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Groundwater in rock mass is one of the key factors governing the mechanical
stability of slope embankments, underground mines and tunnels. Permeability of
rock mass is path dependent, controlling mainly by the system of fractures as the
permeability of the intact rocks is normally low. For undisturbed rock mass (before
excavation) the joint characteristics that dictate the amount and direction of water
flow, can be adequately determined by means of in-situ measurements, and
sometimes assisted by numerical modeling. Slope or underground excavations
disturb the surrounding rock mass, alter the stress states on the fracture planes, and
often cause relative displacements of the rock fractures. In most cases the
excavations usually increase the surrounding rock mass permeability and sometimes
by several orders of magnitude. Even though this effect has long been recognized,
specific study on the rock fracture permeability as affected by the shearing displacement
has been rare.

The objective of this research is to experimentally assess the permeability of
sandstone fractures under normal and shear stresses. The effort primarily involves
performing series of falling head flow tests on tension-induced fractures in four types
of sandstone samples. The tested sandstones belong to the Phu Phan, Sao Khua, Phu
Kradung and Pra Wihan formations of the Khorat group. The changes of the physical

and hydraulic apertures, the water flow rates, and the applied shear stresses are



monitored and used to calculate the changes of the fracture permeability as a function
of shear displacement. The results indicate that the physical aperture e, and hydraulic
aperture e, increase with shearing displacement, particularly under high normal
stresses. The magnitudes of fracture permeability under no shear and under peak
shear stress are similar. For both peak and residual regions, the physical apertures are
about 5 to 10 times greater than the hydraulic apertures, as a result the fracture
hydraulic conductivity determined from the physical aperture are about one to two
orders of magnitudes greater than these determined from the equivalent hydraulic
apertures. This is probably because the measured physical apertures do not consider
the effect of fracture roughness that causes a longer flow path. The difference
between the permeability under residual shear stress and that under peak stress
becomes larger under higher normal stresses. The fracture hydraulic conductivities
exponentially decrease with increasing the normal stresses. Their permeability is in

the range between 0.1x107 m/s and 10x107 m/s.
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CHAPTER I

INTRODUCTION

1.1 Background of problems and significance of the study

Groundwater in rock mass is one of the key factors governing the mechanical
stability of slope embankments, 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 in underground mines and tunnels under the
complex hydro-geological environments. Unlike those in the soil mass, permeability
of rock mass is path dependent, controlling mainly by the system of fractures as the
permeability of the intact rocks is normally low. For undisturbed rock mass (before
excavation) the joint characteristics (e.g., roughness, aperture, spacing and
orientation) that dictate the amount and direction of water flow, can be adequately
determined by means of in-situ measurements, and sometimes assisted by numerical
modeling. Slope or underground excavations disturb the surrounding rock mass, alter
the stress states on the fracture planes, and often cause relative displacements of the
rock fractures. In most cases the excavations usually increase the surrounding rock
mass permeability and sometimes by several orders of magnitude. Even though this
effect has long been recognized, specific study on the rock fracture permeability as

affected by the shearing displacement has been rare.



1.2 Research objectives

The objective of this research is to experimentally assess the permeability of
rock fractures under shearing displacements. The effort primarily involves
performing a series falling head tests on tension-induced fractures in four types of
sandstone samples. The rocks belong to the Phu Phan, Sao Khua, Phu Kradung and
Pra Wihan formations of the Khorat group. They expose in the north and northeast of
Thailand and have impacts on mechanical stability of many engineering structures in
the region. The changes of the physical and hydraulic apertures, the water flow rates,
and the applied shear stresses will be monitored and used to calculate the changes of

the fracture permeability as a function of shear displacement.

1.3 Research methodology

As shown in figure 1.1, the research methodology comprises 5 steps; literature
review, sample collection and preparation, flow testing, development of mathematical
relations and flow equations, and discussions and conclusions.

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 4
sandstone types are collected. Sample preparation is carried out in the laboratory at

the Suranaree University of Technology. Samples for the falling head test are



prepared to have fractures area of about 10x10 square centimeters. The fractures are
artificially made in the laboratory by tension inducing method.
1.3.3 Falling head flow testing

Falling head tests are conducted by injecting water into the center hole
of rectangular blocks of sandstone. A fracture is created across the block specimen
either by saw-cutting or tension inducing methods. The 8 mm hole is drilled into the
upper block of the sample to allow water flow through the fracture. Then the pair of
tested sandstone blocks are placed in the shear box of the direct shear testing
machine. The shear force is applied while the flow testing is continued. The constant

normal stresses on the fracture are varied from 1 to 5 MPa by using loading devices.

Literature Review

l

Sample Collection and
Preparation

;

Falling Head Flow Tests
Under Direct Shear Tests

l

Development of Mathematical
Relations and Flow Equations

l

Discussions and Conclusions

Figure 1.1 Research methodology



The test is terminated when a total of 10 mm of shear displacement is reached. A
minimum of 6 samples for each rock type will be tested.
1.3.4 Development of mathematical relations and flow equations
Results from laboratory measurements in terms of rock fracture
permeability, fractures aperture, stress states and shear displacement are used to
formulate mathematical relations.
1.3.5 Conclusion and thesis writing
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 four types of
sandstone, including the Sao Khua, Phu Kradung, Pra Wihan, and Phu Phan
formations.

2. Testing on fractures is made under normal stresses ranging from 1 to 5 MPa

3. All tested fractures are artificially made in the laboratory.

4. Fracture permeability is determined by falling head flow testing.

5. All tests are conducted under ambient temperature.

6. Up to 6 samples are tested for each rock type.

7. The test fractures area is 10x10 square centimeters.

8. Water is used as flow medium.

9. No field testing is conducted.



10. X-ray diffraction analysis are performed to determine the mineral

compositions of the tested rocks.

1.5 Thesis contents

Chapter | 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 preparation and laboratory experiment. Chapter 1V
presents the results obtained from the laboratory testing. Chapter V concludes the
research results, and provides recommendations for future research studies.
Appendix A provides detailed results of direct shear testing. Appendix B provides

detailed of technical publication.



CHAPTER Il

LITERATURE REVIEW

2.1 Introduction

This chapter summarizes the results of literature review carried out to improve
an understanding of simulation of rock slope failure using physical model. The topics
reviewed here include the fluid flow in fracture rock, permeability of fracture rock,

and stiffness of fracture.

2.2 Literature review

Pyrak-Noltea and Morrisa (2000) stated that fracture specific stiffness and
fluid flow through a single fracture under normal stress are implicitly related through
the geometry of the void space and contact area that comprise the fracture. Data from
thirteen difference rock samples, each containing a single fracture, show that
relationships between fracture specific stiffness and fluid flow through a fracture fall
into two general classes of behavior. Fractures either fall on a loosely-defined
universal curve relating fluid flow to fracture specific stiffness, or else the flow is
weakly dependent on fracture specific stiffness. The second relationship shows that
flow decreases slowly with increasing fracture specific stiffness. The first
relationship shows that flow decreases rapidly for increases in fracture specific
stiffness. To understand this behavior, computer simulations on simulated single
fractures were performed to calculate fluid flow, fracture displacement, and fracture

specific stiffness as a function of normal stress. Simulated fractures with spatially



correlated and uncorrelated aperture distributions were studied. Fractures with
spatially uncorrelated aperture distributions tend to exhibit a weak dependence of
fluid flow on fracture specific stiffness because these fractures tend to have multiple
connected paths across the sample which can support flow with uniformly distributed
contact area. Thus an increment in stress will increase the stiffness of the fracture
without greatly reducing the amount of fluid flow. On the other hand, fractures with
spatially correlated aperture distributions tend to belong to the universal relationship
because correlated fractures tend to have only one or two dominant flow paths and
the contact area is limited to a few regions resulting in a compliant fracture. Thus an
increment in stress on a spatially correlated fracture will result in an increase in
stiffness and rapid decrease in fluid flow. These spatial correlations in fracture void
geometry can be differentiated in the laboratory based on the observed fracture
specific stiffness-fluid flow relationship for a single fracture under normal loading.
Lee and Cho (2002) built a hydro-mechanical testing system, which is capable
of measuring both the flow rates and the normal and shear displacement of a rock
fracture, was built to investigate the hydraulic behavior of rough tension fractures.
Laboratory hydraulic tests in linear flow were conducted on rough rock fractures,
artificially created using a splitter under various normal and shear loading. Prior to
the tests, aperture distributions were determined by measuring the topography of
upper and lower fracture surfaces using a laser profilometer. Experimental
variograms of the initial aperture distributions were classified into four groups of
geostatistical model, though the overall experimental variograms could be well fitted
to the exponential model. The permeability of the rough rock fractures decayed

exponentially with respect to the normal stress increase up to 5 MPa. Hydraulic



behaviors during monotonic shear loading were significantly affected by the dilation
occurring until the shear stress reached the peak strength. With the further dilation,
the permeability of the rough fracture specimens increased more. However, beyond
shear displacement of about 7 to 8 mm, permeability gradually reached a maximum
threshold value. The combined effects of both asperity degradation and gouge
production, which prohibited the subsequent enlargement of mean fracture aperture,
mainly caused this phenomenon. Permeability changes during cyclic shear loading
showed somewhat irregular variations, especially after the first shear loading cycle,
due to the complex interaction from asperity degradations and production of gouge
materials. The relation between hydraulic and mechanical apertures was analyzed to
investigate the valid range of mechanical apertures to be applied to the cubic law.
Seidel and Haberfield (2002) have conducted an investigation into the
behavior of rock joints subjected to direct shear. Both concrete/rock and rock/rock
joints were investigated. The behavior of rock/rock joints is important for the
assessment of stability issues involving rock masses (e.g. rock slope stability).
Concrete/rock joints are vital to the assessment of performance of concrete piles
socketed into rock, rock anchors and concrete dam foundations. This investigation
included an extensive series of direct shear tests under a range of stress boundary
conditions. The rock used for the tests was a soft artificial siltstone, called Johnstone.
The results from the tests on concrete/Johnstone joints have been presented on
Johnstone/Johnstone joints in Fleuter (MEngSc Dissertation, Department of Civil
Engineering, Monash University, Australia, 1997) and Pearce (Ph.D. dissertation,
Department of Civil Engineering, Monash University, Australia, 2001, in

preparation). This paper describes the theoretical models developed to simulate the



observed behavior, including asperity sliding, asperity shearing, post-peak behavior,
asperity deformation and distribution of stresses on the interface. These models have
been combined into a micro-mechanical simulation of joint shear.

Jiang et al. (2004) stated that evaluations of shear strength and flow behavior
of rock joints play an important role in designing of deep underground openings and
in performing underground waster disposal risk assessments. Although shear strength
and flow behavior can be investigated in a laboratory using a direct shear apparatus,
the experimental results are influenced by boundary conditions and the simulation
conditions may not be representative of the field conditions. They introduce a newly
developed automated servo-control hydro-mechanical direct shear apparatus that is
capable of automatically adjusting the normal stiffness according to the deformational
capacity of the surrounding rock masses, thereby accurately simulating the high
pressure head in deep underground locations. The proposed apparatus was used to
perform shear tests on artificial joint specimens. Experimental measurements of the
coupled mechanical and hydraulic behavior of rock joints under CNL and CNS
conditions were analyzed. The shear strength and permeability results exhibited a
regular variation due to the interaction of the joint roughness and gouge production.
The rock joint permeability results can be applied to deep underground construction.

Son et al. (2004) proposed a new constitutive model for the shear behavior of
rough rock joints. Within the framework of the classical elasto-plastic theories, the
model incorporates the dilation and surface degradation which are distinct features of
rough rock joints. The elastic behavior is represented by the shear and normal
stiffness. To calculate the plastic displacements after yielding, the non-associated

flow rule is applied. Maksimovic’s equation and Lee’s empirical formula for joint
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shear strength are used for yield and plastic potential functions. The changes of the
joint roughness angle that occurred in pre- and post-peak ranges of shear strength
curve were approximated by simple power expressions of accumulated tangential
plastic work. A joint finite element, which has 6-node and zero thickness, was used
for implementing the proposed joint constitutive model. In order to evaluate the
performance of the model, numerical direct shear tests were carried out. The results
of the simulation confirmed that the proposed model could reproduce salient

phenomena commonly observed in actual shear test of rock joints, including the shear

strength hardening, softening, and dilation phenomena.

Hamiel et al. (2005) stated that the dilation of rock under shear gives rise to
detectable effects both in laboratory experiments and in field observations. Such
effects include hardening due to reduction in pore pressure and asymmetrical
distribution of deformation following strike slip earthquakes. They examine the
nonlinear poroelastic behavior of isotropic rocks by a new model that integrates
Biot’s classic poroelastic formulation together with nonlinear elasticity, and apply it
to Coulomb failure criterion and pore pressure response to a fault slip. They
investigate the poroelastic response of two alternative forms of a non-Hookean
secondorder term incorporated in the poroelastic energy. This term couples the
volumetric deformation with shear strain. Like linear poroelasticity, our model shows
an increase of pore pressure with mean stress (according to Skempton coefficient B)
under undrained conditions. In addition, in their model pore pressure varies also with
deviatoric stresses, where rising deviatoric stresses (at constant mean stress)
decreases pore pressure (according to Skempton coefficient A), due to dilatancy. The

first version of our model is consistent with a constant A smaller than 1/3, which is in
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agreement with the classic work of Skempton, but does not fit well the measured
undrained response of sandstones. The second model allows A and B to vary with
shear stress, and displays the experimentally observed connection between pore
pressure and deviatoric stresses under undrained conditions in Berea and Navajo
sandstone samples. Numerical results predict dilatancy hardening and suggest that it
should be taken into consideration in Coulomb failure stress calculations. They apply
our model to the distribution of pore pressure changes in response to a fault slip.
Results of numerical simulations of coseismic deformation demonstrate that due to
dilatancy regions of decreasing pore pressure are larger relative to regions of
increasing pore pressure. The model predictions have significant implications for
coseismic water level changes and post-seismic pore pressure diffusion and crustal
deformation.

Auradou et al. (2006) investigated the effect on the transport properties of a
fracture of a shear displacement u between its complementary surfaces
experimentally and numerically. The shear displacement u induces an anisotropy of
the fracture aperture field with a correlation length scaling of |u|, which is
significantly larger in the direction perpendicular to u. This reflects the presence of
long fluid flow channels perpendicular to the shear displacement, resulting in a higher
effective permeability in that direction. Such channels will have a strong influence
on the transport characteristics of a fracture, such as, for instance, its thermal
exchange area, crucial for geothermal applications. Miscible displacement fronts in
shear-displaced fractures obtained experimentally display a self-affine geometry with
a characteristic exponent directly related to that of the fracture surfaces. They present

a simple model, based on the channeling of the aperture field, which reproduces the



12

front geometry when the mean flow is parallel to the channels created by the shear
displacement

Baghbanan and Jing (2006) investigated permeability of fractured rocks
considering the correlation between distributed fracture aperture and trace length,
based on a newly developed correlation equation. The influence of the second
moment of the lognormal distribution of apertures on the existence of representative
elementary volume (REV), and the possibility of equivalent permeability tensor of
the fractured rock mass, is examined by simulating flow through a large number of
stochastic discrete fracture network (DFN) models of varying sizes and varying
fracture properties. The REV size of the DFN models increases with the increase of
the second moment of the lognormal distribution, for both the correlated and
uncorrelated cases. The variation of overall permeability between different stochastic
realizations is an order of magnitude larger when the aperture and length are
correlated than when they are uncorrelated. The mean square error of the directional
permeability increases with increasing value of the second moment of the lognormal
distribution function, and good fitting to an ellipsis of permeability tensor can only be
reached with very large sizes of DFN models, compared with the case of constant
fracture aperture, regardless of fracture trace length.

Baghbanan and Jing (2008) studied the effect of stress on permeability and
fluid flow patterns in fractured rock masses when distributed fracture aperture is
correlated with fracture trace length, using a discrete element method (DEM). The
basic assumptions are that the rock matrix is impermeable and linearly elastic, and
that the fluid flows only in fractures. The results show that when small stress ratios

(K = horizontal/vertical stress) are applied at the model boundaries, the overall
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permeability of the fracture network is generally decreased. However, contribution
from a few large fractures of higher hydraulic conductivity prevents drastic reduction
of the overall permeability, compared with models that assume uniform fracture
apertures. With large values of the stress ratio, both the overall permeability and flow
patterns are controlled by a combination of highly conductive larger fractures and
fractures with shear slipping and dilation, with much increased overall permeability
and shear-induced flow channeling. These results show significant difference
between correlated and non-correlated aperture and fracture length distributions, and
highlight more significant scale andstress dependence of hydro-mechanical behavior
of fractures rocks when geometric parameters of rock fractures are correlated.
Giacominia et al. (2008) investigated the flow anisotropy within a natural
joint subjected to mechanical shear. The cubic law is the simplest way to describe
fluid flow through rock joints but because of rock wall roughness, deviations from
this model have been observed. The Reynolds equation usually gives better results.
In this study, micro-scale roughness is taken into account to define a reduced
coefficient of permeability. Numerical simulations have been carried out by applying
Darcy’s law to the rock joint, described as an equivalent porous medium. The
numerical simulations are based on experimental data obtained by Hans (PhD,
Grenoble, 2002) from a series of hydromechanical shear tests on a rock joint replica.
The numerical results have been compared to the experimental ones, and to the
results obtained by applying the Reynolds equation, to assess the relevance of the
simulations. For the fracture studied, the approach proposed herein can reproduce
relatively well the experimental flow anisotropy, and provides consistent values of

flow rates, whereas the Reynolds equation tends to give higher flow rates.
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Jiang et al. (2009) built a new method for determination of fracture normal
stiffness is developed in this paper. From the point of hydro-mechanical coupling,
the relationship between transmissivity and depth is utilized to calculate fracture
normal stiffness of large-scale rock masses, which is an important but difficult-to-
obtain parameter. The basic idea is that flow in fractured media is very sensitive to
aperture of discontinuity, and the aperture of the discontinuity is mainly determined
by the normal stress and normal stiffness. A decrease in transmissivity of fractured
rock masses with increasing depth, as indicated in hydraulic tests, is due to closure of
the joints caused by an increase in the normal stress that is nearly proportional to
depth. Consequently, it is possible to estimate in-situ fracture normal stiffness by
using information of depth-dependent transmissivity. An equation is derived to
achieve the purpose. In our preliminary case study at the fractured sandstone on the
left bank of the Xiaolangdi Reservoir in China, the variable fracture normal stiffness
is estimated. It satisfies the fact that normal stiffness will increase with increasing
stress, i.e. with increasing depth. The value obtained by our method is of the same
order of magnitude as the normal stiffness values obtained from laboratory tests
reported in the literature. Furthermore, the estimated deformation modulus of the

rock mass is close enough to that obtained from in-situ tests or inverse analysis



CHAPTER Il

SAMPLE PREPARATION

3.1 Introduction

The tested sandstones are from four sources: Phu Phan, Phra Wihan, Phu
Kradung and Sao Kua formations (hereafter designated as PP, PW, PK and SK
sandstones) (Figure 3.1). They belong to the Khorat group and widely expose in the
north and northeast of Thailand. They also have significant impacts on stability of
many engineering structures constructed in the regions (e.g., slope embankments,

underground mines and tunnels).

3.2 Sample preparation

A minimum of 4 sandstone types are prepared. Sample preparation is carried
out in the laboratory at the Suranaree University of Technology. Samples for the
falling head test are prepared to have fractures area of about 10x10 square
centimeters. The fractures are artificially made by applying a line load to induce a
splitting tensile crack in 10x10x12 cm® prismatic blocks of PW, PP, PK and SK
sandstones (Figure 3.2). The injection hole at the center of the lower block is 0.8 cm
in diameter. Up to 6 samples have been prepared for each rock type. Their roughness
is observed and classified by comparing with a reference profiles given by Barton

(Joint roughness coefficient — JRC, Barton, 1973).
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Figure 3.1 Some sandstone specimens prepared for falling head test under normal

and shear stresses.

_ Induced fracture

Figure 3.2 A 10x10x12 cm® block of PW sandstone is line-loaded to induce tensile

fracture in mid-length of the block.
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3.3 Mineralogical study

X-ray diffraction analyses are performed to determine rock mineral

compositions.  Table 3.1 summarizes the results. These fine-grained quartz
sandstones are selected for this study primarily because they have highly uniform

texture, grain size and density.

Table 3.1 Mineral compositions of tested sandstones obtained from X-ray diffraction.

. Grain Mineral Compositions

Density . - — -
Rocks (g/cc) Size | Quartz | Albite | Kaolinite | Feldspar | Mica
(mm) | (%) | (%) (%) (%) (%)

PW 2.35 1.5-2.0 99.47 - 0.53 - -
PP 2.45 1.5-2.0 98.40 - - - 1.60

PK 2.63 0.1-1.5 48.80 46.10 5.10 - -
SK 2.37 0.1-1.0 57.00 39.50 - 2.90 0.60




CHAPTER 1V

LABORATORY TESTING

4.1 Introduction

The objective of the laboratory testing is to determine the permeability of rock
fractures under shearing stresses and displacements. This chapter describes the
method and results. The changes of the physical and hydraulic apertures, the water
flow rates, and the applied shear stresses are monitored and used to calculate the

changes of the fracture permeability as a function of shear displacement.

4.2 Test method

Falling head flow tests (Freeze and Cherry, 1979) have been performed to
determine the fracture permeability of sandstone specimens under shear stresses.
Series of direct shear tests are performed on the specimens with the tension-induced
fractures (Figures 4.1 through 4.3). The sample preparation and test procedure follow
the applicable ASTM standard (ASTM 5607-95) and the ISRM suggested method
(Brown, 1981), as mush as practical. 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 sandstones. The fracture
area is 10x10 cm?. The constant normal stresses are 0.69, 1.38, 2.76, 3.45 and 4.14.

MPa. The shear stress is applied using model No. SBEL DR440 while the shear
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displacement and head drop are monitored for every 0.5 mm increment of shear
displacement. The maximum shear displacement is 10 mm. The (physical) fracture
aperture is physically measured before and after normal and shear stress applications.
The fracture dilations are also monitored during the shear test.

The physical, mechanical and hydraulic apertures are determined and 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 (Barton and

Bakhtar, 1983 and Bandis et al., 1983, 1985):

em = [JRC/5] [0.2(c/JCS) - 0.1] (4.1)

where o 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, / Ho)ry” In(R / 1)6p] / [(t2 - t1)y]]"> 4.2)

where y is the unit weight of water (N/m?), i is the dynamic viscosity
(N-s/m”), H, and H, are the water heads at t; and t,, 1, is the pipette radius (m), R is
the radius of flow path (m), and r is the radius of the injection hole (m).

The fracture permeability is calculated by (Zeigler, 1976):
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K =ve’/ 12p (4.3)

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.

Here the fracture conductivity is calculated for three types of fracture
apertures: €,, €m and ey, and differentiated by different symbols as K, — physical, Ky, —
mechanical, and K}, — hydraulic conductivities.

Their roughness is observed and classified by comparing with a reference
profiles given by Barton (joint roughness coefficient — JRC, Barton, 1973). The
measured JRC values range from 11, 13 to 15, which are classified as rough and
undulating; bedding and tectonic joints; and relief joints, respectively. From equation
(4.1) the equivalent mechanical apertures for the above JRC values are 220, 260 and
300 micro-meters.

The joint shear stiffness for various normal stresses is calculated at the 50%

peak stress using an equation (Indraratna and Ranjith, 2001):

ks = 14/0s (4.4)

where kg is the joint shear stiffness (MPa/m), 1y is the shear stress (MPa), g is the

shear displacement (m).
The normal stiffness of fractured is calculated by (Indraratna and Ranjith,

2001):

K= 64/3s (4.5)
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where k, is the joint normal stiffness (MPa/m), 1, is the normal stress (MPa), 9, is the
normal displacement (m).

Table 4.1 summarizes the results of the fracture stiffness calculations for PW,
PP, PK and SK sandstones. The fracture stiffness determined here compare well with

these obtained by (Pyrak-Nolte et al., 2000). The joint shear stiffness tends to

increase with the normal stresses.

Figure 4.1 Direct shear strength test on tension induced joint in PW specimen with

10x10 cm of contact area.
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Figure 4.2 Upper block of PP sandstone specimen are attached with displacement

dial gages during shear testing.

<

<]

Hi, t vV
Hy,t

O Pipette
Normal stress

Fracture

" Shear Stress

Figure 4.3 Laboratory arrangement for falling head test under normal and shear stresses.



Table 4.1 Normal and shear stiffness of sandstone.
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Specimen No. o, (MPa) K (GPa/m) K., (GPa/m)
PWSS-DS-02 0.69 12.5 1.86
PWSS-DS-04 1.38 13.33 4.18
PWSS-DS-03 2.07 14.29 4.27
PWSS-DS-01 2.76 15.38 8.36
PWSS-DS-06 3.49 16.67 4.42
PWSS-DS-05 4.14 18.18 4.16
Average 15.06+2.12 4.54+2.1
PPSS-DS-01 0.69 5.26 5.31
PPSS-DS-02 1.38 6.67 6.57
PPSS-DS-06 2.07 8.7 4.81
PPSS-DS-04 2.76 10 10.13
PPSS-DS-05 3.49 11.76 6.07
PPSS-DS-03 4.14 14.29 8.72
Average 9.45+3.31 6.94+2.07
PKSS-DS-01 0.69 4.65 3.14
PKSS-DS-02 1.38 54 3.25
PKSS-DS-03 2.07 9.09 3.87
PKSS-DS-04 2.76 12.5 4.8
PKSS-DS-05 3.49 16.67 7.35
PKSS-DS-06 4.14 18.18 6.49
Average 11.08+5.68 4.82+1.75
SKSS-DS-01 0.69 5 1.15
SKSS-DS-02 1.38 7.14 3.29
SKSS-DS-03 2.07 10 7.53
SKSS-DS-04 2.76 12.5 6.42
SKSS-DS-05 3.49 16.67 7.35
SKSS-DS-06 4.14 18.18 7.02
Average 11.58+5.21 5.46+2.63

4.3 Test results

The fracture hydraulic conductivities are calculated for the three aperture
measurements and plotted as a function of shear displacement (u) for normal stresses (c,,) of

0.69, 2.75 and 4.14 MPa in Figures 4.4 through 4.7 for PW, PP, PK and SK sandstones. They

are also compared with their corresponding shear stress-shear displacement diagram (t-Js).
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Figure 4.4(a) Shear stress, fracture aperture, and hydraulic conductivity as a function

of shear displacement (3s) at normal stress = 0.69 MPa (left) and 1.38

MPa (right) for PW sandstone.
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Figure 4.4(b) Shear stress, fracture aperture and hydraulic conductivity as a function
of shear displacement (0s) at normal stress = 2.07 MPa (left) and 2.76

MPa (right) for PW sandstone.
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Figure 4.4(c) Shear stress, fracture aperture and hydraulic conductivity as a function

of shear displacement (0s) at normal stress = 3.49 MPa (left) and 4.14

MPa (right) for PW sandstone.
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Figure 4.5(a) Shear stress, fracture aperture and hydraulic conductivity as a function
of shear displacement (0s) at normal stress = 0.69 MPa (left) and 1.38

MPa (right) for PP sandstone.
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Figure 4.5(b) Shear stress, fracture aperture and hydraulic conductivity as a function
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Figure 4.5(c) Shear stress, fracture aperture and hydraulic conductivity as a function
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Figure 4.6(a) Shear stress, fracture aperture and hydraulic conductivity as a function

of shear displacement (0s) at normal stress = 0.69 MPa (left) and 1.38

MPa (right) for PK sandstone.
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Figure 4.6(b) Shear stress, fracture aperture and hydraulic conductivity as a function
of shear displacement (0s) at normal stress = 2.07 MPa (left) and 2.76

MPa (right) for PK sandstone.
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Figure 4.6(c) Shear stress, fracture aperture and hydraulic conductivity as a function
of shear displacement (3s) at normal stress = 3.49 MPa (left) and 4.14
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Figure 4.7(a) Shear stress, fracture aperture and hydraulic conductivity as a function
of shear displacement (3s) at normal stress = 0.69 MPa (left) and 1.38

MPa (right) for SK sandstone.
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Figure 4.7(b) Shear stress, fracture aperture and hydraulic conductivity as a function
of shear displacement (3s) at normal stress = 2.07 MPa (left) and 2.76

MPa (right) for SK sandstone.
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Figure 4.7(c) Shear stress, fracture aperture and hydraulic conductivity as a function

of shear displacement (0s) at normal stress = 3.49 MPa (left) and 4.14

MPa (right) for SK sandstone.
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Since the shear stresses after the peak value remain relatively consistent through 10 mm
displacement, up to 3 mm shear displacement is plotted in the figures. Tables 4.2
through 4.5 show test parameters and results of the flow tests.

The fracture permeability is calculated from the equivalent hydraulic aperture
(en) and from the physical aperture (e,) for the peak (K, peak, Kp, peak) and residual (K,
residuals Kp, residual) stresses.

For both peak and residual regions, the physical apertures are about 5 to 10
times greater than the hydraulic apertures, as a result the fracture hydraulic
conductivity determined from the physical aperture are about one to two orders of
magnitudes greater than these determined from the equivalent hydraulic apertures.
This is probably became the measured physical apertures do not consider the effect of
fracture roughness that causes a longer flow path.

Observations of pre— and post—test fracture areas suggest that no significant
change has occurred in terms of fracture roughness. Even though some portion of
fracture is sheared off, the JRC tends to remain the same. This is primarily because
the applied normal stresses are relatively low. The mechanical aperture, e, before,
during and after shearing therefore remains constant for each fracture. As a result the
hydraulic conductivity K, calculated from e, is independent of the shearing
displacement. An example of the post—test fracture for PW sandstone is shown in
Figure 4.8.

For PW, PP, PK and SK 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 e, subsequently show similar

characteristics of the curves in the permeability-shear displacement diagram.



Table 4.2 Test parameters and results of PW sandstone.

SpeCimen On Tpeak Tresidual €h,peak €h,residual €p,peak €p,residual I(h, eak Kh,residual Kp, eak Kp,residual
No. (MPa) | (MPa) | (MPa) | (x10°m) | (x10°m) | (x10°m) | (x10°m) | (x10”m/s) | (x10”m/s) [(x10~m/s) | (x107°m/s)
PWO02 0.69 1.5 0.86 79 127.5 400 810 4.55 11.85 116.67 478.41
PW04 1.38 2.2 1.55 69.49 117.53 490 1030 3.52 10.07 175.07 773.57
PWO03 2.07 2.97 2.28 62.36 110.49 420 1030 2.84 8.9 128.63 773.57
PWO1 2.76 4.1 2.72 48.8 108.76 420 800 1.74 8.62 128.63 466.67
PWO06 3.49 5.2 3.62 22.54 83.54 377 780 0.37 5.09 103.64 443.62
PWO05 4.14 6.01 5.09 16.25 78.12 320.5 764.5 0.19 4.43 74.9 426.17
Table 4.3 Test parameters and results of PP sandstone.
SPeCimell On Tpeak Tresidual €h,peak €h,residual €p,peak €p,residual I(h, eak I(h,residual Kp, eak Kp,residual
No. (MPa) | (MPa) | (MPa) | (x10°m) | (x10°m) | (x10°m) | (x10°m) | (x10”m/s) | (x107°m/s) |(x10”m/s) |(x10>m/s)
PPO1 0.69 2.07 0.95 115.88 120.25 780 910 9.79 10.54 443.63 603.82
PP02 1.38 241 1.1 108.53 118.62 800 1110 8.59 10.26 466.67 898.41
PP06 2.07 297 1.47 80.56 102.18 386 860 4.73 7.61 108.64 539.29
PP04 2.76 4.07 2.37 44.27 96.83 337.5 447.5 1.43 6.84 83.06 146.02
PPO5 3.49 547 3.28 17.88 90.66 255 420 0.23 5.99 4741 128.63
PPO3 4.14 5.99 3.79 22.54 89.94 250 415 0.37 59 45.57 125.58

LE



Table 4.4 Test parameters and results of PK sandstone.

Sample On tpeak Tresidual eh,]zgak eh,res_iglual ep,p_e6ak ep,res_igual Kl}g)eak Kh,r_e3sidual K[_),3peak Kp,l:gsidual
No. | (MPa) | (MPa) | (MPa) |(x10°m) | (x10°m) | (x10°m) | (x10°m) |(x10°m/s) |(x10°m/s) |(x107m/s) | (x10”m/s)
PKO1 0.69 1.16 0.82 113.66 | 120.25 610 720 9.42 10.54 271.32 378
PKO02 1.38 1.81 1.38 110.26 116.98 415 710 8.86 9.98 125.58 367.57
PKO03 2.07 2.37 1.85 98.13 116.98 355 510 7.02 9.98 91.89 189.66
PKO04 2.76 2.8 2.16 88.48 115.88 295 440 5.71 9.79 63.46 141.17
PKO05 3.49 3.5 2.5 64.4 96.83 265 425 3.02 6.84 51.21 131.71
PKO06 4.14 431 3.66 59.05 92.78 192.5 412.5 2.54 6.28 27.02 124.07

Table 4.5 Test parameters and results of SK sandstone.

SpeCimen On Tpeak Tresidual €h,peak €h,residual €p,peak €p,residual I(h, eak Kh,residual Kp, eak Kp,residual
No. (MPa) | (MPa) | (MPa) | (x10°m)| (x10°m) | (x10°m) | (x10°m) | (x10”m/s) | (10 m/s)| (x10”m/s)| (x10°m/s)
SKO1 0.69 1.55 1.03 85.44 94.15 485 550 5.32 6.46 171.52 220.57
SK02 1.38 1.64 1.12 80.56 89.94 390 450 4.73 59 110.91 147.66
SK03 2.07 2.37 1.38 75.17 82.23 350 400 4.12 4.93 89.32 116.67
SK04 2.76 2.93 2.07 69.05 75.17 280 330 3.48 4.12 57.17 79.41
SKO05 3.49 3.88 3.1 52.64 65.62 240 315 2.02 3.14 42 72.35
SK06 4.14 4.53 3.32 48.8 65.62 220 310 1.74 3.14 35.29 70.07

8¢
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The hydraulic aperture e, indirectly determined from the inflow rates also
tends to increase with the shear displacement, particularly under high normal stresses.
Even though K, and K} show similar characteristics of the curves in the permeability-
shear displacement diagram, K, is always about an order of magnitude greater than K,

particularly in the residual shear region.

4.4 Effect of normal stresses

Figures 4.9 plotted the hydraulic conductivity derived from ey, as a function of
normal stress o,. 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

Figure 4.8 Example of post-test fracture surfaces in a PW sandstone specimen.

The sheared surfaces are indicated by white areas.
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Figure 4.9 Hydraulic aperture (ey) and hydraulic conductivity (determined from ey,)

as a function of normal stress (c,) for PW, PP, PK and SK sandstones.
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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 and 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 beyond the peak stress, its permeability however
notably increases particularly under high normal stresses. Figure 4.10 plots the shear
stress as a function of normal stress filled with the Coulomb criterion. The shear

strength of the four sandstones is comparable.

4.5 Effect of shear strength on fracture

The fracture hydraulic conductivity decreases with increasing fracture shear
strength. Figures 4.11 through 4.14 plots the fracture hydraulic conductivity (K3) as a
function of fractures shear strength. The decrease of the Kj with the peak shear

strength can be represented by an exponential equation:

Kn = o, exp (Bptp) (4.6)

where a,, and 3, are empirical constants.

For the residual shear strength the change of Ky, can be represented by

Ky = o, exp (Bitr) 4.7
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Figure 4.10 Shear stress as a function of normal stress and filled with the coulomb

criterion.
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Figure 4.11 Hydraulic conductivity (K;) as a function of peak and residual shear

strength for PW sandstone.

where o, and B, are empirical constants.

The exponent B, and P, represent the reduction rate of the fracture
permeability as the fracture shear strength increases. The hydraulic conductivity
determined under peak strength tends to decrease more rapid than that determined
under residual strength. Assuming that the Coulomb criterion is valid for these
sandstone fractures, the above relations can be used to estimates the fracture

permeability with shear strength higher than the range tested here.
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CHAPTER V

DISCUSSIONS AND CONCLUSIONS

5.1 Discussions and conclusions

Falling head flow tests have been performed to determine the fracture
permeability of tension-induced fractures under normal and shear stresses. The changes
of the physical and hydraulic apertures, the water flow rates, and the applied shear
stresses has been monitored and used to calculate the changes of the fracture
permeability as a function of shear displacement. The results indicate that the physical
aperture e, and hydraulic aperture ey increase with shearing displacement, particularly
under high normal stresses. The magnitudes of fracture permeability under no shear
and under peak shear stress are similar. For both peak and residual regions, the physical
apertures are about 5 to 10 times greater than the hydraulic apertures, as a result the
fracture hydraulic conductivity determined from the physical aperture are about one to
two orders of magnitudes greater than these determined from the equivalent hydraulic
apertures. This is probably because the measured physical apertures do not consider the
effect of fracture roughness that causes a longer flow path.

In the residual strength region the fracture permeability is not 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
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between the permeability under residual shear stress and that under peak stress
becomes larger as the normal stress increases.

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 beyond the peak stress, its permeability however
notably increases particularly under high normal stresses.

The difference between the permeability under residual shear stress and that
under peak stress becomes larger under higher normal stresses. The fracture
hydraulic conductivities exponentially decrease with increasing the normal stresses.
Their permeability is in the range between 0.1x10° m/s and 10x10° m/s. The
fracture hydraulic conductivity determined here compares well with those obtained
by Zhao (1998) and Chandra et al. (2008).

The flow in fractures is sensitive to normal stiffness of discontinuity. The
normal stiffness will increase with increasing stress. In this research, the range of
normal stiffness is approximately from 1 to 10 GPa/m which is of the same order of

magnitude with those obtained by Pyrak-Nolte et al. (2000).

5.2 Recommendations for future studies

The test results for the four sandstones are well coincided. This is probably
because these sandstones have similar strength and texture. To confirm the
conclusions drawn in this research, more testing is required as follows.

1. Similar test should be performed on rock with higher strength and larger

grain size and under a variety of JRC values.
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2. A relationship between the fracture roughness and fracture permeability
before and after the peak shear strength should be determined.

3. The fracture permeability should be obtained from shearing specimen while
the dilation is maintained constant.

4. The hydraulic head should be applied at different levels and using gas as

flow medium.
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Figure A.1 Shear stress as a function of shear displacement for PW sandstones.
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Figure A.2 Shear stress as a function of shear displacement for PP sandstones.

57



T (MPa)

58

107 PK

Normal Stress

o o o o 0 600 psi

., 500 psi
X * X X + 400 psi
A A A A 2300 psi
= = 8 8 9200 psi
100 psi
0 1 2 3 4 5

Shear displacement (mm)
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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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Flow festing of sandstone fractires under nonmal and shear Siresses

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 S .
Nz | 5 q e,
Ty ia. 5 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 K /
No. | (MPa) | (GPa) Akiae, AkfAse
MPa) | (MPa) | 10% ) | (<10° mis)
PW55-01 1 931 | 0.23 42 65 -23.00 -3.15
PW PWSS3-02 2 9.14 | 0.25 37 55 -19.13 -3.82
PWS5-03 3 852 | 0.33 55 88 -15.02 -4.41
PWS5-04 6 11.98 | 0.29 64 103 -8.79 -100
Mean=5D 49+12 78+25
PP PP55-01 1 789 | 0.31 69 85 0.05 -0.21
PPS5-02 2 366 | 0.31 49 60 0.02 -0.21
Mean+5D 59+10 T2+13
Vs
Hi, 1 Y
wall,
=1 Pipett
pette Normal stress
| Fracture
_.-._"..‘_.'-f-'_w--- - / el
J;;H" ‘ﬁ_ Shear Stress

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 {Barton & Bakhtar, 1983 and Bandis et al., 1983, 1985):

ew = [JRC/5] / [0.2(51CS) - 0.1] (2}

where o, 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{Hi / Ha)r® In(R /0)6p] / [{t2 - ti)v]]*° (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 block.

where v is the unit weight of water (N/m?), u is the dynamic viscosity (N-s/m?, H; and Hj are
the water heads at t; and tz, 1y is the pipette radius (m}, R is the radius of flow path (m), and r
is the radius of the radius injection hole {m).

The fracture permeability is calculated by (Zeigler, 1976):
K=ve?/12n {5)

where K represents hydraulic conductivity between smooth and parallel plates and e is the
parallel plate aperture. Tt 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 fiacture apertures: ep, en and ep,
and differentiated by different symbols as K; - physical, K; - mechanical, and K; -
hydraulic conductivities.

The measured JRC values range from 11, 13 to 15, which are classified as rough and
undulating; bedding 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.

326




70

Rock Mechanics, Fuenkajorn & Phien-wef feds) & 2009. ISBN 978 974 533624 7

—
=
|

on = 0.69 MPa 107 4, =275MPa 107 4 =4.14MPa

Shear stress (MPa)
[ g}
[ g}
]

0 T T 1 0 T 17T 1 0 T T 1
0o 1 2 3 0o 1 2 3 o 1 2 3
1000 s
1000 3 , 1000 : 3 G
E E €m . m l
2 100 = € 100 3 —— 100 W
- 3 7 m en
= ] N i {
Y 10 ; 10 4 10
1 TT T T T 1T 1T T Trrrrrj 1 TT T T T T T T T 1T T T 111 l ] T T T T T T T T T T T T T 711
o 1 2 3 o 1 2z 3 o 1 2 3
1000 5 Ky 1000 K, 10003 K,
E 100 K. 100 Kn 1004 ,WW/—K/m
= i K. ] "
= 10 3, . 10 g Ky 10 K
o 1 1/
01 1 T T T T 1T T 1T T 1T 1 1T T T1T 1] 01 ] TT T T T T T T T 1T T 1711 01 i | S I N N |
0o 1 2 3 o 1 z 3 0o 1 2 3

u o) u (mm)

u {3}
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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Figure 8. 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}.

For both PW and FP 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.
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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
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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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