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ROCK/FRACTURE/ PERMEABILITY/SANDSTONE/FLOW TEST

The objective of this research is to experimentally study the rock fracture
permeability as affected by confining pressures. The effort primarily involves
laboratory flow testing of tension-induced fractures in four types of sandstone under
various surface roughnesses, apertures, confining pressures and normal stresses. The
sandstone samples belong to Sao Khua, Phu Kradung, Phra Wihan, and Phu Phan
formations. For each rock type, a minimum of 3 samples are used in falling head test,
and 6 samples are used in constant head test. The measurement results can be used to
develop a mathematical relationship between the fracture permeability, fracture
aperture and the applied stresses. The research findings can be of useful in
determining the rock mass permeability under in-situ stress conditions with different
fracture intensities and orientations. Such applications include, for example, the
determination of in-situ permeability of oil reservoir, aquifer, dam foundation, and
rock embankments.

From constant head flow testing, the sandstone permeability tends to decreases
with increasing confining pressure. This is probably due to the contraction of the pore
spaces and fractures in the specimen. During unloading, the measured flow rates
show a permanent reduction of the rock permeability, suggesting that a permanent

closure of the pore spaces has occurred. For all sandstone types the fracture hydraulic



III

conductivities exponentially decrease with increasing the normal stresses in falling
head flow testing. Their permeability is in the range between 100x10° m/s and
10000x10° m/s. Under normal stress alone, a permanent fracture closure is usually
observed after unloading as evidenced by the permanent reduction of the fracture

permeability (flow rate).
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CHAPTER |

INTRODUCTION

1.1 Rationaleand Background

At present, it is difficult to predict the risk of sudden groundwater inundation
and gas outbursts in complex hydro-geological environments prevailing in
underground mines and tunnels. = This is primarily because of the lack of proper
understanding of flow through porous media containing systems of fractures. Fluid
flow through rock mass is complicated by the presence of fracture systems which
represent the dominant flow path. Main factors governing the fracture permeability
includes fracture aperture, roughness, orientation, and magnitude of stresses normal to
the fracture planes. As a result coefficient of permeability of rock mass may not be
taken as a scalar from as commonly assumed, instead it should have direction and
magnitude controlled by the fracture aperture and orientation and the magnitudes of
in-situ stresses. Knowledge and understanding of fluid flow through rock mass

containing fracture systems as affected by in-situ stresses are however rare.

1.2 Research Objectives

The objective of this research is to experimentally study the rock fracture
permeability as affected by confining pressures. The effort primarily involves
laboratory flow testing of rock fractures under various surface roughnesses, confining
pressures and normal stresses. The measurement results are used to develop a

mathematical relationship between the fracture permeability, fracture aperture and the



applied stresses. The research findings can be of useful in determining the rock mass
permeability under in-situ stress conditions with varying fracture intensities and
orientations. Such applications include, for example, the determination of permeability

of oil reservoir, aquifer, dam foundation, and rock embankments.

1.3 Research Methodology

As shown in Figure 1.1, the research methodology comprises 5 steps; including
literature review, sample collection and preparation, laboratory testing, development

of mathematical relations and flow equations, and discussions and conclusions.

Literature Review

&

Sample Collection and Preparation

<

Laboratory Testing

<

Development of Mathematical
Relations and Flow Equations

<

Discussions and Conclusions

Figure 1.1 Research methodology.



1.3.1 LiteratureReview
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.
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 prepared for the constant head test
are 2 inches in diameter and 3 inches long. Samples for the falling head test are
prepared as 6x6x10 inches rectangular blocks. The fractures are artificially made in
the laboratory.
1.3.3 Laboratory Testing
The laboratory testing is divided into two groups; i.e. constant head
flow test under various confining pressures, and falling head flow test under normal
stresses.
@ Constant Head Flow Test under Various Confining Pressures
Constant head are conducted. 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 and
fracture. The applied confining pressures vary from 500 to 3000 psi. The injected
water pressure is about 20 psi 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. A single fracture is induced parallel to the specimen axis.



The measured flow rates at each confining pressure are measured to calculate the
fracture permeability.
(b) Falling Head Flow Test under Normal Stresses
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.
The constant normal stresses on the fracture are varied from 50 psi to 300 psi by using
dead weight loading devices. A minimum of 3 samples for each rock type are tested.
1.3.4 Development of M athematical Relations and Flow Equations
Results from laboratory measurements in terms of rock fracture
permeability and stress states are used to formulate mathematical relations.
Orientations of the fractures and the applied stresses can be incorporated to the
equation, and hence permeability of rock mass can be computed in any direction.
1.3.5 Conclusion and ThesisWriting
All research activities, methods, and results are documented and

complied in the thesis.

1.4 Scopeand Limitations

Laboratory experiments are conducted on specimens from four formations of
sandstone, including Sao Khua, Phu Kradung, Phra Wihan, and Phu Phan sandstone.
Testing on fractures is made under confining pressures ranging from 500 to 3000 psi
(approximately up to 3000 ft depth) for constant head test and 50 to 300 psi for falling

head test. All tested fractures are artificially made in the laboratory. All tests are



conducted under ambient temperature. Up to 3 samples will be tested for each rock
type. The minimum size of specimens is 2 inches in diameter with the maximum size

of 6x6x10 inches. Water is used as flow medium. No field testing will be conducted.

1.5 ThesisContents

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 collection and preparation. Chapter 1V presents
the results obtained from the laboratory testing. Chapter V shows the development
of flow equations which can be useful in determining the rock mass permeability
under in-situ stress conditions. Chapter VI concludes the research results, and
provides recommendations for the future research studies. Appendix A, B, and C
provide detailed results from constant head flow testing under confining pressures,
results from falling head flow testing under normal stresses, and technical publication;

respectively.



CHAPTER I

LITERATURE REVIEW

Relevant topics and previous research results will be reviewed to improve an
understanding of fluid flow through porous rock and through rock fractures. These
include classification of rock fractures, rock mass permeability testing and principles,

fracture apertures, and the effects of applied stresses.

2.1 Classfication of Rock Fractures

Fractures (from the Latin fractus, which means “broken”) are surfaces along
which rocks or minerals have broken; they are therefore surfaces across which the
material has lost cohesion (Twiss and Moores, 1992). In general, fractures initiate
and propagate when the stresses equal to the strength of rock. Several possible
sources or mechanisms that are capable of producing high stresses in the earth crust
can be identified. Among these are (1) lithostatic (changes in the weight of
overburden either by burial or removal caused by uplift and erosion); (2) fluid
pressure; (3) tectonic forces associated with the movement of lithosperic plates; (4)
thermal (cooling of intrusive and extrusive rocks, and cooling caused by uplift and
erosion of the crust); (5) impact by extraterrestrial objects; and (6) other geological
processes such as folding, volcanic activity, and salt intrusion (National Research

Council, 1996).



Fractures are distinguished by the relative motion that has occurred across the
fracture surface during formation. For extension fractures or mode | fractures, that
relative motion is perpendicular to the fracture walls (Figure 2.1a). For shear
fractures the relative motion is parallel to the surface. For mode Il shear fractures, the
motion is a sliding motion perpendicular to the edge of the fracture (Figure 2.1b); for
mode 11l shear fractures, it is a sliding motion parallel to the fracture edge (Figure
2.1c). A fracture that has components displacement both parallel and perpendicular to
the fracture surface is an oblique extension fracture or mixed mode fracture (Twiss

and Moores, 1992).

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

(a) Extension (mode I) (b) Shear (mode 1) (c) Shear (mode I1I)

Figure2.1 Types of fracture (Twiss and Moores, 1992).



permeability is referred to as the matrix permeability. Therefore, the combined

permeability of rock mass is given by

k = k¢ + ki (2.1)

where k is the combined permeability of rock mass, and k: and ky 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 are generally small. Permeability can greatly influence the mechanical
behavior of rocks, thereby increasing or decreasing the stability of rock structures. As
shown in Figure 2.2, 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

— O
0O X O

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

discontinuity and any interconnected voids.

Figure 2.2 Fluid flow within a rock specimen (Indraratna and Ranjith, 2001).



of fractured and matrix permeability in different locations is shown in Figure 2.3 and
the calculations of permeability are as follows (Indraratna and Ranjith, 2001).
2.2.1 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 (ky) can be written using Darcy’s law :

Kn =% (2.2)
where q is fluid flow rate through the specimen, dp/dx is the pressure gradient along
the length (dx) of the specimen (Figure 2.4), u 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 :

" (p2-pZ)A

where q = gas flow rate, x = 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.
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(©) (d) (€)

(@) 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.

Figure 2.3 Application of fracture and matrix permeability in different

locations (Indraratna and Ranjith, 2001).
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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 :

P = poe_mt (2.4)

where p; and po are final and initial pressure, respectively, t is the decay time and « is
an empirical constant. The matrix permeability coefficient for transient method is

given by Kranz et al. (1979) :

_apulVyV,

" AV, V) (29)

where £ = isothermal compressibility of fluid, A = cross-sectional area, Vi and V, =
volume of pore fluid at the top and the bottom of the sample, respectively, L = length
of the specimen and « is calculated using Eqn. 2.4 for given initial pressure, and for

the time period, t.

Po +dp

Figure 2.4 Pressure gradients along a rock specimen (Indraratna and Ranjith, 2001).
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2.2.2 Permeability of Single Fracture
The main factors controlling fluid flow through a single fracture are
surface roughness, variable apertures, orientation of fractures, normal and shear stress,
loading and unloading behavior as shown in Figure 2.5. Out of these controlling
factors, the magnitude of the joint aperture is the major parameter, which is a function
of external stress, fluid pressure and geometrical properties of the fracture (Indraratna
and Ranjith, 2001). Therefore, the equations for calculating the permeability will

change as follow.

Flow through a single joint

Surface Variable Orientation Normal and Loading and

roughness| | apertures of fractures Shear stress | | unloading behaviour

I

Permeability

’ ’

Numerical and

Experimental study
analytical study

Figure 2.5 Factors controlling permeability of a single fracture

(Indraratna and Ranjith, 2001).
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Flow is often approximated to occur between smooth parallel plates,
assuming that flow is laminar and viscous. In such a case, the conductivity of a single

fracture is given by the “cubic law’ :

3

_ g€
" 12vb

(2.6)

where K; = fracture conductivity (m/s), e = hydraulic aperture (m), g = acceleration
due to gravity (m/s?), v = kinematic viscosity, which is 1.01 x 10° (m?s) for pure

water at 20°, and b is the spacing between fracture (m).

2.3 Apertures
Apart from the fluid properties and applied hydraulic head, the critical factor
which controls the flow quantity is the aperture. The size and interconnectivity of
fractures influence the volume and rate of flow through fractured rock.
2.3.1 Direct Measurement of Aperture
Mechanical Aperture (en)
Based on Joint Compressive Strength (JCS) and Joint Roughness
Coefficient (JRC) values, Barton and Bakhtar (1983); Bandis et al. (1983; 1985)
proposed an empirical approach to perform indirect measurements of the mechanical
aperture, as discussed below :

e, = {%}[(0.20‘0 /JCS)-0.1] 2.7)

where e, = mechanical aperture (mm) and o, = unconfined compressive strength.
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Based on Schmidt hammer rebound number, the following empirical

relationship is used to determine the JRC.

log,,(JCS)=0.00088)R +1.01 (2.8)

where y = unit weight of rock (kN/m®) and R = rebound number.
2.3.2 Indirect Measurement of Aperture
Equivalent CubicLaw Apertureor Hydraulic Aperture (ec)
For laminar fluid flow through parallel joint walls, the equivalent cubic

law aperture (ec) is defined by

[ 1290 13
T {b(dp/dx)} @2

Where q = steady-state flow rate, b = width of the fracture, dp/dx = pressure gradient
between two ends of the specimen and x = dynamic viscosity of fluid (Indraratna and
Ranjith, 2001).

According to Tsang (1992), for radial flow, the equivalent cubic law

aperture (ec) is given by

6. :{Gﬂm(Lﬂ (2.10)
adp \ 1,

Where ro = well radius and r = distance to the tracer collection point.
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Equivalent Mass Balance Aperture (€mass)
For a given single fracture, having a length | and width b, if the flow
rate through the fracture is q and the mean tracer transport time is t, then the mass

balance equivalent aperture (emass) may be written as follows :

e, = [q_tj (2.11)

For a given well with radius ro and for the tracer collection point at a
distance of radius r (Figure 2.6), Smith et al. (1987) refer to the equivalent mass

balance aperture as ‘volume balance aperture’, given by

Ground surface /)
— % =
e
““-H%_HE #_,_.-H' \
/ . Fractures \
LT \\
\ ""‘“a \\
ot
'___,.-d'
f,--*"’f R“\-\H
Pumping well \

with radius ro Tracer collection / injection point

Figure 2.6 Pumping well and tracer collection point in tracer test

(Indraratna and Ranjith, 2001).
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qt
Crnass = {72’(]’2 _ r2 )} (212)
0

where the symbols are the same as in Eqn. 2.11. Tsang (1992) concluded that the
mass balance aperture is greater than or equal to the cubic law aperture.
2.3.3 Mechanical Apertureversus Hydraulic Aperture
The hydraulic aperture is different to the mechanical aperture of a
fracture, because natural discontinuities are dissimilar to ideal parallel plates.
Based on Joint Roughness Coefficient (JRC), Barton et al. (1985)

proposed following relationship between the mechanical and hydraulic apertures :

e2

e =—m
" JRC?®

(2.13)
where e, = hydraulic aperture and e, = mechanical aperture.
By considering the normal deformation of the fracture, Eqn. 2.13 can

be modified as follows :

(e, -5
—~m 7 2.14
S JRC?® (219)

where 6 = normal deformation of the fracture which is given by the follow expression

5=—2n (2.15)
a+bo,

where o, = normal stress. The parameters a and b are constants which are determined

using the uniaxial compression test.
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24 Stress Effectson Fracture Void Geometry

Deformation in a fracture can arise from either a change in fluid pressure or a
perturbation of the stress field in the rock. The important stress for mechanical
behavior and fluid flow in fractures is the effective stress, which is generally taken to
be the normal stress on the fracture minus the fluid pressure (Terzaghi, 1936).

The stress on a fracture can be decomposed into two components; one in a
direction perpendicular to the surface (normal) and one in a direction parallel the
surface (shear). In general, the effects of these two components are highly coupled;
that is, the deformation caused by a change in one component is dependent on the
magnitude of the other. Fracture surface roughness is one of the primary reasons for
this coupling, as illustrated in Figure 2.7. This figure shows the distribution of voids
and contacting asperities in an idealized representation of a very rough undeformed
fracture. The application of shear stress to this fracture at a very low normal stress
may cause one surface to ride up and over the asperities of the other, leading to large
dilation. At the other extreme, at very high normal stress, the frictional forces
resisting slip may exceed the strength of the rock and the asperities will be sheared

off. Dilation would minimal in this case (National Research Council, 1996).

MWW e Y

Figure 2.7 Cross section through a very rough fracture in the undeformed

state showing distribution of voids and contacting asperities

(National Research Council, 1996).



CHAPTER |11

SAMPLE PREPARATION

3.1 Introduction

The tested sandstones are from four sources: Phu Phan, Phra Wihan, Phu
Kradung and Sao Khua 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. 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 SamplePreparation

A minimum of 4 sandstone types are prepared. Sample preparation is carried
out in the laboratory facility at the Suranaree University of Technology.
3.2.1 Sample Preparation for Constant Head Flow Test
under Various Confining Pressures
Samples for the constant head test are prepared to have cylindrical
shape with a nominal dimension of 2 inches in diameter and 3 inches long both
homogeneous and fractured samples. The preparation is conducted in the laboratory
facility at the Suranaree University of Technology. The process includes coring,

cutting and grinding (Figure 3.1 through 3.3).
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The core drilling machine (model SBEL 1150) is used to drill core specimens

using diamond impregnated bit with diameter of 54 mm.

Figure3.1 Laboratory core drilling.



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

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

20
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3.2.2 Sample Preparation for Falling Head Flow Test

under Normal Stresses

Samples for the falling head test are prepared to have fractures area of
about 6x6 square inches (Figure 3.4). The fractures are artificially made by applying
a line load to induce a splitting tensile crack in 6x6x10 in® prismatic blocks of SK,
PW, PP and PK sandstones (Figure 3.5). The injection hole at the center of the upper
block is 0.8 cm in diameter (Figure 3.6). 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).

The properties of this sandstone rock are porous ably and permeable ability. The

reservoir rock is always sandstone, too.

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 tested sandstones obtained from X-ray diffraction.

, Grain Mineral Compositions

Rock Density S : — :
0CKS | (glco) Z€ | Quartz | Albite | Kaolinite | Feldspar | Mica
(Mm) | o) | (%) | ) | (%) | (%)

PW 2.35 1.5-20 | 99.47 - 0.53 - -
PP 2.45 1.5-2.0 | 98.40 - - - 1.60

PK 2.63 0.1-15 | 48.80 46.10 5.10 - -
SK 2.37 0.1-1.0 | 57.00 39.50 - 2.90 0.60
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Figure 3.4 Some fracture surfaces from applying a line load to prismatic blocks.
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7 Induced fracture

Figure3.5 A 6x6x10 in> block of sandstone is line-loaded to induce

tensile fracture in mid-length of the block.

Figure 3.6 Some sandstone specimens prepared for falling head test.



CHAPTER IV

LABORATORY TESTING

4.1 Objectives

The primary objectives of the laboratory tests are to determine permeability of
sandstone specimens. The laboratory testing is divided into two groups; i.e. constant
head flow test under various confining pressures, and falling head flow test under
normal stresses. Laboratory experiments are conducted on specimens from four
formations of sandstone, including Sao Khua, Phu Kradung, Phra Wihan, and Phu

Phan sandstone.

4.2 Constant Head Flow Test under Various Confining Pressures

@ Test Method

Figure 4.1 shows the laboratory arrangement of the constant head test.
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 and fracture. The applied confining pressures vary
from 500 to 3000 psi. The injected water pressure is about 20 psi 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. A single fracture is
induced parallel to the specimen axis. The measured flow rates at each confining

pressure will be measured to calculate the fracture permeability.
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N, @ 20 psi

N>

_—
H,O
e
o i
/ /
ey |
Triaxial Cell

~,

Pipet

@2in.

Specimen

Figure4.1 Laboratory set-up for constant head flow test

under various confining pressures.
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For intact specimens, the hydraulic conductivity (K) is calculated using

the equation;

K =S (4.1)
AAh
where Qis flow rate, A is cross-sectional area of flow, and 44 is change in head

measured over a distance L. The intact rock permeability (ky) can be calculated by

Aqu
Kk — 4.2
" D?(dp/ dx) 4.2)
where q is fluid flow rate through the specimen, x is dynamic viscosity of the fluid, D
is diameter of the specimen, and dp/dx is pressure gradient along the length (dx) of the
specimen.
For fracture, the fracture conductivity (Ky) and fracture permeability (k)

are calculated from the equations,

g€ (4.3)

k=" (4.4)

where g is acceleration due to gravity, v is kinematic viscosity, b is spacing between

fracture, and eis hydraulic aperture which received from the equation,
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[ 12au 1/3
% {b(dp/ dx)} “9

where e is equivalent cubic law aperture or hydraulic aperture, q is steady-state flow
rate, u is dynamic viscosity of fluid, b is width of the fracture, and dp/dx is
pressure gradient between two ends of the specimen.

(b)  Test Result

The fracture aperture, hydraulic conductivity, permeability of PK, PP,
PW and SK sandstone specimens are calculated. The results are summarized in Table
4.1 through 4.4.

The sandstone permeability tends to decreases with increasing
confining pressure. This is probably due to the contraction of the pore spaces and
fractures in the specimen. The flow rates measured during unloading show a
permanent reduction of the rock permeability, suggesting that a permanent closure of
the pore spaces has occurred. The detailed results of constant head tests are provided

in Appendix A.
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Table4.1 Test parameters and results of PKSS from constant head flow testing.

Pe (o8 K k
Sample : -6 -9 -12 2
psi M Pa (x10°m) | (x10° m/s) | (x10™m")
500 3.45 32.81 705.42 89.75
1000 6.89 24.22 284.44 48.95
1500 10.34 17.24 102.40 24.78
2000 13.79 12.98 43.61 14.04
2500 17.24 9.68 18.20 7.83
PKSS-01-05 3000 20.68 7.71 9.48 5.01
2500 17.24 7.25 7.59 4.37
2000 13.79 7.11 7.21 4.22
1500 10.34 7.86 9.67 5.14
1000 6.89 8.29 11.38 5.73
500 3.45 8.93 14.22 6.65
500 3.45 22.04 205.77 40.49
1000 6.89 15.17 67.49 19.22
1500 10.34 10.45 21.97 9.11
2000 13.79 8.21 10.64 5.62
2500 17.24 6.62 5.58 3.65
PKSS-01-07 3000 20.68 5.84 3.84 2.84
2500 17.24 5.66 3.49 2.67
2000 13.79 5.66 3.49 2.67
1500 10.34 6.01 4.19 3.01
1000 6.89 6.10 4.36 3.10
500 3.45 6.82 6.10 3.88
500 3.45 26.98 364.22 60.68
1000 6.89 19.34 134.12 31.18
1500 10.34 15.54 69.60 20.14
2000 13.79 12.18 33.53 12.37
2500 17.24 10.47 21.29 9.14
PKSS-03-01 3000 20.68 8.96 13.35 6.69
2500 17.24 8.86 12.87 6.54
2000 13.79 8.82 12.71 6.48
1500 10.34 8.96 13.35 6.70
1000 6.89 9.27 14.78 1.17
500 3.45 9.98 18.43 8.30
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Table4.2 Test parameters and results of PPSS from constant head flow testing.

Pe (o8 K k
Sample : -6 -9 -12 2
psi M Pa (x10°m) | (x107 m/s) | (x10™ m")
500 3.45 18.01 99.99 27.04
1000 6.89 10.96 22.65 10.03
1500 10.34 6.25 4.20 3.26
2000 13.79 5.45 2.80 2.49
2500 17.24 5.03 2.24 2.13
PPSS-01-01 3000 20.68 4.34 1.40 1.57
2500 17.24 4.34 1.40 1.57
2000 13.79 4.34 1.40 1.57
1500 10.34 4.34 1.40 1.57
1000 6.89 4.34 1.40 1.57
500 3.45 5.55 2.94 2.57
500 3.45 29.02 447.18 70.18
1000 6.89 21.23 175.23 37.57
1500 10.34 14.81 59.53 18.29
2000 13.79 11.11 25.10 10.29
2500 17.24 8.64 11.78 6.21
PPSS-01-03 3000 20.68 7.27 7.04 4.41
2500 17.24 7.38 7.35 4.53
2000 13.79 7.62 8.11 4.84
1500 10.34 8.24 10.25 5.66
1000 6.89 10.73 22.96 9.65
500 3.45 19.38 133.14 31.30
500 3.45 51.79 3624.15 223.57
1000 6.89 48.75 3023.47 198.14
1500 10.34 44.53 2302.64 165.27
2000 13.79 39.66 1626.86 131.10
2500 17.24 36.51 1271.46 111.17
PPSS-01-09 3000 20.68 34.29 1051.20 97.99
2500 17.24 34.29 1051.20 97.99
2000 13.79 35.04 1121.29 102.30
1500 10.34 35.45 1161.33 104.72
1000 6.89 36.44 1261.45 110.66
500 3.45 39.95 1661.90 132.99
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Table 4.3 Test parameters and results of PWSS from constant head flow testing.

Pc & K k
Sample ; -6 -9 -12 2
psi MPa (x10°m) | (x107 m/s) | (x10™° m")
500 3.45 114.94 26147.34 1101
1000 6.89 97.44 15933.53 791.36
1500 10.34 65.42 5362.25 371.44
2000 13.79 52.43 2485.36 229.21
2500 17.24 38.88 1014.57 126.09
PWSS-01-01 3000 20.68 29.08 425.58 70.59
2500 17.24 28.31 391.53 66.83
2000 13.79 30.96 510.69 79.86
1500 10.34 32.83 612.83 89.99
1000 6.89 39.38 1055.43 129.41
500 3.45 43.34 1402.7 156.57
500 3.45 44,55 1861.24 165.46
1000 6.89 41.59 1513.01 144.18
1500 10.34 33.69 804.54 94.6
2000 13.79 21.26 426.28 61.95
2500 17.24 22.13 228.15 40.82
PWSS-01-05 3000 20.68 18.16 126.08 27.49
2500 17.24 18.25 128.09 27.78
2000 13.79 18.25 128.09 27.77
1500 10.34 18.99 1441 30.05
1000 6.89 22.52 240.16 42.27
500 3.45 27.81 452.3 64.45
500 3.45 28.42 419.86 67.37
1000 6.89 18.68 119.31 29.11
1500 10.34 8.06 9.67 5.44
2000 13.79 6.18 4.35 3.19
2500 17.24 5.1 2.42 2.17
PWSS-01-06 3000 20.68 4.58 1.77 1.75
2500 17.24 4.45 1.61 1.65
2000 13.79 4.45 161 1.65
1500 10.34 5.1 2.42 2.17
1000 6.89 5.1 2.42 2.17
500 3.45 5.1 2.42 2.17
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Table4.4 Test parameters and results of SKSS from constant head flow testing.

P € K k
Sample : -6 -9 -12 2
psi M Pa (x10°m) | (x107 m/s) | (x10“ m")
500 3.45 24.70 282.55 50.86
1000 6.89 16.58 85.56 22.94
1500 10.34 11.98 32.31 11.98
2000 13.79 9.50 16.08 7.53
2500 17.24 8.21 10.35 5.61
SKSS-01-01 3000 20.68 3.67 0.96 1.13
2500 17.24 3.49 0.80 1.02
2000 13.79 3.49 0.80 1.02
1500 10.34 4.22 1.43 1.49
1000 6.89 9.31 15.12 7.23
500 3.45 9.65 16.87 7.77
500 3.45 22.63 257.98 42.77
1000 6.89 14.25 64.63 16.98
1500 10.34 7.92 11.21 5.26
2000 13.79 3.90 1.42 1.30
2500 17.24 1.76 0.23 0.35
SKSS-02-03 3000 20.68 2.15 0.23 0.39
2500 17.24 1.97 0.18 0.33
2000 13.79 2.20 0.23 0.40
1500 10.34 2.20 0.23 0.40
1000 6.89 251 0.35 0.53
500 3.45 5.48 3.64 2.50
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4.3 Falling Head Flow Test under Normal Stresses

@ Test Method

Falling head tests will be conducted by injecting water into the center
hole of rectangular blocks of sandstone. A fracture is artificially made across the
6x6x10 in® prismatic block of sandstone specimen either by saw-cutting or tension
inducing methods. The fracture is 6x6 in’>. The 8 mm hole is drilled into the upper
block of the sample to allow water flow through the fracture. The constant normal
stresses on the fracture are varied from 50 psi to 300 psi by using dead weight loading
devices (Figure 4.2). A minimum of 3 samples for each rock type will be tested.

The hydraulic conductivity for smooth, parallel plates (K;) is calculated

by following equation (Zeigler, 1976) :

2

K, =25
124

(4.6)

where y is unit weight of fluid, x is viscosity of fluid, and e is parallel plate aperture.
The equivalent parallel plate aperture for adial flow is used in this case; which can be

received from using the equation (Maini, 1971),

o In(H, /H,)rZ In(r/R)6u |
(tz_t1)7

4.7)

where Hj,H; is excess pressure head at beginning and end of test, ti,t; is time at
beginning and end of test, ry, is buret radius, R is outer radius of a radial flow path, r is

inner radius of a radial flow path, Wis width of the fracture, and L is length of the fracture.
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(b)  Test Result

Table 4.5 through 4.8 give the fracture conductivity results for PW, PP,
PK and SK sandstone specimens as a function of normal stresses. 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. Under normal stress alone, a permanent fracture closure is usually
observed after unloading as evidenced by the permanent reduction of the fracture
permeability (flow rate). The detailed results of falling head tests are provided in

Appendix B.
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Figure4.2 Laboratory set-up for falling head flow test under normal stresses.



Table4.5 Test parameters and results of PKSS from falling head flow testing.

35

e K,
Sample psi M Pa (x10™8 m) (x10%" m/s)
50 0.34 22453.89 367690.71
100 0.69 9981.13 72686.80
150 1.03 5061.54 26156.95
200 1.38 1280.27 1228.76
250 1.72 571.06 237.79
PKSS-F-01 300 2.07 288.31 60.61
250 1.72 290.10 61.37
200 1.38 291.91 62.13
150 1.03 293.13 62.65
100 0.69 295.29 63.58
50 0.34 297.17 64.39
50 0.34 12659.90 116901.52
100 0.69 2905.48 6178.79
150 1.03 951.88 667.82
200 1.38 539.52 219.09
250 1.72 246.75 44.39
PKSS-F-02 300 2.07 97.71 6.96
250 1.72 96.04 6.73
200 1.38 142.90 14.89
150 1.03 142.90 14.89
100 0.69 144.12 15.15
50 0.34 144.49 15.22




Table4.6 Test parameters and results of PPSS from falling head flow testing.
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e K,
Sample psi M Pa (x10%° m) (x10%* m/s)
50 0.34 149.43 25719.66
100 0.69 152.94 27122.70
150 1.03 77.72 4999.99
200 1.38 25.91 489.88
250 1.72 17.48 223.08
PPSS-F-01 300 2.07 12.78 119.12
250 1.72 13.27 128.93
200 1.38 13.86 140.33
150 1.03 15.50 17551
100 0.69 6.98 457.62
50 0.34 29.07 616.22
50 0.34 22.76 378.31
100 0.69 13.85 140.08
150 1.03 6.20 28.03
200 1.38 3.30 7.97
250 1.72 2.10 3.23
PPSS-F-02 300 2.07 1.39 1.42
250 1.72 1.38 141
200 1.38 1.33 1.31
150 1.03 1.47 1.59
100 0.69 1.83 2.45
50 0.34 2.40 4.30




Table4.7 Test parameters and results of PWSS from falling head flow testing.
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e Kj
sample ps M Pa (x10™ m) (x10%* m/s)
50 0.34 9.18 61.59
100 0.69 13.03 124.06
150 1.03 9.64 68.01
200 1.38 7.97 46.54
250 1.72 6.47 30.66
PWSS-F-01 300 2.07 5.17 19.52
250 1.72 5.21 19.79
200 1.38 5.11 19.29
150 1.03 5.49 22.19
100 0.69 5.36 21.12
50 0.34 8.14 48.37
50 0.34 13.34 131.04
100 0.69 9.20 62.12
150 1.03 6.82 34.30
200 1.38 5.77 24.46
250 1.72 4.93 17.81
PWSS-F-02 300 2.07 4.93 17.81
250 1.72 4.86 17.31
200 1.38 4,52 14.94
150 1.03 4.23 13.07
100 0.69 4.18 12.75
50 0.34 4.98 20.22




Table4.8 Test parameters and results of SKSS from falling head flow testing.
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e K,
Sample psi M Pa (x10%° m) (x10%* m/s)
50 0.34 71.96 4373.89
100 0.69 26.34 506.59
150 1.03 12.34 111.22
200 1.38 6.15 27.56
250 1.72 3.07 6.92
SKSS-F-01 300 2.07 141 1.47
250 1.72 1.22 111
200 1.38 1.14 0.96
150 1.03 1.20 1.05
100 0.69 1.32 1.29
50 0.34 151 1.68
50 0.34 222.55 74409.26
100 0.69 210.61 65438.82
150 1.03 202.55 55752.00
200 1.38 189.79 48882.93
250 1.72 176.74 39782.38
SKSS-F-02 300 2.07 108.12 10684.73
250 1.72 81.26 5578.63
200 1.38 109.80 11733.11
150 1.03 124.08 15678.30
100 0.69 195.54 52926.48
50 0.34 191.85 52695.37




CHAPTER YV

DEVELOPMENT OF MATHEMATICAL RELATIONS

5.1 Objective

The objective of this chapter is to develop mathematical relationships between
the permeability and other parameters from two testing; i.e. constant head flow test

under various confining pressures, and falling head flow test under normal stresses.

5.2 Development of Mathematical Relations

The graphical methods are used to find the formula that best fit the sets of
data. All data obtained from observations and calculations are plotted in semi-log
graph. By curve fitting, the best-fit curve is the power law.

5.2.1 Constant Head Flow Testing under Various Confining Pressures

Empirical equations are proposed to represent the relation between the
fracture permeability and the confining pressure. They are described below. The
permeability values are plotted as a function of confining pressure in Figure 5.1
through 5.11. The value of x, ¢, and R? from each specimen are shown in Table 5.1.

K=x-P? or logK = @ logP. + logx

where K is hydraulic conductivity, P, is confining pressure, x and ¢ are constants.
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Figure5.1 Hydraulic conductivity (K) as a function of confining pressure (P)
for Phu Kradung sandstone specimen (PKSS-01-05) from constant

head flow testing under various confining pressures.
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Figure5.2 Hydraulic conductivity (K) as a function of confining pressure (P)

for Phu Kradung sandstone specimen (PKSS-01-07) from constant

head flow testing under various confining pressures.
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Figure5.3 Hydraulic conductivity (K) as a function of confining pressure (P)

for Phu Kradung sandstone specimen (PKSS-03-01) from constant

head flow testing under various confining pressures.
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Figure5.4 Hydraulic conductivity (K) as a function of confining pressure (P)

for Phu Phan sandstone specimen (PPSS-01-01) from constant

head flow testing under various confining pressures.
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Figure5.5 Hydraulic conductivity (K) as a function of confining pressure (P)

for Phu Phan sandstone specimen (PPSS-01-03) from constant

head flow testing under various confining pressures.
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Figure5.6 Hydraulic conductivity (K) as a function of confining pressure (P)
for Phu Phan sandstone specimen (PPSS-01-09) from constant

head flow testing under various confining pressures.
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Figure5.7 Hydraulic conductivity (K) as a function of confining pressure (P)
for Phra Wihan sandstone specimen (PWSS-01-01) from constant

head flow testing under various confining pressures.
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Figure 5.8 Hydraulic conductivity (K) as a function of confining pressure (P)
for Phra Wihan sandstone specimen (PWSS-01-05) from constant

head flow testing under various confining pressures.
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Figure5.9 Hydraulic conductivity (K) as a function of confining pressure (P)

for Phra Wihan sandstone specimen (PWSS-01-06) from constant

head flow testing under various confining pressures.
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Figure5.10 Hydraulic conductivity (K) as a function of confining pressure (P)
for Sao Khua sandstone specimen (SKSS-01-01) from constant

head flow testing under various confining pressures.
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Figure5.11 Hydraulic conductivity (K) as a function of confining pressure (P)
for Sao Khua sandstone specimen (SKSS-02-03) from constant

head flow testing under various confining pressures.
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Table5.1 Value of x, ¢, and R? from each sample specimen tested by constant head

flow testing under various confining pressures.

L oading Unloading
Sample (X]_)é) 5 0 R? . 1XO‘9) 0 R2
PKSS-01-05 20 -2.421 0.9555 20 -3.24 0.7192
PKSS-01-07 4 -2.292 0.9879 8 -0.29 0.8483
PKSS-03-01 4 -1.843 0.9852 20 -0.195 0.8415
PPSS-01-01 2 -2.442 0.9749 4 -0.371 0.6572
PPSS-01-03 10 -2.374 0.9687 700 -1.657 0.9198
PPSS-01-09 10 -0.709 0.9196 2000 -0.254 0.9465
PWSS-01-01 800 -2.285 0.9092 4000 -0.758 0.9518
PWSS-01-05 20 -1.501 0.8726 1000 -0.751 0.9231
PWSS-01-06 30 -3.313 0.9627 4 -0.247 0.6191
SKSS-01-01 10 -2.735 0.8637 300 -2.008 0.8243
SKSS-02-03 100 -4.288 0.9379 10 -1.511 0.7831
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5.2.2 Falling Head Flow Testing under Normal Stresses
Empirical equations are proposed to represent the relation between the
fracture permeability and the applied normal stress. They are described below. The
permeability values are plotted as a function of applied pressure in Figure 5.12
through 5.19. The value of A, A, and R® from each specimen are shown in Table 5.2.

K; = Ac? or logK; = Alogo +logA

where K; is fracture conductivity, o is normal stress, A and A are constants.
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Figure5.12 Fracture conductivity (K;) as a function of normal stress (o) from
falling head flow testing under various normal stresses for fractures

in Phu Kradung sandstone specimen (PKSS-F-01).
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Figure5.13 Fracture conductivity (Kj) as a function of normal stress (o) from

falling head flow testing under various normal stresses for fractures

in Phu Kradung sandstone specimen (PKSS-F-02).




55

PPSS-F-01
100000 -
AN
10000 -
: o K; = 2x107 o>
R2 = 0.8477
@ 1000 -
& ]
o
—
X
100 -
K; = 2x107%% 6+
R2=0.9212
10 -
1 T yaa | SYruDw raprar 4l T 1
0.00 0.50 1.00 1.50 2.00 2.50
o (MPa)

Figure5.14 Fracture conductivity (K;) as a function of normal stress (o) from
falling head flow testing under various normal stresses for fractures

in Phu Phan sandstone specimen (PPSS-F-01).
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Figure5.15 Fracture conductivity (K;) as a function of normal stress (o) from
falling head flow testing under various normal stresses for fractures

in Phu Phan sandstone specimen (PPSS-F-02).
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Figure5.16 Fracture conductivity (Kj) as a function of normal stress (o) from

falling head flow testing under various normal stresses for

fractures in Phra Wihan sandstone specimen (PWSS-F-01).
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Figure5.17 Fracture conductivity (K;) as a function of normal stress (o) from

falling head flow testing under various normal stresses for

fractures in Phra Wihan sandstone specimen (PWSS-F-02).
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Figure5.18 Fracture conductivity (K;) as a function of normal stress (o) from
falling head flow testing under various normal stresses for

fractures in Sao Khua sandstone specimen (SKSS-F-01).
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Figure5.19 Fracture conductivity (K;) as a function of normal stress (o) from
falling head flow testing under various normal stresses for

fractures in Sao Khua sandstone specimen (SKSS-F-02).
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Table 5.2 Value of A, A, and R? from each sample specimen tested by falling head

flow testing under normal stresses.

L oading Unloading
e (xlAO'24) 4 R® (xlAO'24) 4 R®
PKSS-F-01 6 -4.894 0.9020 0.06 -0.033 0.9454
PKSS-F-02 0.7 -5.178 0.9786 0.01 -0.436 0.5122
PPSS-F-01 2000 -3.318 0.8477 200 -1.020 0.9212
PPSS-F-02 20 -3.186 0.9528 2 -0.661 0.9055
PWSS-F-01 50 -0.685 0.4987 20 -0.464 0.7505
PWSS-F-02 40 -1.176 0.9892 20 -0.033 0.0144
SKSS-F-01 70 -4.285 0.9649 1 -0.165 0.2625
SKSS-F-02 40000 -0.787 0.5501 20000 -1.219 0.7948




CHAPTER VI
DISCUSSIONS AND CONCLUSIONS AND

RECOMMENDATIONS FOR FUTURE STUDIES

6.1 Discussions and Conclusions

€)] Constant Head Flow Test
The hydraulic conductivity for sandstone specimens, under confining
pressures between 500 psi and 3000 psi, decreases as the confining pressures increase
from 500 psi to 3000 psi. The flow rates measured during unloading show a
permanent reduction of the rock permeability, suggesting that a permanent closure of
the pore spaces has occurred.
(b) Falling Head Flow Test
Falling head flow test have been performed to determine the fracture
permeability of tension-induced fractures in Sao Khua, Phu Kradung, Phra Wihan,
and Phu Phan sandstone specimens under normal stresses. The changes of apertures,
water flow rates, and applied stress has been monitored and used to calculate the
changes of the fracture permeability as a function of normal stress. 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 usually observed after unloading as

evidenced by the permanent reduction of the fracture permeability (flow rate).
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6.2 Recommendationsfor Future Studies

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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APPENDIX A

RESULT FROM CONSTANT HEAD FLOW TEST

UNDER VARIOUS CONFINING PRESSURES



Table A.1 Test parameters and results of PKSS-01-05.

Pc Pi Time Outflow q €c K k
psi MPa psi MPa (s) cm?® m? (m°fs) (m) (m/s) (m?)

3.45 10 0.07 0

3.45 10 0.07 10 1300 | 1.30E:05 | 1.30E-06 | 3.33E-05 | 7.40E-07 | 9.27E-11

500 3.45 10 0.07 20 1350 | 1.35E-05 | 1.35E-06 | 3.38E-05 | 7.68E-07 | 9.50E-11

Load | 345 10 0.07 30 1230 | 1.28E-05 | 1.23E-06 | 3.27E-05 | 7.00E-07 | 8.93E-11

3.45 10 0.07 40 1120 | 1.12E-05 | 1.12E-06 | 3.17E-05 | 6.37E-07 | 839E-11

3.45 10 0.07 50 12.00 | 1.20E-05 | 1.20E-06 | 3.25E-05 | 6.83E-07 | 8.79E-11

Average | 3.28E-05 7.05E-07 8.98E-11

SD| 7.90E-07 | 507E-08 | 4.31E-12
6.89 10 0.07 0

6.89 10 0.07 10 550 | 550E-06 | 550E-07 | 250E-05 | 3.13E-07 | 522E-11

6.89 10 0.07 20 600 | 6.00E-06 | 6.00E-07 | 258E-05 | 3.41E-07 | 553E-11

6.89 10 0.07 30 550 | 550E-06 | 550E-07 | 250E-05 | 3.13E-07 | 5.22E-11

1000 ["6.89 10 0.07 40 500 | 500E-06 | 500E-07 | 243E-05 | 2.84E-07 | 4.90E-11

Load | 689 10 0.07 50 470 | 470E-06 | 470E-07 | 2.38E-05 | 267E-07 | 4.70E-11

6.89 10 0.07 60 480 | 480E-06 | 4.80E-07 | 239E-05 | 2.73E-07 | 477E-11

6.89 10 0.07 70 450 | 450E-06 | 450E-07 | 2.34E-05 | 256E-07 | 457E-11

6.89 10 0.07 80 460 | 460E-06 | 460E-07 | 2.36E-05 | 262E-07 | 4.64E-11

6.89 10 0.07 90 440 | 440E-06 | 4.40E-07 | 232E-05 | 250E-07 | 450E-11

Average | 2.42E-05 | 2.84E-07 | 4.90E-11

SD| 869E-07 | 3.12E-08 | 3.54E-12




Table A.1 Test parameters and results of PKSS-01-05 (Continued).

Pc Pi Time Outflow q €c K k
psi MPa psi MPa (s) cm? m® (m®fs) (m) (m/s) (m?
10.34 10 0.07 0
10.34 10 0.07 20 410 | 410E-06 | 2.05E-07 | 180E-05 | 1.17E-07 | 2.70E-11
1500 | 10.34 10 0.07 40 370 | 3.70E-06 | 1.85E-07 | 1.74E-05 | 105E-07 | 2.53E-11
Load | 1034 10 0.07 60 360 | 360E-06 | 1.80E-07 | 173E-05 | 1.02E-07 | 248E-11
10.34 10 0.07 80 320 | 320E-06 | 160E-07 | 166E-05 | 9.10E-08 | 2.29E-11
10.34 10 007 | 100 340 | 340E-06 | 1.70E-07 | 169E-05 | 9.67E-08 | 2.39E-11
Average | 1.72E-05 | 1.02E-07 | 2.48E-11
SD| 5.37E-07 | 9.65E-09 | 1.55E-12
13.79 10 0.07 0
13.79 10 0.07 30 240 | 240E-06 | 8.00E-08 | 1.32E-05 | 455E-08 | 1.44E-11
2000 | 1379 10 0.07 60 230 | 2.30F-06 | 7.67E-08 | 1.30E-05 | 4.36E-08 | 1.40E-11
Load | 1379 10 0.07 ) 230 | 230E-06 | 7.67E-08 | 1.30E-05 | 4.36E-08 | 1.40E-11
13.79 10 007 | 120 220 | 220E-06 | 7.33E-08 | 128E-05 | 4.17E-08 | 1.36E-11
13.79 10 007 | 150 230 | 230E-06 | 7.67E-08 | 1.30E-05 | 4.36E-08 | 1.40E-11
Average | 1.30E-05 4.36E-08 1.40E-11
SD| 133E-07 | 134E-09 | 2.88E-13




Table A.1 Test parameters and results of PKSS-01-05 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m? (m°fs) (m) (m/s) (m?
17.24 10 0.07 0
17.24 10 0.07 60 2.30 230E-06 | 3.83E-08 | 103E-05 | 218E-08 | 8.84E-12
2500 | 1724 10 007 | 120 2.10 210E-06 | 3.50E-08 | 9.99E-06 | 199E-08 | 8.32E-12
Load | 17.24 10 007 | 180 1.90 1.90E-06 | 3.17E-08 | 9.67E-06 | 1.80E-08 | 7.79E-12
17.24 10 007 | 240 1.70 1.70E-06 | 2.83E-08 | 9.31E-06 | 161E-08 | 7.23E-12
17.24 10 007 | 300 1.60 1.60E-06 | 2.67E-08 | 9.13E-06 | 152E-08 | 6.94E-12
Average | 9.68E-06 | 1.82E-08 | 7.83E-12
SD| 4.81E-07 | 2.72E-09 | 7.78E-13
20.68 10 0.07 0
20.68 10 0.07 60 1.00 1.00E-06 | 1.67E-08 | 7.80E-06 | 9.48E-09 | 5.08E-12
3000 | 2068 10 007 | 120 0.70 7.00E-07 | 1.17E-08 | 6.93E-06 | 6.64E-09 | 4.00E-12
Load | 20.68 10 007 | 180 0.80 8.00E-07 | 1.33E-08 | 7.25E-06 | 7.50E-09 | 4.37E-12
20.68 10 007 | 240 0.80 8.00E-07 | 1.33E-08 | 7.25E-06 | 7.50E-09 | 4.37E-12
20.68 10 007 | 300 1.70 1.70E-06 | 2.83E-08 | 9.31E-06 | 161E-08 | 7.23E-12
Average | 7.71E-06 9.48E-09 5.01E-12
SD| 9.52E-07 | 3.85E-09 | 1.30E-12




Table A.1 Test parameters and results of PKSS-01-05 (Continued).

Pc Pi Time Outflow q €c K k
psi MPa psi MPa (s) cm?® m? (m°fs) (m) (m/s) (m?)
1724 | 10 0.07 0
1724 | 10 0.07 60 0.80 8.00E-07 | 133E-08 | 7.25E-06 | 7.59E-09 | 4.37E-12
2500 | 1724 10 007 | 120 0.80 8.00E-07 | 1.33E-08 | 7.25E-06 | 7.59E-09 | 4.37E-12
Unload | 1724 | 10 007 | 180 0.80 8.00E-07 | 133E-08 | 7.25E-06 | 7.59E-09 | 4.37E-12
1724 | 10 007 | 240 0.80 8.00E-07 | 133E-08 | 7.25E-06 | 7.59E-09 | 4.37E-12
1724 | 10 007 | 300 0.80 8.00E-07 | 1.33E-08 | 7.25E-06 | 7.59E-09 | 4.37E-12
Average | 7.25E-06 | 7.59E-09 | 4.37E-12
SD| 5.68E-21 | 178E-23 | 6.87E-27
13.79 10 0.07 0
13.79 10 0.07 60 0.80 8.00E-07 | 133E-08 | 7.25E-06 | 7.59E-09 | 4.37E-12
2000 | 1379 10 007 | 120 0.60 6.00E-07 | 100E-08 | 6.58E-06 | 5.69E-09 | 3.61E-12
Unload | 13.79 10 007 | 180 0.80 8.00E-07 | 1.33E-08 | 7.25E-06 | 7.59E-09 | 4.37E-12
13.79 10 007 | 240 0.80 8.00E-07 | 1.33E-08 | 7.25E-06 | 7.59E-09 | 4.37E-12
13.79 10 007 | 300 0.80 8.00E-07 | 1.33E-08 | 7.25E-06 | 7.59E-09 | 4.37E-12
Average | 7.11E-06 7.21E-09 4.22E-12
SD| 2.96E-07 | 848E-10 | 3.41E-13




Table A.1 Test parameters and results of PKSS-01-05 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® (m°/s) (m) (m/s) (m?

10.34 10 0.07 0

10.34 10 0.07 60 1.00 1.00E-06 1.67E-08 7.80E-06 9.48E-09 5.08E-12

1500 10.34 10 0.07 120 1.00 1.00E-06 1.67E-08 7.80E-06 9.48E-09 5.08E-12

Unload 10.34 10 0.07 180 1.00 1.00E-06 1.67E-08 7.80E-06 9.48E-09 5.08E-12

10.34 10 0.07 240 1.00 1.00E-06 1.67E-08 7.80E-06 9.48E-09 5.08E-12

10.34 10 0.07 300 1.10 1.10E-06 1.83E-08 8.06E-06 1.04E-08 541E-12

Average | 7.86E-06 9.67E-09 5.14E-12

SD | 1.13E-07 4.24E-10 1.49E-13
6.89 10 0.07 0

6.89 10 0.07 60 1.20 1.20E-06 2.00E-08 8.29E-06 1.14E-08 5.73E-12

1000 6.89 10 0.07 120 1.20 1.20E-06 2.00E-08 8.29E-06 1.14E-08 5.73E-12

Unload 6.89 10 0.07 180 1.20 1.20E-06 2.00E-08 8.29E-06 1.14E-08 5.73E-12

6.89 10 0.07 240 1.20 1.20E-06 2.00E-08 8.29E-06 1.14E-08 5.73E-12

6.89 10 0.07 300 1.20 1.20E-06 2.00E-08 8.29E-06 1.14E-08 5.73E-12

Average | 8.29E-06 1.14E-08 5.73E-12

SD | 1.58E-20 6.53E-23 2.21E-26




Table A.1 Test parameters and results of PKSS-01-05 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm? m® (m®fs) (m) (m/s) (m?
3.45 10 0.07 0

3.45 10 0.07 60 1.50 1.50E-06 2.50E-08 8.93E-06 1.42E-08 6.65E-12
500 3.45 10 0.07 120 1.50 1.50E-06 2.50E-08 8.93E-06 1.42E-08 6.65E-12
Unload 3.45 10 0.07 180 1.50 1.50E-06 2.50E-08 8.93E-06 1.42E-08 6.65E-12
3.45 10 0.07 240 1.50 1.50E-06 2.50E-08 8.93E-06 1.42E-08 6.65E-12
3.45 10 0.07 300 1.50 1.50E-06 2.50E-08 8.93E-06 1.42E-08 6.65E-12
Average | 8.93E-06 1.42E-08 6.65E-12
SD | 0.00E+00 0.00E+00 9.03E-28




Table A.2 Test parameters and results of PKSS-01-07.

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm? m® m®/s (m) (m/s) (m?

3.45 15 0.10 0

3.45 15 0.10 30 12.80 1.28E-05 4.27E-07 2.27E-05 2.23E-07 4.28E-11

500 3.45 15 0.10 60 11.70 | 117E-05 | 3.90E-07 | 2.20E-05 | 2.04E-07 | 4.03E-11

L oad 3.45 15 0.10 90 1110 | 1.11E-05 | 3.70E-07 | 2.16E-05 | 1.94E-07 | 3.89E-11

3.45 15 0.10 120 11.40 1.14E-05 3.80E-07 2.18E-05 1.99E-07 3.96E-11

3.45 15 0.10 150 12.00 1.20E-05 4.00E-07 2.22E-05 2.09E-07 4.10E-11

Average | 2.20E-05 2.06E-07 4.05E-11

SD | 4.02E-07 1.14E-08 1.48E-12
6.89 15 0.10 0

6.89 15 0.10 60 9.00 9.00E-06 1.50E-07 1.60E-05 7.85E-08 2.13E-11

1000 6.89 15 0.10 120 8.20 8.20E-06 1.37E-07 1.55E-05 7.15E-08 2.00E-11

Load 6.89 15 0.10 180 8.30 8.30E-06 1.38E-07 1.56E-05 7.24E-08 2.02E-11

6.89 15 0.10 240 7.20 7.20E-06 1.20E-07 1.48E-05 6.28E-08 1.84E-11

6.89 15 0.10 300 6.00 6.00E-06 1.00E-07 1.40E-05 5.23E-08 1.63E-11

Average | 1.52E-05 | 6.75E-08 | 1.92E-11

SD | 7.88E-07 1.02E-08 1.96E-12




Table A.2 Test parameters and results of PKSS-01-07 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm? m® m®/s (m) (m/s) (m?
10.34 15 0.10 0
10.34 15 0.10 60 280 | 2.80E-06 | 467E-08 | 1.08E-05 | 2.44E-08 | 9.78E-12
1500 | 10.34 15 010 | 120 270 | 2.70E-06 | 450E-08 | 107E-05 | 235E-08 | 9.54E-12
Load | 1034 15 010 | 180 250 | 250E-06 | 4.17E-08 | 1.04E-05 | 2.18E-08 | 9.07E-12
10.34 15 010 | 240 240 | 2.40E-06 | 4.00E-08 | 1.03E-05 | 200E-08 | 8.82E-12
10.34 15 010 | 300 220 | 220E-06 | 3.67E-08 | 100E-05 | 1.92E-08 | 8.33E-12
Average | 1.04E-05 | 2.20E-08 | 9.11E-12
SD| 3.32E-07 | 2.08E-09 | 5.77E-13
13.79 15 0.10 0
13.79 15 0.10 60 140 . | 1.40E-06 | 233E-08 | 860E-06 | 1.22E-08 | 6.16E-12
2000 | 1379 15 010 | 120 120 | 1.20E-06 | 200E-08 | 817E-06 | 1.05E-08 | 5.56E-12
Load | 1379 15 010 | 180 120 | 1.20E-06 | 200E-08 | 817E-06 | 1.05E-08 | 5.56E-12
13.79 15 010 | 240 110 | 1.10E-06 | 1.83E-08 | 7.93E-06 | 9.59E-09 | 5.24E-12
13.79 15 010 | 300 120 | 1.20E-06 | 2.00E-08 | 817E-06 | 1.05E-08 | 5.56E-12
Average | 8.21E-06 1.06E-08 5.62E-12
SD| 241E-07 | 955E-10 | 3.33E-13




Table A.2 Test parameters and results of PKSS-01-07 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?
17.24 15 0.10 0
17.24 15 0.10 60 070 | 7.00E-07 | 117E-08 | 6.82E-06 | 6.10E-09 | 3.88E-12
2500 1724 15 010 | 120 070 | 7.00E-07 | 117E-08 | 6.82E-06 | 6.10E-09 | 3.88E-12
Load | 17.24 15 010 | 180 060 | 6.00E-07 | 100E-08 | 6.48E-06 | 523E-09 | 3.50E-12
17.24 15 010 | 240 060 | 6.00E-07 | 100E-08 | 6.48E-06 | 523E-09 | 3.50E-12
17.24 15 010 | 300 060 -~ | 6.00E-07 | 100E-08 | 6.48E-06 | 523E-09 | 3.50E-12
Average | 6.62E-06 5.58E-09 3.65E-12
SD| 1.87E-07 | 4.78E-10 | 2.08E-13
20.68 15 0.10 0
20.68 15 0.10 60 050 | 5.OOE-07 | 833E-09 | 6.10E-06 | 4.36E-09 | 3.10E-12
3000 5068 15 010 | 120 050 . | 500E-07 | 833E-09 | 6.10E-06 | 4.36E-09 | 3.10E-12
Load | 2068 15 010 | 180 040 | 400E-07 | 6.67E-09 | 566E-06 | 3.49E-09 | 267E-12
20.68 15 010 | 240 040 | 400E-07 | 6.67E-09 | 566E-06 | 3.49E-09 | 267E-12
20.68 15 010 | 300 040 | 4.00E-07 | 6.67E-09 | 566E-06 | 3.49E-09 | 267E-12
Average | 5.84E-06 | 3.84E-09 | 2.84E-12
SD| 239E-07 | 478E-10 | 2.35E-13




Table A.2 Test parameters and results of PKSS-01-07 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?
17.24 15 0.10 0
17.24 15 0.10 60 040 | 400E-07 | 6.67E-09 | 566E-06 | 3.49E-09 | 2.67E-12
2500 | 1724 15 010 | 120 040 | 400E-07 | 6.67E-09 | 5.66E-06 | 3.49E-09 | 2.67E-12
Unload | 17-24 15 010 | 180 040 | 400E-07 | 6.67E-09 | 566E-06 | 3.49E-09 | 2.67E-12
17.24 15 010 | 240 040 | 400E-07 | 6.67E-09 | 566E-06 | 3.49E-09 | 2.67E-12
17.24 15 010 | 300 040 | 400E-07 | 6.67E-09 | 5.66E-06 | 3.49E-09 | 2.67E-12
Average | 5.66E-06 | 3.49E-09 | 2.67E-12
SD| 1.82E-20 | 3.38E-23 | 1.73E-26
13.79 15 0.10 0
13.79 15 0.10 60 040 | 4.00E-07 | 6.67E-09 | 566E-06 | 3.49E-09 | 2.67E-12
2000 | 1379 15 010 | 120 040 | 400E-07 | 6.67E-09 | 566E-06 | 3.49E-09 | 2.67E-12
Unload | 1379 15 010 | 180 040 | 4.00E-07 | 667E-09 | 566E-06 | 3.49E-09 | 267E-12
13.79 15 010 | 240 040 | 4.00E-07 | 667E-09 | 566E-06 | 3.49E-09 | 267E-12
13.79 15 010 | 300 040 | 4.00E-07 | 667E-09 | 566E-06 | 3.49E-09 | 267E-12
Average | 5.66E-06 3.49E-09 2.67E-12
SD| 1.82E-20 | 3.38E-23 | 1.73E-26




Table A.2 Test parameters and results of PKSS-01-07 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?

10.34 15 0.10 0

10.34 15 0.10 60 0.50 5.00E-07 8.33E-09 6.10E-06 4,36E-09 3.10E-12

1500 10.34 15 0.10 120 0.50 5.00E-07 8.33E-09 6.10E-06 4,36E-09 3.10E-12

Unload 10.34 15 0.10 180 0.50 5.00E-07 8.33E-09 6.10E-06 4,36E-09 3.10E-12

10.34 15 0.10 240 0.40 4.00E-07 6.67E-09 5.66E-06 3.49E-09 2.67E-12

10.34 15 0.10 300 0.50 5.00E-07 8.33E-09 6.10E-06 4.36E-09 3.10E-12

Average | 6.01E-06 4.19E-09 3.01E-12

SD | 1.96E-07 3.90E-10 1.92E-13
6.89 15 0.10 0

6.89 15 0.10 60 0.50 5.00E-07 8.33E-09 6.10E-06 4.36E-09 3.10E-12

1000 6.89 15 0.10 120 0.50 5.00E-07 8.33E-09 6.10E-06 4.36E-09 3.10E-12

Unload 6.89 15 0.10 180 0.50 5.00E-07 8.33E-09 6.10E-06 4,36E-09 3.10E-12

6.89 15 0.10 240 0.50 5.00E-07 8.33E-09 6.10E-06 4,36E-09 3.10E-12

6.89 15 0.10 300 0.50 5.00E-07 8.33E-09 6.10E-06 4,36E-09 3.10E-12

Average | 6.10E-06 4.36E-09 3.10E-12

SD | 0.00E+00 0.00E+00 0.00E+00




Table A.2 Test parameters and results of PKSS-01-07 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm? m® m®/s (m) (m/s) (m?
3.45 15 0.10 0

3.45 15 0.10 60 070 | 7.00E-07 | 1.17E-08 | 6.82E-06 | 6.10E-09 | 3.88E-12
500 3.45 15 010 | 120 070 | 7.00E-07 | 1.17E-08 | 6.82E-06 | 6.10E-09 | 3.88E-12
Unload | 345 15 010 | 180 070 | 7.00E-07 | 1.17E-08 | 6.82E-06 | 6.10E-09 | 3.88E-12
3.45 15 010 | 240 070 | 7.00E-07 | 1.17E-08 | 6.82E-06 | 6.10E-09 | 3.88E-12
3.45 15 010 | 300 070 | 7.00E-07 | 1.17E-03 | 6.82E-06 | 6.10E-09 | 3.88E-12
Average | 6.82E-06 | 6.10E-09 | 3.88E-12
SD| 2.00E-20 | 5.35E-23 | 2.26E-26




Table A.3 Test parameters and results of PKSS-03-01.

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm? m® m®/s (m) (m/s) (m?

3.45 10 0.07 0

3.45 10 0.07 30 2500 | 2.50E-05 | 833E-07 | 278E-05 | 397E-07 | 6.43E-11

500 3.45 10 0.07 60 2400 | 2.40E-05 | 8.00E-07 | 2.74E-05 | 3.81E-07 | 6.26E-11

Load | 345 10 0.07 90 2250 | 2256-05 | 7.50E-07 | 268E-05 | 3.58E-07 | 6.00E-11

3.45 10 007 | 120 | 2150 | 2.15E-05 | 7.17E-07 | 264E-05 | 3.42E-07 | 582E-11

3.45 10 007 | 150 | 2160 | 216E-05 | 7.20E-07 | 2.65E-05 | 3.43E-07 | 5.83E-11

Average | 2.70E-05 | 3.64E-07 | 6.07E-11

SD| 5.99E-07 | 2.44E-08 | 2.70E-12
6.89 10 0.07 0

6.89 10 0.07 30 870 | 8.70E-06 | 290E-07 | 195E-05 | 1.38E-07 | 3.18E-11

1000 | 689 10 0.07 60 830 | 830E-06 | 277E-07 | 192E-05 | 1.32E-07 | 3.08E-11

Load | 689 10 0.07 90 800 | 8.00E-06 | 267E-07 | 190E-05 | 127E-07 | 3.01E-11

6.89 10 007 | 120 800 | 8.00E-06 | 267E-07 | 190E-05 | 127E-07 | 3.01E-11

6.89 10 007 | 150 920 | 9.20E-06 | 3.07E-07 | 199E-05 | 146E-07 | 3.30E-11

Average | 193E-05 | 1.34E-07 | 3.12E-11

SD| 3.88E-07 | 815E-09 | 1.26E-12




Table A.3 Test parameters and results of PKSS-03-01 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm? m® m®/s (m) (m/s) (m?
10.34 10 0.07 0
10.34 10 0.07 30 450 | 450E-06 | 1.50E-07 | 157E-05 | 7.15E-08 | 2.05E-11
1500 | 1034 10 0.07 60 450 | 450E-06 | 150E-07 | 157E-05 | 7.15E-08 | 2.05E-11
Load | 1034 10 0.07 90 450 | 450E-06 | 150E-07 | 157E-05 | 7.15E-08 | 2.05E-11
10.34 10 007 | 120 420 | 4.20E-06 | 1.40E-07 | 153E-05 | 6.67E-08 | 1.96E-11
10.34 10 007 | 150 420 | 420E-06 | 1.40E-07 | 153E-05 | 6.67E-08 | 1.96E-11
Average | 1.55E-05 | 6.96E-08 | 2.01E-11
SD| 1.95E-07 | 261E-09 | 5.05E-13
13.79 10 0.07 0
13.79 10 0.07 60 450 | A50E-06 | 7.50E-08 | 1.25E-05 | 3.58E-08 | 1.20E-11
2000 | 1379 10 007 | 120 450 | 450E-06 | 7.50E-08 | 1.25E-05 | 3.58E-08 | 1.20E-11
Load | 1379 10 007 | 180 400 | 400E-06 | 6.67E-08 | 120E-05 | 3.18E-08 | 1.19E-11
13.79 10 007 | 240 420 | 420E-06 | 7.00E-08 | 122E-05 | 3.34E-08 | 1.23E-11
13.79 10 007 | 300 390 | 3.90E-06 | 650E-08 | 119E-05 | 3.10E-08 | 117E-11
Average | 1.22E-05 3.35E-08 1.24E-11
SD| 267E-07 | 220E-09 | 543E-13




Table A.3 Test parameters and results of PKSS-03-01 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?
17.24 10 0.07 0
17.24 10 0.07 60 280 | 2.80E-06 | 467E-08 | 106E-05 | 222608 | 9.41E-12
2500 | 1724 10 007 | 120 260 | 2.60E-06 | 4.33E-08 | 104E-05 | 207E-08 | 8.96E-12
Load | 17.24 10 007 | 180 260 | 260E-06 | 4.33E-08 | 1.04E-05 | 2.07E-08 | 8.96E-12
17.24 10 007 | 240 270 | 2.70E-06 | 450E-08 | 1.05E-05 | 2.15E-08 | 9.19E-12
17.24 10 007 | 300 270 | 2.70E-06 | 4.50E-08 | 1.05E-05 | 2.15E-08 | 9.19E-12
Average | 1.05E-05 | 2.13E-08 | 9.14E-12
SD| 1.09E-07 | 6.65E-10 | 1.90E-13
20.68 10 0.07 0
20.68 10 0.07 60 170 . | 1.70E-06 | 283E-08 | 9.00E-06 | 1.35E-08 | 6.75E-12
3000 | 2068 10 007 | 120 190 | 1.90E-06 | 3.17E-08 | 9.34E-06 | 151E-08 | 7.27E-12
Load | 2068 10 007 | 180 160 | 1.60E-06 | 267E-08 | 882E-06 | 127E-08 | 6.48E-12
20.68 10 007 | 240 160 | 1.60E-06 | 267E-08 | 882E-06 | 127E-08 | 6.48E-12
20.68 10 007 | 300 160 | 1.60E-06 | 267E-08 | 882E-06 | 127E-08 | 6.48E-12
Average | 8.96E-06 | 1.33E-08 | 6.69E-12
SD| 2.26E-07 | 1.04E-09 | 3.42E-13




Table A.3 Test parameters and results of PKSS-03-01 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?
17.24 10 0.07 0
17.24 10 0.07 60 170 | 1.70E-06 | 283E-08 | 9.00E-06 | 1.35E-08 | 6.75E-12
2500 | 1724 10 007 | 120 160 | 160E-06 | 267E-08 | 882E-06 | 127E-08 | 6.48E-12
Unload | 17-24 10 007 | 180 160 | 160E-06 | 267E-08 | 882E-06 | 127E-08 | 6.48E-12
17.24 10 007 | 240 160 | 1.60E-06 | 267E-08 | 882E-06 | 127E-08 | 6.48E-12
17.24 10 007 | 300 160 | 1.60E-06 | 267E-08 | 882E-06 | 1.27E-08 | 6.48E-12
Average | 8.86E-06 | 1.29E-08 | 6.54E-12
SD| 8.05E-08 | 3.55E-10 | 1.20E-13
13.79 10 0.07 0
13.79 10 0.07 60 160 . | 1.60E-06 | 267E-08 | 882E-06 | 1.27E-08 | 6.48E-12
2000 | 1379 10 007 | 120 160 | 1.60E-06 | 267E-08 | 882E-06 | 1.27E-08 | 6.48E-12
Unload | 1379 10 007 | 180 160 | 1.60E-06 | 267E-08 | 882E-06 | 127E-08 | 6.48E-12
13.79 10 007 | 240 160 | 1.60E-06 | 267E-08 | 882E-06 | 127E-08 | 6.48E-12
13.79 10 007 | 300 160 | 1.60E-06 | 267E-08 | 882E-06 | 127E-08 | 6.48E-12
Average | 8.82E-06 | 1.27E-08 | 6.48E-12
SD| 0.00E+00 | 1.85E-24 | 0.00E+00




Table A.3 Test parameters and results of PKSS-03-01 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?

10.34 10 0.07 0

10.34 10 0.07 60 1.70 1.70E-06 2.83E-08 9.00E-06 1.35E-08 6.75E-12

1500 10.34 10 0.07 120 1.60 1.60E-06 2.67E-08 8.82E-06 1.27E-08 6.48E-12

Unload 10.34 10 0.07 180 1.70 1.70E-06 2.83E-08 9.00E-06 1.35E-08 6.75E-12

10.34 10 0.07 240 1.70 1.70E-06 2.83E-08 9.00E-06 1.35E-08 6.75E-12

10.34 10 0.07 300 1.70 1.70E-06 2.83E-08 9.00E-06 1.35E-08 6.75E-12

Average | 8.96E-06 1.33E-08 6.70E-12

SD | 8.05E-08 3.55E-10 1.20E-13
6.89 10 0.07 0

6.89 10 0.07 60 1.80 1.80E-06 3.00E-08 9.17E-06 1.43E-08 7.01E-12

1000 6.89 10 0.07 120 1.90 1.90E-06 3.17E-08 9.34E-06 1.51E-08 7.27E-12

Unload 6.89 10 0.07 180 1.70 1.70E-06 2.83E-08 9.00E-06 1.35E-08 6.75E-12

6.89 10 0.07 240 1.90 1.90E-06 3.17E-08 9.34E-06 1.51E-08 71.27E-12

6.89 10 0.07 300 2.00 2.00E-06 3.33E-08 9.50E-06 1.59E-08 7.52E-12

Average | 9.27E-06 1.48E-08 7.17E-12

SD | 1.91E-07 9.06E-10 2.94E-13




Table A.3 Test parameters and results of PKSS-03-01 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm? m® m®/s (m) (m/s) (m?
3.45 10 0.07 0

3.45 10 0.07 60 2.50 2.50E-06 4.17E-08 1.02E-05 1.99E-08 8.73E-12
500 3.45 10 0.07 120 2.20 2.20E-06 3.67E-08 9.81E-06 1.75E-08 8.02E-12
Unload 3.45 10 0.07 180 2.30 2.30E-06 3.83E-08 9.95E-06 1.83E-08 8.26E-12
3.45 10 0.07 240 2.30 2.30E-06 3.83E-08 9.95E-06 1.83E-08 8.26E-12
3.45 10 0.07 300 2.30 2.30E-06 3.83E-08 9.95E-06 1.83E-08 8.26E-12
Average | 9.98E-06 1.84E-08 8.30E-12
SD | 1.55E-07 8.70E-10 2.60E-13




Table A.4 Test parameters and results of PPSS-01-01.

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm? m® m®/s (m) (m/s) (m?

3.45 15 0.10 0

3.45 15 0.10 60 15.50 1.55E-05 2.58E-07 1.85E-05 1.08E-07 2.85E-11

500 3.45 15 0.10 120 14.50 1.45E-05 2.42E-07 1.81E-05 1.01E-07 2.73E-11

L oad 3.45 15 0.10 180 14.50 1.45E-05 2.42E-07 1.81E-05 1.01E-07 2.73E-11

3.45 15 0.10 240 14.00 1.40E-05 2.33E-07 1.79E-05 9.79E-08 2.67E-11

3.45 15 0.10 300 13.00 1.30E-05 2.17E-07 1.75E-05 9.09E-08 2.54E-11

Average | 1.80E-05 1.00E-07 2.70E-11

SD | 3.83E-07 6.35E-09 1.15E-12
6.89 15 0.10 0

6.89 15 0.10 60 3.70 3.70E-06 6.17E-08 1.15E-05 2.59E-08 1.10E-11

1000 6.89 15 0.10 120 3.30 3.30E-06 5.50E-08 1.10E-05 2.31E-08 1.02E-11

Load 6.89 15 0.10 180 2.50 2.50E-06 4.17E-08 1.01E-05 1.75E-08 8.46E-12

6.89 15 0.10 240 3.40 3.40E-06 5.67E-08 1.12E-05 2.38E-08 1.04E-11

6.89 15 0.10 300 3.30 3.30E-06 5.50E-08 1.10E-05 2.31E-08 1.02E-11

Average | 1.10E-05 2.27E-08 1.00E-11

SD | 5.27E-07 3.11E-09 9.42E-13




Table A.4 Test parameters and results of PPSS-01-01 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm? m® m®/s (m) (m/s) (m?
10.34 15 0.10 0
10.34 15 0.10 60 070 | 7.00E-07 | 1.17E-08 | 659E-06 | 4.89E-09 | 3.62E-12
1500 | 1034 15 010 | 120 060 | 6.00E-07 | 1.00E-08 | 6.26E-06 | 4.20E-09 | 3.27E-12
Load | 1034 15 010 | 180 060 | 6.00E-07 | 1.00E-08 | 6.26E-06 | 4.20E-09 | 3.27E-12
10.34 15 010 | 240 0.60 | 6.00E-07 | 1.00E-08 | 6.26E-06 | 4.20E-09 | 3.27E-12
10.34 15 010 | 300 050 | 5.00E-07 | 8.33E-09 | 5.89E-06 | 3.50E-09 | 2.89E-12
Average | 6.25E-06 | 4.20E-09 | 3.26E-12
SD| 247E-07 | 494E-10 | 2.57E-13
13.79 15 0.10 0
13.79 15 0.10 60 050 | 500E-07 | 833E-09 | 589E-06 | 3.50E-09 | 2.89E-12
2000 | 1379 15 010 | 120 040 | 400E-07 | 6.67E-09 | 547E-06 | 2.80E-09 | 2.49E-12
Load | 1379 15 010 | 180 040 | 400E-07 | 667E-09 | 547E-06 | 280E-09 | 249E-12
13.79 15 010 | 240 030 | 3.00E-07 | 5.00E-09 | 497E-06 | 210E-09 | 206E-12
13.79 15 010 | 300 040 | 4.00E-07 | 667E-09 | 547E-06 | 280E-09 | 249E-12
Average | 5.45E-06 | 2.80E-09 | 2.49E-12
SD| 3.27E-07 | 494E-10 | 2.95E-13




Table A.4 Test parameters and results of PPSS-01-01 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?
17.24 15 0.10 0
17.24 15 0.10 60 030 _| 300E-07 | 5.00E-09 | 497E-06 | 2.10E-09 | 2.06E-12
2500 | 1724 15 010 | 120 050 | 5.00E-07 | 833E-09 | 5.89E-06 | 3.50E-09 | 2.89E-12
Load | 17.24 15 010 | 180 030 | 3.00E-07 | 5.00E-09 | 497E-06 | 2.10E-09 | 2.06E-12
17.24 15 010 | 240 030 | 300E-07 | 5.00E-09 | 497E-06 | 2.10E-09 | 2.06E-12
17.24 15 010 | 300 020 | 200E-07 | 3.33E-09 | 4.34E-06 | 140E-09 | 1.57E-12
Average | 5.03E-06 | 2.24E-09 | 2.13E-12
SD| 5.54E-07 | 7.66E-10 | 4.77E-13
20.68 15 0.10 0
20.68 15 0.10 60 020 | 200E-07 | 3.33E-09 | 434E-06 | 140E-09 | 1.57E-12
3000 | 2068 15 010 | 120 020 | 2.00E-07 | 3.33E-09 | 4.34E-06 | 140E-09 | 1.57E-12
Load | 2068 15 010 | 180 020 | 2.00E-07 | 3.33E-09 | 434E-06 | 140E-09 | 157E-12
20.68 15 010 | 240 020 | 2.00E-07 | 3.33E-09 | 434E-06 | 140E-09 | 157E-12
20.68 15 010 | 300 020 | 2.00E-07 | 3.33E-09 | 434E-06 | 140E-09 | 157E-12
Average | 4.34E-06 1.40E-09 1.57E-12
SD| 297E-20 | 2.88E-23 | 2.15E-26




Table A.4 Test parameters and results of PPSS-01-01 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?
17.24 15 0.10 0
17.24 15 0.10 60 020 | 2.00E-07 | 3.33E-09 | 434E-06 | 140E-09 | 157E-12
2500 | 1724 15 010 | 120 020 | 200E-07 | 3.33E-09 | 4.34E-06 | 140E-09 | 1.57E-12
Unload | 17-24 15 010 | 180 020 | 200E-07 | 3.33E-09 | 4.34E-06 | 140E-09 | 1.57E-12
17.24 15 010 | 240 020 | 2.00E-07 | 3.33E-09 | 4.34E-06 | 140E-09 | 1.57E-12
17.24 15 010 | 300 020 | 200E-07 | 3.33E-09 | 4.34E-06 | 140E-09 | 1.57E-12
Average | 4.34E-06 | 1.40E-09 | 157E-12
SD| 297E-20 | 2.88E-23 | 2.15E-26
13.79 15 0.10 0
13.79 15 0.10 60 020 | 200E-07 | 3.33E-09 | 434E-06 | 140E-09 | 1.57E-12
2000 | 1379 15 010 | 120 020 | 2.00E-07 | 3.33E-09 | 4.34E-06 | 140E-09 | 1.57E-12
Unload | 1379 15 010 | 180 020 | 2.00E-07 | 3.33E-09 | 434E-06 | 140E-09 | 157E-12
13.79 15 010 | 240 020 | 2.00E-07 | 3.33E-09 | 434E-06 | 140E-09 | 157E-12
13.79 15 010 | 300 020 | 2.00E-07 | 3.33E-09 | 434E-06 | 140E-09 | 157E-12
Average | 4.34E-06 1.40E-09 1.57E-12
SD| 297E-20 | 2.88E-23 | 2.15E-26




Table A.4 Test parameters and results of PPSS-01-01 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?

10.34 15 0.10 0

10.34 15 0.10 60 0.20 2.00E-07 3.33E-09 4.34E-06 1.40E-09 1.57E-12

1500 1 10.34 15 010 | 120 020 | 2.00E-07 | 3.33E-09 | 4.34E-06 | 140E-09 | 157E-12

Unload 10.34 15 0.10 180 0.20 2.00E-07 3.33E-09 4.34E-06 1.40E-09 1.57E-12

10.34 15 0.10 240 0.20 2.00E-07 3.33E-09 4.34E-06 1.40E-09 1.57E-12

10.34 15 0.10 300 0.20 2.00E-07 3.33E-09 4.34E-06 1.40E-09 1.57E-12

Average | 4.34E-06 1.40E-09 1.57E-12

SD | 2.97E-20 2.88E-23 2.15E-26
6.89 15 0.10 0

6.89 15 0.10 60 0.20 2.00E-07 3.33E-09 4.34E-06 1.40E-09 1.57E-12

1000 6.89 15 0.10 120 0.20 2.00E-07 3.33E-09 4.34E-06 1.40E-09 1.57E-12

Unload | 689 | 15 | 010 | 180 | 020 | 200E-07 | 333E-09 | 434E-06 | L140E-09 | 157E-12

6.89 15 0.10 240 0.20 2.00E-07 3.33E-09 4.34E-06 1.40E-09 1.57E-12

6.89 15 0.10 300 0.20 2.00E-07 3.33E-09 4.34E-06 1.40E-09 1.57E-12

Average | 4.34E-06 1.40E-09 1.57E-12

SD| 2.97E-20 2.88E-23 2.15E-26




Table A.4 Test parameters and results of PPSS-01-01 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm? m® m®/s (m) (m/s) (m?
3.45 15 0.10 0

3.45 15 0.10 60 0.40 4.00E-07 6.67E-09 5.47E-06 2.80E-09 2.49E-12
500 3.45 15 0.10 120 0.50 5.00E-07 8.33E-09 5.89E-06 3.50E-09 2.89E-12
Unload 3.45 15 0.10 180 0.40 4.00E-07 6.67E-09 5.47E-06 2.80E-09 2.49E-12
3.45 15 0.10 240 0.40 4.00E-07 6.67E-09 5.47E-06 2.80E-09 2.49E-12
3.45 15 0.10 300 0.40 4.00E-07 6.67E-09 5.47E-06 2.80E-09 2.49E-12
Average | 5.55E-06 2.94E-09 2.57E-12
SD | 1.89E-07 3.13E-10 1.79E-13




Table A5 Test parameters and results of PPSS-01-03.

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm? m® (m®fs) (m) (m/s) (m?

3.45 10 0.07 0

3.45 10 0.07 30 29.50 2.95E-05 9.83E-07 2.91E-05 4 51E-07 7.06E-11

500 3.45 10 0.07 60 3050 | 3.05E-05 | 102E-06 | 2.94E-05 | 4.67E-07 | 7.22E-11

Load 3.45 10 0.07 90 30.40 3.04E-05 1.01E-06 2.94E-05 4,65E-07 7.21E-11

3.45 10 0.07 120 27.70 2.77E-05 9.23E-07 2.85E-05 4.24E-07 6.77E-11

3.45 10 0.07 150 28.00 2.80E-05 9.33E-07 2.86E-05 4.29E-07 6.82E-11

Average | 2.90E-05 4.47E-07 7.02E-11

SD | 4.36E-07 2.01E-08 2.11E-12
6.89 10 0.07 0

6.89 10 0.07 60 25.00 2.50E-05 4.17E-07 2.19E-05 1.91E-07 3.98E-11

1000 | 689 10 007 | 120 | 2300 | 230E-05 | 383E07 | 213E-05 | 1.76E-07 | 3.77E-11

Load 6.89 10 0.07 180 2300 | 2.30E-05 | 3.83E-07 | 213E-05 | 1.76E-07 | 3.77E-11

6.89 10 0.07 240 22.00 2.20E-05 3.67E-07 2.10E-05 1.68E-07 3.66E-11

6.89 10 0.07 300 21.50 2.15E-05 3.58E-07 2.08E-05 1.65E-07 3.60E-11

Average | 2.12E-05 | 1.75E-07 | 3.76E-11

SD| 4.10E-07 | 1.03E-08 | 1.46E-12




Table A5 Test parameters and results of PPSS-01-03 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® (m°/s) (m) (m/s) (m?
10.34 10 0.07 0
10.34 10 0.07 60 840 .| 840E-06 | 1.40E-07 | 152E-05 | 6.43E-08 | 1.93E-11
1500 | 10.34 10 007 | 120 840 | 840E-06 | 1.40E-07 | 152E-05 | 6.43E-08 | 1.93E-11
Load | 1034 10 007 | 180 780 | 7.80E-06 | 1.30E-07 | 148E-05 | 597E-08 | 183E-11
10.34 10 007 | 240 240 | 7.40E-06 | 123E-07 | 146E-05 | 5.66E-08 | 177E-11
10.34 10 007 | 300 690 | 6.90E-06 | 1.15E-07 | 142E-05 | 528E-08 | 1.69E-11
Average | 1.48E-05 | 5.95E-08 | 1.83E-11
SD| 4.16E-07 | 497E-09 | 1.02E-12
13.79 10 0.07 0
13.79 10 0.07 60 350 | 350E-06 | 5.83E-08 | 114E-05 | 2.68E-08 | 1.07E-11
2000 | 1379 10 007 | 120 340 | 340E-06 | 567E-08 | 112E-05 | 2.60E-08 | 1.05E-11
Load | 1379 10 007 | 180 330 | 3.30E-06 | 550E-08 | 111E-05 | 253E-08 | 1.03E-11
13.79 10 007 | 240 310 | 3.10E-06 | 517E-08 | 100E-05 | 2.37E-08 | 9.91E-12
13.79 10 007 | 300 310 | 3.10E-06 | 5.17E-08 | 109E-05 | 237E-08 | 9.91E-12
Average | 1.11E-05 | 251E-08 | 1.03E-11
SD| 2.02E-07 | 1.37E-09 | 3.74E-13




Table A5 Test parameters and results of PPSS-01-03 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® (m°/s) (m) (m/s) (m?
17.24 10 0.07 0
17.24 10 0.07 60 160 | 1.60E-06 | 267E-08 | 875E-06 | 1.22E-08 | 6.38E-12
2500 | 1724 10 007 | 120 150 | 150E-06 | 250E-08 | 856E-06 | 115E-08 | 6.11F-12
Load | 17.24 10 007 | 180 150 | L50E-06 | 250E-08 | 856E-06 | 1.15E-08 | 6.11E-12
17.24 10 007 | 240 160 | 1.60E-06 | 267E-08 | 875E-06 | 1.22E-08 | 6.38E-12
17.24 10 007 | 300 150 | 150E-06 | 250E-08 | 856E-06 | 1.15E-08 | 6.11E-12
Average | 8.64E-06 | 1.18E-08 | 6.21E-12
SD| 1.02E-07 | 419E-10 | 1.47E-13
20.68 10 0.07 0
20.68 10 0.07 60 100 . | 1.00E-06 | 167E-08 | 7.48E-06 | 7.65E-09 | 4.66E-12
3000 | 2068 10 007 | 120 090 | 9.00E-07 | 150E-08 | 7.22E-06 | 6.89E-09 | 4.34E-12
Load | 2068 10 007 | 180 100 | 1LO0OE-06 | 167E-08 | 7.48E-06 | 7.65E-09 | 4.66E-12
20.68 10 007 | 240 080 | 8.00E-07 | 1.33E-08 | 6.94E-06 | 6.12E-09 | 4.02E-12
20.68 10 007 | 300 090 | 9.00E-07 | 150E-08 | 7.22E-06 | 6.89E-09 | 4.34E-12
Average | 7.27E-06 7.04E-09 4 41E-12
SD| 2.23E-07 | 6.40E-10 | 2.69E-13




Table A5 Test parameters and results of PPSS-01-03 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® (m°/s) (m) (m/s) (m?
17.24 10 0.07 0
17.24 10 0.07 60 100 | 1.00E-06 | 167E-08 | 7.48E-06 | 7.65E-09 | 4.66E-12
2500 | 1724 10 007 | 120 100 | LOOE-06 | 167E-08 | 7.48E-06 | 7.65E-09 | 4.66E-12
Unload | 17-24 10 007 | 180 090 | 900E-07 | 150E-08 | 7.22E-06 | 6.89E-09 | 4.34E-12
17.24 10 007 | 240 090 | 9.00E-07 | 150E-08 | 7.22E-06 | 6.89E-09 | 4.34E-12
17.24 10 007 | 300 1.00 | 1.00E-06 | 167E-08 | 7.48E-06 | 7.65E-09 | 4.66E-12
Average | 7.38E-06 | 7.35E-09 | 4.53E-12
SD| 141E-07 | 419E-10 | 1.73E-13
13.79 10 0.07 0
13.79 10 0.07 60 110 | 1.10E-06 | 183E-08 | 7.72E-06 | 8.42E-09 | 4.97E-12
2000 | 1379 10 007 | 120 110 | 110E-06 | 1.83E-08 | 7.72E-06 | 8.42E-09 | 4.97E-12
Unload | 1379 10 007 | 180 110 | 1.10E-06 | 183E-08 | 7.72E-06 | 842E-09 | 4.97E-12
13.79 10 007 | 240 110 | 110E-06 | 183E-08 | 7.72E-06 | 842E-09 | 4.97E-12
13.79 10 007 | 300 090 | 9.00E-07 | 150E-08 | 7.22E-06 | 6.89E-09 | 4.34E-12
Average | 7.62E-06 8.11E-09 4.84E-12
SD| 223E-07 | 6.84E-10 | 2.78E-13




Table A5 Test parameters and results of PPSS-01-03 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm? m® (m®fs) (m) (m/s) (m?

10.34 10 0.07 0

10.34 10 0.07 60 1.40 1.40E-06 2.33E-08 8.37E-06 1.07E-08 5.83E-12

1500 1 10.34 10 007 | 120 130 | 1.30E-06 | 2.17E-08 | 8.16E-06 | 9.95E-09 | 5.55E-12

Unload 10.34 10 0.07 180 1.40 1.40E-06 2.33E-08 8.37E-06 1.07E-08 5.83E-12

10.34 10 0.07 240 1.30 1.30E-06 2.17E-08 8.16E-06 9.95E-09 5.55E-12

10.34 10 0.07 300 1.30 1.30E-06 2.17E-08 8.16E-06 9.95E-09 5.55E-12

Average | 8.24E-06 1.03E-08 5.66E-12

SD | 1.12E-07 4.19E-10 1.54E-13
6.89 10 0.07 0

6.89 10 0.07 60 4.00 4.00E-06 6.67E-08 1.19E-05 3.06E-08 1.17E-11

1000 | 689 10 007 | 120 200 | 300E-06 | 5.00E-08 | 1.08E-05 | 2.30E-08 | 9.69E-12

Unload 6.89 10 0.07 180 3.00 3.00E-06 5.00E-08 1.08E-05 2.30E-08 9.69E-12

6.89 10 0.07 240 2.00 2.00E-06 3.33E-08 9.42E-06 1.53E-08 7.40E-12

6.89 10 0.07 300 3.00 3.00E-06 5.00E-08 1.08E-05 2.30E-08 9.69E-12

Average | 1.07E-05 2.30E-08 9.65E-12

SD | 8.69E-07 5.41E-09 1.54E-12




Table A5 Test parameters and results of PPSS-01-03 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm? m® (m®s) (m) (m/s) (m?
3.45 10 0.07 0

3.45 10 0.07 60 18.00 1.80E-05 3.00E-07 1.96E-05 1.38E-07 3.20E-11
500 3.45 10 007 | 120 | 1700 | L70E-05 | 283E-07 | 192E-05 | 1.30E-07 | 3.08E-11
Unload | 345 10 0.07 180 1750 | L75E-05 | 292E-07 | 1.94E-05 | 1.34E-07 | 3.14E-11
3.45 10 0.07 240 17.00 1.70E-05 2.83E-07 1.92E-05 1.30E-07 3.08E-11
3.45 10 0.07 300 17.50 1.75E-05 2.92E-07 1.94E-05 1.34E-07 3.14E-11
Average | 1.94E-05 1.33E-07 3.13E-11
SD | 1.55E-07 3.20E-09 5.01E-13




Table A.6 Test parameters and results of PPSS-01-009.

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?

3.45 7 0.05 0

3.45 7 0.05 10 39.00 3.90E-05 3.90E-06 5.31E-05 3.90E-06 2.35E-10

500 3.45 7 0.05 20 34.00 | 340E-05 | 340E-06 | 5.07E-05 | 3.40E-06 | 2.14E-10

Load 3.45 7 0.05 30 37.00 3.70E-05 3.70E-06 5.22E-05 3.70E-06 2.27E-10

3.45 7 0.05 40 34.00 3.40E-05 3.40E-06 5.07E-05 3.40E-06 2.14E-10

3.45 7 0.05 50 37.00 3.70E-05 3.70E-06 5.22E-05 3.70E-06 2.27E-10

Average | 5.18E-05 3.62E-06 2.24E-10

SD | 1.03E-06 2.17E-07 8.93E-12
6.89 7 0.05 0

6.89 7 0.05 10 32.00 3.20E-05 3.20E-06 4.97E-05 3.20E-06 2.06E-10

1000 6.89 7 0.05 20 32.00 3.20E-05 3.20E-06 4.97E-05 3.20E-06 2.06E-10

L oad 6.89 7 0.05 30 29.00 2.90E-05 2.90E-06 4.81E-05 2.90E-06 1.93E-10

6.89 7 0.05 40 29.00 2.90E-05 2.90E-06 4.81E-05 2.90E-06 1.93E-10

6.89 7 0.05 50 29.00 2.90E-05 2.90E-06 4.81E-05 2.90E-06 1.93E-10

Average | 4.88E-05 3.02E-06 1.98E-10

SD | 8.79e-07 1.65E-07 7.17E-12




Table A.6 Test parameters and results of PPSS-01-09 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?

10.34 7 0.05 0

10.34 7 0.05 10 24.00 2.40E-05 2.40E-06 4.52E-05 2.40E-06 1.70E-10

1500 10.34 7 0.05 20 23.00 2.30E-05 2.30E-06 4.45E-05 2.30E-06 1.65E-10

Load 10.34 7 0.05 30 23.00 2.30E-05 2.30E-06 4.45E-05 2.30E-06 1.65E-10

10.34 7 0.05 40 23.00 2.30E-05 2.30E-06 4.45E-05 2.30E-06 1.65E-10

10.34 7 0.05 50 22.00 2.20E-05 2.20E-06 4.39E-05 2.20E-06 1.60E-10

Average | 4.45E-05 2.30E-06 1.65E-10

SD | 4.57E-07 7.08E-08 3.39E-12
13.79 7 0.05 0

2000 13.79 7 0.05 20 33.00 3.30E-05 1.65E-06 3.99E-05 1.65E-06 1.32E-10

13.79 7 0.05 40 31.00 3.10E-05 1.55E-06 3.90E-05 1.55E-06 1.27E-10

Load 13.79 7 0.05 60 32.00 3.20E-05 1.60E-06 3.95E-05 1.60E-06 1.30E-10

13.79 7 0.05 80 34.00 3.40E-05 1.70E-06 4,03E-05 1.70E-06 1.35E-10

Average | 3.97E-05 1.63E-06 1.31E-10

SD | 5.25E-07 6.46E-08 3.47E-12




Table A.6 Test parameters and results of PPSS-01-09 (Continued).

Pc Pi Time Outflow q €c K k
psi MPa psi MPa (s) cm?® m® m/s (m) (m/s) (m?)
17.24 7 0.05 0
17.24 7 0.05 20 2800 | 2.80E-05 | 1.40E-06 | 3.77E-05 | 1.40E-06 | 1.19E-10
2500 | 1724 7 0.05 40 26,00 | 260E-05 | 1.30E-06 | 3.68E-05 | 1.30E-06 | 1.13E-10
Load | 1724 7 0.05 60 2600 | 2.60E-05 | 1.30E-06 | 3.68E-05 | 1.30E-06 | 1.13E-10
17.24 7 0.05 80 2200 || 220505 | 1.10E-06 | 3.48E-05 | 1.10E-06 | 1.01E-10
17.24 7 005 | 100 2500 | 2.50E-05 | 1.25E-06 | 3.63E-05 | 1.25E-06 | 1.10E-10
Average | 3.65E-05 | 1.27E-06 | 1.11E-10
SD| 1.07E-06 | 1.10E-07 | 6.45E-12
20.68 7 0.05 0
20.68 7 0.05 20 2100 | 2.10E-05 | 1.05E-06 | 3.43E-05 | 1.05E-06 | 9.80E-11
3000 | 2068 7 0.05 40 2100 | 210E-05 | 1.05E-06 | 3.43E-05 | 1.05E-06 | 9.80E-11
Load | 2068 7 0.05 60 2100 | 210E-05 | 1.05E-06 | 3.43E-05 | 105E-06 | 9.80E-11
20.68 7 0.05 80 2100 | 210E-05 | 1.05E-06 | 3.43E-05 | 1.05E-06 | 9.80E-11
20.68 7 005 | 100 2100 | 210E-05 | 1.05E-06 | 3.43E-05 | 105E-06 | 9.80E-11
Average | 3.43E-05 1.05E-06 9.80E-11
SD| 0.00E+00 | 0.00E+00 | 0.00E+00




Table A.6 Test parameters and results of PPSS-01-09 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?
17.24 7 0.05 0
17.24 7 0.05 20 2100 | 2.10E-05 | 1.05E-06 | 3.43E-05 | 1.05E-06 | 9.80E-11
2500 | 1724 7 0.05 40 2100 | 2.10E-05 | 1.05E-06 | 3.43E-05 | 105E-06 | 9.80E-11
Unload | 17-24 7 0.05 60 2100 | 210E-05 | 1.05E-06 | 3.43E-05 | 105E-06 | 9.80E-11
17.24 7 0.05 80 21.00 | 2.10E-05 | 1.05E-06 | 3.43E-05 | 105E-06 | 9.80E-11
17.24 7 005 | 100 | 2100 | 2105-05 | 1.05E-06 | 343E-05 | 1.05E-06 | 9.80E-11
Average | 3.43E-05 | 1.05E-06 | 9.80E-11
SD | 0.00E+00 | 0.00E+00 | 0.00E+00
13.79 7 0.05 0
13.79 7 0.05 20 2300 | 2.30E-05 | 1.45E-06 | 353E-05 | 1.15E-06 | 1.04E-10
2000 | 1379 7 0.05 40 2300 | 2.30E-05 | 1.15E-06 | 353E-05 | 1.15E-06 | 1.04E-10
Unload | 1379 7 0.05 60 2200 | 2.20E-05 | 1.10E-06 | 3.48E-05 | 1.10E-06 | 1.01E-10
13.79 7 0.05 80 2200 | 2.20E-05 | 1.10E-06 | 3.48E-05 | 1.10E-06 | 1.01E-10
13.79 7 005 | 100 | 2200 | 2.20E-05| 1.10E-06 | 3.48E-05 | 1.10E-06 | 1.01E-10
Average | 3.50E-05 1.12E-06 1.02E-10
SD| 2.85E-07 | 2.74E-08 | 1.67E-12




Table A.6 Test parameters and results of PPSS-01-09 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?

10.34 7 0.05 0

10.34 7 0.05 20 24.00 2.40E-05 1.20E-06 3.59E-05 1.20E-06 1.07E-10

1500 | 10.34 7 0.05 40 23.00 | 2.30E-05 | 1.15E-06 | 3.53E-05 | 1.15E-06 | 1.04E-10

Unload 10.34 7 0.05 60 23.00 2.30E-05 1.15E-06 3.53E-05 1.15E-06 1.04E-10

10.34 7 0.05 80 23.00 2.30E-05 1.15E-06 3.53E-05 1.15E-06 1.04E-10

10.34 7 0.05 100 23.00 2.30E-05 1.15E-06 3.53E-05 1.15E-06 1.04E-10

Average | 3.54E-05 1.16E-06 1.05E-10

SD | 2.26E-07 2.24E-08 1.34E-12
6.89 7 0.05 0

6.89 7 0.05 20 26.00 2.60E-05 1.30E-06 3.68E-05 1.30E-06 1.13E-10

1000 6.89 7 0.05 40 25.00 2.50E-05 1.25E-06 3.63E-05 1.25E-06 1.10E-10

Unioad | 689 7 005 | 60 | 2500 | 250E-05 | 125E-06 | 3.63E-05 | 125E-06 | L10E-10

6.89 7 0.05 80 25.00 2.50E-05 1.25E-06 3.63E-05 1.25E-06 1.10E-10

6.89 7 0.05 100 25.00 2.50E-05 1.25E-06 3.63E-05 1.25E-06 1.10E-10

Average | 3.64E-05 | 1.26E-06 | 1.11E-10

SD | 2.14E-07 2.24E-08 1.30E-12




Table A.6 Test parameters and results of PPSS-01-09 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?
3.45 7 0.05 0

3.45 7 0.05 20 33.00 3.30E-05 1.65E-06 3.99E-05 1.65E-06 1.32E-10
500 3.45 7 0.05 40 34.00 | 340E-05 | 170E-06 | 4.03E-05 | 1.70E-06 | 1.35E-10
Unload 3.45 7 0.05 60 33.00 3.30E-05 1.65E-06 3.99E-05 1.65E-06 1.32E-10
3.45 7 0.05 80 33.00 3.30E-05 1.65E-06 3.99E-05 1.65E-06 1.32E-10
3.45 7 0.05 100 33.00 3.30E-05 1.65E-06 3.99E-05 1.65E-06 1.32E-10
Average | 3.99E-05 1.66E-06 1.33E-10
SD | 1.78E-07 2.24E-08 1.19E-12




Table A.7 Test parameters and results of PWSS-01-01.

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?

3.45 6 0.04 0

3.45 6 0.04 10 26.00 2.60E-05 2.60E-06 1.16E-04 2.66E-05 1.11E-09

500 3.45 6 0.04 20 26.00 2.60E-05 2.60E-06 1.16E-04 2.66E-05 1.11E-09

Load 3.45 6 0.04 30 24.00 2.40E-05 2.40E-06 1.13E-04 2.45E-05 1.05E-09

3.45 6 0.04 40 26.00 2.60E-05 2.60E-06 1.16E-04 2.66E-05 1.11E-09

3.45 6 0.04 50 26.00 2.60E-05 2.60E-06 1.16E-04 2.66E-05 1.11E-09

Average | 1.15E-04 2.61E-05 1.10E-09

SD | 1.36E-06 9.14E-07 2.59E-11
6.89 6 0.04 0

6.89 6 0.04 10 15.00 1.50E-05 1.50E-06 9.62E-05 1.53E-05 7.71E-10

1000 6.89 6 0.04 20 15.00 1.50E-05 1.50E-06 9.62E-05 1.53E-05 7.71E-10

L oad 6.89 6 0.04 30 16.00 1.60E-05 1.60E-06 9.83E-05 1.63E-05 8.05E-10

6.89 6 0.04 40 16.00 1.60E-05 1.60E-06 9.83E-05 1.63E-05 8.05E-10

6.89 6 0.04 50 16.00 1.60E-05 1.60E-06 9.83E-05 1.63E-05 8.05E-10

Average | 9.74E-05 1.59E-05 7.91E-10

SD | 1.15E-06 5.59E-07 1.86E-11




Table A.7 Test parameters and results of PWSS-01-01 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?
10.34 6 0.04 0
10.34 6 0.04 20 1450 | 1.45E-05 | 7.25E-07 | 7.55E-05 | 7.41E-06 | 4.75E-10
1500 | 10.34 6 0.04 40 1250 | 1.25E-05 | 6.25E-07 | 7.18E-05 | 6.38E-06 | 4.30E-10
Load | 1034 6 0.04 60 1150 | 1.15E-05 | 5.75E-07 | 6.99E-05 | 5.87E-06 | 4.07E-10
10.34 6 0.04 80 12.00 | 1.20E-05 | 6.00E-07 | 7.09E-05 | 6.13E-06 | 4.19E-10
10.34 6 004 | 100 200 | 2.00E-06 | 1.00E-07 | 3.90E-05 | 1.02E-06 | 1.27E-10
Average | 6.54E-05 | 5.36E-06 | 3.71E-10
SD| 149E-05 | 250E-06 | 1.39E-10
13.79 6 0.04 0
13.79 6 0.04 30 800 | 800E-06 | 267E-07 | 5.41E-05 | 2.72E-06 | 2.44E-10
2000 | 1379 6 0.04 60 750 | 7.50E-06 | 2.50E-07 | 5.20E-05 | 2.55E-06 | 2.34E-10
Load | 1379 6 0.04 90 700 | 7.00E-06 | 233E-07 | 517E-05 | 238E-06 | 223E-10
13.79 6 004 | 120 650 | 6.50E-06 | 2.17E-07 | 5.05E-05 | 221F-06 | 2.12E-10
13.79 6 004 | 150 750 | 7.50E-06 | 250E-07 | 5.29E-05 | 255E-06 | 234E-10
Average | 5.24E-05 2.49E-06 2.29E-10
SD| 1.38E-06 | 1.94E-07 | 1.20E-11




Table A.7 Test parameters and results of PWSS-01-01 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?
17.24 6 0.04 0
17.24 6 0.04 60 680 | 6.80E-06 | 1.13E-07 | 4.07E-05 | 1.16E-06 | 1.38E-10
2500 | 1724 6 004 | 120 630 | 6.30E-06 | 1.05E-07 | 3.96E-05 | 107E-06 | 1.31E-10
Load | 17.24 6 004 | 180 590 | 5.90E-06 | 9.83E-03 | 3.88E-05 | 100E-06 | 1.25E-10
17.24 6 004 | 240 550 | 5.50E-06 | 9.17E-08 | 3.79E-05 | 9.36E-07 | 1.20E-10
17.24 6 004 | 300 530 | 5.30E-06 | 8.83E-08 | 3.74E-05 | 9.02E-07 | 1.17E-10
Average | 3.89E-05 | 1.01E-06 | 1.26E-10
SD| 1.31E-06 | 1.03E-07 | 8.53E-12
20.68 6 0.04 0
20.68 6 0.04 60 200 | 2.90F-06 | 4.83E-08 | 3.06E-05 | 4.94E-07 | 7.81E-11
3000 | 2068 6 004 | 120 280 | 2.80F-06 | 467E-08 | 3.03E-05 | 477E-07 | 7.63E-11
Load | 2068 6 004 | 180 250 | 250E-06 | 4.17E-08 | 291E-05 | 4.26E-07 | 7.07E-11
20.68 6 004 | 240 220 | 2.20E-06 | 3.67E-08 | 279E-05 | 3.75E-07 | 6.49E-11
20.68 6 004 | 300 210 | 2.10E-06 | 3.50E-08 | 275E-05 | 357E-07 | 6.30E-11
Average | 2.91E-05 4.26E-07 7.06E-11
SD| 1.38E-06 | 6.02E-08 | 6.68E-12




Table A.7 Test parameters and results of PWSS-01-01 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?
17.24 6 0.04 0
17.24 6 0.04 60 250 | 2.50E-06 | 4.17E-08 | 291E-05 | 4.26E-07 | 7.07E-11
2500 | 1724 6 004 | 120 240 | 2.40E-06 | 4.00E-08 | 2.87E-05 | 4.09E-07 | 6.88E-11
Unload | 17-24 6 004 | 180 210 | 210806 | 3.50E-08 | 2.75E-05 | 3.57E-07 | 6.30E-11
17.24 6 004 | 240 200 | 2.00E-06 | 333E-08 | 2.70E-05 | 3.40E-07 | 6.09E-11
17.24 6 004 | 300 250 | 250E-06 | 4.17E-08 | 291E-05 | 4.26E-07 | 7.07E-11
Average | 2.83E-05 | 3.92E-07 | 6.68E-11
SD| 9.77E-07 | 3.99E-08 | 4.58E-12
13.79 6 0.04 0
13.79 6 0.04 60 300 | 3.00E-06 | 5.00E-08 | 3.10E-05 | 5.11F-07 | 7.99E-11
2000 | 1379 6 004 | 120 300 | 3.00E-06 | 5.00E-08 | 3.10E-05 | 5.11F-07 | 7.99E-11
Unload | 1379 6 004 | 180 300 | 3.00E-06 | 5.00E-08 | 3.10E-05 | 511E-07 | 7.99E-11
13.79 6 004 | 240 300 | 3.00E-06 | 5.00E-08 | 3.10E-05 | 511E-07 | 7.99E-11
13.79 6 004 | 300 300 | 3.00E-06 | 5.00E-08 | 3.10E-05 | 511E-07 | 7.99E-11
Average | 3.10E-05 | 5.11E-07 | 7.99E-11
SD| 0.00E+00 | 0.00E+00 | 0.00E+00




Table A.7 Test parameters and results of PWSS-01-01 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?

10.34 6 0.04 0

10.34 6 0.04 60 4.00 4.00E-06 6.67E-08 3.41E-05 6.81E-07 9.67E-11

1500 1 10.34 6 004 | 120 400 | 400E-06 | 6.67E-08 | 3.41E-05 | 6.81E-07 | 9.67E-11

Unload 10.34 6 0.04 180 4.00 4.00E-06 6.67E-08 3.41E-05 6.81E-07 9.67E-11

10.34 6 0.04 240 3.00 3.00E-06 5.00E-08 3.10E-05 5.11E-07 7.99E-11

10.34 6 0.04 300 3.00 3.00E-06 5.00E-08 3.10E-05 5.11E-07 7.99E-11

Average | 3.28E-05 6.13E-07 9.00E-11

SD | 1.71E-06 9.32E-08 9.25E-12
6.89 6 0.04 0

6.89 6 0.04 60 6.00 6.00E-06 1.00E-07 3.90E-05 1.02E-06 1.27E-10

1000 6.89 6 0.04 120 6.00 6.00E-06 1.00E-07 3.90E-05 1.02E-06 1.27E-10

Unload 6.89 6 0.04 180 5.50 5.50E-06 9.17E-08 3.79E-05 9.36E-07 1.20E-10

6.89 6 0.04 240 6.00 6.00E-06 1.00E-07 3.90E-05 1.02E-06 1.27E-10

6.89 6 0.04 300 7.50 7.50E-06 1.25E-07 4,20E-05 1.28E-06 1.47E-10

Average | 3.94E-05 1.06E-06 1.29E-10

SD | 1.55E-06 1.29E-07 1.04E-11




Table A.7 Test parameters and results of PWSS-01-01 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm? m® m®/s (m) (m/s) (m?
3.45 6 0.04 0
3.45 6 0.04 60 920 | 920E-06 | 153E-07 | 450E-05 | 157E-06 | 1.69E-10
500 3.45 6 004 | 120 800 | 8.00E-06 | 1.33E-07 | 429E-05 | 1.36E-06 | 1.54E-10
Unload | 345 6 004 | 180 800 | 8.00E-06 | 133E-07 | 429E-05 | 136E-06 | 154E-10
3.45 6 004 | 240 800 | 8.00E-06 | 133E-07 | 429E-05 | 1.36E-06 | 154E-10
3.45 6 004 | 300 800 | 8.00E-06 | 1.33E-07 | 429E-05 | 1.36E-06 | 1.54E-10
Average | 4.33E-05 | 1.40E-06 | 1.57E-10
SD| 9.16E-07 | 9.14E-08 | 6.71E-12




Table A.8 Test parameters and results of PWSS-01-05.

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm? m® m®/s (m) (m/s) (m?

3.45 7 0.05 0

3.45 7 0.05 10 3000 | 3.00E-05 | 3.00E-06 | 4.41E-05 | 1.80E-06 | 162E-10

500 3.45 7 0.05 20 3400 | 340E-05 | 3.40E-06 | 4.60E-05 | 2.04E-06 | 1.76E-10

Load | 345 7 0.05 30 31.00 | 340E-05 | 3.10E-06 | 4.46E-05 | 1.86E-06 | 166E-10

3.45 7 0.05 40 3200 | 3.20E-05 | 320E-06 | 450E-05 | 192E-06 | 1.69E-10

3.45 7 0.05 50 2800 | 2.80E-05 | 2.80E-06 | 4.31E-05 | 1.68E-06 | 1.55E-10

Average | 4.45E-05 | 1.86E-06 | 1.65E-10

SD| 1.07E-06 | 1.34E-07 | 7.97E-12
6.89 7 0.05 0

6.89 7 0.05 10 2500 | 250E-05 | 2.50E-06 | 4.15E-05 | 1.50E-06 | 1.43E-10

1000 | 689 7 0.05 20 2500 | 250E-05 | 2.50E-06 | 4.15E-05 | 1.50E-06 | 1.43E-10

Load | 689 7 0.05 30 26,00 | 2.60E-05 | 2.60E-06 | 4.20E-05 | 156E-06 | 1.47E-10

6.89 7 0.05 40 2500 | 2.50E-05 | 2.50E-06 | 4.15E-05 | 1.50E-06 | 1.43E-10

6.89 7 0.05 50 2500 | 2.50E-05 | 2.50E-06 | 4.15E-05 | 1.50E-06 | 1.43E-10

Average | 4.16E-05 | 151E-06 | 1.44E-10

SD | 244E-07 | 269E-08 | 1.70E-12




Table A.8 Test parameters and results of PWSS-01-05 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm? m® m®/s (m) (m/s) (m?
10.34 7 0.05 0
10.34 7 0.05 20 2800 | 2.80E-05 | 1.40E-06 | 3.42E-05 | 841E-07 | 9.74E-11
1500 | 10.34 7 0.05 40 2700 | 2.70E-05 | 1.35E-06 | 3.38E-05 | 8.11E-07 | 9.51F-11
Load | 1034 7 0.05 60 2700 | 270E-05 | 1.35E-06 | 3.38E-05 | 811E-07 | 951E-11
10.34 7 0.05 80 2400 | 2.40E-05 | 120E-06 | 3.25E-05 | 7.20E-07 | 8.79E-11
10.34 7 005 | 100 | 2800 | 2.80E-05 | 1.40E-06 | 342E-05 | 841E-07 | 9.74E-11
Average | 3.37E-05 | 8.05E-07 | 9.46E-11
SD| 7.05E-07 | 4.93E-08 | 3.91E-12
13.79 7 0.05 0
13.79 7 0.05 20 1500 | 1.50E-05 | 7.50E-07 | 2.78E-05 | 4.50E-07 | 6.43E-11
2000 | 1379 7 0.05 40 1500 | 1.50F-05 | 7.50E-07 | 2.78E-05 | 4.50E-07 | 6.43E-11
Load | 1379 7 0.05 60 1400 | 1.40E-05 | 7.00E-07 | 2.71E-05 | 4.20E-07 | 6.14E-11
13.79 7 0.05 80 13.00 | 1.30E-05 | 650E-07 | 2.65E-05 | 3.90E-07 | 5.84E-11
13.79 7 005 | 100 | 1400 | 1.40E-05 | 7.00E-07 | 271E-05 | 4.20E-07 | 6.14E-11
Average | 2.73E-05 4.26E-07 6.19E-11
SD| 5.39E-07 | 251E-08 | 2.44E-12




Table A.8 Test parameters and results of PWSS-01-05 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?
17.24 7 0.05 0
17.24 7 0.05 20 850 | 850E-06 | 4.25E-07 | 230E-05 | 255E-07 | 4.40E-11
2500 | 1724 7 0.05 40 800 | 8.00E-06 | 4.00E-07 | 2.25E-05 | 240E-07 | 4.23E-11
Load | 17.24 7 0.05 60 750 | 7.50E-06 | 3.75E-07 | 2.20E-05 | 2.25E-07 | 4.05E-11
17.24 7 0.05 80 7.00 | 7.00E-06 | 350E-07 | 2.15E-05 | 2.10E-07 | 3.87E-11
17.24 7 005 | 100 700 | 7.00E-06 | 3.50E-07 | 215E-05 | 2.10E-07 | 3.87E-11
Average | 2.21E-05 | 2.28E-07 | 4.08E-11
SD| 6.28E-07 | 1.96E-08 | 2.33E-12
20.68 7 0.05 0
20.68 7 0.05 30 700 | 7.00E-06 | 233€-07 | 1.88E-05 | 1.40E-07 | 295E-11
3000 | 2068 7 0.05 60 650 | 6.50F-06 | 2.17E-07 | 1.84E-05 | 1.30E-07 | 281E-11
Load | 20.68 7 0.05 90 650 | 6.50E-06 | 2.17E-07 | 184E-05 | 1.30E-07 | 281E-11
20.68 7 005 | 120 600 | 6.00E-06 | 2.00E-07 | 179E-05 | 120E-07 | 2.66E-11
20.68 7 005 | 150 550 | 5.50E-06 | 1.83E-07 | 174E-05 | 110E-07 | 251E-11
Average | 1.82E-05 1.26E-07 2.75E-11
SD| 554E-07 | 1.14E-08 | 1.67E-12




Table A.8 Test parameters and results of PWSS-01-05 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?
17.24 7 0.05 0
17.24 7 0.05 30 700 | 7.00E-06 | 233E-07 | 1.88E-05 | 1.40E-07 | 295E-11
2500 | 1724 7 0.05 60 700 | 7.00E-06 | 2.33E-07 | 1.88E-05 | 140E-07 | 2.95E-11
Unload | 17-24 7 0.05 90 600 | 6.00E-06 | 2.00E-07 | 179E-05 | 1.20E-07 | 266E-11
17.24 7 005 | 120 6.00 | 6.00E-06 | 2.00E-07 | 1.79E-05 | 1.20E-07 | 266E-11
17.24 7 005 | 150 600 | 6.00E-06 | 2.00E-07 | 179E-05 | 1.20E-07 | 2.66E-11
Average | 1.83E-05 | 1.28E-07 | 2.78E-11
SD| 5.16E-07 | 1.10E-08 | 1.58E-12
13.79 7 0.05 0
13.79 7 0.05 30 650 | 6.50E-06 | 247E-07 | 1.84E-05 | 1.30E-07 | 281E-11
2000 | 1379 7 0.05 60 700 | 7.00E-06 | 2.33E-07 | 1.88E-05 | 1.40E-07 | 295E-11
Unload | 1379 7 0.05 90 600 | 6.00E-06 | 2.00E-07 | 179E-05 | 120E-07 | 2.66E-11
13.79 7 005 | 120 550 | 5.50E-06 | 1.83E-07 | 174E-05 | 110E-07 | 251E-11
13.79 7 005 | 150 700 | 7.00E-06 | 2.33E-07 | 188E-05 | 140E-07 | 295E-11
Average | 1.82E-05 1.28E-07 2.78E-11
SD| 6.29E-07 | 1.30E-08 | 1.90E-12




Table A.8 Test parameters and results of PWSS-01-05 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?

10.34 7 0.05 0

10.34 7 0.05 30 8.00 8.00E-06 2.67E-07 1.97E-05 1.60E-07 3.23E-11

1500 1 10.34 7 0.05 60 750 | 7.50E-06 | 250E-07 | 193E-05 | 1.50E-07 | 3.09E-11

Unload 10.34 7 0.05 90 7.00 7.00E-06 2.33E-07 1.88E-05 1.40E-07 2.95E-11

10.34 7 0.05 120 7.00 7.00E-06 2.33E-07 1.88E-05 1.40E-07 2.95E-11

10.34 7 0.05 150 6.50 6.50E-06 2.17E-07 1.84E-05 1.30E-07 2.81E-11

Average | 1.90E-05 1.44E-07 3.01E-11

SD | 4.99E-07 1.14E-08 1.58E-12
6.89 7 0.05 0

6.89 7 0.05 30 12.00 1.20E-05 4.00E-07 2.25E-05 2.40E-07 4.23E-11

1000 6.89 7 0.05 60 12.00 1.20E-05 4.00E-07 2.25E-05 2.40E-07 4.23E-11

Unload | 6:89 7 005 | 90 | 1200 | 1.20E-05 | 400E-07 | 2.25E-05 | 240E-07 | 4.23E-11

6.89 7 0.05 120 12.00 1.20E-05 4.00E-07 2.25E-05 2.40E-07 4.23E-11

6.89 7 0.05 150 12.00 1.20E-05 4.00E-07 2.25E-05 2.40E-07 4.23E-11

Average | 2.25E-05 2.40E-07 4.23E-11

SD | 0.00E+00 0.00E+00 0.00E+00




Table A.8 Test parameters and results of PWSS-01-05 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm? m® m®/s (m) (m/s) (m?
3.45 7 0.05 0
3.45 7 0.05 30 2300 | 2.30E-05 | 7.67E-07 | 280E-05 | 4.60E-07 | 6.52E-11
500 3.45 7 0.05 60 2200 | 2.20E-05 | 7.33E-07 | 2.76E-05 | 4.40E-07 | 6.33E-11
Unload | 345 7 0.05 90 2200 | 220E-05 | 7.33E-07 | 276E-05 | 4.40E-07 | 6.33E-11
3.45 7 005 | 120 | 2200 | 2.20E-05 | 7.33E-07 | 276E-05 | 4.40E-07 | 6.33E-11
3.45 7 005 | 150 | 2400 | 240E-05 | 8.00E-07 | 2.84E-05 | 4.80E-07 | 6.71E-11
Average | 2.78E-05 | 4.52E-07 | 6.45E-11
SD| 3.63E-07 | 1.79E-08 | 1.69E-12




Table A.9 Test parameters and results of PWSS-01-06.

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?

3.45 7 0.05 0

3.45 7 0.05 10 9.50 9.50E-06 9.50E-07 2.93E-05 4 59E-07 7.16E-11

3.45 7 0.05 20 10.00 1.00E-05 1.00E-06 2.98E-05 4.83E-07 7.40E-11

500 3.45 7 0.05 30 8.00 8.00E-06 8.00E-07 2.77E-05 3.87E-07 6.38E-11

3.45 7 0.05 40 8.50 8.50E-06 8.50E-07 2.82E-05 411E-07 6.64E-11

Load 3.45 7 0.05 50 8.50 8.50E-06 8.50E-07 2.82E-05 4.11E-07 6.64E-11

3.45 7 0.05 60 9.00 9.00E-06 9.00E-07 2.88E-05 4.35E-07 6.90E-11

3.45 7 0.05 70 8.00 8.00E-06 8.00E-07 2.77E-05 3.87E-07 6.38E-11

3.45 7 0.05 80 8.00 8.00E-06 8.00E-07 2.77E-05 3.87E-07 6.38E-11

Average | 2.84E-05 4.20E-07 6.74E-11

SD | 8.09E-07 3.64E-08 3.86E-12




Table A.9 Test parameters and results of PWSS-01-06 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm? m® m®/s (m) (m/s) (m?

6.89 7 0.05 0

6.89 7 0.05 20 6.00 6.00E-06 3.00E-07 2.00E-05 1.45E-07 3.32E-11

6.89 7 0.05 40 5.50 5.50E-06 2.75E-07 1.94E-05 1.33E-07 3.13E-11

1000 | 689 7 005 | 60 | 460 | 460E-06 | 230E-07 | 183E-05 | L11E-07 | 278E-11

6.89 7 0.05 80 5.00 5.00E-06 2.50E-07 1.88E-05 1.21E-07 2.94E-11

Load 6.89 7 0.05 100 4.70 4,70E-06 2.35E-07 1.84E-05 1.14E-07 2.82E-11

6.89 7 0.05 120 4.70 4.70E-06 2.35E-07 1.84E-05 1.14E-07 2.82E-11

6.89 7 0.05 140 450 4.50E-06 2.25E-07 1.81E-05 1.09E-07 2.74E-11

6.89 7 0.05 160 4,50 4.50E-06 2.25E-07 1.81E-05 1.09E-07 2.74E-11

Average | 1.87E-05 1.19E-07 291E-11

SD | 6.62E-07 1.31E-08 2.10E-12
10.34 7 0.05 0

10.34 7 0.05 60 1.40 1.40E-06 2.33E-08 8.52E-06 1.13E-08 6.05E-12

1500 | 10.34 7 005 | 120 150 | 1.50E-06 | 2.50E-08 | 8.72E-06 | 1.21E-08 | 6.33E-12

L oad 10.34 7 0.05 180 1.10 1.10E-06 1.83E-08 7.86E-06 8.86E-09 5.15E-12

10.34 7 0.05 240 1.00 1.00E-06 1.67E-08 7.61E-06 8.05E-09 4.83E-12

10.34 7 0.05 300 1.00 1.00E-06 1.67E-08 7.61E-06 8.05E-09 4.83E-12

Average | 8.06E-06 9.67E-09 5.44E-12

SD | b5.19E-07 1.89E-09 7.05E-13




Table A.9 Test parameters and results of PWSS-01-06 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?
13.79 7 0.05 0
13.79 7 0.05 60 070 | 7.00E-07 | 1.17E-08 | 6.76E-06 | 5.64E-09 | 3.81E-12
2000 | 1379 7 005 | 120 060 | 6.0OE-07 | 1.00E-08 | 6.42E-06 | 4.83E-09 | 3.44E-12
Load | 1379 7 005 | 180 050 | 5.00E-07 | 8.33E-09 | 6.04E-06 | 4.03E-09 | 3.04E-12
13.79 7 005 | 240 050 | 5.00E-07 | 833E-09 | 6.04E-06 | 4.03E-09 | 3.04E-12
13.79 7 005 | 300 040 | 400E-07 | 6.67E-09 | 561E-06 | 3.22E-09 | 2.62E-12
Average | 6.18E-06 | 4.35E-09 | 3.19E-12
SD| 4.35E-07 | 9.18E-10 | 4.50E-13
17.24 7 0.05 0
17.24 7 0.05 60 030 | 3.00E-07 | 5.00E-09 | 510E-06 | 242E-09 | 2.17E-12
2500 | 1724 7 005 | 120 030 | 3.00E-07 | 5.00E-09 | 5.10E-06 | 242E-09 | 2.17E-12
Load | 17.24 7 005 | 180 030 | 3.00E-07 | 5.00E-09 | 510E-06 | 242E-09 | 217E-12
17.24 7 005 | 240 030 | 3.00E-07 | 5.00E-09 | 510E-06 | 242E-09 | 2.17E-12
17.24 7 005 | 300 030 | 3.00E-07 | 5.00E-09 | 510E-06 | 242E-09 | 217E-12
Average | 5.10E-06 | 2.42E-09 | 2.17E-12
SD| 2.00E-20 | 2.83E-23 | 1.70E-26




Table A.9 Test parameters and results of PWSS-01-06 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?

20.68 7 0.05 0

20.68 7 0.05 60 0.20 2.00E-07 3.33E-09 4.45E-06 1.61E-09 1.65E-12

3000 | 2068 7 005 | 120 030 | 3.00E-07 | 500E-09 | 5.10E-06 | 242E-09 | 217E-12

Load 20.68 7 0.05 180 0.20 2.00E-07 3.33E-09 4.45E-06 1.61E-09 1.65E-12

20.68 7 0.05 240 0.20 2.00E-07 3.33E-09 4.45E-06 1.61E-09 1.65E-12

20.68 7 0.05 300 0.20 2.00E-07 3.33E-09 4.45E-06 1.61E-09 1.65E-12

Average | 4.58E-06 1.77E-09 1.75E-12

SD | 2.88E-07 3.60E-10 2.29E-13
17.24 7 0.05 0

17.24 7 0.05 60 0.20 2.00E-07 3.33E-09 4.45E-06 1.61E-09 1.65E-12

2500 17.24 7 0.05 120 0.20 2.00E-07 3.33E-09 4.45E-06 1.61E-09 1.65E-12

Unload 17.24 7 0.05 180 0.20 2.00E-07 3.33E-09 4.45E-06 1.61E-09 1.65E-12

17.24 7 0.05 240 0.20 2.00E-07 3.33E-09 4.45E-06 1.61E-09 1.65E-12

17.24 7 0.05 300 0.20 2.00E-07 3.33E-09 4.45E-06 1.61E-09 1.65E-12

Average | 4.45E-06 1.61E-09 1.65E-12

SD | 2.60E-20 2.83E-23 1.94E-26




Table A.9 Test parameters and results of PWSS-01-06 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?
13.79 7 0.05 0
13.79 7 0.05 60 020 | 2.00E-07 | 3.33E-09 | 4.45E-06 | 161E-09 | 1.65E-12
2000 | 1379 7 005 | 120 020 | 200E-07 | 3.335-09 | 4.45E-06 | 161E-09 | 1.65E-12
Unload | 1379 7 005 | 180 020 | 2.00E-07 | 3.33E-09 | 4.45E-06 | 161E-09 | 1.65E-12
13.79 7 005 | 240 020 | 2.00E-07 | 3.33E-09 | 445E-06 | 161E-09 | 1.65E-12
13.79 7 005 | 300 020 | 200E-07 | 3.33E-09 | 4.45E-06 | 161F-09 | 1.65E-12
Average | 4.45E-06 | 1.61E-09 | 1.65E-12
SD| 2.60E-20 | 2.83E-23 | 1.94E-26
10.34 7 0.05 0
10.34 7 0.05 60 030 | 3.00E-07 | 5.00E-09 | 510E-06 | 242E-09 | 2.17E-12
1500 | 10.34 7 005 | 120 030 | 3.00E-07 | 5.00E-09 | 5.10E-06 | 242E-09 | 2.17E-12
Unload | 10.34 7 005 | 180 030 | 3.00E-07 | 5.00E-09 | 510E-06 | 242E-09 | 217E-12
10.34 7 005 | 240 030 | 3.00E-07 | 5.00E-09 | 510E-06 | 242E-09 | 217E-12
10.34 7 005 | 300 030 | 3.00E-07 | 5.00E-09 | 510E-06 | 242E-09 | 217E-12
Average | 5.10E-06 | 2.42E-09 | 2.17E-12
SD| 1.21E-20 | 1.74E-23 | 1.03E-26




Table A.9 Test parameters and results of PWSS-01-06 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?

6.89 7 0.05 0

6.89 7 0.05 60 030 _| 300E-07 | 5.00E-09 | 510E-06 | 242E-09 | 2.17E-12

1000 | @89 7 005 | 120 030 | 3.00E-07 | 5.00E-09 | 510E-06 | 242E-09 | 2.17E-12

Unload | 6:89 7 005 | 180 030 | 3.00E-07 | 5.00E-09 | 5.10E-06 | 242E-09 | 2.17E-12

6.89 7 005 | 240 030 | 300E-07 | 5.00E-09 | 5.10E-06 | 242E-09 | 2.17E-12

6.89 7 005 | 300 030 | 3.00E-07 | 5.00E-09 | 510E-06 | 242E-09 | 217E-12

Average | 5.10E-06 | 2.42E-09 | 2.17E-12

SD| 121E-20 | 1.74E-23 | 1.03E-26
3.45 7 0.05 0

3.45 7 0.05 60 030 | 3.00E-07 | 5.00E-09 | 510E-06 | 242E-09 | 217E-12

500 3.45 7 005 | 120 030 | 3.00E-07 | 5.00E-09 | 510E-06 | 242E-09 | 217E-12

Unload | 345 7 005 | 180 030 | 3.00E-07 | 5.00E-09 | 510E-06 | 242E-09 | 217E-12

3.45 7 005 | 240 030 | 3.00E-07 | 5.00E-09 | 510E-06 | 242E-09 | 217E-12

3.45 7 005 | 300 030 | 3.00E-07 | 5.00E-09 | 510E-06 | 242E-09 | 217E-12

Average | 5.10E-06 | 2.42E-09 | 2.17E-12

SD| 1.21E-20 | 1.74E-23 | 1.03E-26




Table A.10 Test parameters and results of SKSS-01-01.

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm? m® m®/s (m) (m/s) (m?

3.45 10 0.07 0

500 3.45 10 0.07 30 19.50 1.95E-05 6.50E-07 2.55E-05 3.10E-07 542E-11

3.45 10 0.07 60 17.50 1.75E-05 5.83E-07 2.46E-05 2.79E-07 5.04E-11

Load 3.45 10 0.07 90 18.50 1.85E-05 6.17E-07 2.51E-05 2.94E-07 5.23E-11

3.45 10 0.07 120 15.50 1.55E-05 5.17E-07 2.36E-05 2.47E-07 4.65E-11

Average | 2.47E-05 2.83E-07 5.09E-11

SD | 8.04E-07 2.72E-08 3.29E-12
6.89 10 0.07 0

1000 6.89 10 0.07 60 12.30 1.23E-05 2.05E-07 1.74E-05 9.79E-08 2.51E-11

6.89 10 0.07 120 10.30 1.03E-05 1.72E-07 1.64E-05 8.20E-08 2.23E-11

L oad 6.89 10 0.07 180 10.40 1.04E-05 1.73E-07 1.64E-05 8.28E-08 2.25E-11

6.89 10 0.07 240 10.00 1.00E-05 1.67E-07 1.62E-05 7.96E-08 2.19E-11

Average | 1.66E-05 8.56E-08 2.29E-11

SD | 5.24E-07 8.33E-09 1.47E-12




Table A.10 Test parameters and results of SKSS-01-01 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm? m® m®/s (m) (m/s) (m?
10.34 10 0.07 0
10.34 10 0.07 60 450 | 450E-06 | 7.50E-08 | 124E-05 | 358E-08 | 1.28E-11
1500 | 10.34 10 007 | 120 450 | 450E-06 | 7.50E-08 | 124E-05 | 3.58E-08 | 1.28E-11
Load | 1034 10 007 | 180 400 | 400E-06 | 6.67E-08 | 119E-05 | 3.18E-08 | 1.19E-11
10.34 10 007 | 240 370 | 870E-06 | 6.17E-08 | 116E-05 | 2.94E-08 | 1.13E-11
10.34 000 | 300 360 | 3.60E-06 | 6.00E-08 | 115E-05 | 2.87E-08 | 1.11F-11
Average | 1.20E-05 | 3.23E-08 | 1.20E-11
SD| 4.21E-07 | 3.40E-09 | 8.42E-13
13.79 10 0.07 0
13.79 10 0.07 60 220 | 2.20E-06 | 367E-08 | 9.78E-06 | 1.75E-08 | 7.97E-12
2000 | 1379 10 007 | 120 200 | 2.00E-06 | 3.33E-08 | 947E-06 | 1.50E-08 | 7.48E-12
Load | 1379 10 007 | 180 200 | 2.00E-06 | 3.33E-08 | 947E-06 | 150E-08 | 7.48E-12
13.79 10 007 | 240 200 | 2.00E-06 | 3.33E-08 | 947E-06 | 150E-08 | 7.48E-12
13.79 10 007 | 300 190 | 190E-06 | 317E-08 | 9.31F-06 | 151E-08 | 7.23E-12
Average | 9.50E-06 1.61E-08 7.53E-12
SD| 1.70E-07 | 8.72E-10 | 2.70E-13




Table A.10 Test parameters and results of SKSS-01-01 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?
17.24 10 0.07 0
17.24 10 0.07 60 140 | 140E-06 | 233E-08 | 841F-06 | 1.11E-08 | 5.90E-12
2500 | 1724 10 007 | 120 130 | 130E-06 | 217E-08 | 821F-06 | 103E-08 | 5.61E-12
Load | 17.24 10 007 | 180 130 | 1.30E-06 | 217E-08 | 821F-06 | 1.03E-08 | 5.61E-12
17.24 10 007 | 240 130 | 1.30E-06 | 217E-08 | 821F-06 | 1.03E-08 | 5.61E-12
17.24 10 007 | 300 120 | 1.20E-06 | 200E-08 | 7.99E-06 | 9.55E-09 | 5.32E-12
Average | 8.21E-06 | 1.03E-08 | 5.61E-12
SD| 149E-07 | 563E-10 | 2.04E-13
20.68 10 0.07 0
20.68 10 0.07 60 020 | 200E-07 | 3.33E-09 | 4.40E-06 | 159E-09 | 1.61E-12
3000 | 2068 10 007 | 120 010 | LOOE-07 | 1.67E-09 | 3.49E-06 | 7.96E-10 | 1.02E-12
Load | 2068 10 007 | 180 010 | 1.00E-07 | 167E-09 | 3.49E-06 | 7.96E-10 | 1.02E-12
20.68 10 007 | 240 010 | 1.00E-07 | 1.67E-09 | 3.49E-06 | 7.96E-10 | 1.02E-12
20.68 10 007 | 300 010 | 1.00E-07 | 1.67E-09 | 3.49E-06 | 7.96E-10 | 1.02E-12
Average | 3.67E-06 9.55E-10 1.13E-12
SD| 4.06E-07 | 356E-10 | 2.67E-13




Table A.10 Test parameters and results of SKSS-01-01 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® m°/s (m) (m/s) (m?
17.24 10 0.07 0
17.24 10 0.07 60 010 | 1.00E-07 | 1.67E-09 | 3.49E-06 | 7.96E-10 | 1.02E-12
2500 | 1724 10 007 | 120 010 | 1.00E-07 | 1.67E-09 | 3.49E-06 | 7.96E-10 | 1.02E-12
Unload | 17-24 10 007 | 180 010 | LO0OE-07 | 167E-09 | 3.49E-06 | 7.96E-10 | 1.02E-12
17.24 10 007 | 240 010 | 1.00E-07 | 167E-09 | 3.49E-06 | 7.96E-10 | 1.02E-12
17.24 10 007 | 300 010 | LO0E-07 | 1.67E-09 | 3.49E-06 | 7.96E-10 | 1.02E-12
Average | 3.49E-06 | 7.96E-10 | 1.02E-12
SD| 3.88E-20 | 2.66E-23 | 2.27E-26
13.79 10 0.07 0
13.79 10 0.07 60 010 | 1.00E-07 | 1.67E-09 | 3.49E-06 | 7.96E-10 | 1.02E-12
2000 | 1379 10 007 | 120 010 | LOOE-07 | 1.67E-09 | 3.49E-06 | 7.96E-10 | 1.02E-12
Unload | 1379 10 007 | 180 010 | 1.00E-07 | 167E-09 | 3.49E-06 | 7.96E-10 | 1.02E-12
13.79 10 007 | 240 010 | 1.00E-07 | 1.67E-09 | 3.49E-06 | 7.96E-10 | 1.02E-12
13.79 10 007 | 300 010 | 1.00E-07 | 1.67E-09 | 3.49E-06 | 7.96E-10 | 1.02E-12
Average | 3.49E-06 | 7.96E-10 | 1.02E-12
SD| 3.88E-20 | 266E-23 | 2.27E-26




Table A.10 Test parameters and results of SKSS-01-01 (Continued).

Pc Pi Time Outflow q €c K k
psi MPa psi MPa (s) cm?® m® m/s (m) (m/s) (m?)

10.34 10 0.07 0

10.34 10 0.07 60 0.20 2.00E-07 3.33E-09 4.40E-06 1.59E-09 1.61E-12

1500 10.34 10 0.07 120 0.20 2.00E-07 3.33E-09 4.40E-06 1.59E-09 1.61E-12

Unload 10.34 10 0.07 180 0.10 1.00E-07 1.67E-09 3.49E-06 7.96E-10 1.02E-12

10.34 10 0.07 240 0.20 2.00E-07 3.33E-09 4.40E-06 1.59E-09 1.61E-12

10.34 10 0.07 300 0.20 2.00E-07 3.33E-09 4.40E-06 1.59E-09 1.61E-12

Average | 4.22E-06 1.43E-09 1.49E-12

SD | 4.06E-07 3.56E-10 2.67E-13
6.89 10 0.07 0

6.89 10 0.07 60 2.00 2.00E-06 3.33E-08 9.47E-06 1.59E-08 7.48E-12

1000 6.89 10 0.07 120 1.90 1.90E-06 3.17E-08 9.31E-06 1.51E-08 7.23E-12

Unload 6.89 10 0.07 180 1.90 1.90E-06 3.17E-08 9.31E-06 1.51E-08 7.23E-12

6.89 10 0.07 240 1.90 1.90E-06 3.17E-08 9.31E-06 1.51E-08 7.23E-12

6.89 10 0.07 300 1.80 1.80E-06 3.00E-08 9.15E-06 1.43E-08 6.97E-12

Average | 9.31E-06 1.51E-08 7.23E-12

SD | 1.16E-07 5.63E-10 1.79E-13




Table A.10 Test parameters and results of SKSS-01-01 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm? m® m®/s (m) (m/s) (m?
3.45 10 0.07 0

3.45 10 0.07 60 2.20 2.20E-06 3.67E-08 9.78E-06 1.75E-08 7.97E-12
500 3.45 10 0.07 120 2.20 2.20E-06 3.67E-08 9.78E-06 1.75E-08 7.97E-12
Unload 3.45 10 0.07 180 2.30 2.30E-06 3.83E-08 9.93E-06 1.83E-08 8.21E-12
3.45 10 0.07 240 1.80 1.80E-06 3.00E-08 9.15E-06 1.43E-08 6.97E-12
3.45 10 0.07 300 2.10 2.10E-06 3.50E-08 9.63E-06 1.67E-08 7.73E-12
Average | 9.65E-06 1.69E-08 71.77E-12
SD | 3.01E-07 1.53E-09 4,78E-13




Table A.11 Test parameters and results of SKSS-02-03.

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm? m® (m®fs) (m) (m/s) (m?

3.45 7 0.05 0

500 3.45 7 0.05 30 13.20 1.32E-05 4.40E-07 2.41E-05 3.10E-07 4.84E-11

3.45 7 0.05 60 11.40 1.14E-05 3.80E-07 2.30E-05 2.67E-07 4.39E-11

Load 3.45 7 0.05 90 10.40 1.04E-05 3.47E-07 2.23E-05 2.44E-07 4.13E-11

3.45 7 0.05 120 9.00 9.00E-06 3.00E-07 2.12E-05 2.11E-07 3.75E-11

Average | 2.26E-05 2.58E-07 4,28E-11

SD | 1.21E-06 4.14E-08 4 58E-12
6.89 7 0.05 0

6.89 7 0.05 30 3.50 3.50E-06 1.17E-07 1.55E-05 8.21E-08 2.00E-11

6.89 7 0.05 60 3.40 3.40E-06 1.13E-07 1.53E-05 7.97E-08 1.96E-11

6.89 7 0.05 90 3.10 3.10E-06 1.03E-07 1.49E-05 7.27E-08 1.84E-11

1000 | 689 7 005 | 120 280 | 2.80E-06 | 9.33E-08 | 144E-05 | 657E-08 | 1.72E-11

Load 6.89 7 0.05 150 2.70 2.70E-06 9.00E-08 1.42E-05 6.33E-08 1.68E-11

6.89 7 0.05 180 2.50 2.50E-06 8.33E-08 1.38E-05 5.86E-08 1.60E-11

6.89 7 0.05 210 2.40 2.40E-06 8.00E-08 1.37E-05 5.63E-08 1.55E-11

6.89 7 0.05 240 2.20 2.20E-06 7.33E-08 1.33E-05 5.16E-08 147E-11

6.89 7 0.05 270 2.20 2.20E-06 7.33E-08 1.33E-05 5.16E-08 147E-11

Average | 1.43E-05 6.46E-08 1.70E-11

SD | 8.34E-07 1.14E-08 2.00E-12




Table A.11 Test parameters and results of SKSS-02-03 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® (m°/s) (m) (m/s) (m?

10.34 7 0.05 0

10.34 7 0.05 30 070 | 7.00E-07 | 2.33E-08 | 905E-06 | 1.64E-08 | 6.83E-12

10.34 7 0.05 60 060 | 6.00E-07 | 2.00E-08 | 860E-06 | 141F-08 | 6.16E-12

10.34 7 0.05 90 050 | 5.00E-07 | 1.67E-08 | 8.09E-06 | 117E-08 | 5.46E-12

1500 | 10.34 7 005 | 120 050 | 5.00E-07 | 1.67E-08 | 8.09E-06 | 117E-08 | 5.46E-12

Load | 10.34 7 005 | 150 050 | 5.00E-07 | 1.67E-08 | 8.09E-06 | 1.17E-08 | 5.46E-12

10.34 7 005 | 180 040 | 400E-07 | 1.33E-08 | 7.51E-06 | 9.38E-09 | 4.70E-12

10.34 7 005 | 210 040 | 4.00E-07 | 1.33E-08 | 7.51E-06 | 9.38E-09 | 4.70E-12

10.34 7 005 | 240 040 | 400E-07 | 1.33E-08 | 7.51E-06 | 9.38E-09 | 4.70E-12

10.34 7 005 | 270 030 | 3.00E-07 | 1.00E-08 | 6.83E-06 | 7.04E-09 | 3.88E-12

Average | 7.92E-06 | 1.12E-08 | 5.26E-12

SD| 6.64E-07 | 2.82E-09 | 8.82E-13




Table A.11 Test parameters and results of SKSS-02-03 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® (m°/s) (m) (m/s) (m?

13.79 7 0.05 0

13.79 7 0.05 60 0.30 3.00E-07 5.00E-09 5.42E-06 3.52E-09 2.45E-12

13.79 7 0.05 120 0.10 1.00E-07 1.67E-09 3.76E-06 1.17E-09 1.18E-12

2000 | 1379 7 005 | 180 010 | L.00E-07 | 167E-09 | 3.76E-06 | 1.17E-09 | 1.18E-12

Load 13.79 7 0.05 240 0.10 1.00E-07 1.67E-09 3.76E-06 1.17E-09 1.18E-12

13.79 7 0.05 360 0.20 2.00E-07 1.67E-09 3.76E-06 1.17E-09 1.18E-12

13.79 7 0.05 480 0.15 1.50E-07 1.25E-09 3.41E-06 8.79E-10 9.71E-13

13.79 7 0.05 600 0.15 1.50E-07 1.25E-09 3.41E-06 8.79E-10 9.71E-13

Average | 3.90E-06 1.42E-09 1.30E-12

SD | 6.90E-07 9.34E-10 5.15E-13
17.24 7 0.05 0

00 | 1724 | 7 005 | 300 | 020 | 200E-07 | 6.67E-10 | 277E-06 | 469E-10 | 6.38E-13

17.24 7 0.05 600 0.00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Load 17.24 7 0.05 900 0.15 1.50E-07 5.00E-10 2.51E-06 3.52E-10 5.27E-13

17.24 7 0.05 1200 0.05 5.00E-08 1.67E-10 1.74E-06 1.17E-10 2.53E-13

Average | 1.76E-06 2.35E-10 3.55E-13

SD | 1.25E-06 2.14E-10 2.87E-13




Table A.11 Test parameters and results of SKSS-02-03 (Continued).

Pc Pi Time Outflow q ec K k
psi MPa psi MPa (s) cm?® m® (m°/s) (m) (m/s) (m?
20.68 7 0.05 0
3000 | 2068 7 005 | 300 010 | 1.00E-07 | 3.33E-10 | 220E-06 | 2.35E-10 | 4.02E-13
Load | 20.68 7 005 | 600 005 | 5.00E-08 | 1.67E-10 | 174E-06 | 117E-10 | 253E-13
20.68 7 005 | 900 015 | 150E-07 | 5.00E-10 | 2.51E-06 | 3.52E-10 | 5.27E-13
Average | 2.15E-06 2.35E-10 3.94E-13
SD| 3.88E-07 | 1.17E-10 | 1.37E-13
os00 | 17.24 15 0.10 0
17.24 15 010 | 300 005 | 500E-08 | 1.67E-10 | 1.74E-06 | 1.17E-10 | 2.53E-13
Unload | 1724 15 010 | 600 0.0 | 1.00E-07 | 3.33E-10 | 220E-06 | 2.35E-10 | 4.02E-13
Average | 1.97E-06 | 1.76E-10 | 3.28E-13
SD| 3.20E-07 | 829E-11 | 1.05E-13
2000 | 13.79 15 0.10 0
13.79 15 010 | 300 010 | 1.00E-07 | 3.33E-10 | 220E-06 | 2.35E-10 | 4.02E-13
Unload [ 1379 15 0.10 600 0.10 1.00E-07 | 3.33E-10 | 2.20E-06 | 2.35E-10 | 4.02E-13
Average | 2.20E-06 2.35E-10 4.02E-13
SD| 3.86E-20 | 1.24E-23 | 1.41E-26




Table A.11 Test parameters and results of SKSS-02-03 (Continued).

Pc Pi Time Outflow q €c K k
psi MPa psi MPa (s) cm?® m® (m°fs) (m) (m/s) (m?)
1500 | 1034 | 15 | 010 0
10.34 15 0.10 300 0.10 1.00E-07 3.33E-10 2.20E-06 2.35E-10 4.02E-13
Unload 10.34 15 0.10 600 0.10 1.00E-07 3.33E-10 2.20E-06 2.35E-10 4.02E-13
Average | 2.20E-06 2.35E-10 4.02E-13
SD | 3.86E-20 1.24E-23 1.41E-26

1000 | 68 | 15 [ 010 0
6.89 15 0.10 300 0.15 1.50E-07 5.00E-10 2.51E-06 3.52E-10 5.27E-13
Unload 6.89 15 0.10 600 0.15 1.50E-07 5.00E-10 2.51E-06 3.52E-10 5.27E-13
Average | 2.51E-06 3.52E-10 5.27E-13
SD | 2.55E-20 1.06E-23 1.06E-26

c0 | 345 | 15 | 010 0
3.45 15 0.10 300 1.60 1.60E-06 5.33E-09 5.54E-06 3.75E-09 2.55E-12
Unload | 345 15 010 | 600 150 | 1.50E-06 | 5.00E-09 | 5.42E-06 | 3.52E-09 | 245E-12
Average | 5.48E-06 3.64E-09 2.50E-12
SD | 8.33E-08 1.66E-10 7.60E-14




APPENDIX B

RESULT FROM FALLING HEAD FLOW TEST

UNDER NORMAL STRESSES



TableB.1 Test parameters and results of PKSS-F-01.

133

STRESS TIME HEAD e Kj
(psi) (MPa) (s (m) (m) (m/s)
0.34 0 1.0950
0.34 60 1.0100 2.27E-14 3.75E-22
0.34 120 0.9320 2.26E-14 3.71E-22
>0 0.34 180 0.8620 2.19E-14 3.50E-22
0.34 240 0.7950 2.27E-14 3.76E-22
0.34 300 0.7340 2.24E-14 3.66E-22
Average | 2.25E-14 3.68E-22
SD | 3.24E-16 1.06E-23
0.69 0 1.1050
0.69 60 1.0670 9.82E-15 7.03E-23
0.69 120 1.0300 9.91E-15 7.15E-23
100 0.69 180 0.9950 9.70E-15 6.87E-23
0.69 240 0.9600 1.01E-14 7.37E-23
0.69 300 0.9250 1.04E-14 7.92E-23
Average | 9.98E-15 7.27E-23
SD | 2.78E-16 4.09E-24
1.03 0 1.1250
1.03 60 1.0800 1.15E-14 9.57E-23
1.03 120 1.0670 3.40E-15 8.42E-24
150 1.03 180 1.0530 3.71E-15 1.00E-23
1.03 240 1.0410 3.22E-15 7.55E-24
1.03 300 1.0280 3.53E-15 9.07E-24
Average | 5.06E-15 2.62E-23
SD| 3.58E-15 3.89E-23
1.38 0 1.0200
1.38 60 1.0140 1.66E-15 2.00E-24
1.38 120 1.0090 1.39E-15 1.40E-24
200 1.38 180 1.0050 1.11E-15 9.06E-25
1.38 240 1.0010 1.12E-15 9.14E-25
1.38 300 0.9970 1.12E-15 9.21E-25
Average | 1.28E-15 1.23E-24
SD| 240E-16 4.80E-25




TableB.1 Test parameters and results of PKSS-F-01 (Continued).
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STRESS TIME HEAD e Kj
(psi) (MPa) () (m) (m) (m/s)
1.72 0 0.9880
1.72 60 0.9860 5.69E-16 2.36E-25
1.72 120 0.9840 5.70E-16 2.37E-25
230 1.72 180 0.9820 5.71E-16 2.38E-25
1.72 240 0.9800 5.72E-16 2.39E-25
1.72 300 0.9780 5.73E-16 2.40E-25
Average | 5.71E-16 2.38E-25
SD 1.84E-18 1.53E-27
2.07 0 0.9760
2.07 60 0.9750 2.88E-16 6.04E-26
2.07 120 0.9740 2.88E-16 6.05E-26
300 2.07 180 0.9730 2.88E-16 6.06E-26
2.07 240 0.9720 2.89E-16 6.07E-26
2.07 300 0.9710 2.89E-16 6.09E-26
Average | 2.88E-16 6.06E-26
SD 4.68E-19 1.97E-28
1.72 0 0.9700
1.72 60 0.9690 2.90E-16 6.11E-26
1.72 120 0.9680 2.90E-16 6.12E-26
230 1.72 180 0.9670 2.90E-16 6.14E-26
1.72 240 0.9660 2.90E-16 6.15E-26
1.72 300 0.9650 2.91E-16 6.16E-26
Average| 2.90E-16 6.14E-26
SD 4.74E-19 2.01E-28
1.38 0 0.9640
1.38 60 0.9630 2.91E-16 6.19E-26
1.38 120 0.9620 2.92E-16 6.20E-26
200 1.38 180 0.9610 2.92E-16 6.21E-26
1.38 240 0.9600 2.92E-16 6.23E-26
1.38 300 0.9590 2.93E-16 6.24E-26
Average | 2.92E-16 6.21E-26
SD 4.80E-19 2.04E-28




TableB.1 Test parameters and results of PKSS-F-01 (Continued).
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STRESS TIME HEAD e K
(psi) (MPa) (s (m) (m) (m/s)
1.03 0 0.9600
1.03 60 0.9590 2.93E-16 6.24E-26
1.03 120 0.9580 2.93E-16 6.25E-26
150 1.03 180 0.9570 2.93E-16 6.27E-26
1.03 240 0.9560 2.93E-16 6.28E-26
1.03 300 0.9550 2.94E-16 6.29E-26
Average| 2.93E-16 6.27E-26
SD| 4.84E-19 2.07E-28
0.69 0 0.9530
0.69 60 0.9520 2.95E-16 6.33E-26
0.69 120 0.9510 2.95E-16 6.34E-26
100 0.69 180 0.9500 2.95E-16 6.36E-26
0.69 240 0.9490 2.96E-16 6.37E-26
0.69 300 0.9480 2.96E-16 6.38E-26
Average | 2.95E-16 6.36E-26
SD | 4.91E-19 2.12E-28
0.34 0 0.9470
0.34 60 0.9460 2.97E-16 6.41E-26
0.34 120 0.9450 2.97E-16 6.43E-26
>0 0.34 180 0.9440 2.97E-16 6.44E-26
0.34 240 0.9430 2.97E-16 6.45E-26
0.34 300 0.9420 2.98E-16 6.47E-26
Average 2.97E-16 6.44E-26
SD | 4.97E-19 2.16E-28




TableB.2 Test parameters and results of PKSS-F-02.
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STRESS TIME HEAD e Kj
(psi) (MPa) (s) (m) (m) (m/s)
0.34 0 1.0500
0.34 60 1.0050 1.23E-14 1.10E-22
0.34 120 0.9600 1.29E-14 1.21E-22
>0 0.34 180 0.9170 1.29E-14 1.21E-22
0.34 240 0.8770 1.25E-14 1.14E-22
0.34 300 0.8380 1.28E-14 1.19E-22
Average | 1.27E-14 1.17E-22
SD | 2.48E-16 4.55E-24
0.69 0 1.1300
0.69 60 1.1180 3.00E-15 6.55E-24
0.69 120 1.1060 3.03E-15 6.69E-24
100 0.69 180 1.0950 2.81E-15 5.74E-24
0.69 240 1.0830 3.09E-15 6.98E-24
0.69 300 1.0730 2.60E-15 4.94E-24
Average | 291E-15 6.18E-24
SD | 2.00E-16 8.29E-25
1.03 0 1.1300
1.03 60 1.1260 9.95E-16 7.22E-25
1.03 120 1.1220 9.99E-16 7.27E-25
150 1.03 180 1.1180 1.00E-15 7.33E-25
1.03 240 1.1150 7.54E-16 4.15E-25
1.03 300 1.1110 1.01E-15 7.42E-25
Average | 9.52E-16 6.68E-25
SD 1.11E-16 1.42E-25
1.38 0 1.1500
1.38 60 1.1470 7.33E-16 3.92E-25
1.38 120 1.1450 4.90E-16 1.75E-25
20 1.38 180 1.1430 4.91E-16 1.76E-25
1.38 240 1.1410 4.92E-16 1.76E-25
1.38 300 1.1390 4.92E-16 1.77E-25
Average| 5.40E-16 2.19E-25
SD| 1.08E-16 9.66E-26




TableB.2 Test parameters and results of PKSS-F-02 (Continued).
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STRESS TIME HEAD e K
(psi) (MPa) (s (m) (m) (m/s)
1.72 0 1.1400
1.72 60 1.1390 2.46E-16 4.42E-26
1.72 120 1.1380 2.47E-16 4.43E-26
230 1.72 180 1.1370 2.47E-16 4.44E-26
1.72 240 1.1360 2.47E-16 4.45E-26
1.72 300 1.1350 2.47E-16 4.46E-26
Average | 2.47E-16 4.44E-26
SD| 3.43E-19 1.23E-28
2.07 0 1.1500
2.07 60 1.1496 9.76E-17 6.95E-27
2.07 120 1.1492 9.77E-17 6.96E-27
30 2.07 180 1.1488 9.77E-17 6.96E-27
2.07 240 1.1434 9.77E-17 6.97E-27
2.07 300 1.1480 9.78E-17 6.97E-27
Average | 9.77E-17 6.96E-27
SD | 5.38E-20 7.66E-30
1.72 0 1.1700
1.72 60 1.1696 9.60E-17 6.72E-27
1.72 120 1.1692 9.60E-17 6.72E-27
230 1.72 180 1.1688 9.60E-17 6.73E-27
1.72 240 1.1684 9.61E-17 6.73E-27
1.72 300 1.1680 9.61E-17 6.73E-27
Average| 9.60E-17 6.73E-27
SD | 5.20E-20 7.28E-30
1.38 0 1.1800
1.38 60 1.1794 1.43E-16 1.49E-26
1.38 120 1.1788 1.43E-16 1.49E-26
20 1.38 180 1.1782 1.43E-16 1.49E-26
1.38 240 1.1776 1.43E-16 1.49E-26
1.38 300 1.1770 1.43E-16 1.49E-26
Average 1.43E-16 1.49E-26
SD 1.15E-19 2.40E-29




TableB.2 Test parameters and results of PKSS-F-02 (Continued).
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STRESS TIME HEAD e K
(psi) (MPa) (s (m) (m) (m/s)
1.03 0 1.1800
1.03 60 1.1794 1.43E-16 1.49E-26
1.03 120 1.1788 1.43E-16 1.49E-26
150 1.03 180 1.1782 1.43E-16 1.49E-26
1.03 240 1.1776 1.43E-16 1.49E-26
1.03 300 1.1770 1.43E-16 1.49E-26
Average 1.43E-16 1.49E-26
SD 1.15E-19 2.40E-29
0.69 0 1.1700
0.69 60 1.1694 1.44E-16 1.51E-26
0.69 120 1.1688 1.44E-16 1.51E-26
100 0.69 180 1.1682 1.44E-16 1.51E-26
0.69 240 1.1676 1.44E-16 1.52E-26
0.69 300 1.1670 1.44E-16 1.52E-26
Average | 1.44E-16 1.51E-26
SD 1.17E-19 2.46E-29
0.34 0 1.1670
0.34 60 1.1664 1.44E-16 1.52E-26
0.34 120 1.1658 1.44E-16 1.52E-26
>0 0.34 180 1.1652 1.44E-16 1.52E-26
0.34 240 1.1646 1.45E-16 1.52E-26
0.34 300 1.1640 1.45E-16 1.53E-26
Average 1.44E-16 1.52E-26
SD 1.18E-19 2.48E-29




TableB.3 Test parameters and results of PPSS-F-01.
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STRESS TIME HEAD e K
(psi) (MPa) (s (m) (m) (m/s)
0.34 0 2.4350
0.34 60 1.9900 5.66E-14 2.34E-21
0.34 120 1.5400 7.20E-14 3.77E-21
>0 0.34 180 1.0800 9.96E-14 7.23E-21
0.34 240 0.6300 1.51E-13 1.67E-20
0.34 300 0.1700 3.68E-13 9.86E-20
Average| 1.49E-13 2.57E-20
SD 1.27E-13 4.11E-20
0.69 0 1.5250
0.69 60 1.2400 5.81E-14 2.46E-21
0.69 120 0.9550 7.33E-14 3.92E-21
100 0.69 180 0.6700 9.95E-14 7.22E-21
0.69 240 0.3850 1.56E-13 1.76E-20
0.69 300 0.1000 3.78E-13 1.04E-19
Average | 1.53E-13 2.71E-20
SD 1.31E-13 4.36E-20
1.03 0 1.1500
1.03 60 0.9730 4.69E-14 1.60E-21
1.03 120 0.7980 5.57E-14 2.26E-21
150 1.03 180 0.6230 6.95E-14 3.52E-21
1.03 240 0.4530 8.94E-14 5.83E-21
1.03 300 0.2880 1.27E-13 1.18E-20
Average | 7.7/E-14 5.00E-21
SD| 3.19E-14 4.12E-21
1.38 0 1.1900
1.38 60 1.0850 2.59E-14 4.90E-22
1.38 120 0.9900 2.57E-14 4.82E-22
20 1.38 180 0.9020 2.61E-14 4.98E-22
1.38 240 0.8250 2.50E-14 4.57E-22
1.38 300 0.7500 2.68E-14 5.22E-22
Average| 2.59E-14 4.90E-22
SD| 6.21E-16 2.34E-23




TableB.3 Test parameters and results of PPSS-F-01 (Continued).
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STRESS TIME HEAD e K
(psi) (MPa) (s (m) (m) (m/s)
1.72 0 1.1400
1.72 60 1.0700 1.78E-14 2.31E-22
1.72 120 1.0050 1.76E-14 2.26E-22
230 1.72 180 0.9450 1.73E-14 2.18E-22
1.72 240 0.8850 1.84E-14 247E-22
1.72 300 0.8350 1.63E-14 1.94E-22
Average| 1.75E-14 2.23E-22
SD 7.67E-16 1.94E-23
2.07 0 1.1300
2.07 60 1.0800 1.27E-14 1.18E-22
2.07 120 1.0300 1.33E-14 1.29E-22
30 2.07 180 0.9850 1.25E-14 1.15E-22
2.07 240 0.9400 1.31E-14 1.26E-22
2.07 300 0.9000 1.22E-14 1.09E-22
Average | 1.28E-14 1.19E-22
SD | 4.44E-16 8.27E-24
1.72 0 1.1400
1.72 60 1.0880 1.31E-14 1.25E-22
1.72 120 1.0400 1.27E-14 1.17E-22
230 1.72 180 0.9900 1.38E-14 1.39E-22
1.72 240 0.9480 1.22E-14 1.08E-22
1.72 300 0.9000 1.46E-14 1.55E-22
Average 1.33E-14 1.20E-22
SD| 9.55E-16 1.87E-23
1.38 0 1.1200
1.38 60 1.0650 141E-14 1.46E-22
1.38 120 1.0150 1.35E-14 1.33E-22
20 1.38 180 0.9650 1.42E-14 1.47E-22
1.38 240 0.9220 1.28E-14 1.19E-22
1.38 300 0.8750 1.47E-14 1.57E-22
Average| 1.39E-14 1.40E-22
SD| 7.29E-16 1.46E-23




TableB.3 Test parameters and results of PPSS-F-01 (Continued).
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STRESS TIME HEAD e K
(psi) (MPa) (s (m) (m) (m/s)
1.03 0 1.1400
1.03 60 1.0780 157E-14 1.80E-22
1.03 120 1.0200 1.55E-14 1.76E-22
150 1.03 180 0.9700 1.41E-14 1.45E-22
1.03 240 0.9150 1.64E-14 1.96E-22
1.03 300 0.8650 1.58E-14 1.81E-22
Average| 1.55E-14 1.76E-22
SD| 8.42E-16 1.86E-23
0.69 0 1.1800
0.69 60 1.1000 197E-14 2.83E-22
0.69 120 1.0300 1.85E-14 2.48E-22
100 0.69 180 0.9600 1.98E-14 2.85E-22
0.69 240 0.9000 1.81E-14 2.39E-22
0.69 300 1.0420 -4.11E-14 1.23E-21
Average | 6.98E-15 4.58E-22
SD 2.69E-14 4.34E-22
0.34 0 1.2000
0.34 60 1.0800 2.96E-14 6.38E-22
0.34 120 0.9750 2.87E-14 6.01E-22
>0 0.34 180 0.8800 2.88E-14 6.04E-22
0.34 240 0.7950 2.85E-14 5.93E-22
0.34 300 0.7150 2.98E-14 6.46E-22
Average| 291E-14 6.16E-22
SD | b5.64E-16 2.40E-23




TableB.4 Test parameters and results of PPSS-F-02.
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STRESS TIME HEAD e Kj
(psi) (MPa) () (m) (m) (m/s)
0.34 0 1.0800
0.34 60 0.9950 2.30E-14 3.86E-22
0.34 120 0.9180 2.26E-14 3.73E-22
>0 0.34 180 0.8500 2.16E-14 3.40E-22
0.34 240 0.7850 2.23E-14 3.64E-22
0.34 300 0.7200 2.43E-14 4.29E-22
Average | 2.28E-14 3.78E-22
SD | 9.83E-16 3.29E-23
0.69 0 1.0700
0.69 60 1.0180 1.40E-14 1.43E-22
0.69 120 0.9680 1.41E-14 1.46E-22
100 0.69 180 0.9240 1.31E-14 1.24E-22
0.69 240 0.8780 1.43E-14 1.50E-22
0.69 300 0.8360 1.38E-14 1.38E-22
Average | 1.39E-14 1.40E-22
SD| 4.92E-16 9.81E-24
1.03 0 1.1000
1.03 60 1.0750 6.45E-15 3.04E-23
1.03 120 1.0520 6.07E-15 2.69E-23
10 1.03 180 1.0290 6.20E-15 2.81E-23
1.03 240 1.0070 6.07E-15 2.68E-23
1.03 300 0.9850 6.20E-15 2.80E-23
Average | 6.20E-15 2.80E-23
SD| 1.57E-16 1.43E-24




TableB.4 Test parameters and results of PPSS-F-02 (Continued).
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STRESS TIME HEAD e Kj
(psi) (MPa) () (m) (m) (m/s)
1.38 0 1.1200
1.38 60 1.1070 3.28E-15 7.83E-24
1.38 120 1.0930 3.57E-15 9.30E-24
200 1.38 180 1.0800 3.36E-15 8.22E-24
1.38 240 1.0680 3.14E-15 7.17E-24
1.38 300 1.0560 3.17E-15 7.33E-24
Average | 3.30E-15 71.97E-24
SD | 1.74E-16 8.53E-25
1.72 0 1.0350
1.72 60 1.0270 2.18E-15 3.46E-24
1.72 120 1.0190 2.19E-15 3.51E-24
250 1.72 180 1.0120 1.93E-15 2.73E-24
1.72 240 1.0050 1.95E-15 2.77E-24
1.72 300 0.9970 2.24E-15 3.67E-24
Average | 2.10E-15 3.23E-24
SD| 1.47E-16 4.44E-25
2.07 0 0.9800
2.07 60 0.9750 1.44E-15 1.50E-24
2.07 120 0.9700 1.44E-15 1.52E-24
300 2.07 180 0.9660 1.16E-15 9.81E-25
2.07 240 0.9610 1.46E-15 1.55E-24
2.07 300 0.9560 1.46E-15 1.56E-24
Average | 1.39E-15 1.42E-24
SD| 1.30E-16 2.48E-25




TableB.4 Test parameters and results of PPSS-F-02 (Continued).
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STRESS TIME HEAD e Kj
(psi) (MPa) (s) (m) (m) (m/s)
1.72 0 0.9450
1.72 60 0.9400 1.49E-15 1.62E-24
1.72 120 0.9360 1.20E-15 1.04E-24
230 1.72 180 0.9310 1.50E-15 1.65E-24
1.72 240 0.9260 1.51E-15 1.67E-24
1.72 300 0.9220 1.22E-15 1.08E-24
Average| 1.38E-15 1.41E-24
SD| 1.62E-16 3.20E-25
1.38 0 0.8950
1.38 60 0.8910 1.26E-15 1.15E-24
1.38 120 0.8870 1.26E-15 1.16E-24
200 1.38 180 0.8830 1.27E-15 1.17E-24
1.38 240 0.8780 1.59E-15 1.85E-24
1.38 300 0.8740 1.28E-15 1.20E-24
Average | 1.33E-15 1.31E-24
SD| 1.46E-16 3.05E-25
1.03 0 0.8520
1.03 60 0.8480 1.32E-15 1.27E-24
1.03 120 0.8430 1.66E-15 2.01E-24
10 1.03 180 0.8380 1.67E-15 2.03E-24
1.03 240 0.8340 1.34E-15 1.32E-24
1.03 300 0.8300 1.35E-15 1.33E-24
Average 1.47E-15 1.59E-24
SD| 1.79E-16 3.93E-25




TableB.4 Test parameters and results of PPSS-F-02 (Continued).
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STRESS TIME HEAD e Kj
(psi) (MPa) () (m) (m) (m/s)

0.69 0 0.8120

0.69 60 0.8060 2.08E-15 3.16E-24

0.69 120 0.8010 1.75E-15 2.22E-24

100 0.69 180 0.7960 1.76E-15 2.25E-24

0.69 240 0.7910 1.77E-15 2.28E-24

0.69 300 0.7860 1.78E-15 2.31E-24

Average | 1.83E-15 2.45E-24

SD | 143E-16 4.01E-25
0.34 0 0.7640

0.34 60 0.7560 2.95E-15 6.36E-24

0.34 120 0.7500 2.24E-15 3.65E-24

>0 0.34 180 0.7440 2.25E-15 3.71E-24

0.34 240 0.7370 2.65E-15 5.13E-24

0.34 300 0.7320 1.91E-15 2.66E-24

Average | 2.40E-15 4.30E-24

SD| 4.06E-16 1.45E-24




TableB.5 Test parameters and results of PWSS-F-01.
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STRESS TIME HEAD e Kj
(psi) (MPa) (s) (m) (m) (m/s)
0.34 0 1.1000
0.34 60 1.0630 9.60E-15 6.72E-23
0.34 120 1.0270 9.67E-15 6.82E-23
>0 0.34 180 0.9950 8.88E-15 5.76E-23
0.34 240 0.9640 8.88E-15 5.75E-23
0.34 300 0.9340 8.87E-15 5.74E-23
Average | 9.18E-15 6.16E-23
SD| 4.15E-16 5.60E-24
0.69 0 1.1100
0.69 60 1.0600 1.29E-14 1.22E-22
0.69 120 1.0100 1.36E-14 1.34E-22
100 0.69 180 0.9620 1.37E-14 1.36E-22
0.69 240 0.9200 1.25E-14 1.14E-22
0.69 300 0.8800 1.25E-14 1.14E-22
Average | 1.30E-14 1.24E-22
SD | 5.60E-16 1.07E-23
1.03 0 1.0900
1.03 60 1.0500 1.05E-14 8.03E-23
1.03 120 1.0180 8.69E-15 5.50E-23
150 1.03 180 0.9830 9.82E-15 7.03E-23
1.03 240 0.9500 9.58E-15 6.70E-23
1.03 300 0.9180 9.62E-15 6.74E-23
Average | 9.64E-15 6.80E-23
SD| 6.47E-16 9.03E-24
1.38 0 1.0200
1.38 60 0.9900 8.38E-15 5.12E-23
1.38 120 0.9600 8.64E-15 5.44E-23
20 1.38 180 0.9350 7.41E-15 4.00E-23
1.38 240 0.9080 8.22E-15 4.93E-23
1.38 300 0.8850 7.20E-15 3.78E-23
Average| 7.97E-15 4.65E-23
SD| 6.30E-16 7.25E-24
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STRESS TIME HEAD e K
(psi) (MPa) (s (m) (m) (m/s)
1.72 0 1.0100
1.72 60 0.9850 7.03E-15 3.61E-23
1.72 120 0.9630 6.34E-15 2.93E-23
230 1.72 180 0.9400 6.78E-15 3.36E-23
1.72 240 0.9200 6.04E-15 2.66E-23
1.72 300 0.9000 6.17E-15 2.77TE-23
Average | 6.47E-15 3.07E-23
SD| 4.22E-16 4.03E-24
2.07 0 1.0800
2.07 60 1.0600 5.25E-15 2.01E-23
2.07 120 1.0400 5.35E-15 2.08E-23
30 2.07 180 1.0200 5.45E-15 2.17E-23
2.07 240 1.0020 5.00E-15 1.82E-23
2.07 300 0.9850 4.80E-15 1.68E-23
Average | 5.17E-15 1.95E-23
SD 2.65E-16 1.98E-24
1.72 0 1.0500
1.72 60 1.0300 5.40E-15 2.12E-23
1.72 120 1.0120 4.95E-15 1.79E-23
230 1.72 180 0.9940 5.04E-15 1.85E-23
1.72 240 0.9750 5.42E-15 2.14E-23
1.72 300 0.9570 5.23E-15 1.99E-23
Average | 5.21E-15 1.98E-23
SD| 210E-16 1.59E-24
1.38 0 1.0800
1.38 60 1.0600 5.25E-15 2.01E-23
1.38 120 1.0400 5.35E-15 2.08E-23
20 1.38 180 1.0250 4.08E-15 1.21E-23
1.38 240 1.0040 5.81E-15 2.46E-23
1.38 300 0.9860 5.08E-15 1.88E-23
Average| b5.11E-15 1.93E-23
SD| 6.39E-16 4.55E-24
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STRESS TIME HEAD e K
(psi) (MPa) (s (m) (m) (m/s)
1.03 0 1.0200
1.03 60 1.0000 5.56E-15 2.25E-23
1.03 120 0.9840 4.53E-15 1.49E-23
150 1.03 180 0.9650 5.47E-15 2.18E-23
1.03 240 0.9460 5.58E-15 2.27E-23
1.03 300 0.9250 6.30E-15 2.89E-23
Average | 5.49E-15 2.22E-23
SD 6.32E-16 4.97E-24
0.69 0 1.0100
0.69 60 0.9900 5.61E-15 2.30E-23
0.69 120 0.9740 4.57E-15 1.52E-23
100 0.69 180 0.9550 5.53E-15 2.23E-23
0.69 240 0.9350 5.94E-15 2.57E-23
0.69 300 0.9180 5.15E-15 1.93E-23
Average | 5.36E-15 2.11E-23
SD | 5.23E-16 3.99E-24
0.34 0 1.0000
0.34 60 0.9700 8.55E-15 5.33E-23
0.34 120 0.9420 8.22E-15 4.93E-23
>0 0.34 180 0.9150 8.16E-15 4.86E-23
0.34 240 0.8900 7.78E-15 4.41E-23
0.34 300 0.8650 8.00E-15 4.66E-23
Average | 8.14E-15 4.84E-23
SD| 2.86E-16 3.41E-24
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STRESS TIME HEAD e Kj
(psi) (MPa) () (m) (m) (m/s)
0.34 0 1.1250
0.34 60 1.0630 1.59E-14 1.85E-22
0.34 120 1.0150 1.30E-14 1.23E-22
>0 0.34 180 0.9700 1.27E-14 1.18E-22
0.34 240 0.9280 1.24E-14 1.13E-22
0.34 300 0.8870 1.27E-14 1.17E-22
Average 1.33E-14 1.31E-22
SD 1.45E-15 3.02E-23
0.69 0 1.1250
0.69 60 1.0830 1.07E-14 8.32E-23
0.69 120 1.0480 9.22E-15 6.20E-23
100 0.69 180 1.0150 8.98E-15 5.88E-23
0.69 240 0.9850 8.42E-15 5.17E-23
0.69 300 0.9550 8.68E-15 5.50E-23
Average 9.20E-15 6.21E-23
SD 8.82E-16 1.24E-23
1.03 0 1.0050
1.03 60 0.9800 7.07E-15 3.64E-23
150 1.03 120 0.9550 7.25E-15 3.84E-23
1.03 180 0.9350 5.94E-15 2.57E-23
1.03 240 0.9150 6.07E-15 2.69E-23
1.03 300 0.8900 7.78E-15 4.41E-23
Average 6.82E-15 3.43E-23
SD 7.91E-16 7.84E-24
1.38 0 1.0750
1.38 60 1.0550 5.27E-15 2.03E-23
1.38 120 1.0300 6.73E-15 3.30E-23
200 1.38 180 1.0100 5.50E-15 2.21E-23
1.38 240 0.9900 5.61E-15 2.30E-23
1.38 300 0.9700 5.73E-15 2.39E-23
Average 5.77E-15 2.45E-23
SD 5.63E-16 4.98E-24
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STRESS TIME HEAD e Kj
(psi) (MPa) () (m) (m) (m/s)
1.72 0 1.0550
1.72 60 1.0350 5.37E-15 2.10E-23
1.72 120 1.0150 5.48E-15 2.19E-23
230 1.72 180 0.9950 5.59E-15 2.28E-23
1.72 240 0.9750 5.70E-15 2.37E-23
1.72 300 0.9550 5.82E-15 2.47E-23
Average 5.59E-15 2.28E-23
SD 1.76E-16 1.44E-24
2.07 0 1.0100
2.07 60 0.9920 5.05E-15 1.86E-23
2.07 120 0.9750 4.85E-15 1.72E-23
500 2.07 180 0.9580 4.94E-15 1.78E-23
2.07 240 0.9400 5.32E-15 2.07E-23
2.07 300 0.9250 4.51E-15 1.49E-23
Average 4.93E-15 1.78E-23
SD 2.95E-16 2.11E-24
1.72 0 1.0250
1.72 60 1.0080 4.69E-15 1.61E-23
1.72 120 0.9900 5.06E-15 1.86E-23
230 1.72 180 0.9750 4.29E-15 1.34E-23
1.72 240 0.9580 4.94E-15 1.78E-23
1.72 300 0.9400 5.32E-15 2.07E-23
Average 4.86E-15 1.73E-23
SD 3.93E-16 2.75E-24
1.38 0 1.0350
1.38 60 1.0200 4.10E-15 1.22E-23
200 1.38 120 1.0030 4.72E-15 1.62E-23
1.38 180 0.9880 4.23E-15 1.30E-23
1.38 240 0.9720 4.58E-15 1.53E-23
1.38 300 0.9550 4.95E-15 1.79E-23
Average 4.52E-15 1.49E-23
SD 3.51E-16 2.31E-24
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STRESS TIME HEAD e Kj
(psi) (MPa) () (m) (m) (m/s)
1.03 0 1.0750
1.03 60 1.0600 3.94E-15 1.13E-23
1.03 120 1.0430 4.54E-15 1.50E-23
150 1.03 180 1.0280 4.07E-15 1.21E-23
1.03 240 1.0120 4.40E-15 1.41E-23
1.03 300 0.9970 4.19E-15 1.28E-23
Average 4.23E-15 1.31E-23
SD 2.42E-16 1.50E-24
0.69 0 1.0450
0.69 60 1.0300 4.06E-15 1.20E-23
0.69 120 1.0150 4.12E-15 1.24E-23
100 0.69 180 1.0000 4.18E-15 1.27E-23
0.69 240 0.9850 4.24E-15 1.31E-23
0.69 300 0.9700 4.31E-15 1.35E-23
Average 4.18E-15 1.28E-23
SD 9.85E-17 6.01E-25
0.34 0 1.0950
0.34 60 1.0800 3.87E-15 1.09E-23
0.34 120 1.0650 3.93E-15 1.12E-23
>0 0.34 180 1.0450 5.32E-15 2.06E-23
0.34 240 1.0150 8.18E-15 4.87E-23
0.34 300 1.0020 3.62E-15 9.54E-24
Average 4.98E-15 2.02E-23
SD 1.91E-15 1.65E-23
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STRESS TIME HEAD e K
(psi) (MPa) (s (m) (m) (m/s)
0.34 0 1.0450
0.34 60 0.8950 4.35E-14 1.38E-21
0.34 120 0.7650 4.41E-14 1.41E-21
>0 0.34 180 0.6020 6.73E-14 3.30E-21
0.34 240 0.4450 8.48E-14 5.25E-21
0.34 300 0.2900 1.20E-13 1.05E-20
Average| 7.20E-14 4.37E-21
SD| 3.20E-14 3.79E-21
0.69 0 1.1000
0.69 60 0.9980 2.73E-14 5.44E-22
0.69 120 0.9100 2.59E-14 4.89E-22
100 0.69 180 0.8250 2.75E-14 5.52E-22
0.69 240 0.7540 2.53E-14 4.65E-22
0.69 300 0.6880 2.57E-14 4.82E-22
Average | 2.63E-14 5.07E-22
SD 1.01E-15 3.91E-23
1.03 0 1.1300
1.03 60 1.0780 1.32E-14 1.27E-22
1.03 120 1.0320 1.22E-14 1.09E-22
150 1.03 180 0.9900 1.17E-14 9.92E-23
1.03 240 0.9480 1.22E-14 1.08E-22
1.03 300 0.9070 1.24E-14 1.12E-22
Average 1.23E-14 1.11E-22
SD| 5.66E-16 1.03E-23
1.38 0 1.0800
1.38 60 1.0560 6.31E-15 2.90E-23
200 1.38 120 1.0340 5.91E-15 2.55E-23
1.38 180 1.0120 6.04E-15 2.66E-23
1.38 240 0.9900 6.17E-15 2.77TE-23
1.38 300 0.9680 6.31E-15 2.90E-23
Average| 6.15E-15 2.76E-23
SD 1.74E-16 1.55E-24




TableB.7 Test parameters and results of SKSS-F-01 (Continued).

153

STRESS TIME HEAD e K
(psi) (MPa) (s (m) (m) (m/s)
1.72 0 0.8640
1.72 60 0.8550 2.94E-15 6.30E-24
1.72 120 0.8450 3.30E-15 7.95E-24
230 1.72 180 0.8360 3.01E-15 6.59E-24
1.72 240 0.8260 3.38E-15 8.32E-24
1.72 300 0.8180 2.73E-15 5.44E-24
Average| 3.07E-15 6.92E-24
SD 2.67E-16 1.19E-24
2.07 0 0.8860
2.07 60 0.8810 1.59E-15 1.84E-24
2.07 120 0.8770 1.28E-15 1.19E-24
30 2.07 180 0.8720 1.60E-15 1.88E-24
2.07 240 0.8680 1.29E-15 1.21E-24
2.07 300 0.8640 1.30E-15 1.23E-24
Average | 1.41E-15 1.47E-24
SD 1.69E-16 3.56E-25
1.72 0 0.8350
1.72 60 0.8310 1.35E-15 1.32E-24
1.72 120 0.8280 1.02E-15 7.51E-25
230 1.72 180 0.8240 1.36E-15 1.35E-24
1.72 240 0.8200 1.37E-15 1.36E-24
1.72 300 0.8170 1.03E-15 7.72E-25
Average 1.22E-15 111E-24
SD 1.84E-16 3.19E-25
1.38 0 0.7980
1.38 60 0.7950 1.06E-15 8.15E-25
1.38 120 0.7920 1.06E-15 8.21E-25
20 1.38 180 0.7880 1.42E-15 1.47E-24
1.38 240 0.7850 1.07E-15 8.36E-25
1.38 300 0.7820 1.07E-15 8.42E-25
Average| 1.14E-15 9.57E-25
SD 1.59E-16 2.88E-25
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STRESS TIME HEAD e K
(psi) (MPa) (s (m) (m) (m/s)
1.03 0 0.9970
1.03 60 0.9930 1.13E-15 9.28E-25
1.03 120 0.9880 1.42E-15 1.46E-24
150 1.03 180 0.9840 1.14E-15 9.45E-25
1.03 240 0.9800 1.14E-15 9.53E-25
1.03 300 0.9760 1.15E-15 9.61E-25
Average | 1.20E-15 1.05E-24
SD 1.24E-16 2.31E-25
0.69 0 0.9470
0.69 60 0.9430 1.19E-15 1.03E-24
0.69 120 0.9380 1.49E-15 1.62E-24
100 0.69 180 0.9340 1.20E-15 1.05E-24
0.69 240 0.9290 1.51E-15 1.66E-24
0.69 300 0.9250 1.21E-15 1.07E-24
Average | 1.32E-15 1.29E-24
SD 1.65E-16 3.24E-25
0.34 0 0.9020
0.34 60 0.8970 1.56E-15 1.77E-24
0.34 120 0.8920 1.57E-15 1.79E-24
>0 0.34 180 0.8880 1.26E-15 1.16E-24
0.34 240 0.8830 1.58E-15 1.83E-24
0.34 300 0.8780 1.59E-15 1.85E-24
Average 151E-15 1.68E-24
SD 1.42E-16 2.94E-25
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STRESS TIME HEAD e K
(psi) (MPa) (s (m) (m) (m/s)
0.34 0 2.6350
0.34 60 2.1150 6.17E-14 2.78E-21
0.34 120 1.5900 8.01E-14 4.68E-21
>0 0.34 180 1.0650 1.12E-13 9.23E-21
0.34 240 0.5500 1.85E-13 2.51E-20
0.34 300 0.0500 6.73E-13 3.30E-19
Average | 2.23E-13 7.44E-20
SD 2.56E-13 1.43E-19
0.69 0 2.1300
0.69 60 1.6800 6.66E-14 3.24E-21
0.69 120 1.3100 6.98E-14 3.55E-21
100 0.69 180 0.8900 1.08E-13 8.58E-21
0.69 240 0.4700 1.79E-13 2.34E-20
0.69 300 0.0500 6.29E-13 2.88E-19
Average | 2.11E-13 6.54E-20
SD 2.38E-13 1.25E-19
1.03 0 1.8450
1.03 60 1.4750 6.28E-14 2.88E-21
1.03 120 1.1100 7.98E-14 4.64E-21
150 1.03 180 0.7400 1.14E-13 9.44E-21
1.03 240 0.3800 1.87E-13 2.55E-20
1.03 300 0.0500 5.69E-13 2.36E-19
Average| 2.03E-13 5.58E-20
SD| 210E-13 1.01E-19
1.38 0 1.4700
1.38 60 1.1800 6.17E-14 2.77E-21
200 1.38 120 0.9050 7.45E-14 4.04E-21
1.38 180 0.6150 1.08E-13 8.57E-21
1.38 240 0.3350 1.71E-13 2.12E-20
1.38 300 0.0500 5.34E-13 2.08E-19
Average| 1.90E-13 4.89E-20
SD 1.97E-13 8.91E-20
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STRESS TIME HEAD e Kj
(psi) (MPa) () (m) (m) (m/s)
1.72 0 1.1650
1.72 60 0.9400 6.02E-14 2.65E-21
1.72 120 0.7150 7.68E-14 4.30E-21
230 1.72 180 0.4900 1.06E-13 8.20E-21
1.72 240 0.2700 1.67E-13 2.04E-20
1.72 300 0.0500 4.73E-13 1.63E-19
Average| 1.7/E-13 3.98E-20
SD 1.71E-13 6.94E-20
2.07 0 1.0500
2.07 60 0.8650 5.44E-14 2.16E-21
2.07 120 0.6750 6.96E-14 3.53E-21
500 2.07 180 0.4950 8.71E-14 5.53E-21
2.07 240 0.3200 1.22E-13 1.09E-20
2.07 300 0.1530 2.07E-13 3.13E-20
Average | 1.08E-13 1.07E-20
SD 6.09E-14 1.20E-20
1.72 0 1.1100
1.72 60 0.9350 4.82E-14 1.69E-21
1.72 120 0.7630 5.71E-14 2.37E-21
230 1.72 180 0.5910 7.17E-14 3.75E-21
1.72 240 0.4290 8.99E-14 5.90E-21
1.72 300 0.2610 1.39E-13 1.42E-20
Average| 8.13E-14 5.58E-21
SD 3.62E-14 5.07E-21
1.38 0 0.9900
1.38 60 0.8300 4.95E-14 1.78E-21
1.38 120 0.6550 6.65E-14 3.22E-21
200 1.38 180 0.4850 8.43E-14 5.19E-21
1.38 240 0.3150 1.21E-13 1.07E-20
1.38 300 0.1400 2.28E-13 3.78E-20
Average| 1.10E-13 1.17E-20
SD 7.10E-14 1.49E-20
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STRESS TIME HEAD e K
(psi) (MPa) (s (m) (m) (m/s)
1.03 0 1.1400
1.03 60 0.9300 5.71E-14 2.38E-21
1.03 120 0.7200 7.18E-14 3.76E-21
150 1.03 180 0.5250 8.87E-14 5.73E-21
1.03 240 0.3300 1.30E-13 1.24E-20
1.03 300 0.1250 2.72E-13 5.41E-20
Average | 1.24E-13 1.57E-20
SD| 8.74E-14 2.18E-20
0.69 0 1.1400
0.69 60 0.9200 6.02E-14 2.64E-21
0.69 120 0.7000 7.67E-14 4.29E-21
100 0.69 180 0.4800 1.06E-13 8.18E-21
0.69 240 0.2550 1.78E-13 2.30E-20
0.69 300 0.0350 5.57E-13 2.27E-19
Average | 1.96E-13 5.29E-20
SD 2.07E-13 9.74E-20
0.34 0 1.5250
0.34 60 1.2350 5.92E-14 2.56E-21
0.34 120 0.9500 7.36E-14 3.95E-21
>0 0.34 180 0.6600 1.02E-13 7.62E-21
0.34 240 0.3700 1.62E-13 1.92E-20
0.34 300 0.0500 5.62E-13 2.30E-19
Average 1.92E-13 5.27E-20
SD| 211E-13 9.94E-20
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Flow testing of sandstone fractures under normal and shear
stresses
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ABSTRACTS: Flow tests have been performed to determine hydraulic conductivity of intact
sandstone specimens under confining pressures and deviatoric stresses, and of tension-
induced fractures under normal and shear stresses. - The results indicate that the intact
sandstone permeability decreases with inereasing volumetric strain before dilation strength
probably due to the closure of voids and micro-cracks, and increases with the specimen
dilation after the dilation strength probably due to the initiation and propagation 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
permeability under no shear and under peak shear stress are similar. The K, is about an order
of magnitude greater than Ky, particularly in the residual shear region. Both tend to decrease
exponentially with increasing normal stress.  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 from 1000010 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 1s 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 for underground mines and tunnels under complex hydro-geological environments.
Unlike those in the soil mass, permeability of rock mass is path dependent, controlling mainly
by the system of fracture 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 are sometimes assisted by
numerical modeling. Slope or underground excavations disturb the surrounding rock, 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, 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 damage 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: Phu 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 quartz sandstones are selected for this study
primarily because they have highly uniform texture, grain size and density.

3 FLOW TESTING ON INTACT SANDSTONES
3.1  Permeability of Intact 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 | Graim.Size _ Mineral Compositions
Rocks (e/co) (mm) Sorting | Quartz | Albite |[Kaolinite| Feldspar| Mica
(%) (%) (o) (%) | (o)
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 - -
SK 2.37 0.1-1.0 poorly 57.00 39.50 - 2.90 0.60
Regulating valve Pipette collecting

water outflow Pipette collecting
excess oil volume

N3

= o]

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 & Ranjith, 2001):

K =4qu / [xD*(dp/dx)] (1

where q is water flow rate through the specimen (cm%’s), 1 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.

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 505107 m/ 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 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 Sandstones under Deviatoric 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 triaxial cell by the
specimen dilation. It will be used to calculate the volumetric strain (gy) of the specimen
during loading:

sv=(Vo-Vs)/ Vg (2)

where Vg is the excess oil volume, Vg is the volume of oil displaced by loading platen, and
Vg is 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 (gy). They are compared with their corresponding stress-strain
curves obtained under various confining pressures (63). 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 (&)
(right) and their corresponding stress-strain curves (left), for confining pressures

(c3) from 1, 2, 3 to 6 MPa. Dotted lines represent curve fit for AK/Ae, ratio before
failure.
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Figure 4, Permeability of PP sandstone specimens as a function of volumetric strain (gy) (right
and their corresponding siress-strain eurves (left), for confining pressures (o3) of
and 2 MPa. Dotted lines represent curve fit for AK/As, 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/Asp) 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/Agy 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 5 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 em prismatic blocks of PW and PP sandstones
(Figure 6). The fracture area is 10x10 em. 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
(.5 mm shear displacement. The maximum shear displacement is 10 mm. The (physical)
fracture aperture is measured to the nearest 0.01 mm 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) |(GPay| " gt Ak/Agy Ak/Asq
(MPa) | (MPa) | (10 m/s) | (x10° m/s)
PWSS-01 1 9.31 | 0.23 42 65 -23.00 -3.15
PW PWSS-02 2 9.14 | 0.25 37 55 -19.13 -3.82
PWSS-03 3 8.52 | 0.33 55 88 -15.02 -4.41
PWSS-04 6 11.98 | 0.29 64 103 -8.79 -100
Mean=8D 49+12 78125
PP PPSS-01 1 7.89 | 0.31 69 85 0.05 -0.21
PPSS-02 2 8.66 | 0.31 49 60 0.02 -0.21
Mean+SD 59+10 72413
1,

H1 o) Y

L, t
= 2 Pipette

Normall stress

.- Fracture

" 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 (ep) 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 (en)
in mm is calculated by (Barton & Bakhtar, 1983 and Bandis et al., 1983, 1985):

em = [JRC/3] / [0.2(c/ICS) - 0.1] 3)

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; / Hon? In(R / 1)6p] / [(t2 - t)y]]*> "
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Induced fracture

Figure 6. A 10x10x%12 ecm 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?)_ 1 is the dynamig viscosity (N-s/m”), H, and H; are
the water heads at t; and tp, 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’/ 12 (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: e, ey and e,
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 values 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 diagram. 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 portion 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, en before, during and after shearing therefore
remains constant during the shearing process. As a result the hydraulic conductivity Kp
calculated from ey, 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 e, 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 K, particularly 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 ey, as a function of normal
stress ©,. 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
beyond 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 = 14/8s (6)
where kg is the joint shear stiffness (MPa/m), 15 1s the shear stress (MPa), &g i1s 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. Hydraulic aperture (left) and hydraulic conductivity (right) as a function of
applied normal stress for PP sandstone specimens.

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

PP K(GPa/m) PW K(GPa/m)
PPSS-DS-01 3.17 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
STRESSES

FLOW TESTING ON SANDSTONE FRACTURES UNDER NORMAL

Falling head flow tests have been performed to determine the fracture permeability in PW,
PP, PK and SK sandstone specimens under normal stresses.

unloading has been made during the flow test.
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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 15x15 cm. The flow test arrangement is similar to the flow test under shear stresses.
A minimum 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 100x 10 m/s and
10000x10° m/s. A permanent fracture closure is usually 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):

ky=6/8n (N

where ky, is the joint normal stiffness (MPa/m), &y 1s the normal stress (MPa), 8y 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 stram after the dilation strength due to the initiation
and propagation of cracks and fractures. The hydraulic conductivity of the PW sandstone
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 permeability, suggesting that a permanent collapse of the pore spaces
has ocecurred.

Both physical and hydraulic apertures (e, and e) increase with shearing displacement,
particularly under high normal stresses. The hydraulic conductivity derived from the actual
aperture measurement (Kp) is about an order of magnitude greater than that indirectly
determined from the flow rate (K), 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
100x10 m/s and 10000x10° m/s. 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 (ey) and hydraulic conductivity (Ky) as a function of normal
stress (oy) 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.

K (GPa/m) PW PP PK SK

Loading 427.24533.7 85.2+43.2 72.3+45.1 48.5+£20.3

Unloading 1548.9+1817.4 | 1837.9+3875.5 | 18504.3+:4296.8 2114905.9
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