysis.

5.3.2 Results

The finite difference results indicate that the maximum volumetric
strain of horizontal-to-vertical stress ratio (k) of 0.2, 0.4, 0.6 and 0.8 are 0.2x107 ,
0.14x107, 0.1x10™ and 0.07x10” for Phra Wihan sandstone and 0.25x107, 0.2x107,
0.16x107 and 0.1x107 for Phu Kradung sandstone. The vertical stress is constant at
10 MPa and the horizontal stress varied from 2, 4, 6 to 8 MPa. Due to the distribution
of volumetric strain the hydraulic conductivity is increased. The maximum hydraulic
conductivity of horizontal-to-vertical stress ratio of 0.2, 0.4, 0.6 and 0.8 are 120><10'9,
116x107°, 112x10” and 107x10° m/s for Phra Wihan sandstone and 300x107'%
250x107%, 190x107 and 140x10™"? for Phu Kradung sandstone.

From the modeling of horizontal-to-vertical stress ratio of 0.5 it is
found that the maximum volumetric strains for vertical stress of 10, 20, 30 and 40

MPa are 0.12x107, 0.2x10°, 0.3x10° and 0.4x107 for Phra Wihan sandstone and
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0.15X10'3, 0.3x107, 0.4x10” and 0.6x10° for Phu Kradung sandstone sandstone.

The maximum hydraulic conductivity for the vertical stresses of 10, 20, 30 and 40

MPa are 114x107, 124x10”, 140x10™ and 150x10” m/s for Phra Wihan sandstone

and 123x107"2, 380x10"2, 550x10" and 650x10™* m/s for Phu Kradung sandstone.
5.3.2.1 Effect of horizontal-to-vertical stress ratio (k)

Comparison of hydraulic conductivity of rock around opening
as affected by the difference between the horizontal-to-vertical stress ratio reveals that
the hydraulic conductivity is higher for the opening with lower k. The maximum
hydraulic conductivity increased from 107 x 10 to 120 x 10” m/s for PW sandstone
and 140 x 107 to 300 x 10™* m/s for PK sandstone as the horizontal-to-vertical stress
ratio decreases from 0.8 to 0.2. Figures 5.2 to 5.9 show the comparison of the
hydraulic conductivity around the opening wall, in x- and y-directions for 4 different
horizontal-to-vertical stress ratios.

5.3.2.2 Effect of magnitudes of stress

Comparison of the hydraulic conductivity of rock around the
opening with k = 0.5, shows that the maximum hydraulic conductivity increased from
120x10” to 150x10™ m/s for PW sandstone and 123x10™'* to 650x10™"* m/s for PK
sandstone as the vertical stress increases from 10 to 40 MPa. Figures 5.10 to 5.17
show the comparison of the hydraulic conductivity at the opening wall with
horizontal-vertical stress ratio of 0.5.

The comparison of the plastic zone of rock around the opening
reveals that the plastic zone is small for the opening under low stresses. The plastic

zone increases as the stresses increases.
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Figure 5.3 Volumetric strain and permeability of Phra Wihan sandstone simulated
around single circular opening subjected to 5;=10 MPa and ;=2 MPa

(v=0.35, E=8.66 GPa).
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Figure 5.4 Volumetric strain and permeability of Phra Wihan sandstone simulated
around single circular opening subjected to ;=10 MPa and c3;=4 MPa

(v=0.35, E=8.66 GPa).
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Figure 5.5 Volumetric strain and permeability of Phra Wihan sandstone simulated

around single circular opening subjected to ;=10 MPa and 63=6 MPa

(v=0.35, E=8.66 GPa).
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Figure 5.6 Volumetric strain and permeability of Phra Wihan sandstone simulated

around single circular opening subjected to ;=10 MPa and ;=8 MPa

(v=0.35, E=8.66 GPa).
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Figure 5.7 Volumetric strain and permeability of Phu Kradung sandstone simulated
around single circular opening subjected to o;=10 MPa and o3;=2 MPa

(v=0.30, E=7.70 GPa).
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Figure 5.8 Volumetric strain and permeability of Phu Kradung sandstone simulated
around single circular opening subjected to ;=10 MPa and c;=4 MPa

(v=0.30, E=7.70 GPa).
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Figure 5.9 Volumetric strain and permeability of Phu Kradung sandstone simulated
around single circular opening subjected to o;=10 MPa and c;=6 MPa

(v=0.30, E=7.70 GPa).
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Figure 5.10 Volumetric strain and permeability of Phu Kradung sandstone simulated
around single circular opening subjected to ;=10 MPa and 5;=8 MPa

(v=0.30, E=7.70 GPa).
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Figure 5.11 Volumetric strain and permeability of Phra Wihan sandstone simulated
around single circular opening subjected to ;=10 MPa and 53;=5 MPa

(v=0.30, E=7.70 GPa).
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Figure 5.12 Volumetric strain and permeability of Phra Wihan sandstone simulated
around single circular opening subjected to 5;=20 MPa and ;=10 MPa

(v=0.30, E=7.70 GPa).
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Figure 5.13 Volumetric strain and permeability of Phra Wihan sandstone simulated

around single circular opening subjected to ;=30 MPa and 55=15 MPa

(v=0.30, E=7.70 GPa).
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Figure 5.14 Volumetric strain and permeability of Phra Wihan sandstone simulated

around single circular opening subjected to ;=40 MPa and 53;=20 MPa

(v=0.30, E=7.70 GPa).
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Figure 5.15 Volumetric strain and permeability of Phu Kradung sandstone simulated
around single circular opening subjected to o;=10 MPa and c3;=5 MPa

(v=0.30, E=7.70 GPa).
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Figure 5.16 Volumetric strain and permeability of Phu Kradung sandstone simulated
around single circular opening subjected to 5;=20 MPa and ;=10 MPa

(v=0.30, E=7.70 GPa).



54

O 30 MPa
\ 4
8/ d K (<1072 m/s)
%\ AV
G3
7 -
8 / 15 MPa
Qo
2 7
Elastic Zone & (x107)

Figure 5.17 Volumetric strain and permeability of Phu Kradung sandstone simulated
around single circular opening subjected to 6;=30 MPa and c3;=15 MPa

(v=0.30, E=7.70 GPa).
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Figure 5.18 Volumetric strain and permeability of Phu Kradung sandstone simulated
around single circular opening subjected to o;=40 MPa and ;=20 MPa

(v=0.30, E=7.70 GPa).
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5.3.3 Horizontal parallel circular opening under deviatoric stresses
For this modeling, two-dimensional finite difference mesh is created in
x-y axis. The third dimensional with z-axis is omitted because this analysis is a plane
strain analysis by assuming strain in z-axis to be zero. For the best efficiency, finite
difference mesh represents a half of the domain due to the symmetry. The opening
model is under vertical stresses varied from 10 to 40 MPa. The variables used in

FLAC simulations are shown in Table 5.4.

Table 5.4 Variables used in FLAC simulations for horizontal parallel opening.

Opening Opening Vertical
depth (m) | radius (m) | Stress (MPa)

10
20
30
40
10
20
30
40

Rocks

Phra Wihan Sandstone 16 4

Phu Kradung Sandstone 16 4

Figure 5.18 illustrates the model B created from a half of circular cross
section with a radius of 4 m. Distance from the center-to-center of the opening is 16
m. The stress applied on the top is vertical stress. The upper boundary is allowed to
freely displace in both x- and y-directions. The left boundary which is a symmetric
axis separates the opening in two parts. The y-axis can move in y-direction but not in

x-direction. The lower and right boundaries are symmetrical axis that separates the
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opening into many parts, the x-axis is fixed in y-direction and y-axis is fixed in x-
direction. In order to clearly illustrate the boundary of the opening in finite difference

mesh, elements in the opening are not shown in the figure.

Figure 5.19 Finite difference mesh for modeling parallel circular opening (Model B).
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5.3.4 Results

From the modeling of parallel circular openings under the vertical
stress of 10, 20, 30 and 40 MPa it is found that the maximum volumetric strains are
0.2x107, 0.4x107, 0.6x10” and 0.8x10” for Phra Wihan sandstone, and 0.3x107,
0.6x107, 0.9x107 and 1.2x10° for Phu Kradung sandstone. Due to the induced
volumetric strain the hydraulic conductivity is increased. The maximum hydraulic
conductivity for the vertical stresses of 10, 20, 30 and 40 are 120x10°, 135x107,
155%10” and 180x10” m/s for Phra Wihan sandstone, and are 350><10'12, 650><10'12,
950%x10™'* and 1350x10™"* m/s for Phu Kradung sandstone.

Comparison of the maximum hydraulic conductivity with the vertical
stresses of 10, 20, 30 and 40 MPa indicate that the hydraulic conductivity of rock
pillar between parallel circular openings increased from 120 x 10 to 180 x 10” m/s
for Phra Wihan sandstone, and from 350 x 10™? to 1350 x 10" m/s for Phu Kradung
sandstone as the vertical stress increases from 10 to 40 MPa. Figures 5.19 to 5.26

show the comparison of the hydraulic conductivity in the pillars.



Plastic Zone

Figure 5.20 Volumetric strain and permeability of Phra Wihan sandstone simulated

around horizontal parallel tunnel subjected to o,=10 MPa (v=0.35,

E=8.66 GPa).
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Figure 5.21 Volumetric strain and permeability of Phra Wihan sandstone simulated

around horizontal parallel tunnel subjected to o,=20 MPa (v=0.35,

E=8.66 GPa).
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Figure 5.22 Volumetric strain and permeability of Phra Wihan sandstone simulated
around horizontal parallel tunnel subjected to o,=30 MPa (v=0.35,

E=8.66 GPa).
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Figure 5.23 Volumetric strain and permeability of Phra Wihan sandstone simulated
around horizontal parallel tunnel subjected to o;=40 MPa (v=0.35,

E=8.66 GPa).



60

Plastic Zone —__

gy (x107) K (<107 m/s)

Figure 5.24 Volumetric strain and permeability of Phu Kradung sandstone simulated
around horizontal parallel tunnel subjected to o;=10 MPa (v=0.30,

E=7.70 GPa).
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Figure 5.25 Volumetric strain and permeability of Phu Kradung sandstone simulated
around horizontal parallel tunnel subjected to ;=20 MPa (v=0.30,

E=7.70 GPa).
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Figure 5.26 Volumetric strain and permeability of Phu Kradung sandstone simulated

around horizontal parallel tunnel subjected to ;=30 MPa (v=0.30,

E=7.70 GPa).
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Figure 5.27 Volumetric strain and permeability of Phu Kradung sandstone simulated

around horizontal parallel tunnel subjected to ;=40 MPa (v=0.30,

E=7.70 GPa).



CHAPTER VI
DISCUSSIONS, CONCLUSIONS AND

RECOMMENDATIONS FOR FUTURE STUDIES

6.1 Discussions and conclusions

The results from the constant head flow tests under deviatoric stress states
indicate that before dilation strength the rock permeability of PW, PP and PK
sandstones decreases with increasing volumetric strain due to the contraction of the
pore spaces in the specimen. Within this stage the AK/Aey ratio decreases as
increasing the confining pressure. After dilation strength the rock permeability
increases with specimen dilation because of the initiation and propagation of micro-
cracks due to the applied axial stress approaching failure. This agrees with the
experimental results by Ferfera et al. (1997), Pusch and Weber (1998), Oda et al.
(2002) and Heiland (2003).

Analytical work that supported the laboratory testing is the numerical analysis
to study the displacement and hydraulic conductivity of the sandstone under deviatoric
stress states around the opening. Evaluation from the hydraulic conductivity of rock
around the opening can be concluded that the hydraulic conductivity of rock around
single circular opening increases as the horizontal-to-vertical stress ratio decreases,
and increases with the mean stress increases. The hydraulic conductivity of rock

pillars between the parallel circular openings increases as the vertical stress increases.
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The findings from this research have improved our understanding of the
hydraulic properties of porous rocks as affected by the magnitudes and directions of
the applied stress. A true understanding of the hydro-mechanical responses of the
porous rocks to the complex stress conditions is necessary for predicting the rates of
production of groundwater from aquifer, or oil and gas from reservoir. The AK/Aeg,
ratio apparently depends on rock type. For rock with large dilation a high ratio is
expected. A higher AK/Ag, ratio will result in a large increase of the rock permeability
under dilation stage. The results from this research probably under estimate the in-situ
rock permeability in dilation zone because the post-failure of the brittle rocks is likely
to yield system of fracturing, and hence leading to a much higher hydraulic
conductivity.

The data interpretation and analysis performed here assume that the rock
permeability under deviatoric stresses is isotropic and can be represented by a scalar
form. The actual rock permeability beyond the dilation strength may not be isotropic

due to the orientation of the induced microcracks within the specimen.

6.2 Recommendations for future studies

The study in this research can be taken as a preliminary guideline and process
of study and design. More laboratory testing should be performed using the higher
confining pressures with larger specimens. The higher water injection pressures are
needed to accelerate the test duration. The rock permeability as affected by the
bedding plane should also be studied. The rock permeability under deviatoric stresses

of maximum, intermediate and minimum principal stresses should be evaluated.
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Flow testing of sandstone fractures under normal and shear
stresses

N. Akkrachattrarat, P. Suanprom, J. Buaboocha & K. Fuenkajorn
Geomechanics Kesearch Unit, Suranaree University of Technology, Thailand

Keywords: Permeability, fracture, aperture, shear stress, deviatoric stress

ABSTRACTS: Flow tests have been performed to determine hydraullc conductivity of intact
sandstone speclmens under conflning pressures and devilatoric stresses, and of tenslon-
Induced fractures under normal and shear stresses. The results indicate that the Intact
sandstone permeability decreases with increasing volumetric strain before dilaton strength
probably due to the closure of volds and micro-cracks, and Increases with the specimen
dilatlon after the dilatlon strength probably due to the initlation and propagatlon of cracks and
fractures. The physical aperture e, and hydraulic aperture e, Increase with shearing
displacement, particularly under high normal stresses. The magnitudes of fracture
permeabllity under no shear and under peak shear stress are similar. The K, Is about an order
of magnitude greater than K, particularly in the resldual shear reglon. Both tend to decrease
exponentially with Increasing normal stress. The difference between the permeablility under
residual shear stress and that under peak stress becomes larger under higher normal stresses.
The fracture hydraulic conductivities exponentially decrease from 10000x10°® m/s to 100x10°
® m/s as the normal stresses are increased from 0.35 MPa to 2.06 MPa. Under normal stress
alone a permanent fracture closure Is usually observed after unloading as evidenced by the
permanent reduction of the measured flow rates.

1 INTRODUCTION

Groundwater In rock mass Is one of the key factors governing the mechanical stability of
slope emhankments, underground mines and tunnels. The lack of proper understanding of
the water pressure and flow characteristics in rock mass makes it difficult to predict the water
Inflow for underground mines and tunnels under complex hydro-geological environments.
Unlike those in the soll mass, permeabllity of rock mass Is path dependent, controlling mainly
by the system of fracture as the permeabllity of the Intact rocks is normally low. For
undisturbed rock mass (before excavation) the joint characteristics (e.g., roughness, aperture,
spacing and orlentatlon) that dictate the amount and direction of water flow, can be
adequately determined by means of In-situ measurements, and are sometlmes assisted by
numerlcal medeling. Slope or underground excavations disturb the surrounding rock, alter
the stress states on the fracture planes, and often cause relatlve displacements of the rock
fractures. In most cases the excavatlons usually increase the surrounding rock mass
permeabllity, sometimes by several orders of magnitude.
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It has been experimentally found that permeability of intact rocks is affected by the confining
pressures (Iscan et al., 2006; Shangxian & Shangxu, 2006) and by deviatoric stresses (Ferfera
et al., 1997; Oda, 2002; Pusch & Weber, 1998; Heiland, 2003; Zhou & Shao, 2006). The
rock permeability generally decreases logarithmically with increasing the confining
pressures. Under deviatoric stresses the rock permeability first decreases due to a reduction
of pore spaces, and starts to increase due to the daomage growth after the rock is dilated under
differential stresses.

Fracture apertures and hydraulic conductivity are the main factors governing the rock mass
permeability.  Xiao et al. (1999), Pyrak-Noltea & Morrisa (2000), Niemi et al. {1997),
Indraratna & Ranjith (2001) and Baghbanan & Jing (2008) conclude from their experimental
results that fracture permeability exponentially decreases with increasing normal stresses.
The apertures and permeability of rock fractures are also affected by the shearing
displacement {Auradou et al., 2006). The flow testing results on fractures in granite and
marble by Lee & Cho {2002} indicate that the fracture permeability increases by up to two
orders of magnitude as the shearing displacement increases. This finding is supported by the
results of numerical simulations by Son et al. (2004).

The objective of this study is to experimentally determine the hydraulic conductivity of
fractures in sandstone specimens under normal and shear stresses. Constant head flow tests
are conducted to obtain data basis on the permeability of intact sandstones under hydrostatic
pressures and deviatoric stresses. The rock permeability is correlated with the volumetric
strain before failure and with the volumetric dilation after failure. Falling head tests are
performed to determine the permeability of tension-induced fractures under normal and shear
stresses. The flow rates are monitored from before peak shear strength through residual shear
strength. The fracture hydraulic conductivities calculated from the physical, mechanical and
hydraulic apertures are compared. The joint normal and shear stiffness parameters are
determined.

2 ROCK SAMPLES

The tested sandstones are from four sources: Pl Phan, Phra Wihan, Phu Kradung and Sao
Kua formations {hereafter designated as PP, PW, PK and SK sandstones). They belong to
the Khorat group and widely expose in the north and northeast of Thailand. X-ray
diffraction analyses have been performed to determine their mineral compositions. Table 1
summarizes the results. These fine-grained quanz sandstones are selected for this study
primarily because they have highly uniform texture, grain size and density.

3  FLOWTESTING ON INTACT SANDSTONES
31  Permeability of Imace Sandstones under Confining Pressures

Constant head flow tests have been performed to assess the effects of hydrostatic pressures
and deviatoric stresses on the intact sandstone permeability. Figure 1 shows the laboratory
arrangement of the constant head flow test under various confining pressures. The sandstone
specimens have a nominal dimension of 5 cm in diameter and 10 cm long. A constant
diameter water pump is used to inject water pressure of 0.14 MPa (20 psi} to bottom end of
the specimen while the specimen is confined in a triaxial cell. The injected water pressure is
controlled by using a regulating valve at the top of nitrogen gas tank. The constant confining
pressures vary from 3.45 {500 psi), 6.90, 10.34, 13.79, 17.24 to 20.69 MPa (3000 psi}). A
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Table 1. Mineral compositions of tested sandstones obtained from X-ray diffraction.

Density | Grain Size Mineral Compositions
Rocks (afcc) (mm) Sorting Quartz | Albite |Koaolinite| Feldspar | Mica
{%6) (%) (%) {96) (%6)
PW 2.35 1.5-2.0 well 99.47 - 0.53 - -
PP 2.45 1.5-20 well 98.40 - - - 1.60
PK 2.63 0.1-1.5 moderate | 48.80 | 46.10 5.10 - -
SK 2.37 0.1-1.0 poorly 57.00 | 39.50 - 290 | 0.60
Regulating valve Pipette collecting
water outflow Fipette collecting

excess oil volume

=TT

?I i
H ol 4
o 0 Lie
2 fl E B
N3 i 0o
4 4 g ia. b cm
L 1
o - 10cm‘
Constant Specimen
diameter
water pump

Figure 1. Laboratory arrangement for constant head flow tests.

high precision pipette collects the outflow of water at the top end of the specimen. The
measured flow rates under each confining pressure are used to calculate the specimen
permeability. The hydraulic conductivity (K) is calculated by assuming that the Darcy’s law
is valid (Indraratna & Ramjith, 2001):

K = dqu / [nD*{dp/dx)] (1)

where q is water flow rate through the specimen {cm®/s), 1 is the dynamic viscosity of the
water (N-sfcm?), D is the specimen diameter {cm?), and dp/dx is the pressure gradient along
the length of the specimen.

Figure 2 plots the hydraulic conductivity for eight PW sandstone specimens under confining
pressures between 3.45 MPa and 20.7 MPa. The permeability decreases from about 100x10™
m/s to about 50x10°° m/s as the confining pressures increase from 3.45 MPa to 20.7 MPa.
The flow rates measured during unloading show a permanent reduction of the rock
permenbility, suggesting that a permanent closure of the pore spaces has occurred.
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Figure 2. Hydraulic conductivity of eight PW sandstone specimens under hydrostatic stresses.
Arrows indicate direction of loading and unloading.

3.2  Permeability of Intact Sandsrtones under Deviaroric Stresses

The laboratory arrangement for the flow testing of intact sandstone specimens under
deviatoric stresses is similar to that of the testing under confining pressures. After the
constant confining pressure is applied the axial stress is increased until failure occurs. The
constant confining pressures varied from 1, 2, 3 to 6 MPa. The flow is measured every 6.9
MPa axial stress increment. The injected water pressure is maintained at 0.27 MPa (40 psi).
A high precision pipette is used to collect the excess oil released from the triaccial cell by the
specimen dilation. It will be used to calculate the volumetric strain (gv) of the specimen
during loading:

gy = (Vo - Vs) / Vg (2)
where Vg, is the excess oil volume, Vs is the volume of oil displaced by loading platen, and
Vris the volume of rock specimen.

Figures 3 and 4 give the permeability results for PW and PP sandstone specimens as a
function of volumetric strain {sy). They are compared with their corresponding stress-strain
curves obtained under various confining pressures {os3). The hydraulic conductivity is
calculated by using equation {1). Before dilation the permeability of PW sandstone decreases
with increasing the deviatoric stress. This agrees with the experimental by Ferfera et al.
(1997), Pusch & Weber (1998), Oda et al. {2002) and Heiland (2003). The PP sandstone
permeability however tends to increase with the deviatoric stresses. This may be due to error
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Figure 3. Permeability of PW sandstone specimens as a function of volumetric strain (z,)
{right) and their corresponding stress-strain curves (left), for confining pressures
{3} from 1, 2, 3 to 6 MPa. Dotted lines represent curve fit for AK/Ag, ratio before

failure.
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Figure 4. Permeability of PP sandstone specimens as a function of volumetric strain {g,) (right
and their corresponding stress-strain curves (left), for confining pressures (a3} of
and 2 MPa. Dotted lines represent curve fit for AK/Ae, ratio before failure.

of flow measurements. Table 2 summarizes the flow test result under deviatoric stresses.
The permeability-to-volumetric strain ratio (AK/Asy) (before dilation strength) and the
permeability-to-dilation strain {AK/Aep) ratio (after dilation strength) are calculated. Before
dilation strength the permeability decreases with increasing volumetric strain. This is
probably due to the contraction of the pore spaces in the specimen. Within this stage the
AK/SAgy ratio decreases as increasing confining pressure.  After dilation strength the rock
permeability increases with specimen dilation probably because of the initiation and
propagation of micro-cracks due to the applied axial stress approaching failure.

4 FLOW TESTING ON SANDSTONE FRACTURES UNDER. SHEAR STRESSES

Falling head flow tests have been performed to determine the fracture permeability in
sandstone specimens under shear stresses. Figure b shows the laboratory arrangement of the
falling head flow test while the fracture is under normal and shear stresses. The maximum
water head above the tested fracture is 1.23 m. The injection hole at the center of the lower
block is 0.8 cm in diameter. The fractures are artificially made by applying a line load to
induce a splitting tensile crack in 10x10x12 cm prismatic blocks of PW and PP sandstones
(Figure 6). The fracture area is 10x10 cm. Their roughness is observed and classified by
comparing with a reference profiles given by Barton {joint roughness coefficient — JRC,
Barton, 1973), The constant normal stresses are 0.69, 1.38, 2.76, 3.45 and 4.14. MPa. The
shear stress is applied while the shear displacement and head drop are monitored for every
0.5 mm shear displacement. The maximum shear displacement is 10 mm. The {physical)
fracture aperture is measured to the nearest 0.01 mim before and after normal and shear stress
application. The fracture dilations are also monitored during the shear test.
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Table 2. Results of flow testing under deviatoric stresses.

Dilation | Ultimate | Pre-failure | Post-failure
Sample Pe E Strength | Strength
No. {MPa) | (GPa) v gt gt AkfAs, AkfAzg
(MP2) | MPa) | (10% mis) | (10° mss)
PWS55-01 1 9.31 | 0.23 42 65 -23.00 -3.15
PW PW5S5-02 2 9.14 | 0.25 37 55 -19.13 -3.82
PWS5-03 3 8.52 | 0.33 55 83 -15.02 -4.41
PW55-04 6 11.98 | 0.29 64 103 -8.79 -100
Mean+5D 49+12 T8+25
PP PPS5-01 1 789 | 0.31 69 85 0.05 -0.21
PPSS-02 2 866 | 0.31 49 60 002 -0.21
Mean+SD h9+10 T2+13

Hlstl
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1 .
- 1 o
| .. Fracture

:-——--..__ ___#:_.-,v

7
— LR /
Eenat e I I = B
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-
o F

-
,

o

Figure 5. Laboratory arrangement for falling head test under normal and shear stresses.

The physical, mechanical and hydraulic apertures are used to calculate the hydraulic
conductivity of the tested fractures. The physical aperture {e;) is obtained from the actual
measurements of the fractures before and during normal and shear stress applications. The
measurement points are at the four corners of the shear box. The physical aperture at each
shear displacement is an average from the four measurements. The mechanical aperture {e;;)
in mm is calculated by {Bacton & Bakhtar, 1983 and Bandis et al., 1983, 1985):

ew = [JRC/5] / [0.2(5/1CS) - 0.1] (3)

where g, and JCS are the uniaxial compressive strength and joint compressive strength of the
rock in MPa. Here o and JCS are assumed to be equal.

The equivalent hydraulic aperture {ey) for radial flow is calculated by (Maini, 1971):

en = [[In(H; / Ha}n® In(R / 6] / [{tz - t)+]]*° (4)
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Induced fracture

Figure 6. A 10x10x12 cm block of PW sandstone is line-loaded to induce tensile fracture in
the mid-length of the hlock.

where v is the unit weight of water (N/m®), p is the dynamic viscosity (N-s/m%, H, and H; are
the water heads at t; and tz, ry is the pipette radius (m), R is the radius of flow path (m}, and r
is the radius of the radius injection hole {mj.

The fracture permeability is calculated by (Zeigler, 1976):
K=-e’/12pn {5)

where K represents hydraulic conductivity between smooth and parallel plates and e is the
parallel plate aperture. It is assumed here that the flow is isotropic across the fracture plane,
and that the intact rock is impermeable. From section 3 the intact PW sandstone permeability
is about 0.1x10® m/s which is very low compared to the fracture permeability. The other
sandstone permeability is less than 0.0001x10™ m/s {measurement limit).

Here the fracture conductivity is calculated for three types of fracture apertures: ep, en and ey,
and differentiated by different symbols as K, - physical, K; - mechanical, and K; -
hydraulic conductivities.

The mensured JRC values range from 11, 13 to 15, which are classified as rough and
undulating; hedding and tectonic joints; and relief joints, respectively. From equation (3) the
equivalent mechanical apertures for the above JRC walues are 220, 260 and 300 micro-
meters.

The fracture hydraulic conductivities are calculated for the three aperture measurements and
plotted as a function of shear displacement {u} for normal stresses of 0.69, 2.75 and 4.14 MPa
in Figures 7 and 8 for PW and PP sandstones. They are also compared with their
corresponding shear stress-shear displacement dingram. Since the shear stresses after the
peak value remain relatively consistent through 10 mm of displacement, up to 3 mm shear
displacement is plotted in the figures.
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Figure 7. Shear stress, fracture aperture and hydraulic conductivity as a function of shear
displacement {u) for PW sandstone fractures under normal stresses of 0.69 MPa

{left), 2.75 MPa {middle) and 4.14 MPa (right).

Observations of pre— and post—test fracture areas suggest that no significant change has
occurred in terms of fracture roughness. Even though some poction of fracture is sheared off
the JRC’s remain roughly the same. This is primarily because the applied normal stresses are
relatively low. The mechanical aperture, ey before, during and after shearing therefore
remains constant during the shearing process. As a result the hydraulic conductivity Ky,
calculated from e, is independent of the shearing displacement. An example of the post—test
fracture for PW sandstone is shown in Figure 9.
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Shear stress, fracture aperture and hydraulic conductivity as a function of shear
displacement {u) for PP sandstone fractures under normal stresses of 0.69 MPa
(left), 2.75 MPa (middle) and 4.14 MPa {right}.

PW and PP sandstones the physical aperture e, tends to increase with shearing

displacement. Its value fluctuates before the peak and tends to be more consistent in the
residual stress region. The K; values calculated from ep subsequently show similar
characteristics of the curves in the permeability-shear displacement diagram.

The hydraulic aperture ey, indirectly determined from the inflow rates also tends to increase
with the shear displacement, particularly under high normal stresses. Even though K, and Ky,
show similar characteristics of the curves in the permeability-shear displacement diagram, K,
is always about an order of magnitude greater than Ky, pacticularly in the residual shear region.
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Figure 9. Example of post-test fracture surfaces in a PW sandstone specimen. The sheared
surfaces are indicated by white areas.

Figures 10 and 11 plot the hydraulic conductivity derived from e, as a function of normal
stress gp.  The fracture permeability values under no shear stress, immediately before the
peak stress, and under the residual shear stress are compared. The fracture permeability
under residual shear region is greater than that under no shear and that immediately before
peak stress. It is not very sensitive to the normal stress — showing a slightly decrease with
increasing the normal stress. The magnitudes of fracture permeability under no shear and
under peak stress are similar. Both tend to decrease exponentially with the normal stress. As
a result the difference between the permeability under residual shear stress and that under
peak stress becomes larger as the normal stress increases. The results agree reasonably well
with those obtained by Lee & Cho (2002) and Son et al. (2004).

This suggests that under a given normal stress, the fracture permeability immediately before
peak stress will remain similar to that under no shear stress. After the fracture is displaced
bevond the peak stress its permeability will however notably increase particularly under high
normal stresses. The change of the fracture permeability with the normal stress will be
presented in the next section.

From the shear stress-displacement diagrams as shown in Figures 7 and 8, the joint shear

stiffness for various normal stresses has been calculated at the 50% peak stress using an
equation (Indraratna & Ranjith, 2001):

Ks = 1s/85 {6)
where k; is the joint shear stiffness (MPa/m), =, is the shear stress {(MPa), & is the shear

displacement {m). Table 3 summarizes the results for PW and PP sandstones. The joint
shear stiffness tends to increase with the normal stresses.
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Figure 10. Hydraulic aperture {left} and hydraulic conductivity {right) as a function of
applied normal stress for PW sandstone specimens.

10000 1000 3

mg 1000 Residual g 100 3 Residual
=" o ]

E 100 /Peak E 10 3 /
& = i
e
10 No Shear | E Peak
] No Shear
l T T T T T T T T T T 1 0.]. T T T T T T T T T 1
0 1 2 3 4 5 0 1 2 3 4 5
an (MPa) o, (MPa)

Figure 11. Hydradlic aperture (left) and hydraulic conductivity (right) as a function of
applied normal stress for PP sandstone specimens.

Table 3. Joint shear stiffness for PP and PW sandstones.

PP K:(GPa/m) PW Ks(GPa/m)
PPSS-DS-01 5.17 PWSS-DS-01 11.49
PPSS-DS-02 6.47 PWSS-DS-02 12.93
PPSS-DS-03 11.34 PWSS-DS-03 10.34
PPSS-DS-04 14.13 PWSS-DS-04 8.08
PPSS-DS-05 8.62 PWSS-DS-05 6.47
PPSS-DS-06 9.42 PWSS-DS-06 6.90

Average 9.19+3.25 Average 9.37+2.62

5 FLOW TESTING ON SANDSTONE FRACTURES UNDER NORMAL
STRESSES

Falling head flow tests have been performed to determine the fracture permeability in PW,

PP, PK and SK sandstone specimens under normal stresses. One cycle of loading and
unloading has been made during the flow test. During loading the normal stresses are
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progressively increased from 0.35, 0.69, 1.03, 1.39, 1.72 to 2.06 MPa. During unloading the
normal stresses are reduced from the maximum to the minimum while the flow rates are
continuously measured. The tested fractures are tension-induced fractures with a nominal
area of 15:<15 cm. The flow test arrangement is similar to the flow test under shear stresses.
A mininum of 3 specimens have been tested for each sandstone type.

The hydraulic aperture e, and hydraulic conductivity Ky of the fractures are plotted as a
function of the normal stress in Figure 12. They are calculated by using equations {4) and
{6). For all sandstone types the fracture hydraulic conductivities exponentially decrease with
increasing the normal stresses. Their permeability is in the range between 100x10°° m/s and
10000x10° m/s. A permanent fracture closure is wsually observed after unloading as
evidenced by the permanent reduction of the fracture permeability (flow rate). The joint
normal stiffness is calculated by an equation {Indraratna & Ranjith, 2001):

K=6,/5, {7)

where k; is the joint normal stiffness (MPa/m), o, is the normal stress (MPa), &, is the joint
deformation or closure {m}. Table 4 summarizes the results. Due to the permanent closure of
the fracture under the normal stresses the normal stiffness determined from the loading
curves is significantly less than that from the unloading curves.

6  DISCUSSIONS AND CONCLUSIONS

The hydraulic conductivities of the intact PW and PP sandstones decreases with increasing
volumetric strain before dilation strength probably due to the closure of voids and micro-
cracks, and increases with the dilation strain after the dilation strength due to the initiation
and propagation of cracks and fractures. The hydraulic conductivity of the PW sandstone
decreases from about 10010 m/s to about 50:<10° m/s as the confining pressures increase
from 3.45 MPa to 20.7 MPa. The flow rates measured during unloading show a permanent
reduction of the rock permeability, suggesting that a permanent collapse of the pore spaces
has occurred.

Both physical and hydraulic apertures fe, and ey) increase with shearing displacement,
particularly under high normal stresses. The hydraulic conductivity derived from the actual
apetture measurement (K;} is about an order of magnitude greater than that indirectly
determined from the flow rate {Ky), particularly in the residual shear region. The magnitudes
of fracture permeability under no shear and under peak stress are similar. The Ky values in
the residual shear region are greater than that immediately before peak stress. Both tend to
decrease exponentially with the normal stress. The difference between the permeability
under residual shear stress and that under peak stress becomes larger as the normal stress
increases. For all sandstones tested here the fracture hydraulic conductivities exponentially
decrease with increasing the normal stresses. Their permeability is in the range between
100:<10° m/s and 10000:<10° m/és. A permanent fracture closure is usually observed after
unloading as evidenced by the permanent reduction of the flow rate.

More testing is required to develop mathematical relationships between the fracture hydraulic
conductivity {or hydraulic apertures) with the applied normal stresses for the peak and the
residual regions. Such relations would be useful in predicting the fracture permeability in
rock mass around underground excavations or in the slope embankments where displacement
of fractures usually occur.
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Figure 12. Hydraulic aperture {ep) and hydraulic conductivity {Ky) as a function of normal
stress (a,) for fracture in PW, PP, PK and SK sandstones.
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Table 4. Joint normal stiffness for PW, PP, PK and SK sandstones.

Kq (GPa/m) PW PP PK SK

Loading 427245337 85.2+43.2 T2.3+45.1 48.5+20.3

Unloading 15648.9+1817.4 | 1837.9£3875.5 | 18504.3+4296.8 211+905.9
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