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Abstract 

Potential problems associated with groundwater inflows are a major concern to many 

Saskatchewan mining operations.  Rock mass behavior and stability have been linked to the 

presence of groundwater and the inflow potential.  An estimate of rock mass hydraulic properties 

is an important factor for assessing groundwater inflow potential and the effect this may have on 

the stability of mine openings. 

 

The Cameco McArthur River Operation in northern Saskatchewan, Canada, uses a number of 

methods for mitigating groundwater inflow.  The potential still exists for water pressures to 

contribute to instability in the rock mass surrounding underground excavations.  Hydrogeological 

testing using water has been conducted previously to estimate hydraulic properties, however, 

flow tests for permeability are challenging due to inconsistent flow.  Pumping tests are not 

feasible due to associated stability concerns.  Methods using air for estimating rock mass 

hydraulic properties were determined to be the best option for testing.   

 

Equipment, methodology and analysis approaches were developed to conduct air permeability 

tests for estimating the hydraulic properties of the rock mass.  Tests were conducted near 

underground excavations with the goal of determining if the developed method and procedures 

were feasible to apply in an underground mining environment.  The data was analyzed to 

determine if the permeability estimates obtained were consistent with permeability values 

measured for similar rock types and rock mass conditions.  Test locations were varied to 

determine if links could be found between measured air permeability, rock mass behavior and 

the rock mass response to adjacent excavations.  Measured changes in air permeability 

corresponding to the distance from excavation boundaries may indicate changes to joint 

properties such as joint aperture, continuity and frequency.  The developed instrumentation and 

testing procedures are shown to be successful in estimating permeability and giving measurable 

changes in rock mass permeability around underground excavations. 
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Chapter 1 Introduction 

Knowledge of rock mass hydraulic properties is important to many mining operations, 

particularly those in close proximity to surface water bodies, aquifers and other water bearing 

geological structures.  Many Saskatchewan mining operations have been impacted negatively by 

water inflows, and have adopted extensive water control methods and systems to reduce and 

mitigate potential water inflows.   

 

In 2003, the McArthur River mine experienced an unexpected inflow while developing a ramp 

towards an ore body.  The inflow was the result of a failure in the drift back that propagated up 

into the overlying sandstone.  The sandstone unit is highly saturated and is a known source of 

significant water and pressure.  The pressure in the sandstone at this depth is approximately 5 

MPa and the connection resulted in a sustained inflow rate of approximately 800 m
3
/hr.   

 

It has been suggested that the ground failure may have been influenced by the buildup of pore 

pressure in the rock mass around the opening.  Lee et al. (2006) describes how seepage forces 

can affect the ground reaction of a tunnel wall.  A disturbed region may be formed around an 

opening when a drift is excavated.  The hydraulic head will range from zero at the wall surface to 

the in-situ pressure at the disturbed region boundary.  The resulting pore pressure gradient of 

hydraulic head versus distance from the excavation can be related to the rock mass stability due 

to effective stresses created by the flow potentials.   

 

For gradients less than one, the potential discharge velocity is less than the hydraulic 

conductivity resulting in less resistance to flow and a low reduction in pore pressures across the 

disturbed region.  However, where the gradient is greater than one the discharge velocity 

potential is greater than hydraulic conductivity resulting in higher resistance to flow and an 

increased reduction in pore pressures through the disturbed region.  The increased resistance 

forces are transferred to the rock mass as effective stress.  This increased stress has the potential 

to lead to rock mass instability. 
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The presence of excess water can also negatively impact mining operations by exceeding mine 

water handling and storage limits, and by exceeding the capacity of dewatering equipment and 

treatment facilities.  Mine water management plans are based on governing regulations and the 

environmental permits with clear rules on water extraction volumes.  Estimates of rock mass 

hydraulic properties prior to mining allow for better preparedness of mine water handling. 

 

The potential for groundwater inflow is influenced by the hydraulic properties of the rock mass, 

the distance to a water bearing zone, pore water pressures in the surrounding rock and the 

pressure gradient around the opening.  The hydraulic properties of the rock mass will vary with 

the rock mass properties and this variation will influence the pore pressure distribution around 

excavations.  This research looks at an approach to measure field values of hydraulic properties 

and determine if they can be linked to variations in the rock mass condition. 

 

1.1 Overview of Research 

Cameco’s McArthur River operation in Northern Saskatchewan was the main testing location for 

this research.  The mine ore body lies directly adjacent and below a massive water bearing 

sandstone unit within the Athabasca basin.  Pore water pressures in the water bearing sandstone 

unit (as little as 30 meters away from mine openings) are approximately 5 MPa.  To protect from 

major inflows and significant seepage, the mine uses extensive ground freezing to act as a barrier 

between the water bearing unit and the ore body and host rock.  The mine also uses grout covers 

and curtains throughout the mine headings to reduce seepage into the working areas. 

 

It is of interest to the McArthur River operation to develop a greater understanding of the pore 

water pressure distributions that exist in the rock mass between a contact of overlying saturated 

sandstone and meta-sedimentary rock and the mine working areas.  The knowledge is intended to 

identify distances from the transition between the sandstone and meta-sedimentary rock where 

pore water pressures could potentially impact the stability of the rock mass surrounding 

openings. 
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Two broad categories of permeability testing, water injection and withdrawal were initially 

considered.  The water injection approach was quickly discarded due to safety issues with 

pumping water into the rock mass surrounding an excavation.  Pumping water out of the 

formation was also considered, but this testing requires saturated rock mass conditions. 

Furthermore the water prevention and dewatering measures at the site eliminated saturated rock 

mass testing conditions.  To avoid affecting water conditions during testing, a third alternative 

involving air permeability testing was investigated.  This approach required the development of 

specialized field equipment which is introduced in the next section. 

 

1.2 Development of Instrumentation 

Since water based hydrogeological testing was not a viable technique, air based testing for 

estimating permeability was considered for the research.  The development of the testing 

equipment, which includes inflatable packers and procedures for the air testing, was done in 

three steps.  The first step was to test the basic components required for the air vacuum testing.  

The second was to test the apparatus in both a lab and field environment to determine potential 

challenges with the equipment and procedures.  The third step was to conduct full scale tests to 

further develop the testing procedure, as well as assess the apparatus’s reliability to collect 

consistent data for estimating hydraulic properties. 

 

After the prototype instrument for the testing program was assembled, lab testing and a basic 

field trial were conducted to analyze the components of the planned apparatus.  The goal was to 

collect adequate data to estimate the rock mass hydraulic properties.  Lab testing was conducted 

at the University of Saskatchewan’s rock mechanics lab.  Field testing was done at the Potash 

Corporation’s Allan Mine, Southeast of Saskatoon.  Details of the initial tests and results are 

presented in Chapter 3. 

 

The in-situ test apparatus and set up is shown in Figure 1.1.  After further testing in the lab, field 

tests were performed at Cameco Corporation’s McArthur River operation.  The field testing was 
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primarily conducted to determine potential issues with the equipment and to develop operating 

procedures for conducting in-situ permeability tests.  The details of this testing is discussed in 

Chapter 3.  The corresponding results form the basis of the analysis, discussion, and conclusions 

for this research. 

 

The set-up developed for the testing was designed with ease-of-use for an underground 

environment in mind.  The set up was modelled after the testing instrumentation used in similar 

air permeability research by Jakubick and Klein (1987).  All of the components of the test set up 

were purchased separately and modifications were made to integrate the components.  Chapter 3 

and Chapter 4 provide details of the testing and results, respectively.
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Figure 1.1: Illustration of test set up and inflatable packer (after Nakayama et al, 1998)
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1.3 Objectives of Air Permeability Testing  

The purpose of this research was to assess if the air permeability testing method can be 

effectively used to generate a profile of the rock mass hydraulic properties around underground 

excavations, where classic hydrogeological testing is not feasible.  The profile of hydraulic 

properties around an excavation can then be used to predict other properties such as the potential 

pore pressure distribution around and away from underground workings.  The water pressure 

magnitude and gradient is of interest because it can impact the stability of the rock mass around 

underground workings. 

 

When a new excavation is opened underground, the local stress field in the rock may be altered 

and a region of disturbed rock mass can be created surrounding the opening.  This disturbed zone 

typically results in an increase in the permeability of the rock mass and a corresponding increase 

in flow potential around the openings.  This should mitigate against water pressure build-up 

around the immediate mine workings because water can be drained through the new fracture 

network.  This should dissipate the water pressures that may influence opening stability.  When 

the permeability is increased adjacent to an excavation, this also affects the water pressure 

gradient from the opening to the point of initial water pressure.   

 

Rock mass permeability has been linked to fracture spacing and the degree of fracture openness 

or aperture by Snow (1968).  Changes in rock mass permeability in the vicinity of excavations 

can be linked to fracture properties which in turn can be related to stress changes due to 

excavations, possible damage from blasting and variations in rock mass classification.  If these 

links can be established, field testing could be used to develop an initial permeability distribution 

for the mine. 

 

The link between rock mass response to stress change and the hydraulic properties is investigated 

to show the potential for hydraulic property estimation around excavations.  The assumption is 

that a stress drop near an excavation boundary will reduce the stresses clamping joint surfaces 

together, thereby allowing more fluid flow.  Linking rock mass properties and stress conditions 
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to permeability testing will allow more predictive estimates of rock mass permeability 

conditions.  This would allow for estimates of hydraulic properties for the rock mass ahead of 

advancing drift faces.  

 

In areas where different rock types are present around the underground workings, variations in 

measurable permeability will exist.  It is important to be able to show these variations in areas 

where inflows may be an issue because rock types that are weaker and more susceptible to 

fracturing are also more likely to be the source of inflow issues.
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Chapter 2 Literature Review 

Chapter 2 presents the literature that was referenced in order to develop the instrumentation and 

analysis techniques for measuring permeability around a mine opening. 

 

2.1 Flow Through a Porous Medium 

Darcy’s law for one-dimensional fluid flow through a porous medium is described in equation 

2.1 (Freeze and Cherry 1979).  And Darcy’s law for radial flow is given in equation 2.2. 

 

A
dl

dh
KQ           [2.1]

 

 

dr

dp

g

hr
KQ



2
          [2.2] 

 

Where: 

A = Cross sectional area of flow (cm
2
) 

g = Gravitational acceleration (cm/s
2
) 

h = Test section length (cm) 

K = Hydraulic conductivity (cm/sec) 

Q = Flow rate (cm
3
/sec) 

r = Radius (cm) 

ρ = Fluid density (kg/cm
3
) 

dl

dh
 = Linear hydraulic gradient (cm/cm) 

dr

dp
 = Radial pressure gradient (Pa/cm) 
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Equations 2.1 and 2.2 incorporate hydraulic conductivity but in this research three primary 

hydraulic properties are used for describing flow through porous media.  These properties are 

porosity, permeability, and hydraulic conductivity.  Porosity is the fraction of the volume of open 

space, or voids in a material, over the total volume of the material.  Permeability is a material 

property and controls the material’s ability to transmit fluid.  The permeability is dependent on 

porosity and the connectivity of the pores in a material.  Hydraulic conductivity is the description 

of the ability for water to flow through a material.  The hydraulic conductivity is dependent on 

permeability because the material’s ability to transmit fluid will ultimately influence the ability 

for water to flow.  The relationship between permeability and hydraulic conductivity is presented 

in Freeze and Cherry (1979) and given in equation 2.3. 

 



gk
K            [2.3] 

 

Where: 

g = Gravitational acceleration (cm/s
2
) 

K = Hydraulic conductivity (cm/sec) 

k = Permeability (cm
2
) 

ρ = Fluid density (kg/cm
3
) 

μ = Dynamic viscosity (kg/[cm*s]) 

 

As described by Singhal and Gupta (2010), flow through sand occurs within the pore spaces 

between the sand particles.  The connections between the pore spaces influence the permeability 

of the sand which controls the rate at which a fluid can flow through the sand.  Sands with large 

grain sizes will have larger pore spaces and higher values of porosity.  There is greater potential 

to form connections between pore spaces.  Permeability values will be higher with more porosity 

and connectivity and the flow potential will be greater with higher permeability values.  For 

sands with smaller grain sizes, the pores spaces are smaller and the connections are less.  
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Permeability values will be lower in sands with lower porosity and connectivity and flow 

potential will be reduced with lower permeability values.   

 

The description of permeability of sand gives a good understanding of how grain size, porosity, 

and connectivity are related and how they affect the material permeability.  The same principles 

also apply to rocks and rock masses. 

 

2.2 Flow through a Fractured Rock Mass 

Brady and Brown (1993) explain that rock differs from other engineering materials due to the 

various discontinuities within the rock mass that prevent the structure from being continuous. 

Therefore, it is important to distinguish between the rock material and the overall rock mass.  

Rock material is described as the intact rock between discontinuities, which can be examined 

using hand specimens or pieces of drill core in the laboratory. The rock mass is the total in-situ 

medium containing the different discontinuities including: bedding planes, faults, joints, folds, 

fractures and other features.  

 

Hoek et al. (1995) describes that a rock mass is rarely continuous, homogenous or isotropic.  Due 

to the discontinuities listed above, the engineering properties of a rock mass are often 

heterogeneous and anisotropic.  In addition, there can be a number of different rock types with 

varying amounts of alteration or weathering that impact the rock mass properties.  Hoek et al. 

(1995) also state that the behavior of the rock mass, when subject to the influence of mining 

excavation, depends on the characteristics of both the rock material and the discontinuities.  

Figure 2.1 shows an example of jointed rock mass seen along the wall of a typical excavation at 

McArthur River mine. 
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Figure 2.1:  McArthur River north exploration drill bay 7 excavation surface 

 

Figure 2.2 shows that the flow through a rock mass is scale dependant due to the various features 

that comprise a rock mass.  At a small scale, the intact rock matrix controls the flow properties.  

As the scale of investigation increases, more features are observed and their interaction grows.  

The increasing fracture network leads to increased ability for flow due to the increased features 

and connectivity.  
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Figure 2.2: Illustration of the transition from intact rock to jointed rock mass with 

increasing scale (from Hoek and Brown, 1988) 

 

2.2.1 Primary and Secondary Permeability 

In rock masses, fluid flow can be attributed to matrix flow and flow through discontinuities, as 

seen in Figure 2.2.  The presence of joints and fractures in rock leads to the concepts of primary 

permeability and secondary permeability, described by Hudson and Harrison (1997).  Primary 

permeability is the permeability of the rock matrix and describes the ability for fluid to flow 

through the pore spaces in the solid rock.  Connectivity between the pores is generally required 

for significant flow to occur.  Secondary permeability is associated with the ability for fluid to 
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flow through the fracture systems that form in a rock mass and generally describes the 

permeability of the rock mass. 

 

2.2.2 Fracture Flow 

In porous media, where a fracture network is present, the fracture flow will usually dominate the 

flow of fluid through the material.  Fracture flow is described by Snow (1968) and is limited to 

only fractures with aperture greater than approximately 35 microns for water flow.  Equations 

are presented that solve for the hydraulic conductivity of fractures as well as the porosity and 

hydraulic conductivity of a fractured system.  The equations use the fracture spacing and the 

fracture aperture to solve for the fractured systems ability to flow.  The equations developed by 

Snow (1968) for hydraulic conductivity of a fractured rock mass and for fracture porosity are 

given in equation 2.4 and equation 2.5 respectively. 

 

S

ge
K

12

2 3

           [2.4] 

 

S

e3
           [2.5] 

 

Where: 

e = Fracture aperture (m) 

g = Acceleration due to gravity (m/s
2
) 

K = Hydraulic conductivity (m/s) 

S = Fracture spacing (m) 

μ = Kinematic viscosity (m
2
/s) 

θ = Porosity 
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2.3 Factors Influencing Fluid Flow through a Rock Mass 

2.3.1 Rock Type 

Flow through a rock mass will be dependent on the type of rock.  Different rock types are made 

up of different materials, grain sizes, and grain distributions.  They are also formed under 

differing depositional and metamorphic histories.  These differences in the rock composition will 

result in a different primary permeability for the rock mass.  The rock types will also influence 

strength of the rock mass which will affect the formation of joint or fracture sets.  The difference 

in the formation of joint sets will impact the secondary permeability of the rock mass.  Hudson 

and Harrison (1997) explain how a material modulus of elasticity describes the material’s 

stiffness which will indicate the materials reaction to stress and strain.  Various geological events 

and subsequent weathering effects contribute to the creation of the different rock types and the 

physical properties of the rock mass.   

 

The grain size, porosity, and connectivity vary considerably between different rocks.  This 

variation in properties leads to a large variation in permeability values for different rocks as 

shown in Figure 2.3.  The unfractured metamorphic and igneous rocks have a similar spread of 

approximately five orders of magnitude in permeability, just as all of the other materials in the 

table.  The only difference is in the actual magnitude of the permeability of each material type.  

Figure 2.3 shows that the permeability for rocks can change significantly when fractured, 

ranging between 10
-2

 to 10
-11 

mD for unfractured and fractured metamorphic rocks respectively.   

 

The structural geology of a site is strongly influenced by rock type and fracture networks can 

change or stop at lithological boundaries.  Fracture networks can form a conduit for flow 

between lithological units.  Knowledge of site geology is needed to better understand both matrix 

and fracture flow. Hydrogeological data is expensive to obtain and usually consists of point 

measurements. For these point measurements to be of value, they must be interpreted and 

extrapolated based on an understanding of a site’s stratigraphy and structural geology. 
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Figure 2.3:  Range of permeability and hydraulic conductivity values (from Freeze and 

Cherry, 1979)   
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2.3.2 Fracture Properties 

Rock mass joint properties usually control the hydraulic conductivity of the rock mass.  Joints 

with significant infilling will have less flow than a similar joint without infill.  The connectivity 

of the joints will influence the ease at which the fluid will move through the rock mass.  The 

aperture of the joints has a great effect on the flow through the rock mass.  Paths with larger 

apertures will have greater flow potential.   

 

Berkowitz (2002) summarizes many of the fracture properties that affect fracture flow.  The 

classic analysis of fracture flow considers smooth, parallel plates.  This concept is convenient for 

quantitative analysis.  However, a natural fracture surface usually contains irregularities that 

form fracture roughness.  The fracture roughness acts to reduce the flow through the fracture 

(Berkowitz, 2002). 

 

Figure 2.4 is directly developed from equation 2.4 and graphically shows the variation in 

hydraulic conductivity with variation of both aperture and fracture spacing.  An increase in 

aperture gives a larger area for fluid flow.  In Figure 2.4, an increase in aperture of two orders of 

magnitude on the x-axis is equivalent to an increase in permeability of approximately six orders 

of magnitude on the y-axis.  As well, a more dense fracture system (close fracture spacing) will 

increase the permeability.  In Figure 2.4, an increase from 1 to 100 discontinuities per meter at a 

given aperture causes an increase in almost two orders of magnitude of conductivity.   
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Figure 2.4: Variation of discontinuity set permeability as a function of the aperture and 

discontinuity frequency (from Hoek and Bray, 1977) 

 

2.3.3 Fracture Network 

Fracture spacing, continuity, connectivity, and orientation describe a fracture network.  Fracture 

spacing along with aperture will impact rock mass hydraulic properties as demonstrated by Snow 

(1968).    

 

Wyllie and Mah (2004) summarize that the principle hydraulic analysis using Darcy’s equation 

assumes that the rock mass fracture network is a continuum, such that the spacing between 

fracture sets is sufficiently close that the fractured rock acts hydraulically as a granular porous 
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media.  If the spacing between fracture sets is not sufficiently close, then the rock is a non-

continuum and laminar flow occurs in individual discontinuities.  

 

Fracture continuity or persistence is required for creating connections between multiple fracture 

sets which creates an interconnected fracture network.  Wyllie and Mah (2004) indicate that the 

persistence of the fractures must be greater than the fracture spacing for flow through the fracture 

set.   

 

The orientation of the fracture sets will influence rock mass hydraulic properties if one set has a 

greater continuity and smaller spacing than the other sets.  In this case, the flow will be greatest 

in the direction of the more consistent fracture set.  Figure 2.5 shows how the fracture spacing, 

continuity and connectivity, and orientation interact within a rock mass. 

 

 

Figure 2.5: Rock mass with greater vertical hydraulic conductivity due to fracture 

continuity (from Wyllie and Mah 2004) 
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2.3.4 Stress Influence and Fracture Aperture 

Fracture hydraulic conductivity is dependent on both fracture aperture and fracture spacing, as 

presented by Snow (1968) and shown in equation 2.4.  Hydraulic conductivity increases with the 

cube of the aperture and with decreasing spacing.  Freeze and Cherry (1979) note that the 

dependence on fracture aperture for flow through a rock mass leads to the dependence on the 

three dimensional stress field for flow through a porous media.  Increases and decreases in stress 

lead to contractions and expansions of the fracture aperture thus influencing flow through the 

fractured rock.  

 

In-situ stresses in rock masses are influenced by a number of factors which include depth from 

surface, geology, faulting, jointing, lithology, and tectonic history (Hudson and Harrison, 1997).  

The mining process induces changes to the in-situ stress in and around the areas of development.  

The stress changes are influenced by both the size and orientation of the mine openings.  

Blasting to create openings may also damage the rock mass, which influences the stress field 

around the opening. 

 

Equations developed by Kirsch (1898) provide a means to estimate the change in stress 

distribution around a circular tunnel for tangential, radial, and shear stresses.  From Brady and 

Brown (1993), the Kirsch equations for estimating the change in radial stress and tangential 

stress are presented in equations 2.6 and 2.7, respectively.  The equations calculate the radial and 

tangential stress of a point in the rock mass due to stress changes from the creation of a circular 

tunnel. 
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Where: 

σrr = Radial stress (MPa) 

σϑϑ = Tangential stress (MPa) 

σ = Principal stress (MPa) 

k = Regional in-situ stress ratio 

a = Opening radius (m) 

r = Distance from opening center to point of stress change (m) 

θ = Angle counter clockwise from the principal stress direction (degrees) 

 

Permeability and hydraulic conductivity are influenced by the changes to in-situ stress caused 

during mining.  The change in stress in the rock mass around underground excavations allows 

the rock mass to relax around the openings which increases the aperture of the fractures in the 

rock mass.  Additional fracturing due to damage caused by the excavation process, as well as the 

relaxation from stress change, lead to changes in permeability and increased inflow potential 

through the rock mass.  The effect of stress change and excavation damage decreases further 

from the excavation face. 

 

The effects of stress on rock mass hydraulic properties also have time dependent behavior, as 

explained by Hudson and Harrison (1997).  The relationship between the in-situ stress and the 

rock mass strain will affect the time dependency of the hydraulic properties.  After the 

excavation is open, the stress distribution around the rock will change which will change the 

strain on the rock mass.  Depending on the rock type and the rock mass elastic properties, the 

changing strain can have varying time dependence.  The effects of the changing stress and strain 

in the rock mass include the change in fracture aperture as the rock mass around an excavation is 

allowed to relax.  

 

The relationship between changing joint aperture with changing stress in the rock mass is called 

joint stiffness and is described by Bandis et.al. (1983).  Equations 2.6 and 2.7 can be combined 

with Figure 2.6 to get a theoretical change in joint aperture with radial and tangential stress 
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change around an excavation.  Figure 2.6 can then be combined with Figure 2.4, for a given 

fracture spacing, to link stress change with potential change in permeability. 

 

 

Figure 2.6:  Joint closure under normal stress (from Agharazi et.al. 2012) 

 

2.3.5 Link Between Rock Mass Classification and Hydraulic Properties 

Geomechanics classification or rock mass rating (RMR) is a system that was developed by 

Bieniawski in 1973.  It was developed to describe jointed rock masses, primarily to assist in the 

design of stable excavations in rock.  The system focuses on five parameters: the uniaxial 

compressive strength of the intact rock, rock quality designation (RQD), fracture spacing, 
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surface conditions of the fractures (i.e., roughness and infilling), and the ground water 

conditions.  Each parameter is given a rating toward the RMR based on its significance to the 

classification.  The rating values are added together to give a final RMR classification between 8 

and 100, with 8 assigned to the poorest rock and 100 for the best rock. 

 

Correlations between hydraulic conductivity and RMR values have been made by El-Naqa 

(2001).  The research showed that mapping the joint parameters for estimated RMR values can 

be used to estimate hydraulic properties.  The study used equations previously developed by 

Snow (1968) to estimate hydraulic conductivities.  The estimates for hydraulic conductivity were 

then compared to hydraulic conductivities that were measured using classic hydrogeological 

tests.  The work showed a strong correlation between the two hydraulic conductivity values, 

indicating the potential to estimate hydraulic conductivity from RMR values.   

 

At the McArthur River operation, extensive ground condition mapping was conducted by Apel 

and Szmigiel (2006).  RMR data was collected around many of the major underground 

developments and plotted as shown in Figure 2.8.  By making correlations between rock 

classification and hydraulic conductivity, the figure would give more insight to the rock mass 

then just ground conditions.  
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Figure 2.7: Correlation between permeability and RMR (from El-Naqa 2001) 

 

Figure 2.8:  RMR contours applied to the rock mass on the 530 mine level at McArthur 

River (from Apel et al. 2006) 
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2.4 Field Measurement Techniques for Estimating Hydraulic Properties 

2.4.1 Classic Hydrogeological Testing 

The classic hydrogeological tests for measuring hydraulic conductivity are not reviewed here 

because these tests are not able to be performed at McArthur River with consistency.  These 

include repeated flow and shut-in tests, as well as injection tests.  McArthur River uses several 

water inflow control measures around their underground developments to restrict the amount of 

water entering the mine.  The use of extensive freeze walls, and probe and grout covers, leaves 

the mine in generally dry conditions.  This prevents water from freely flowing through the rock 

mass around the underground workings and eliminates the ability for repeatable flow and pump 

tests for measuring hydraulic conductivity. 

 

The use of tests that would inject water or air into a formation for measuring hydraulic 

conductivity was not possible because of potential safety issues.  Injection into the rock mass 

would create an increase in pressure in the rock mass which could lead to potential instability in 

the rock mass. 

 

2.4.2 Gas Well Testing 

Theories from gas well testing have been used to characterize gas bearing reservoirs for years.  

Flow and shut-in tests are conducted by measuring flow from pressurized reservoirs or by 

pumping and creating a downhole pressure drop.  The method of air extraction to measure 

hydraulic properties is the ideal method for characterizing an unsaturated rock mass.  The 

theories used throughout gas well testing are all derived from basic flow principles and 

equations.  Earlougher (1977) summarizes the primary theories and details the analyses and 

interpretation methods. 

 

The two most common methods from gas well theory for transient pressure analysis are the 

Horner and Millar-Dyes-Hutchinson (MDH) methods.  Both methods estimate permeability 

values using pressure recovery versus time on semi-log plots.  Perrine (1956) and Earlougher 
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(1977) have shown that these methods produce similar results from the same data set.  However, 

the two methods use two different sets of boundary conditions and assumptions.   

 

Perrine (1956) describes two sets of reservoir boundary conditions for pressure buildup curve 

analysis: 

 

Set 1: 

 A small inner boundary (the wellbore radius) over which the steady state flow rate of 

compressible fluid is constant, and a large but finite outer reservoir boundary (the 

drainage radius) 

o At the drainage radius either: 

 The pressure remains constant after shut-in, or 

 There is no influx of fluid across the boundary after shut-in 

 

Set 2: 

 A small internal boundary (the wellbore radius) over which the steady state rate of flow 

of compressible fluid is constant, and an infinite outer boundary of the reservoir (the 

drainage radius)  

o The pressure is assumed to stay constant at the outer boundary 

o The small internal boundary may be finite or infinitesimally small   

 The data collected in the moments immediately following shut-in are of no 

practical importance for the estimated results so the assumed well bore 

radius is not important for the analysis 

 

Additional assumptions required for both boundary conditions include: 

 An unsaturated, single fluid phase is flowing in the reservoir 

 The properties of the reservoir fluid are constant under all reservoir conditions 

 The production rate is stabilized before shut-in 
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 The well is shut-in at the sand face, so no fluids are produced into the well bore after 

shut-in 

 The sand comprising the reservoir is uniform in its properties 

 The reservoir shape is that of a horizontal circular cylinder 

 

The Horner analysis uses the assumptions from Set 2.  The analysis gives estimates of the 

effective permeability of the formation.  As well, a separate derivation exists that leads to a 

method for pressure recovery analysis near a fault. 

 

The MDH analyses rely on the assumptions from Set 1, and that the pressure at the boundary can 

either be constant or no flux.  Two general equations are required for each condition.  The 

method estimates the effective permeability of the formation and the average permeability.  The 

effective permeability excludes the region near the well bore and is an estimate of the capacity of 

the undamaged formation to transport fluid. 

 

Anisotropic permeability and isotropic permeability are estimated using the same analysis 

methods.  In reality, all permeability estimates represent the anisotropic value.  It is impossible to 

recognize if a system is anisotropic from a single well test because the appearances of the 

pressure response curves are the same as for isotropic conditions (Earlougher, 1977).  Therefore, 

all permeability values estimated are the average rock mass permeability for the test section.   

 

2.4.3 Analysis Methodology 

Data collected from one test can be analysed over three portions of the test:  Pumping/Pressure 

drawdown, Steady state/Constant pressure, Shut-in/Pressure recovery.  The constant pressure 

data is analyzed using Darcy’s Law for radial flow described in Section 2.1.  The pressure 

drawdown and pressure recovery data uses the transient methods mentioned in Section 2.4.2 and 

summarized by Earlougher (1977). 
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From Earlougher (1977), transient analyses typically make use of pseudo-pressures as it accounts 

for variations in viscosity and density due to pressure.  The initial assumptions of transient test 

theory are independent of pressure.  Pseudo-pressure takes the potential variation of viscosity 

with pressure into the equation as well as incorporates the gas deviation factor Z.   

 

It has been shown by Wattenbarger and Ramey (1980), that determination of pseudo-pressure 

and pseudo-steady state conditions, as well as plotting the data, can be difficult.  They found that 

analysis of pressure build-up using pseudo-pressure is very nearly a linear function of absolute 

pressure squared for pressures below 2,000 psi.  A linear function allows for a much more direct 

interpretation of the slope of the pressure change for use in the transient analysis.  Plotting 

pressure squared data is much more direct than pseudo pressure data.   

 

The following equations are used to estimate air permeability values.  Equation 2.8 represents the 

equation for steady state analysis, and equation 2.9 represents the transient analysis.  The slope, 

m, of equation 2.9 can be calculated using equation 2.10. 
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Where: 

k = Permeability (cm
2
) 

μ = dynamic air viscosity (Pa*s) 

Z = Gas deviation factor 

T = Mine Temperature (°K) 

Q = Flow rate at steady state (cm
3
/sec) 
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h = Test section length (cm) 

re = Radius of drainage area (cm) 

rw = Radius of test hole (cm) 

Pe = Absolute pressure at outer boundary (Pa) 

Pw = Absolute pressure at test section (Pa) 

Pstd = Standard pressure (101,325 Pa) 

Tstd = Standard Temperature (288.8°K) 

m = slope from Horner plot (P
2
 versus log[tp+Δt]/Δt) 
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Where: 

P1 = Pressure at start of straight line on Horner plot (Pa) 

P2 = Pressure at end of straight line on Horner plot (Pa) 

tp = pumping time (sec) 

Δt = time increments of the recovery phase (sec) 

 

The steady state analysis uses the constant flow and pressure data following pressure drawdown.  

The steady state analysis uses equation 2.8, which is derived from Darcy’s Law for radial flow.  

The tests must be run long enough that flow from the test interval reaches constant flow and 

pressure conditions to use the steady state analysis.  The time to reach steady state conditions can 

range from minutes to hours depending on the hydraulic properties of the rock mass tested 

(Jakubick and Klein, 1987).  In addition to the steady flow and pressure values obtained from the 

test, an estimate of the radius of influence is required to estimate the permeability. 

 

Problems with the steady state analysis typically are related to the difficulty of estimating the 

effective radius of pressure influence.  In the literature, additional observation holes drilled 
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around the test hole are used to measure the pressure drawdown in the region and to determine 

the extent of pressure influence.  Without such holes, there are no real direct ways to measure the 

effective radius of pressure influence and estimation methods are required. 

 

Equation 2.9 can be used for both the pressure drawdown and recovery data collected.  

Earlougher (1977) indicates the pressure recovery data is considered the ideal data set as the 

testing avoids some problems that may be associated with drawdown tests, such as preventing 

hydration in the flow lines.  A properly conducted and interpreted recovery test will typically 

give the most dependable results for estimation of permeability (Energy Resource Conservation 

Board, 1975). 

 

The slope in equation 2.9 is estimated using the pressure squared versus time plots developed by 

Horner and MDH and summarized by Earlougher (1977).  Determination of the proper slope is 

not always straight forward and misinterpretation can lead to inaccurate estimates of 

permeability.  Errors over several orders of magnitude have been observed when the wrong slope 

from the recovery curves has been used.  In the gas well literature summarized by Earlougher 

(1977), the downhole pressure just prior to full recovery is the portion of data that represents the 

permeability adjacent to the drill hole surface.  Collecting pressure drawdown and recovery data 

to steady conditions is crucial for proper permeability estimates to be made.   

 

Typical plots of pressure drawdown and pressure recovery are shown in Figure 2.9 and Figure 

2.10, respectively.  Adams et al. (1968) describes how the ‘S’ shape of the recovery curve 

indicates the likelihood of formation damage, wellbore storage, non-Darcy flow, or some other 

apparent resistance to flow near the drill hole surface.  Adams et al. (1968) indicated that in 

pressure build up tests, permeability estimates usually agree with median permeability values 

obtained from a permeability variation plot, after allowance is made for relative permeability 

effects.   
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The late time data, also known as the early transient data, from the ‘S’ shaped pressure squared 

plots, is critical for permeability estimation.  Earlougher (1977) shows how the early transient 

data is identified from the plots and how the slope of this data is used for permeability 

estimation.   

 

The early transient data is determined using log-log plots of pressure squared versus recovery 

time.  The portion of the plot with a slope of one indicates the storage effects of the drill hole, 

and a slope of one-half indicates surface effects of the drill hole.  The slope of the early transient 

data represents equation 2.10 and is used in equation 2.9 for estimating permeability.  Figure 

2.11 shows typical variations in recovery curves and the location along the curve of the data used 

for permeability estimation.  The method of identifying this data is investigated further in 

Chapter 4. 
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Figure 2.9: Typical Pressure response to drawdown testing 

(from Earlougher, 1977) 

 

Figure 2.10: Typical pressure response to recovery testing 

(from Earlougher, 1977)
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Figure 2.11: Typical variation in recovery curves (from Earlougher, 1977)
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2.5 Previous Permeability Studies Using the Vacuum Technique 

Multiple studies have tested the use of the vacuum technique as a method for estimating 

permeability of a jointed rock mass.  Multiple studies were performed by Jakubick et al. (1983 to 

1993) and Nakayama et al. (1993 to 1998).  The studies used comparable testing equipment for 

pumping the air and measuring the flow and pressure.  It was found from both groups of studies 

that it is possible to estimate the permeability using the steady state and transient analyses of the 

vacuum testing method.  It was also identified by both groups of studies that an “excavation 

damaged zone” exists around the tested regions and that variations of high permeability to low 

permeability could be measured around and away from the excavation surface. 

 

In the studies by Jakubick et al. (1983 to 1993), tests were conducted in both concrete and 

underground rock masses.  The steady state and transient analyses were both presented in the 

studies, however the analysis focused on the transient analysis of pressure recovery data.  In 

Jakubick (1983), vacuum testing was validated by comparing the results with values from air 

injection tests.  A primary investigation of the testing was to determine the effect of humidity on 

estimates of permeability.  It was found that an increase in permeability was measured with 

decreasing humidity in concrete samples.  The permeability ranged from 27 µD (2.7x10
-13

 cm
2
) 

to 41 µD (4.0x10
-13

 cm
2
) for a temperature range of 24° C to 50° C and a relative humidity range 

of 95% to 0%.  The humidity in the tests was from water entrained in the unfractured concrete 

matrix.  Tests were also conducted in damp drill holes where it was determined that the water 

vapor pressure that develops causes the achievable vacuum pressure to be reduced.  Jakubick and 

Franz (1993) conducted testing in vertical, horizontal, and diagonal holes and variations in the 

permeability were found around the tested excavations.  The difference was attributed to 

different effects of stress change in the different hole orientations.  The minimum testing depth 

from the excavation surface to testing sections was 10 cm based on the equipment used. 

 

In the studies conducted by Nakayama et al. (1993 to 1998), testing was done in packed sand, 

concrete, and underground rock masses.  The studies used both steady state and transient analysis 

for permeability estimation.  For the steady state analysis, the effective radius was an assumed 
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value.  The transient analysis used equations of pseudo pressure as opposed to the pressure 

squared equations from section 2.4.3.  Nakayama et al. (1993) conducted tests to study the 

validity of the vacuum transient analysis for measuring permeability of fractured rock masses.  In 

this 1993 study, it was indicated that the center of the test section should not be within 10 times 

the drill hole radius from the excavation surface in order to prevent interaction between the test 

section and the excavation.   In Nakayama et al. (1998) permeability estimates were made in 

multiple rock types and the testing gave results that fit for each rock type.  A comparison was 

also shown between permeability estimates taken prior to an adjacent excavation and following 

the excavation.  The results showed an increase in the permeability at the end of the drill hole 

where the new excavation crosses the test areas.  

 

2.6 Hydraulic Conductivity Testing at McArthur River 

A study was conducted at McArthur River by Liu et.al. (2008) to characterize the 

hydrogeological conditions, define the hydraulic properties, and evaluate the potential for 

localized depressurization around a planned development drift.  The study used ten holes drilled 

both above and below the planned drift.  Water flow and shut-in tests were performed to assess 

the rock mass.  The testing estimated the hydraulic conductivity of the rock mass, as well as the 

pressure response due to testing around the planned and existing development.  Hydraulic 

conductivity values were estimated to be between 38 mD
 
to 94 mD for the upward holes and 

between 940 mD
 
to 1,880 mD for the downward holes.  There was no pressure response found 

between the upward holes and the downward holes while testing.  A pressure response of 15 to 

25% was found between holes at the same elevation over a distance up to 25 meters.   

 

The study indicated that active depressurization of the region was possible.  It was also found 

that the recovery pressure of each shut-in test was 1.5 to 2% lower with each test.  The decrease 

was attributed to general seepage in the surrounding development gradually depressurizing the 

water bearing rock mass.  Following the study, it was eventually found that the test holes had 



 

35 

dried up and the general seepage in the development had significantly reduced or stopped.  This 

was attributed to the water quantity in the area being finite because of local ground freezing.



 

36 

Chapter 3 Field Test Background and Equipment Development 

Chapter 1 indicated that classic hydrogeological testing was not feasible at the McArthur River 

mine due to the operation’s standard water mitigation methods.  Instead, the use of air 

permeability testing methods was considered to be a viable alternative for collecting hydraulic 

properties of the rock mass.  This chapter summarizes the development of the equipment used for 

the air permeability testing, and describes the testing locations, data collection, equipment 

modifications and procedure development.  

 

The majority of tests described in literature used inflatable packers, to isolate specific sections of 

the drill holes, and vacuum pumps to create a pressure differential for air flow.  The previous 

studies typically used similar instrumentation including a pressure transducer, flow gauge, and 

data logger for data collection and analysis.  For this research, a test set-up similar to those in the 

literature was developed.  

 

The testing apparatus was further developed and modified based on observations and 

troubleshooting during lab trials and several stages of field tests.  Through the various rounds of 

testing, the data collection procedure was refined.  The various rounds of testing are described in 

this chapter along with details of the testing location, the equipment, and the procedure 

improvements for each test. 

 

Testing was conducted in areas where the rock mass was as dry as possible, even though testing 

can be done in areas that have some water.  However, the addition of water to the system can 

lead to errors in the interpretation of field data.  Areas where water flows from the rock mass 

were avoided because large flows can clog or damage the equipment and air permeability testing 

becomes unreliable.  
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3.1 Testing Apparatus Components  

The testing apparatus was developed at the University of Saskatchewan using components 

purchased separately and combined for this research.  The specification details for the apparatus 

components are given below.  The basic layout of the testing apparatus was shown in Figure 1.1 

and the actual test set-up is shown in Figures 3.1 to 3.6.  The complete apparatus consists of a 

vacuum pump to create the pressure difference and air flow in the test section, a flow meter to 

measure the rate of air flow from the test section, a ball valve to control the maximum flow rate 

and to shut-in the test section, a pressure transducer to measure the downhole pressure in the test 

section, and two inflatable rubber packers to isolate the test sections.  A data logger and portable 

PC were used for collecting and recording pressure and flow values automatically.  A water 

collection chamber was added to the flow line prior to the instrumentation to prevent water from 

damaging the instruments.  A 12 volt car battery and DC/AC inverter were used to power the 

apparatus. 

 

The gas inflated rubber packers were constructed and purchased from R.S. Technical Instruments 

Ltd (RST).  The RST packer assembly is depicted in Figures 3.4 and 3.6.  The assembly consists 

of two 1 m long x 3.3 cm diameter packers and a 0.5 m long perforated spacer.  The maximum 

inflated diameter of the packers is 7.06 cm, with a maximum unconfined inflation pressure of 

2,895 kPa.  The packers were installed using 1.6 m long steel rods, threaded at the ends to give a 

rigid system for setting and removing the packers.   To connect the steel rods and the packer 

assembly, a coupling was designed and constructed by the University of Saskatchewan’s College 

of Engineering’s machine shop.  Figure 3.5 shows the installation coupling. 

 

Figures 3.1 to 3.3 show the testing set up.  The pump is a Gast 1/8 HP, 1 stage, high-capacity 

vacuum/pressure pump.  The pump is capable of a maximum vacuum pressure of 86 kPa (13 psi) 

and maximum positive pressure of 414 kPa (60 psi).  The flow capacity of the pump is 519 

cm
3
/sec (31 L/min).  The flow meter used is an Omega FMA 1700/1800 series mass flow meter.  

The maximum flow rate for the instrument is 833 cm
3
/sec (50 L/min) with an accuracy of +/- 

1.5%.  The flow meters maximum pressure is 6,895 kPa (1000 psi).  The pressure transducer 
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used is an Omega PX181B series silicone/brass absolute pressure transducer, which has a 

maximum pressure of 3447 kPa (500 psi). 

 

 

Figure 3.1:  Test apparatus specification details 
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Figure 3.2:  Air permeability testing apparatus (front) 

 

Figure 3.3:  Air permeability testing apparatus (back) 
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Figure 3.4:  RST Instrumentation inflatable packers and installation rods 

 

Figure 3.5:  Machined coupling for setting packers with installation rods 
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Figure 3.6:  Illustration RST Instrumentation inflatable packer  
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3.2 Laboratory Testing and Calibration of Instrumentation 

Each component of the set-up was tested to ensure proper performance and repeatable results.  

The packers were tested separately, as well as in series, to ensure they would inflate and deflate 

properly.  The pressure transducer was put under a known constant pressure to ensure that it 

would consistently read the same pressure.  The pressure was then varied to check that it would 

accurately measure pressure changes.  To test the flow meter, a flow rate was applied to another 

flow meter that was known to read accurately.  The same flow rate was then applied to the flow 

meter for the test set-up.   

 

The experimental set-up was tested in the lab to ensure that there were no leaks in the system, 

including each instrument, the tubing, and all the connections.  The packers were set and inflated 

in a sealed PVC pipe and connected to the system.  The pump was used to evacuate the air from 

the PVC pipe and the valve was used to seal the system.  The negative pressure created in the 

pipe was monitored every two hours over an eight hour period.  Over that time, there was no 

change in the pressure in the pipe.  This test showed that both of the packers, the connection 

between the tubing and the packers, the connection to the pressure transducer, and the ball valve 

were sealing properly and that pressure loss due to the instrumentation was not going to be an 

error to account for in testing.   

 

The ball valve was used to control flow through the pump.  A key component to the field 

program was to do testing at different flow rates.  During lab trials, various settings of the ball 

valve were tested by running the pump and measuring the flow rate.  Table 3.1 summarizes the 

settings of the ball valve, indicated in the first column as the angle or rotation of the ball valve 

from the fully closed position (0 turns) and the measured flow rates associated with each ball 

valve setting.  
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Table 3.1:  Ball valve setting and associated free flow of air through the apparatus 

Setting 
(degrees) 

Ball Valve 
Turns 

Flow 
(L/min) 

Flow 
(cm3/sec) 

45 1/8 4 67 

90 1/4 6 100 

135 3/8 11 183 

180 1/2 15 250 

360 1 25 417 

Full 4 1/2 30 500 

 

3.3 Initial Field Testing at PCS Allan Mine 

Preliminary permeability testing was conducted at the Potash Corporation of Saskatchewan 

(PCS) Allan mine 60 km east of Saskatoon, SK (Figure 3.7).  This was done because of the 

proximity of the mine site to the University.  Mining at the PCS Allan mine was in the Prairie 

Evaporite Formation approximately 1,000 m below ground surface.  The testing in the potash 

was done to gain a better understanding of the equipment and instrumentation used.   The test 

was also used to compare results from a heavily fractured zone and an area with a single open 

fracture plane.  In both cases the intact rock is assumed to have contributed little to the measured 

flow.  

 

The testing was conducted in one hole drilled in the back of the drift, and one hole drilled into 

the wall.  The hole in the back was drilled to a depth of 1.37 m, with a diameter of 4.45 cm.  The 

purpose of testing in the back was to measure the permeability of an overlaying dilated clay 

seam.  As a safety precaution, a closure rod was used to measure if any movement in the back 

was caused by the air suction.  The hole in the wall was drilled to a depth of 0.91 m, with a 

diameter of 4.45 cm.  This hole was used to measure the permeability of fractures in the wall 

created by spalling, shown in Figure 3.8.  The equipment used for this round of testing was a 

mechanical packer to seal the hole, a vacuum gauge to measure the absolute pressure in the hole, 
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a vacuum pump to create the pressure difference in the hole, and a flow gauge to measure the 

volume of air supplied by the fracture.  A ball valve was connected between the pressure gauge 

and the flow gauge so the hole could be sealed at any time.  A car battery and an AC/DC 

converter were used to power the set-up while underground.  

 

The pressure drawdown test for the clay seam overlying the drift back went to zero flow and 

steady pressure within 10 seconds, as shown in Figure 3.9.  This rapid drawdown indicates that 

the tested feature was not connected to the drift and had very low permeability.  Additionally, a 

closure rod constructed by the PCS Allan Engineering department was installed next to the test 

hole during the test to monitor back movement during pressure drawdown.  A slight movement 

in the back was recorded as the pumping progressed, so the test was stopped to relieve the 

pressure on the clay seam and avoid any safety issues caused by beam flexing.  Due to the short 

duration of the test and the limited number of values recorded (one flow measurement taken for 

the 10 second duration), analysis of the test could not be done. 
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Figure 3.7: Map of Saskatchewan and testing locations 
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Figure 3.8: Side wall spalling at PCS Allan mine 

 

The pressure recovery from the test in the back was able to record useful data.  The plot of 

pressure recovery versus time is shown in Figure 3.10.  The pressure recovery took 

approximately 13 minutes. 

 

The test in the wall was successful at measuring flow from a fractured wall and estimating a 

permeability value.  The pressure drawdown curve is shown in Figure 3.11.  The drawdown was 

longer in duration, compared to the test in the back, taking approximately 3 minutes.  

 

Pressure recovery for the wall test was fairly rapid, but sufficient data was collected for analysis.  

The pressure recovery curve is shown in Figure 3.12.  
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Figure 3.9:  Absolute pressure drawdown for PCS Allan clay seam test 

 

Figure 3.10:  Absolute pressure recovery for PCS Allan clay seam test 
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When the test was started, the pressure in the hole did not decrease as much as from the test in 

the back. This indicated that the air was free to flow from the fracture in the wall or that there 

was a large network of interconnected fractures acting as the flow source.  The test in the wall 

also had a rapid pressure recovery indicating a greater conductivity in the wall fracture than in 

the clay seam.  The difference in flow and recovery is attributed to the presence of vertical 

fractures in the wall in the area of the test hole.  It is likely the air ‘short circuits’ through the 

vertical fractures and connects the drift to the wall fracture caused by spalling.  The 

consideration for this potential short circuiting was brought about by this test and is discussed 

further in later chapters. 

 

The initial test program highlighted some changes required in the testing methodology as well as 

with the testing equipment.  The next section highlights the next phase in the testing program.  
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Figure 3.11:  Absolute pressure drawdown for PCS Allan wall test 

 

Figure 3.12:  Absolute pressure recovery for PCS Allan wall test 
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3.4 Primary Field Testing at Cameco McArthur River Mine 

The majority of the permeability testing was conducted at the Cameco Corporation McArthur 

River operation.  The mine is located in the Athabasca Basin in Northern Saskatchewan, 

approximately 600 km north of Saskatoon (Figure 3.7). The mine is the single largest producer 

of Uranium in the world, utilizing the raise bore mining method to extract the ore at depths of 

530 m to 600 m below ground surface.  The ore deposit occurs at the contact between sandstones 

overlying older basement rocks (Figure 3.13). The basement rock at this location consists of 

fairly competent biotite gneiss, cordierite gneiss, pegmatite, and quartzite, based on site 

geological information.  The primary host rock at McArthur River is the biotite gneiss, as 

indicated by a site geologist.  With deposits forming at these boundaries, mining operations face 

challenges related to water inflow control.  At the McArthur River operation, freeze walls and 

probe-and-grout covers have been used to control water inflow. 

 

Testing was conducted in two separate locations on the 530 mine level; a maintenance shop 

called the MTM Shop, south of the personnel access shaft and located in a highly developed 

area, and a diamond drill bay (drill bay 7), north of the personnel access shaft and located off an 

exploration access drift (North Exploration Drift), in an area with no surrounding development.  

A plan view of the 530 mine level showing the personnel shaft and testing locations is given in 

Figure 3.14.  The available geotechnical mapping conducted during development, as well as 

regional core log data, were used to assess local geological variation to help with data 

interpretations.  These can be found in Appendix A and B. 
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Figure 3.13:  General geology of McArthur River mine deposit (from Apel et al., 2006) 
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Figure 3.14:  Plan view of the McArthur River 530 mine level showing testing locations



 

53 

3.4.1 McArthur River 530 Mine Level – MTM Shop Test 

Initial testing at the McArthur River operation took place in the MTM shop on the 530 mine 

level (Figure 3.15).  The rock mass in this location is made up of biotite gneiss, pegmatite, and 

calcsilicate, with a mapped RMR along the tested wall of 60 based on McArthur River 

geological data.  The area was previously shotcreted, so additional site RMR mapping was not 

possible with the testing, nor was any diamond drilling data available for the area.  The small 

amount of geological data for the rock mass resulted in limited ability for geological 

interpretation before or during the tests.    

 

A total of two 5 m long, 48 mm diameter holes were tested at this location.  The holes were 

percussion drilled using a drilling Jumbo.  They were drilled horizontally at a 30 degree angle to 

the wall of the shop at the locations shown in Figure 3.15.  The test area is surrounded by 

development on all sides (Figure 3.14), which may have an impact on the rock mass due to 

increased blasting and potentially excavation disturbance.  It could be expected that a test area 

more isolated from other drifts and adjacent blasting could have a lower permeability. 

 

The primary purpose for testing in this location was to ensure operation of the test equipment and 

components in the underground environment.  The software for data collection was also tested to 

determine if sufficient data collection rates were recorded and ensure measurable and useful 

values were collected. 

 

A total of five intervals were tested, three in the first hole and two in the second hole.  All of the 

tests were at the 30 L/min flow setting.  The drawdown and recovery pressures for each interval 

are shown in Figures 3.16 to 3.19. 

 

In the two holes the testing was able to produce measurable changes in pressure drawdown and 

recovery from the different intervals in each hole as well as between the two holes.  In two of the 

tests the recovery data was lost due to an instrumentation error. 
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Figure 3.15:  Holes tested at 530 mine level – MTM Shop 
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Figure 3.16: Pressure drawdown for MTM Shop hole 1 intervals 

 

Figure 3.17:  Pressure recovery for MTM Shop hole 1 intervals 
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Figure 3.18:  Pressure drawdown for MTM Shop hole 2 intervals 

 

Figure 3.19:  Pressure recovery for MTM Shop hole 2 intervals 
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3.4.2 McArthur River 530 Mine Level – North Exploration Test 

The second round of testing at McArthur River was conducted from a drill bay in the North 

Exploration drift on the 530 mine level, shown in Figure 3.14.  At this location three 20 meter 

long, 38 mm diameter percussion holes were drilled.  Figure 3.20 shows the orientation of the 

three drill holes labelled RH1, RH2, and RH3. 

 

The location has a significant amount of geological data available to aid in characterizing the 

rock mass being tested.  Rock mass classification values were collected for each development 

round taken through geological face mapping, giving an overall assessment of the rock mass 

condition throughout the development in the area.  The geological mapping sheets for the test 

location are provided in Appendix A.  The face mapped RMR76 values ranged from 50 to 75 for 

the development through the test area (McArthur River, 2010).  In addition to the RMR76 values 

collected from the site geology department, rock mass mapping was conducted for the north wall 

of drill bay 7 and the west wall of the north exploration drift north of drill bay 7.  The mapping is 

shown in Figures 3.21 and 3.22. 

 

The rock mass mapping identified three average joint orientations (dip/dip direction):  Foliation 

– 55/90, Jt1 – 85/10, Jt2 – 40/260.  Figure 3.23 shows the stereonet plot of the three joint sets.  

The foliation joint set is parallel to both RH2 and RH3.  Joint set 1 is normal to the direction of 

the test holes and dips sub vertically.  Joint set 2 is nearly parallel to the direction of the test 

holes and has a sub horizontal dip.  Of the three sets, joint set 1 will have the most interaction 

with the test holes, while joint set 2 will likely only have moderate interaction.  The foliation will 

likely only act as a secondary set of joints connected to the test holes through the other two joint 

sets. 
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Figure 3.20:  530 mine level – North Exploration Drill Bay 7 
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Figure 3.21:  Face mapping for drill bay 7 north wall 

 

Figure 3.22:  Face mapping for north exploration drift west wall, north of Drill Bay 7 
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Figure 3.23: Lower hemisphere projection of the three mapped joint sets at drill bay 7 

showing great circles and poles to the planes.  
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Four diamond drill holes were drilled and logged through the area (Figure 3.20).  The core 

logging reports and photos for each drill hole were collected and are presented in Appendix B.  

In general, all of the core logs and photos indicate relatively consistent rock mass throughout the 

test area.  The core logging indicates the RMR76 values predominantly range from 50 to 80 

through the test area as shown in Figure 3.24.  Figure 3.25 shows a photo of the core collected 

through the test area of RH2.  

 

The logging does identify a regional fault called ’70 Fault’ that runs sub parallel to the north wall 

of diamond drill bay 7 projected to intersect RH2.  Figure 3.26 shows the interpreted location of 

this fault by the McArthur River geology department. 

 

 

Figure 3.24:  Plot of RMR values along DH2173 showing the interval where the test was 

conducted.  Graph taken from McArthur River core logging data package (Appendix B).

Depth of testing 
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Figure 3.25:  Core photo from DH2173 showing length of core through RH2 test area 



 

 

6
3
 

 

Figure 3.26:  Core photo from DH2173 showing 70 Fault 
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The first hole tested from drill bay 7 was RH3.  The hole was tested from the deepest location to 

the collar of the hole.  The deepest interval tested was from 10.75 m to 11.25 m.  This was the 

deepest that could be tested because there were not enough couplers to connect all of the 

installation rods at the time of testing.  In total, 12 intervals 0.5 m long were tested in RH3.  All 

of the intervals were tested using the 30 L/min setting for pumping and were only tested once.  

The results from the permeability testing are given in Chapter 4 and interpreted in Chapter 5. 

 

The testing procedure for RH3 was the same as the procedure used in the testing at the MTM 

shop at McArthur River.  That is, pumping was at full capacity for each interval.  For RH2 the 

procedure was modified to test each interval several times using varying pump rates.  The 

modifications were made to account for boundary effects that could impact the data being 

collected.  By varying the pump rate, it was believed the area of influence around the test section 

would be varied.  Lower pump rates should create a smaller pressure change in the test section 

which results in a smaller drawdown area.  This type of variation could be significant in test 

intervals close to the excavation surface where a larger area of influence may result in interaction 

between the test section and the free surface of the mine wall.  This interaction could lead to 

issues with analysis of the collected data. 

 

Drill hole RH2 was tested to a depth of 14.25 m to 14.75 m.  In total, 15 intervals 0.5 m long 

were tested in RH2, with each interval tested using multiple flow settings.  The majority of the 

intervals were tested using settings of 4 L/min, 6 L/min, and 25 L/min, with various other 

settings used on some of the intervals.  The change in the testing technique proved to be valuable 

as it showed variation in permeability estimates, not just between different intervals, but also 

within the same interval on some occasions.  Additional geological analysis and interpretation 

was possible because of the variations in the testing procedure.   

 

The last hole to be tested was RH1.  This hole was the final one tested because water was 

dripping from the hole and as stated earlier in Chapter 3, dry holes were preferred. It was hoped 

that the hole would stop producing water if given time.  The water did not stop, which resulted in 
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water being sucked into the flow meter, which caused it to stop working.  After this test, a 

modification was made to the testing equipment to mitigate the effect of water entering the 

testing equipment.  A collection chamber for water was added between the drill hole and the 

pressure meter and flow gauge so that water present in the test section would not impact the 

equipment.  It was hoped that the added chamber would store any remnant water and allow 

testing to proceed during a second site visit.  Unfortunately, water was continuously pumped 

from the test intervals, and it was determined that the rock mass was too saturated to allow air 

permeability testing to be carried out.
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Chapter 4 Data Analysis of Rock Mass Permeability Testing 

Analyses of air permeability tests were conducted using techniques from gas well theory.  The 

data collected for each test was divided into three stages for analysis:  pressure drawdown, 

constant pressure, and pressure recovery.  The following chapter summarizes the application of 

these methods for analyzing the collected data, presents the estimates of permeability from the 

various field tests, and discusses potential errors associated with the testing procedure and the 

tested medium.  Computer based modelling conducted for both hydraulic properties and stress 

change is summarized at the end of the chapter. 

 

4.1 General Permeability Analysis 

Data from the pressure drawdown and the pressure recovery portions of the test are analyzed 

using transient analysis, and data from the constant pressure portion is analyzed using steady 

state analysis.  The analysis methods produce separate estimates of permeability values, which 

have been shown to compare well with each other when the proper boundary conditions are 

selected (Jakubick and Klein, 1987).  

 

4.1.1 Transient Analysis 

The transient analyses make use of the data collected from the pressure drawdown and pressure 

recovery stages of the test.  The selected method of analysis was adapted from the work of 

Horner (1955), as presented in section 2.4.  The Horner method was selected based on the 

boundary assumptions of the method and the assumed boundary conditions of the testing 

locations.  The analysis method relies on the collected pressure and flow data, and uses plots of 

pressure squared versus Horner time, (t+Δt)/Δt.  The late time portion of the Horner plot is 

fundamental in the estimation of permeability values.  For radial flow, the Horner plot will be a 

straight line, which gives the slope used for permeability estimation.  It is noted by Smith (1990) 

that the Horner method should only be applied to infinite acting reservoirs. 
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During pressure drawdown, flow from the drill hole undergoes three flow events before reaching 

steady state flow: wellbore storage and damage dominated flow, early transient or infinite-acting 

flow, and pseudo-steady state flow.  The data from the early transient flow is used to estimate 

permeability from the drawdown data.  During pressure recovery the pressure undergoes a 

similar transition through three stages of wellbore storage and damage, early transient, and late 

time transient recovery.  The identification of these stages is summarized in Earlougher (1977).  

 

The typical cycle for pressure drawdown and recovery is shown in Figure 4.1.  The graph shows 

the early transient portions of both curves that are used for estimating the permeability.  

Identification of the early transient data was described in Chapter 2. 

 

 

Figure 4.1: Typical pressure drawdown and recovery cycle for a test interval 
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For the transient analysis, the steady state flow and the Horner plot for pressure drawdown or 

pressure recovery are used to estimate the permeability (equations 2.9 and 2.10).  Equation 2.10 

represents the slope of the early transient portion of the drawdown and recovery plots.  Plots of 

the pressure drawdown and pressure recovery data can also be used to estimate the slope for 

equation 2.9.  As discussed in Chapter 2, the start time of the early transient data is identified 

using a log-log plot of the change in pressure squared versus time.  Examples for pressure 

drawdown and recovery are shown in Figures 4.2 and 4.3. 

 

When the slope of the data is unity (one log time cycle change versus one log pressure cycle 

change), drill hole storage dominates the pressure change, and test data gives no information 

about the rock mass (Earlougher, 1977).  Following drill hole storage, the plot transitions to data 

that is skewed by drill hole surface damage.  A slope of 0.5 (one log time cycle change versus 

two log pressure cycle change) at small Δt values is used to indicate the data impacted by drill 

hole surface effects (Earlougher, 1977).  The start of the early transient data is when the plot 

deviates from the 0.5 slope.  The data following the deviation from the slope of 0.5 is plotted 

using pressure squared and time values to estimate the slope of the early transient data.  Figures 

4.4 to 4.7 show the pressure squared plots for both pressure drawdown and pressure recovery. 

 

The early transient data on the pressure squared plots show the transition of the data from 

transient into steady state.  The slope of the data in the transition is used in equation 2.9 to 

estimate the permeability.  Earlougher (1977) indicates the transition should begin about 1 to 1.5 

logarithmic cycles in time after the data deviates from the unit slope of the log-log plots shown 

in Figures 4.2 and 4.3. 
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Figure 4.2:  Pressure drawdown plot to identify distorted data (RH2 10.5-11.0m – 6 L/min setting) 
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Figure 4.3:  Pressure recovery plot to identify distorted data (RH2 10.5-11.0m – 6 L/min setting) 
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Figure 4.4:  Early transient drawdown plot for selecting permeability estimate data (RH2 10.5-11.0m – 6 L/min setting) 
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Figure 4.5:  Pressure drawdown data selected for slope estimate from early transient plot (RH2 10.5-11.0m – 6 L/min setting) 
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Figure 4.6:  Early transient recovery plot for selecting permeability estimate data (RH2 10.5-11.0m – 6 L/min setting) 

9.600E+09

9.700E+09

9.800E+09

9.900E+09

1.000E+10

1.010E+10

1.020E+10

0.600.650.700.750.800.850.900.95

P
re

ss
u

re
2  

(P
a)

 

log(tp+Δt/Δt)  



 

 

7
4
 

 

Figure 4.7:  Pressure recovery data selected for slope estimate from early transient plot (RH2 10.5-11.0m – 6 L/min setting)
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4.1.2 Steady state Analysis 

The steady state analysis uses the data following the pressure drawdown and prior to the pressure 

recovery.  The principles of steady state analysis are presented in Chapter 2.  Equation 2.8 is 

used for the steady state analysis and is based on the principles of Darcy’s radial flow. 

 

To analyze the steady state data, an estimate of the testing drainage radius needs to be made.  

The drainage radius was estimated using the total volume of air pumped during the test and an 

estimated rock mass porosity value.  The rock mass porosity was estimated using equation 2.5, 

which requires an estimate for fracture aperture which is determined from the change in aperture 

estimated using the change in stress in the rock mass determined from equation 2.6.  Based on 

the difficulty in estimating some of the required data for the steady state analysis, the preference 

for the transient analysis method for estimating permeability is apparent. 

 

4.2 Analysis of PCS Allan Data 

The testing at PCS Allan, as described in section 3.3, was the first field testing conducted and 

used a simplistic testing apparatus.  The testing was intended to trial the testing equipment and 

collect pressure and flow values that would allow initial data analysis.  Two holes were tested 

with a single test run in each hole.  Limited data was collected due to shortcomings of the 

equipment and testing procedure used; however, permeability values were still able to be 

estimated.  The permeability estimates from the two tests are given in Table 4.1.  

 

The results indicate that the test was able to measure a difference between the two test holes.  

The test hole in the back was expected to have a lower permeability than the test in the wall, 

which the data supported.  The permeability in the back and wall was estimated at 0.5 mD and 

20.2 mD respectively. 
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Table 4.1:  Permeability estimates for PCS Allan test holes 

Interval 
Depth 

(m) 

PCS Allan – Back Hole 

Drawdown 
Permeability 

(mD) 

Steady 
Permeability 

(mD) 

Recovery 
Permeability 

(mD) 

0.5-1.4     0.5 

    

Interval 
Depth 

(m) 

PCS Allan – Wall Hole 

Drawdown 
Permeability 

(mD) 

Steady 
Permeability 

(mD) 

Recovery 
Permeability 

(mD) 

0.5-0.9 101.0 71.4 20.2 

 
   

  Errors with collected data; no estimate  

 

4.3 Analysis of McArthur River MTM Shop Data 

The McArthur River MTM Shop was the first location tested at McArthur River and the first 

underground testing that used the digital instrumentation and data logging equipment.  Two holes 

were tested for a total of five test intervals.  Testing in the MTM Shop was used to assess the test 

equipment and instrumentation for potential errors while testing in underground conditions.  The 

testing procedure and data collection were also being assessed to determine the quality of the 

data collected before starting a larger scale test.  The permeability estimates from the testing are 

given in Table 4.2. 
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Table 4.2:  Permeability estimates for MTM Shop test holes 

Interval 
Depth 

(m) 

Hole 1 - 30 L/min Setting 

Drawdown 
Permeability 

(mD) 

Steady 
Permeability 

(mD) 

Recovery 
Permeability 

(mD) 

2.5-3.0 103.8 72.8 107.7 

3.0-3.5 75.6 70.3   

3.5-4.0 63.0 29.0 43.7 

    

Interval 
Depth 

(m) 

Hole 2 - 30 L/min Setting 

Drawdown 
Permeability 

(mD) 

Steady 
Permeability 

(mD) 

Recovery 
Permeability 

(mD) 

3.0-3.5 2.8 1.1   

3.5-4.0 18.1 11.7 16.7 

 
   

  Errors with collected data; no estimate  

 

The testing showed that permeability variations could be measured between different intervals in 

the same hole.  The testing results also gave consistent (within an order of magnitude) 

permeability estimates in each interval using the pressure drawdown, consistent pressure, and 

pressure recovery analysis methods.  

 

4.4 Analysis of McArthur River North Exploration – Drill Bay 7 Data 

Three holes were tested at drill bay 7, but only two of the holes were able to yield data for 

permeability assessment.  RH3 was the first hole tested and used the 30 L/min flow setting for 

each interval.  The testing shows that the estimated permeability values decrease as they progress 

away from the surface.  The deeper test holes all had very rapid pressure drawdown and long 

pressure recoveries.  The permeability results from testing RH3 are given in Table 4.3. 
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It was found that the steady state analysis estimated permeability values that are lower than the 

estimates from the transient analyses.  The variation is believed to be caused by the air flow short 

circuiting from the open drill hole or excavation surface in the higher permeability rock mass.   

The equation for steady state analysis, presented in Chapter 2, assumes that the flow to the test 

intervals occurs radially from the rock mass surrounding the section (Figure 4.8).  In this case the 

effected radius from suction only draws air from the rock mass around the test section.  

However, with high rock mass permeability and with the test section sufficiently close to the 

excavation, there is potential for the effected radius to interact with the excavation surface.  If 

this occurs, air will be drawn from the excavation, Figure 4.9, which can lead to errors in the 

permeability estimates. 
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Table 4.3: RH3 estimates of permeability from the three analysis methods 

Interval 
Depth 

(m) 

30 L/min Setting 

Drawdown 
Permeability 

(mD) 

Steady 
Permeability 

(mD) 

Recovery 
Permeability 

(mD) 

1.15-1.65 20.2 15.5 19.6 

2.5-3.0 42.8 20.0 22.9 

3.25-3.75 32.7 18.5 27.3 

4.0-4.5 28.9 17.9 28.3 

4.75-5.25 31.2 11.5 22.6 

5.5-6.0 7.4 5.9 5.5 

6.25-6.75 5.4 3.1 1.7 

7.25-7.75 1.9 1.1   

8.25-8.75 3.5 1.1   

9.25-9.75 3.0 1.3   

10.0-10.5 4.9 1.2   

10.75-11.25 3.1 1.2   

 
   

  Errors with collected data; no estimate  
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Figure 4.8: Radial air flow from the surrounding rock mass to the isolated test section 

 

Figure 4.9: Air flow from the surrounding rock mass and the excavation surface 
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Figure 4.10 compares the conceptual drainage radius around the test interval.  Figure 4.10A 

shows the ideal drainage radius around the interval to avoid short circuiting.  Figure 4.10B shows 

the assumed radius when the volume pumped results in a radius greater than the packer length.  

Figure 4.10C shows the likely result of testing near the excavation surface when the effective 

radius is greater than the packer length.  Figure 4.10D shows the likely effective radius when the 

pumping volume exceeds the packers’ length in deeper intervals. 

 

RH2 was the second hole tested at drill bay 7.  Flow rate variations were incorporated into the 

testing procedure to determine the effect of flow rate on the permeability estimates and to avoid 

the potential effects of short circuiting.  Three flow settings were used for each test interval; 4 

L/min, 6 L/min and 25 L/min.  The results for each interval and the three analysis types are 

shown in Tables 4.4 and 4.5. 

 

Generally the permeability values calculated using steady state and transient methods are closer 

at lower flow rates within 5 m of the excavation surface and at higher flow rates at greater than 5 

m from the excavation surface.  The higher flow rates in test sections within 5 m of the 

excavation surface resulted in a greater difference between steady state and transient 

permeability values increases, likely due to short circuiting from the excavation.   

 

RH2 showed variation in permeability away from the excavation surface.  The testing of RH2 

was able to show measurable variations in the permeability estimates around a fault identified by 

site core between the 4.0-5.5 m depth of the hole (Figure 3.26, DH 2173). 
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Figure 4.10: Conceptual progression of drainage radius during pumping for:  A – Ideal 

drainage radius; B – Assumed drainage radius; C – Assumed effect of short circuiting near 

excavation surface; D – Assumed effect of short circuiting from drill hole at depth 
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Table 4.4: RH2 estimates of permeability from the three analysis methods for the test settings; 4 L/min, 6 L/min, and 25 L/min 

Interval 
Depth 

(m) 

4 L/min setting 6 L/min setting 25 L/min Setting 

Drawdown 
Permeability 

(mD) 

Steady 
Permeability 

(mD) 

Recovery 
Permeability 

(mD) 

Drawdown 
Permeability 

(mD) 

Steady 
Permeability 

(mD) 

Recovery 
Permeability 

(mD) 

Drawdown 
Permeability 

(mD) 

Steady 
Permeability 

(mD) 

Recovery 
Permeability 

(mD) 

1.4-1.9 4.9 12.4 16.0 16.6 17.2 38.2 20.7 17.4 37.3 

3.0-3.5 32.8 40.8 29.9 46.9 107.7 37.2 75.9 100.4 58.5 

4.0-4.5 9.1 9.2 6.1 12.9 11.5 10.1 7.3 9.1 5.6 

4.5-5.0 7.5 6.4 6.6 10.7 7.8 5.9 12.3 8.2 5.0 

5.0-5.5 2.9 2.7 1.8 7.6 5.8 5.2 9.1 8.8 8.9 

5.5-6.0 7.2 15.3   21.2 22.2 31.5 33.0 26.6 31.5 

6.5-7.0 3.9 11.7 9.5 13.1 16.1 14.2 21.0 21.5 17.3 

7.5-8.0 2.0 5.0 1.8 6.2 6.4 3.1 9.1 10.3 8.6 

8.5-9.0 9.4 21.5 10.8 21.2 36.6 16.7 19.7 17.2 13.3 

9.5-10.0 0.8 1.9 3.1       4.5 1.8 3.6 

10.5-11.0 57.3 62.2 51.8 24.9 19.3 28.0 15.9 16.2 14.3 

11.25-11.75 1.6 3.8 2.4 8.0 9.4 14.7       

12.25-12.75 0.9 1.3 1.8 4.6 11.5 5.0       

13.75-14.25 3.8 6.3   23.7 38.7 141.4 1.8 1.2   

14.25-14.75 2.6 5.0 4.6 3.3 5.0 3.4       

 
         

  Test setting not used   Errors with collected data; no estimate  
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Table 4.5: RH2 estimates of permeability from the three analysis methods for test settings; 15 L/min, and 30 L/min 

Interval 
Depth 

(m) 

15 L/min Setting 30 L/min Setting 

Drawdown 
Permeability 

(mD) 

Steady 
Permeability 

(mD) 

Recovery 
Permeability 

(mD) 

Drawdown 
Permeability 

(mD) 

Steady 
Permeability 

(mD) 

Recovery 
Permeability 

(mD) 

1.4-1.9             

3.0-3.5             

4.0-4.5             

4.5-5.0             

5.0-5.5             

5.5-6.0             

6.5-7.0             

7.5-8.0             

8.5-9.0             

9.5-10.0             

10.5-11.0 23.1 15.4 12.9 112.7 56.1 84.3 

11.25-11.75 22.8 16.7 37.9 43.1 8.0 6.6 

12.25-12.75             

13.75-14.25 34.1 43.3 37.7       

14.25-14.75             

 
      

  Test setting not used   Errors with collected data; no estimate  
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4.5 Interpretation of Pressure Cycle Curves 

There are a number of variations seen in the pressure drawdown and recovery curves from the 

permeability testing.  The majority of the test intervals exhibited some type of variation in their 

curves.  In these cases the variations in the curve required interpretation to identify the proper 

portion of the curve for permeability estimation.   

 

In multiple shallow intervals, and intervals with higher estimated permeability, the pressure 

drawdown for the lower flow tests had pressure recovery while the pump was still drawing air 

from the hole.  The drawdown pressure curves from the 1.4-1.9 m interval are shown in Figure 

4.11. 

 

The 4 L/min curve and the 6 L/min curve both show slight recovery of the drawdown pressure 

while the hole is still being pumped.  The 25 L/min curve does not show the same recovery, 

which may be the result of not running the test long enough.  This curve variation is attributed to 

short circuiting of the area of influence with the open drill hole or excavation surface. 

 

The pressure recovery curves for this interval are shown in Figure 4.12.  There is no variation 

seen in the pressure recovery curves with all flow rates having normal data and fast recovery 

times.  

 

In several intervals the pressure drawdown and pressure recovery data have curves with multiple 

inflection points.  In Figure 4.13 and Figure 4.14 the pressure drawdown and pressure recovery 

curves from RH2 interval 3.0-3.5 m show pressure cycles with multiple curves for each flow 

rate. 

 

Earlougher (1977) offers several explanations for these types of pressure curves: composite 

systems (i.e. variations in properties away from the drill hole), multi-layered reservoirs with no 

cross flow between layers, systems intersecting a single high permeability fracture, and naturally 
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fractured systems.  In multi sloped curves such as these, the first curve is used for estimation of 

the permeability as the second curve is the result of a permeability variation further from the test 

section.  From Earlougher (1977), the analysis of these tests can be done using the standard 

processes as long as drill hole storage and damage do not interfere with the initial straight line.  

In cases where the drill hole is close to the feature of increased permeability, the straight line 

may end early enough that it is masked by the drill hole storage and damage.  In the case of 

Figure 4.13, the drawdown data at the 4 L/min setting is difficult to interpret as the initial straight 

line is blurred in the drill hole storage/damage data.  

 

Another example of variable data is described as pressure dependent permeability and 

summarized by Earlougher (1977).  The effect of pressure on the variation of fracture aperture 

has been shown to occur in tests run with varied pressure.  At low pressure changes the effect on 

permeability is minimal and the testing produces normal results.  At larger pressure changes, the 

permeability has the potential to be reduced as the fracture aperture is closed.  Figures 4.15 and 

4.16 show the pressure drawdown and pressure recovery curves from the 8.5-9.0 m interval of 

RH2. 

 

At the 4 L/min flow rate, the curve is shallow with a low pressure drawdown and recovery cycle.  

This type of curve was previously identified as data from multi permeability intervals.  The 6 

L/min flow rate has a similar curve shape as the 4 L/min flow, but has a larger pressure cycle and 

longer recovery.  The 25 L/min flow rate has the typical drawdown and recovery curves, with a 

large pressure change and fast pressure recovery. 

 

The high flow rate indicates a straight forward single permeability test.  A potential pressure 

induced permeability change at the high flow rate may occur at a high enough pressure drop that 

the fractures in the interval are closed and flow is significantly reduced.  This would cause a test 

with a small affected area, explaining the steep, short pressure recovery.  At the two lower flow 

rates the pressure change induced was not enough to close the fractures around the interval and 

the test was able to create a larger area of influence.  Earlougher (1977) explains how lower 
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pressure changes (shorter production time, or lower induced flow) has less impact on the 

permeability compared to what the theoretical permeability should be.  Longer production times 

(higher induced flow) steepen the data curves and may reduce estimated permeability values.  In 

the case of testing in a fracture dominated rock mass, it could be expected that in deeper, tighter 

test sections with an already low permeability, the application of high flows and therefore 

increased pressure drop could potentially close the fractures even more and effectively reduce 

the permeability.   

 

In the deeper test intervals, low flow and short pressure drawdown was typical.  The pressure 

recovery for these intervals often took several hours to reach initial air pressure.  The low 

recovery rate of these intervals, in comparison to the shallow sections, suggests that the packer 

seal is adequate.  Any potential leaks in the seal do not appear to significantly impact the test 

results.  The packer was also checked for a consistent seal by changing the packer orientation in 

the hole.  A repeated test of RH2 10.5-11.0 m interval at the 6 L/min setting is shown in Figure 

4.17. 

 

The repeated test with the changed packer orientations resulted in similar pressure drawdown 

and pressure recovery curves.  The permeability estimates for this interval were 24.9/19.3/28.0 

mD for the pressure drawdown, constant pressure, and pressure recovery analyses for the first 

test, and 8.9/16.3/15.1 mD for the second test.  The variation in the permeability estimates is 

within one order of magnitude difference suggested as acceptable by Freeze and Cherry (1979). 

 

In the 13.75-14.25 m interval of RH2, tests were run at flow setting 4 L/min, 6 L/min, 11 L/min, 

15 L/min, and 25 L/min.  The estimated drawdown permeability from each flow rate was 3.8 

mD, 23.7 mD, 1.1 mD, 34.1 mD, and 1.8 mD respectively.  The changing flow rates gave 

inconsistent estimates of permeability, which was not seen in the other test intervals.  The 

variability may be due to a changing area of influence around the test interval.  At the lowest 

flow rate, the area of influence communicates with a small number of fractures and draws little 

air from the rock mass.  As the flow rate is increased, some of the tests have enough additional 
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pressure to interact with additional fractures and create a larger area of influence, while other 

flows are not enough to reach additional fractures and expand the area of influence. 
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Figure 4.11:  Drill bay 7 – RH2 – 1.4-1.9 m pressure drawdown with connection to the excavation surface or drill hole  
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Figure 4.12:  Drill bay 7 – RH2 – 1.4-1.9 m pressure recovery with connection to the excavation surface or drill hole  
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Figure 4.13: Drill bay 7 – RH2 – 3.0-3.5 m pressure drawdown for interval with anomalous data 
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Figure 4.14:  Drill bay 7 – RH2 – 3.0-3.5 m pressure recovery for interval with anomalous data 
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Figure 4.15:  Drill bay 7 – RH2 – 8.5-9.0 m pressure induced multi curve drawdown data  
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Figure 4.16:  Drill bay 7 – RH2 – 8.5-9.0 m pressure induced multi curve recovery data 
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Figure 4.17:  Drill bay 7 – RH2 – 10.5-11.0 m repeated test for 6 L/min setting
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4.6 Hydraulic Modelling of Equivalent Porous Medium 

Basic finite element modelling was done using GeoStudio 2007 SEEP/W with AIR/W to help 

analyze and compare the data collected using the vacuum technique.  Modelling the test is an 

important practice to help gain a better understanding of the effect that the applied suction has on 

the pressure and air flow in the surrounding rock mass.  Though the modelling does require a 

number of estimated properties to describe the rock mass, the results give insight into the 

potential drainage radius and drainage patterns that the vacuum pressure causes in the rock mass.  

The modelling also allows for a better understanding of the potential boundary conditions and 

their effect during testing, and can be used to help make reasonable assumptions for the extent of 

the pressure change in the rock mass during testing. 

 

GeoStudio 2007 does not model fractured rock masses directly.  An equivalent porous media 

must be assumed for the rock mass that is modelled.  Because the modelling was used as an aid 

to the study and was not the focus of the research, the model was kept as simple as possible.  The 

modelling input parameters are given in Appendix C. 

 

Before modelling of the field testing could be conducted, the appropriate model settings and 

boundary conditions needed to be applied.  Prior to applying boundary conditions, the location 

and orientation of the drill hole in the model space needed to be set.  An axisymmetric analysis 

was chosen for the modelling which means that the model represents a cylinder with symmetry 

around a vertical axis of rotation.  The model output shows one half of a two-dimensional section 

which represents any section rotated around the axis.  With this model analysis, the drill hole was 

placed along the y axis (Figure 4.18).  The geology of the rock mass around the test area needed 

to be considered, so appropriate material properties could be assigned for the equivalent porous 

media.  The modelled material is assumed to be a uniform porous media with hydraulic 

properties approximately that of the rock mass that was tested.  The hydraulic conductivity 

assumed for the material was 1x10
-7 

m/s taken from Liu et al. (2008).  Even though the mine 

workings at McArthur River are relatively dry because of the inflow control measures, there is 

some water seepage present in the rock mass.  The addition of water to the testing system 
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requires that water pressure boundaries must be used along with air pressure boundaries in the 

model.  In order to validate the boundary conditions, the model was run without applied 

pressures to ensure that the boundaries were not creating any errors in the model.  With no 

applied pressures, the model should result in no flow. 

 

Once the appropriate boundary conditions for the model were determined, models were run to 

compare data collected in the field to modelled results.  The modelling was not done to attempt 

to provide a match between testing results and modelling results, but to highlight any major 

anomalies between the measured and modelled results.  Because the models were not used 

extensively for the study, a few estimations were made to simplify the process.  Estimations 

included the depth of the testing intervals, the air conductivity of the equivalent porous media, 

the thickness of the rock mass sections representing changes in rock mass competency and 

conductivity, the air and water pressures at the boundaries of the testing area, and the volumetric 

water content of the rock mass. 

 

The basic model is shown in Figure 4.19.  The test was run as steady state to show the extent that 

the vacuum pressure would influence the pressure in the rock mass.  The steady state vacuum 

pressure in the test section was varied based on the pressures measured in the field for the 

various pumping rates.  The air pressure at the excavation surface and the model extent 

boundaries was set to atmospheric (101.3 kPa).  Horizontal exaggeration was used to scale the 

model so the borehole and radial extent of pressure influence could be seen more easily.  The 

results of the modelling are shown in Figure 4.20 and Figure 4.21.  

 



 

98 

 

Figure 4.18:  Depiction of the mirrored sections of an axisymmetric analysis which can be 

rotated around the axis for three-dimensional analysis 
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Figure 4.19: Diagram of base model used in SEEP/W showing porous medium (yellow), open bore hole (white), packers (grey), 

free flow/atmospheric pressure boundary (red), and suction/induced pressure boundary (blue) 
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Figure 4.20: Modelled results from Air/W showing the air pressure contours (kPa) and extent of influence 
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Figure 4.21: Enlarged image of the air pressure contours (kPa) around the test section and the air flow vectors from the 

surrounding porous medium
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The modelling shows that the vacuum pressure created at high pumping rates can cause the 

pressure influence in the rock mass around the test section to exceed the packer length.  Though 

the modelling does not indicate that the resulting air flow is affected by the pressure boundary 

reaching the open drill hole, it is still important to reduce the affected pressure boundary as much 

as possible to avoid potential issues when testing near the excavation surface.  The blue arrows 

in Figure 4.21 represent the air flow path in the rock mass.  The model shows that there is high 

flow just around the test section and that the surrounding rock mass supplies the residual air to 

this section.  Therefore if the hydraulic conductivity is consistent within the rock mass, then the 

open drill hole behind the packer and the surface of the drift will not affect the measured section.  

However, if the hydraulic conductivity is not consistent or unconformities are present in the rock 

mass, then there may be potential for the drill hole and drift surface to affect the test section. 

 

As testing approaches the drift surface, there will eventually be a distance that allows for air to 

be drawn directly from the drift rather than from the surrounding rock mass.  At this point the 

test is short circuited and will not give accurate results.  Figure 4.22 shows these modelled 

results. 

 

It is important to note that the equivalent porous medium modelled uses an assumed 

homogeneous and isotropic air and hydraulic conductivity.  The rock mass has joints and 

fractures at many orientations that will allow preferential flow of fluids in different directions.  

The model does allow for directional preference to be applied with a conductivity ratio.  The 

ratio is useful when the rock mass is known to have one or two prevalent joint sets, however it is 

still difficult to predict the effects of fracture damage and relaxation of the rock mass.  
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Figure 4.22: SEEP/W model output showing flow to the test section preferentially coming from the excavation surface.  Blue 

arrows represent flow vectors.
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4.7 Stress Change Analysis  

As mentioned in Chapter 2, a change in underground stresses, due to the creation of underground 

excavations, can be linked to the change in the aperture of the fractures in the rock mass.  This 

change in fracture aperture can in turn be linked to the change in rock mass permeability.  The 

amount of stress change due to the excavation of tunnels and drifts can be estimated using the 

Kirsch equation for radial stress, equation 2.6.  The Kirsch equation is based on a circular 

excavation and will approximate the stress change for square or rectangular drift cross sections.  

An average increase in fracture aperture can be approximated using estimates of permeability 

change and equation 2.4.  

 

The McArthur River mine engineering department estimates the principle horizontal stress to be 

1.5 times the vertical stress.  The development of the north exploration access drift and the drill 

bays causes stress changes in the rock mass around the openings.  The stress change is greatest in 

the rock mass closest to the opening and reduces away from the opening.  Permeability estimates 

from two of the tests, one closer to the opening and one further away, are used to estimate the 

change in permeability caused by the opening.  The permeability estimate further from the 

opening is taken from a depth that is outside of the zone of stress change created by the 

development and is therefore considered the original in-situ permeability of the rock mass.  The 

Kirsch radial stress equation is used to estimate the change in stress at the test location closer to 

the opening, therefore indicating the change in stress associated with the change in permeability.  

 

The analysis using equations from Kirsch (1898) and Snow (1968) to estimate effect of 

excavation induced stress change on rock mass permeability only considers the rock mass 

change due to a single excavation.  There are two additional diamond drill bays developed on 

either side of drill bay 7, as well as the north exploration access drift developed perpendicular to 

the drill bay and parallel to the test holes.  The drill bay walls are approximately 24-25 m apart 

(Figure 4.23).  With the deepest test interval being over half way (14.5 m) for RH2 and just 

under half way (11 m) for RH3 there is potential for the induced stress from the other diamond 

drill bays to interact with that of drill bay 7, which affects the estimates described above. 
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To assess this potential interaction, a two-dimensional stress model was made using the 

Rocscience Examine2D model.  The model used estimated rock mass characteristics and field 

stress conditions to assess the stress changes and displacement in the area surrounding the 

modelled excavations.  Figure 4.24 shows the development and section A-A’ representing the 

model plane.  Figure 4.25 shows the modelled horizontal displacements along section A-A’.
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Figure 4.23: Multiple drill bays developed from McArthur River north exploration drift
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Figure 4.24:  Section A-A’ for 2-Dimensional stress model between Drill Bay 7 and 8
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Figure 4.25:  Stress induced horizontal displacement contours from 2-Dimensional 

modelling of drill bay 7 and 8 

 

The model shown in Figure 4.25 indicates that at a distance of approximately 10 m from the 

excavation surface, the stress induced horizontal displacement becomes 0 m.  With the surface of 

the two excavations separated by 24-25 m and based on the modelling, it can be assumed that the 

induced displacement of the two drill bay developments do not interact.  Based on the modelling 

it can also be assumed that any test interval greater than 10 m and less than 15 m away from drill 

bay 7 will not be impacted by any drill bay development.
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Chapter 5 Data Interpretation 

Chapter 5 compares the permeability estimates from the testing with published data, discusses 

the trends found between the test intervals, provides comparisons of the different analysis 

methods, and highlights possible mechanisms influencing the measured permeability. 

 

Vacuum permeability testing was conducted in six test holes: two holes in potash, and the other 

four in meta-sedimentary rock.  The purpose of the testing was to obtain permeability estimates 

and assess the changes in permeability through the rock mass around underground excavations.  

Permeability estimates were made using both steady state and transient analysis techniques.  

Variations in the testing procedure were used to determine the effect of the procedure on the 

estimates of permeability.  

 

The testing in the meta-sedimentary rocks at McArthur River showed generally high 

permeability in the rock mass near the excavation surface and lower permeability away from the 

surface.  The trend indicates either the effect and extent of an excavation disturbed zone, stress 

change around the underground excavation, and/or possible air flow short circuiting from the 

excavation surface.  Testing at various flow rates, as discussed previously, showed permeability 

results within an order of magnitude for most test sections.  Short circuiting does not appear to be 

a concern for the data collection.   

 

5.1 Comparison of Permeability Estimates to Published Data 

The estimates of permeability for McArthur River Mine, presented in Tables 4.1 to 4.5, are 

similar to typical values of permeability for fractured igneous and metamorphic rock presented 

by Freeze and Cherry (1979).  Figure 5.1 shows the permeability values estimated from the air 

permeability testing plotted on the data range from Freeze and Cherry (1979).   
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Figure 5.1: Estimated permeability values plotted against typical values for various rock 

types (after Freeze and Cherry, 1979) 
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5.2 Observed Trends in Permeability Estimates 

The air permeability testing and analysis show measurable differences in the permeability 

estimates for the various test intervals around underground excavations.  In RH3, the 

measurements show a drop in rock mass permeability from the test intervals close to the 

excavation surface to the intervals further away from the excavation.  Table 4.3 summarizes the 

permeability estimates for RH3 and Figure 5.2 shows the values along the drill hole.   

 

Figure 5.3 shows the comparison of the pressure drawdown, constant pressure, and pressure 

recovery permeability estimates for RH3 at the 25 L/min flow setting.  The estimates show that 

there is a zone of high permeability in the first 5 m away from the surface.  The values show very 

little variance in this initial zone, except for a small increase in permeability from the first 

interval 1.3 m from the surface to the following intervals starting 2.75 m from the surface.   

 

Following the 5 m zone of higher permeability, the estimated permeability decreases from 

approximately 20-25 mD to ≤ 6 mD.  In the last five intervals of the hole, the permeability was 

assessed to be very low.  In these sections, the drawdown data collected showed flow quickly 

approached zero and the interval pressure rapidly decreased to low steady state pressures.  The 

recovery for these intervals was very long, taking greater than two hours for recovery.   

 

In the final five intervals, the test was stopped before full pressure recovery was achieved due to 

time constraints.  No recovery analysis was possible for those intervals.  Even though these 

values could not be estimated, it can be interpreted that they would be less than the 1.7 mD 

measured in the 6.25-6.75 m interval of RH3 and therefore the values are likely less than 1 mD.  

The low permeability assessed for these intervals is at the low end of the range for fractured 

igneous and metamorphic rock (Freeze and Cherry, 1979).  The estimates indicate that there is an 

area of increased permeability around the excavation extending approximately 6.5 m from the 

drill bay in this location.  Past this zone, the permeability values show a marked permeability 

drop possibly corresponding to undisturbed rock mass conditions. 
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Figure 5.2:  RH3 test intervals and permeability estimates.  Asterisks (*) indicate estimates 

from drawdown tests 
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Figure 5.3:  Comparison of drill bay 7 RH3 permeability estimates from the three analysis 

methods at the 25 L/min flow setting 

 

The results from RH2 also show measurable differences in the permeability between the various 

test intervals.  A similar trend was observed for this hole compared to RH3 with generally higher 

permeability near the surface of the excavation and lower permeability beyond 6.5 m from the 

surface of drill bay 7.  Core logging by McArthur River staff of DH2171 and DH 2173 

(Appendix B) indicates that a weathered clay filled fault/shear zone should intersect the test hole 

approximately 4 m from the drift surface.  The estimated permeability values corresponding to 

the expected fault intersection show a decrease in the permeability, possibly reflecting clay 

infilled fractures associated with the fault.  The intervals and estimated permeability values are 

shown in Figure 5.4.  The comparison of the pressure drawdown, constant pressure, and pressure 

recovery permeability estimates for RH2 are shown in Figure 5.5. 
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Figure 5.4:  RH2 test intervals and permeability estimates.  Asterisks (*) indicate estimates 

from drawdown tests 
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Figure 5.5:  Comparison of drill bay 7 RH2 permeability estimates from the three analysis 

methods at the 4 L/min flow setting 

 

RH2 has similar trends in permeability as in RH3, however in RH2 the permeability estimates do 

not have the same decrease in permeability in the deep intervals as the permeability estimates in 

RH3.  The permeability estimates for the deep intervals of RH2 have several fluctuations prior to 

the last interval, while RH3 permeability estimates stayed more consistently lower once passing 

the apparent boundary of excavation induced stress change. 

 

As discussed previously, stress modelling indicated the maximum extent of significant stress 

change could be 10 m.  In RH3, the values indicate the measurable extent of the near excavation 

effects, possibly due to stress change, is approximately 6.5 m.  In RH2, the measureable extent of 

the stress change was estimated to be around 4-6 m, however, it is difficult to interpret because 

of the fluctuations in the permeability estimates in the hole, some of which may be due to the 
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fault intersection, proximity to the main drift, or some other discontinuity.  Figure 5.6 shows the 

assumed zone of stress change around the excavations as well as the permeability estimates for 

each interval in RH2 and RH3.  
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Figure 5.6:  Drill bay 7 showing test holes / intervals, permeability estimates, and modelled 

/ estimated disturbance boundaries.  Asterisks (*) indicate estimates from drawdown tests 
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5.3 Stress Change and Joint Stiffness Effect on Permeability Estimates 

The creation of an excavation will induce tangential and radial stress changes around the opening 

(Kirsch, 1898).  The radial stress around the excavation will be reduced from the pre-excavation 

stress which will allow relaxation of clamping stresses and result in dilation on joints striking 

near parallel to the excavation, that don’t intersect the excavation.  The tangential stress will 

increase around the excavation and increase clamping forces, reducing the aperture on joints 

striking near parallel and intersecting the excavation.  Figure 5.7 illustrates the interaction of 

joint orientations and stress zones. 

 

 

Figure 5.7:  Illustration of the interaction of joint orientation, joint aperture, and stress 

zones 
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At McArthur River drill bay 7, the primary joint set was found to have a dip/dip direction of 

85°/10°, which is parallel to drill bay 7 and perpendicular to RH2 and RH3.  The orientation of 

the primary joint set matches that shown in Figure 5.7 and would therefore experience the zones 

of radial stress change and aperture dilation described above.  The foliation of the rock mass was 

found to have a dip/dip direction of 55°/90°, which is near perpendicular to drill bay 7 and close 

to parallel to the test holes.  This orientation would show little effect from the stress changes 

caused by the development of drill bay 7.  The foliation is, however, parallel with the north 

exploration access drift and would experience relaxing radial stress due to its development 

(Figure 5.7).  The third joint set was fairly random and had a dip/dip direction of 40°/260°.  The 

sub horizontal dip and nearly parallel strike with the test holes means that the joint set would be 

fairly unaffected by the development of either the drill bay or the access drift.   

 

The modelling presented in section 4.7 analyzed the effects of excavation induced stress change 

in a 2-dimensional plane between two of the drill bays (Figure 4.24 and Figure 4.25).  The 

analysis did not take into account the stress change as a result of the north exploration access 

drift.  Considering this access drift development and using the 10 m maximum extent of stress 

change found in the modelling, the influence boundary around the test area can be shown where 

the north exploration drift will potentially interact with the test intervals.  Figure 5.6 shows the 

plan view of the test area with the 10 m influence boundary imposed.   

 

For RH2, it can be seen that the test intervals range from 10 m from the north exploration access 

drift at the collar to 6 m from the drift at the toe.  All of the test intervals for RH2 are within the 

10 m influence limit for the access drift and may be affected by stress change from the access 

drift development.  The first ten intervals are within a zone where they may be affected by both 

the access drift development as well as the drill bay development, and could therefore have stress 

change in two directions.  For RH3, the entire length of the hole is outside the 10 m influence 

from the access drift.  Therefore, the stress change caused by development of the drill bay will be 

the only stress influence on the test intervals in RH3.  This difference in stress change around 
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RH2 and RH3 could explain the variation seen in permeability estimates for the deeper test 

intervals between the two holes. 

 

The aperture of the joints in each test section can be estimated from the permeability estimates 

using a graph for hydraulic conductivity versus discontinuity aperture presented by Hoek and 

Bray (1977).  Based on the geological information obtained during testing, it is assumed that 

each test section will intersect one to two joints.  Using this assumption, and converting the 

permeability estimates to hydraulic conductivity values, each interval can be plotted on the graph 

and estimates of joint aperture can be obtained.  Figure 5.8 shows the data points from the testing 

plotted on the graph from Hoek and Bray (1977).  The estimates of aperture obtain from the 

graph seem reasonable based on observations from the rock mass tested.  
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Figure 5.8: Conductivity from estimated permeability values plotted against aperture (after 

Hoek and Bray, 1977)  

 

The range in aperture estimates obtained from the permeability values for radial flow can be 

compared to the change in stress of the rock mass estimated by the Kirsch equation (equation 

2.6).  Joint stiffness is the deformation of a joint caused by the change is stress on the joint.  

Interval data can be plotted on a joint stiffness graph of normal stress and normal deformation 

from Bandis et.al. (1983) and shown in Figure 5.9.  The graph from Bandis et.al. (1983) shows 
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curves for joint deformation (solid lines) and total deformation (dashed lines) for loading 

(increasing stress) and unloading (decreasing stress) on three types of rock/joint samples.  It is 

observed from the graph that there is greater deformation of a joint during loading than when the 

joint is unloaded.  Two points are plotted on the graph from intervals in RH3.  One point 

represents the tighter aperture estimated with the smaller stress drop at an interval further from 

drill bay 7.  The second point corresponds to the shallower intervals with greater stress drop and 

a resulting larger aperture.  Based on this plot (Figure 5.9), it can be seen that the change in 

aperture values corresponding to the permeability estimates compare well with the trends in the 

graph from Bandis et.al. (1983) indicating the permeability values are reasonable. 

 

 

Figure 5.9:  Total deformation and net closure curves from loading cycles of samples with a 

single joint (after Bandis et al., 1983).  Blue dots represent points of small and large 

aperture from observed data in RH3 

 

The slope of the fracture aperture change to stress change graph gives the fracture stiffness.  By 

comparing the estimated aperture and stress change to the stiffness graph, support can be given 

to the permeability test results.  If the data plots on or near a curve, it can be assumed that the 
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change in permeability can be primarily attributed to the stress change caused by the excavation 

and that the potential blast damage is negligible. 
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Chapter 6 Conclusions 

Understanding how water flows through a rock mass before flowing into working areas is 

important for underground operations.  Knowledge of the hydraulic properties of a fractured rock 

mass can help to prevent water inflow and assist in the design of water control measures such as 

grouting.  Mining induced stress change and the effect of the stress change on the rock mass 

hydraulic properties is significant to an underground operation where the potential for building 

up pore pressures exists.    

 

A new field testing unit has been developed for measuring rock mass permeability based on air 

flow through an unsaturated rock mass.  The equipment monitors air pressure and controls the air 

flow rate within a section of a diamond drill hole that has been isolated with packers.  During 

variable flow testing of intervals, it was determined that the 4 L/min flow setting yielded the best 

estimates for permeability as it showed the least likelihood to interact with the open drill hole 

and excavation surface.  Estimating permeability through both constant pressure and shut-in 

testing procedures has been shown to be a promising method of verifying test results. 

 

Estimates of hydraulic properties using the air permeability testing have been shown to yield 

reasonable results compared with the literature and previous studies conducted at McArthur 

River.  The testing was able to identify variations in the rock mass permeability between the 

different interval depths.  Most of the permeability variations observed could be attributed to 

mining induced changes in the rock mass stresses, as an increase in permeability was estimated 

near the excavation surfaces.  Field testing using the equipment and procedures developed in this 

research will improve the ability to assess potential inflow and pore pressure distributions in the 

rock mass at an underground operation.  The testing and equipment as presented is limited to dry 

rock mass which limits the hydraulic properties measured to correlative data for areas that are 

saturated.  
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6.1 Recommendations and Future Work 

The results from this study show the ability to estimate air permeability values for a rock mass 

and to interpret measurable variations in the permeability around an underground opening.  This 

study was, however, limited to the number of holes that could be tested and the variations in both 

geology, stress conditions and mining development.  Future considerations should be given to 

using the developed testing equipment and procedure for testing a variety of locations that offer 

differences in the rock mass characteristics and stress environments. 

 

More in-depth geological interpretation and analysis should also accompany future testing.  The 

use of core logging and drill hole camera logging from the tested holes would give better insight 

into the permeability estimates obtained and give meaningful correlations between the hydraulic 

properties and the rock mechanical properties.  Additional geological study of the drill holes and 

mapping in the area of the test location will aid in the analysis of tests with variations in the 

pressure drawdown and pressure recovery curves.  The literature offers multiple explanations for 

the variations, but without the geological information, it is not possible to definitively identify 

the cause of the variations. 

 

The air permeability testing could be applied to a number of areas for underground mining.  

Wide scale permeability analyses could be conducted on a site in unsaturated areas to determine 

rock type correlations to hydraulic properties for predictive ground flow assessments.  Pre-

excavation permeability assessments could then be carried out to determine potential seepage 

rates or pore pressure distributions. 

 

Grout effectiveness and efficiency can be tested for areas where pre-excavation grouting is 

performed for water mitigation.  In areas where grout covers have been utilized, permeability 

testing could be used to check the rock mass permeability after the grouting is complete and to 

identify how well the grout infiltrated the fractures of the rock mass.  This information could be 

used for adjusting and selecting the grout mixtures for future grout covers. 
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Linking limited permeability data to stress, mining conditions and lithology data may greatly 

increase our understanding of hydrogeological conditions in underground mines. 
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Appendix A – McArthur River Development Geological Mapping 
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Appendix B – Core Log Reports and Photos 
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McArthur River Project 
MINERALIZATION LOG 

Hole: L/ 6 5- 

Date: 
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McArthur River Project 
CORE RECOVERY 

Hole: 2 z / 6 5- 

Date: &+'A ,/ 6 1 

Document# GEO-03-21-01 Revision#: 0 Date: October 19, 20 
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CORE SHACK INFORMATION SHEET 

Date: July 24,2005 
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McARTHUR RIVER UNDERGROUND EXPLORATION PROJECT I , 

DRILL LOG FORM 
/ I  \7  I I 

HOLE: \ t  I 
A - Page: 1 of 7 I 

Easting: 

Northing: 

~ e v e l :  530 L Started: / / / 

Location: Finished: / / I  

Elevation: Section: Cemented: / / / 

Azimuthl'ip: Depth: Logged B~T F(RHo~\~-$ - 
I' 

Date: (19, 10-5 / (  ( / " I 

I MAJORUNITS I DESCRIPTION I 

Date: Octobder 19, 200 
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McARTHUR RIVER UNDERGROUNQ EXPLORATION PROJECT 

LITHOLOGICAL LOG I 

Page: 2- of 7 HoLE: =!-i 
DESCRIPTION 
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I McARTHUR RIVER UNDERGROUND EXPLORATION PROJECT I 
LITHOLOGICAL LOG I 

Page: 3 of 9 I 
DESCRIPTION 

Date: October 19, 20 
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McARTHUR RIVER UNDERGROUND EXPLORATION PROJECT 

I LITHOLOGICAL LOG I 

Revision#: 0 Date: October 19, 200- 
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LITHOLOGICAL LOG 

Date: October 19, 
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LITHOLOGICAL LOG 

Date: October 19, 20 
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McARTHUR RIVER UNDERGROUND EXPLORATION PROJECT 

LITHOLOGICAL LOG I 
HOLE: 

DESCRIPTION 

Date: October 19, 20- 
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McARTHUR RIVER UNDERGROUND EXPLORATION PROJECT 
1 

I LITHOLOGICAL LOG 

DESCRIPTION 

% 

\ 

I I I I 
Document#: GEO-03-21-07 Revision#: 0 Date: October 19, 200 ,,,, e 
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McARTHUR RIVER UNDERGROUND EXPLORATION PROJECT I 
LITHOLOGICAL LOG I 

HOLE: 

Page: 7 of 9 
DESCRIPTION 

I I I I 

Document#: GEO-03-21-07 Revision#: 0 Date: October 19, 200- 
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Date: October 19, 20 
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McArthur River Project 
CORE RECOVERY 

:I 

Document# GEO-03-21-01 Revision#: 0 Date: October 19, 2 0 v  
, m, 
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CORE SHACK INFORMATION SHEET 

Date: July 24,2005 
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McArthur River Project 
CORE RECOVERY 

Hole: 2\73 I 
Date: By:+ a 8% 

Date: October 19, 20 
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McArthur River Project 
CORE RECOVERY 

Hole: 3 I 
By:,*l Date: 
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McARTHUR RIVER UNDERGROUND EXPLORATION PROJECT , 

LITHOLOGICAL LOG 
HOLE: 7 ? 

Page: / of 3 

#SO, P ~ P C ~ U A  C-Q J & A - / o . r p l  LCA-X 

e 6 . 0 ~  < 

f a d  . 2a7ca 
p G - g - G . C H  F ~ / ; s l $ L r ' -  GAL-' / c S~fi7t''lo 
(+: y - Y ~ d 8 - ~ d f ~ - * 5  A$&&- 00 "7-r4 - 
@ / - 5 h  0 F c t ' y ~ " / t r y  

/ < - Z a y  - 3 5  of ,Pe.:"$~.i , .  

2 Tt 44 F-L. ?LA . 
2 % - s -  > j , 0 d 7  ncla/3~6c= , Mtfep l / t s ,  2-0 A&= /Ct! 

Date: October 19, 20 

DESCRIPTION 

( ~ 8  1 y fkei5 &,+n. 7~ - P>w4 C~A-A-SP C r s i x  
CY+PCY-C.&', ~ ~ ~ S ' Z I A T C ~ L ~  IC/t&n 

MAJOR UNITS 

' r - n ~ ~ r v n  z AT- 2d * rc4 

From (m) 

0 
To (m) 

s e  
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LITHOLOGICAL LOG 

Date: October 19. 2 0 e a  
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LITHOLOGICAL LOG 

Revision#: 0 Date: October 19, 20- : -;*;'',. 
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McArthur River Project 
MINERALIZATION LOG 

HZ; 3 ,  & 1 
Date: L~J&P- 1 / 3 -j 

Date: October 19,200- 
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McArthur River Project 
GEOTECHNICAL LOG 

Date: October 19, 20- 
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Lithology 

McArthur River Underground Exploration Project 
Drill Log Form 

Cameco 

Page 1 of 1 

Hole #: 
EOH: 
Date: 

Hole # 

278 1 

278 1 

278 1 

278 1 

278 1 

2781 

278 1 

278 1 

278 1 

278 1 

278 1 

278 1 

278 1 

278 1 

Logged By: 
Level: 

Location: 

2781 
63 

12/31/2009 

Peter Pang 
530 
N. EX 

From 

0 

3 

6.4 

11.1 

13 

19 

23.5 

29.5 

35.5 

41.5 

46 

50.1 

53.5 

58.8 

To 

3 

6.4 

11.1 

19 

23.5 

29.5 

35.5 

41.5 ' 

46 

50.1 

53.5 

58.8 

63 

Lith Text 

1 1 %Pegmatite 

1 1 %Pegmatite 

100-Biotite Pelitic Gneiss 

126-Basement Breccia 
~ o n e s ~ a u l t s  

100-Biotite Pelitic Gneiss 

100-Biotite Pelitic Gneiss 

100-Biotite Pelitic Gneiss 

100-Biotite Pelitic Gneiss 

100-Biotite Pelitic Gneiss 

100-Biotite Pelitic Gneiss 

100-Biotite Pelitic Gneiss 

100-Biotite Pelitic Gneiss 

100-Biotite Pelitic Gneiss 

118-Pegmatite 

Description 
Light-green, Weakly-Fractured. Weak, Replacement-Chlorite 
alteration. fiact'ed, bleached 
Medium-red, Moderately-Competent. Weak, Fracture filling- 
Chlorite alteration. 
Black, Weakly-Fractured. Weak, Pervasive-Sericite alteration. lots 
of mbbles, minor wisps 
Black, Strongly-Fractured. Weak, Pervasive-Sericite alteration. 
lots of rubbles, local friable 
Black, Moderately-Competent. Weak, Pervasive-Sericite alteration 
with secondary Fracture filling Chlorite alteration. lots of 
mechanical breakages I /  fol., mihor pegm wisp If01 
Black, Moderately-Competent. Weak, Pervasive-Sericite 
alteration. 
Black, Moderately-Competent. Weak, Pervasive-Sericite 
alteration. 

Black, Weakly-Competent. Weak, Pervasive-Sericite alteration. 

Black, Moderately-Competent. Weak, Pervasive-Sericite 
alteration. 
Black, Moderately-Competent. Weak, Pervasive-Sericite 
alteration. 
Black, Moderately-Competent. Weak, Pervasive-Sericite 
alteration. 
Black, Weakly-Competent. Weak, Pervasive-Sericite alteration 
with secondary Fracture filling Graphite alteration. pegm interval 
< 25 cm 
Black, Weakly-Competent. Weak, Pervasive-Sericite alteration. 
. 

mmor p e p  stringers< 5 cm 
Light-green, Moderately-Competent. Moderate, Replacenient- 
Chlorite alteration with secondary Pervasive Sericite alteration. 
bleached, local faulted 
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Geotech Log 

Page 1 of 1 

McArthur River Underground Exploration Project 

Camem Hole #: Logged BY: Peter Pang 
EOH: 
Date: 12/31/2009 

Level: 
Location: 

530 
N. Ex 

221
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Point Shcture 

Page 1 of 1 
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Minerlization Description 

Page 1 of 1 

McArthur River Underground Exploration Project 
4 oriu ~ o g  Form 

Camem Hole #: 2781 Logged BY: Peter Pang 
EOH: 
Date: 

63 
1213 112009 

HoleID 
278 1 

Level: 
Location: 

530 
N. Ex 

From 
0 

To 
63 

Mineralogy Mode Description 
no mineralization 
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Core Recovery 

Hole #: 2781 Logged By: Ashley Bron khorst 
EOH: 63 Level: 530 
Date: 12/31/2009 Location: N. Ex 

Page 1 of 1 
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Mineralization 

I I  ate: 1 12/31/2009 Location: I N. Ex 

McArthur River Underground Exploration Project 
Drill Log Form 

cameco 

Page I of I 

Hole ID 
2781 

;;;#: 

From 
0 

Logged By: 
Level: 

2781 
63 

Wayne Mason 
530 

To 
63 

CPS 1 Rate ILogged By 
I I I I Wayne Mason 
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Appendix C – SEEP/W Input Parameters 

 



Material Properties: 
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Model Pressure/Flow Boundary Conditions: 
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Material Hydraulic Conductivity Functions: 
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Material Volumetric Water Content Functions: 
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Material Air Conductivity Functions: 
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Appendix D – Sample Flow and Pressure Field Data 

 

 



Table D.1:  Input data for pressure drawdown and constant pressure permeability estimation

Test Location: NorthEx Drill Bay 7, 530 level

Interval Depth: 6.5-7.0m
Flow Restriction: 25LPM

Temperature: 283.150 °K
Pressure: 100734.500 Pa

Viscosity: 1.780E-05 Pa*s
Std Temp: 288.150 °K

Std Pressure: 101325.000 Pa
Hole radius: 1.900 cm

Effected radius: 140 cm
Test length: 50.000 cm

tp: 317 sec
γ water: 9.81E-03 N/cm3
μ water: 1.31E-07 Ns/cm2

Table D.2:  Flow and pressure data for pressure drawdown and constant pressure analysis

Time Δt log(Δt) P (PSI) P (Pa) P2 Pi-Pwf Pi
2-Pwf

2 Q (LPM) Q (cm3/sec)
4:39:21 PM 14.6 100548.3 1.011E+10 0.13 2.2
4:39:22 PM 14.6 100548.3 1.011E+10 0.13 2.2
4:39:23 PM 14.6 100548.3 1.011E+10 0.13 2.2
4:39:24 PM 14.6 100548.3 1.011E+10 0.13 2.2
4:39:25 PM 14.6 100548.3 1.011E+10 0.13 2.2
4:39:26 PM 14.6 100548.3 1.011E+10 0.13 2.2
4:39:27 PM 14.6 100548.3 1.011E+10 0.13 2.2
4:39:28 PM 14.6 100610.4 1.012E+10 0.13 2.2
4:39:29 PM 14.6 100610.4 1.012E+10 0.16 2.7
4:39:30 PM 14.6 100610.4 1.012E+10 0.13 2.2
4:39:31 PM 14.6 100672.4 1.013E+10 0.13 2.2
4:39:32 PM 14.6 100672.4 1.013E+10 0.13 2.2
4:39:33 PM 0 14.6 100610.4 1.012E+10 0.13 2.2
4:39:34 PM 1 0.00 14.6 100672.4 1.013E+10 0.0 0.000E+00 0.13 2.2
4:39:37 PM 4 0.63 9.8 67754.1 4.591E+09 32918.3 5.544E+09 11.39 189.8
4:39:38 PM 5 0.72 9.2 63299.4 4.007E+09 37373.0 6.128E+09 9.89 164.9
4:39:39 PM 6 0.80 8.5 58781.9 3.455E+09 41890.5 6.680E+09 8.84 147.3
4:39:40 PM 7 0.86 7.8 54079.7 2.925E+09 46592.7 7.210E+09 7.86 131.0
4:39:41 PM 8 0.92 7.4 51109.5 2.612E+09 49563.0 7.523E+09 7.05 117.5
4:39:42 PM 9 0.97 6.9 47706.2 2.276E+09 52966.2 7.859E+09 6.26 104.4
4:39:43 PM 10 1.01 6.5 44922.1 2.018E+09 55750.3 8.117E+09 5.65 94.2
4:39:44 PM 11 1.05 6.2 43066.0 1.855E+09 57606.4 8.280E+09 5.16 86.0

4:39:45 PM 12 1.09 5.9 40405.3 1.633E+09 60267.1 8.502E+09 4.67 77.8
4:39:46 PM 13 1.12 5.7 39167.7 1.534E+09 61504.7 8.601E+09 4.30 71.7
4:39:47 PM 14 1.15 5.4 36940.0 1.365E+09 63732.4 8.770E+09 3.96 66.0
4:39:48 PM 15 1.18 5.2 36074.1 1.301E+09 64598.4 8.834E+09 3.62 60.3
4:39:49 PM 16 1.21 5.0 34279.4 1.175E+09 66393.1 8.960E+09 3.42 57.0
4:39:50 PM 17 1.24 4.9 33598.8 1.129E+09 67073.6 9.006E+09 3.10 51.7
4:39:51 PM 18 1.26 4.7 32175.8 1.035E+09 68496.7 9.100E+09 2.95 49.2
4:39:52 PM 19 1.28 4.6 31494.6 9.919E+08 69177.9 9.143E+09 2.81 46.8
4:39:53 PM 20 1.31 4.4 30443.1 9.268E+08 70229.3 9.208E+09 2.64 43.9
4:39:54 PM 21 1.33 4.4 30195.6 9.118E+08 70476.8 9.223E+09 2.64 43.9
4:39:55 PM 22 1.35 4.3 29391.0 8.638E+08 71281.4 9.271E+09 2.42 40.3
4:39:56 PM 23 1.37 4.2 29267.6 8.566E+08 71404.9 9.278E+09 2.34 39.0
4:39:57 PM 24 1.38 4.1 28587.0 8.172E+08 72085.4 9.318E+09 2.32 38.6
4:39:58 PM 25 1.40 4.1 28587.0 8.172E+08 72085.4 9.318E+09 2.24 37.4
4:39:59 PM 26 1.42 4.1 28029.9 7.857E+08 72642.5 9.349E+09 2.24 37.4
4:40:00 PM 27 1.44 4.0 27905.8 7.787E+08 72766.6 9.356E+09 2.15 35.8
4:40:01 PM 28 1.45 4.0 27720.4 7.684E+08 72952.0 9.367E+09 2.12 35.3
4:40:02 PM 29 1.47 4.0 27349.4 7.480E+08 73323.0 9.387E+09 2.02 33.7
4:40:03 PM 30 1.48 4.0 27410.8 7.514E+08 73261.6 9.384E+09 2.07 34.5
4:40:04 PM 31 1.50 3.9 26977.8 7.278E+08 73694.6 9.407E+09 1.97 32.9
4:40:05 PM 32 1.51 3.9 27163.3 7.378E+08 73509.1 9.397E+09 2.00 33.3
4:40:06 PM 33 1.52 3.9 26730.3 7.145E+08 73942.1 9.420E+09 1.97 32.9
4:40:07 PM 34 1.53 3.9 26915.8 7.245E+08 73756.7 9.410E+09 2.05 34.1
4:40:08 PM 35 1.55 3.9 26668.2 7.112E+08 74004.2 9.424E+09 2.00 33.3
4:40:09 PM 36 1.56 3.9 26668.2 7.112E+08 74004.2 9.424E+09 1.90 31.7
4:40:10 PM 37 1.57 3.9 26544.8 7.046E+08 74127.6 9.430E+09 1.88 31.3
4:40:11 PM 38 1.58 3.8 26359.3 6.948E+08 74313.1 9.440E+09 1.95 32.5
4:40:12 PM 39 1.59 3.9 26668.2 7.112E+08 74004.2 9.424E+09 1.92 32.1
4:40:13 PM 40 1.60 3.8 26421.4 6.981E+08 74251.0 9.437E+09 1.92 32.1
4:40:14 PM 41 1.62 3.9 26854.4 7.212E+08 73818.0 9.414E+09 1.97 32.9
4:40:15 PM 42 1.63 3.9 26544.8 7.046E+08 74127.6 9.430E+09 1.95 32.5
4:40:16 PM 43 1.64 3.9 26606.9 7.079E+08 74065.5 9.427E+09 1.85 30.9
4:40:17 PM 44 1.65 3.9 26606.9 7.079E+08 74065.5 9.427E+09 1.92 32.1
4:40:18 PM 45 1.66 3.8 26235.2 6.883E+08 74437.2 9.447E+09 1.88 31.3
4:40:19 PM 46 1.67 3.9 26544.8 7.046E+08 74127.6 9.430E+09 2.00 33.3
4:40:20 PM 47 1.67 3.8 26359.3 6.948E+08 74313.1 9.440E+09 1.95 32.5
4:40:21 PM 48 1.68 3.9 26668.2 7.112E+08 74004.2 9.424E+09 1.88 31.3
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4:40:22 PM 49 1.69 3.9 26544.8 7.046E+08 74127.6 9.430E+09 1.95 32.5
4:40:23 PM 50 1.70 3.9 26606.9 7.079E+08 74065.5 9.427E+09 1.95 32.5
4:40:24 PM 51 1.71 3.9 26544.8 7.046E+08 74127.6 9.430E+09 1.90 31.7
4:40:25 PM 52 1.72 3.8 26359.3 6.948E+08 74313.1 9.440E+09 1.90 31.7
4:40:26 PM 53 1.73 3.9 26668.2 7.112E+08 74004.2 9.424E+09 1.97 32.9
4:40:27 PM 54 1.73 3.8 26421.4 6.981E+08 74251.0 9.437E+09 1.92 32.1
4:40:28 PM 55 1.74 3.9 26792.3 7.178E+08 73880.1 9.417E+09 1.95 32.5
4:40:29 PM 56 1.75 3.9 26606.9 7.079E+08 74065.5 9.427E+09 2.00 33.3
4:40:30 PM 57 1.76 3.9 26668.2 7.112E+08 74004.2 9.424E+09 1.95 32.5
4:40:31 PM 58 1.77 3.9 26668.2 7.112E+08 74004.2 9.424E+09 1.97 32.9
4:40:32 PM 59 1.77 3.8 26421.4 6.981E+08 74251.0 9.437E+09 1.92 32.1
4:40:33 PM 60 1.78 3.9 26977.8 7.278E+08 73694.6 9.407E+09 1.95 32.5
4:40:34 PM 61 1.79 3.8 26421.4 6.981E+08 74251.0 9.437E+09 1.97 32.9
4:40:35 PM 62 1.79 3.9 26730.3 7.145E+08 73942.1 9.420E+09 2.00 33.3
4:40:36 PM 63 1.80 3.9 26544.8 7.046E+08 74127.6 9.430E+09 2.02 33.7
4:40:37 PM 64 1.81 3.9 26668.2 7.112E+08 74004.2 9.424E+09 1.92 32.1
4:40:38 PM 65 1.81 3.9 26668.2 7.112E+08 74004.2 9.424E+09 2.00 33.3
4:40:39 PM 66 1.82 3.8 26482.8 7.013E+08 74189.7 9.434E+09 1.97 32.9
4:40:40 PM 67 1.83 3.9 26854.4 7.212E+08 73818.0 9.414E+09 2.02 33.7
4:40:41 PM 68 1.83 3.9 26606.9 7.079E+08 74065.5 9.427E+09 2.00 33.3
4:40:42 PM 69 1.84 3.9 26915.8 7.245E+08 73756.7 9.410E+09 1.90 31.7
4:40:43 PM 70 1.85 3.9 26792.3 7.178E+08 73880.1 9.417E+09 2.02 33.7
4:40:44 PM 71 1.85 3.9 26977.8 7.278E+08 73694.6 9.407E+09 1.95 32.5
4:40:45 PM 72 1.86 3.9 26854.4 7.212E+08 73818.0 9.414E+09 2.05 34.1
4:40:46 PM 73 1.86 3.9 26668.2 7.112E+08 74004.2 9.424E+09 1.97 32.9
4:40:47 PM 74 1.87 3.9 26915.8 7.245E+08 73756.7 9.410E+09 2.02 33.7
4:40:48 PM 75 1.88 3.9 26544.8 7.046E+08 74127.6 9.430E+09 2.00 33.3
4:40:49 PM 76 1.88 3.9 26915.8 7.245E+08 73756.7 9.410E+09 2.05 34.1
4:40:50 PM 77 1.89 3.9 26668.2 7.112E+08 74004.2 9.424E+09 2.05 34.1
4:40:51 PM 78 1.89 3.9 26977.8 7.278E+08 73694.6 9.407E+09 2.02 33.7
4:40:52 PM 79 1.90 3.9 26792.3 7.178E+08 73880.1 9.417E+09 2.05 34.1
4:40:53 PM 80 1.90 3.9 26730.3 7.145E+08 73942.1 9.420E+09 2.00 33.3
4:40:54 PM 81 1.91 3.9 26854.4 7.212E+08 73818.0 9.414E+09 2.05 34.1
4:40:55 PM 82 1.92 3.9 26544.8 7.046E+08 74127.6 9.430E+09 2.02 33.7
4:40:56 PM 83 1.92 3.9 26854.4 7.212E+08 73818.0 9.414E+09 2.05 34.1
4:40:57 PM 84 1.93 3.9 26544.8 7.046E+08 74127.6 9.430E+09 2.00 33.3
4:40:58 PM 85 1.93 3.9 26792.3 7.178E+08 73880.1 9.417E+09 1.75 29.2
4:40:59 PM 86 1.94 3.8 26111.8 6.818E+08 74560.6 9.453E+09 1.92 32.1
4:41:00 PM 87 1.94 3.8 26359.3 6.948E+08 74313.1 9.440E+09 1.95 32.5
4:41:01 PM 88 1.95 3.9 26730.3 7.145E+08 73942.1 9.420E+09 2.00 33.3
4:41:02 PM 89 1.95 3.8 26482.8 7.013E+08 74189.7 9.434E+09 2.02 33.7
4:41:03 PM 90 1.96 3.9 26915.8 7.245E+08 73756.7 9.410E+09 2.07 34.5
4:41:04 PM 91 1.96 3.9 26668.2 7.112E+08 74004.2 9.424E+09 2.12 35.3
4:41:05 PM 92 1.97 3.9 27039.9 7.312E+08 73632.6 9.404E+09 2.02 33.7
4:41:06 PM 93 1.97 3.9 26854.4 7.212E+08 73818.0 9.414E+09 2.07 34.5
4:41:07 PM 94 1.97 3.9 26915.8 7.245E+08 73756.7 9.410E+09 2.05 34.1
4:41:08 PM 95 1.98 3.9 26915.8 7.245E+08 73756.7 9.410E+09 2.10 34.9
4:41:09 PM 96 1.98 3.9 26668.2 7.112E+08 74004.2 9.424E+09 2.05 34.1
4:41:10 PM 97 1.99 3.9 27039.9 7.312E+08 73632.6 9.404E+09 2.07 34.5
4:41:11 PM 98 1.99 3.9 26854.4 7.212E+08 73818.0 9.414E+09 2.02 33.7
4:41:12 PM 99 2.00 4.0 27287.4 7.446E+08 73385.0 9.390E+09 2.10 34.9
4:41:13 PM 100 2.00 3.9 27039.9 7.312E+08 73632.6 9.404E+09 2.07 34.5
4:41:14 PM 101 2.01 3.9 27225.3 7.412E+08 73447.1 9.394E+09 2.10 34.9
4:41:15 PM 102 2.01 3.9 27039.9 7.312E+08 73632.6 9.404E+09 2.02 33.7
4:41:16 PM 103 2.01 3.9 26977.8 7.278E+08 73694.6 9.407E+09 2.02 33.7
4:41:17 PM 104 2.02 3.9 26977.8 7.278E+08 73694.6 9.407E+09 2.10 34.9
4:41:18 PM 105 2.02 3.9 26668.2 7.112E+08 74004.2 9.424E+09 2.00 33.3
4:41:19 PM 106 2.03 3.9 26915.8 7.245E+08 73756.7 9.410E+09 2.07 34.5
4:41:20 PM 107 2.03 3.9 26668.2 7.112E+08 74004.2 9.424E+09 2.10 34.9
4:41:21 PM 108 2.03 3.9 27039.9 7.312E+08 73632.6 9.404E+09 2.05 34.1
4:41:22 PM 109 2.04 3.9 26730.3 7.145E+08 73942.1 9.420E+09 2.15 35.8
4:41:23 PM 110 2.04 3.9 26854.4 7.212E+08 73818.0 9.414E+09 2.05 34.1
4:41:24 PM 111 2.05 3.9 26730.3 7.145E+08 73942.1 9.420E+09 2.10 34.9
4:41:25 PM 112 2.05 3.9 26606.9 7.079E+08 74065.5 9.427E+09 2.00 33.3
4:41:26 PM 113 2.05 3.9 26915.8 7.245E+08 73756.7 9.410E+09 2.05 34.1
4:41:27 PM 114 2.06 3.9 26730.3 7.145E+08 73942.1 9.420E+09 2.05 34.1
4:41:28 PM 115 2.06 3.9 27163.3 7.378E+08 73509.1 9.397E+09 2.10 34.9
4:41:29 PM 116 2.07 3.9 26915.8 7.245E+08 73756.7 9.410E+09 2.05 34.1
4:41:30 PM 117 2.07 3.9 27163.3 7.378E+08 73509.1 9.397E+09 2.12 35.3
4:41:31 PM 118 2.07 3.9 26977.8 7.278E+08 73694.6 9.407E+09 2.10 34.9
4:41:32 PM 119 2.08 3.9 26915.8 7.245E+08 73756.7 9.410E+09 2.07 34.5
4:41:33 PM 120 2.08 3.9 27039.9 7.312E+08 73632.6 9.404E+09 2.10 34.9
4:41:34 PM 121 2.08 3.9 26792.3 7.178E+08 73880.1 9.417E+09 2.02 33.7
4:41:35 PM 122 2.09 3.9 27163.3 7.378E+08 73509.1 9.397E+09 2.12 35.3
4:41:36 PM 123 2.09 3.9 26977.8 7.278E+08 73694.6 9.407E+09 2.10 34.9
4:41:37 PM 124 2.09 4.0 27287.4 7.446E+08 73385.0 9.390E+09 2.07 34.5
4:41:38 PM 125 2.10 3.9 27163.3 7.378E+08 73509.1 9.397E+09 2.15 35.8
4:41:39 PM 126 2.10 4.0 27287.4 7.446E+08 73385.0 9.390E+09 2.10 34.9
4:41:40 PM 127 2.10 4.0 27349.4 7.480E+08 73323.0 9.387E+09 2.15 35.8
4:41:41 PM 128 2.11 3.9 27225.3 7.412E+08 73447.1 9.394E+09 2.15 35.8
4:41:42 PM 129 2.11 4.0 27472.8 7.548E+08 73199.6 9.380E+09 2.19 36.6
4:41:43 PM 130 2.11 3.9 27225.3 7.412E+08 73447.1 9.394E+09 2.17 36.2
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4:41:44 PM 131 2.12 4.0 27658.3 7.650E+08 73014.1 9.370E+09 2.22 37.0
4:41:45 PM 132 2.12 4.0 27472.8 7.548E+08 73199.6 9.380E+09 2.19 36.6
4:41:46 PM 133 2.12 4.0 27658.3 7.650E+08 73014.1 9.370E+09 1.92 32.1
4:41:47 PM 134 2.13 4.0 27534.9 7.582E+08 73137.5 9.377E+09 2.15 35.8
4:41:48 PM 135 2.13 4.0 27534.9 7.582E+08 73137.5 9.377E+09 2.19 36.6
4:41:49 PM 136 2.13 4.0 27534.9 7.582E+08 73137.5 9.377E+09 2.19 36.6
4:41:50 PM 137 2.14 4.0 27287.4 7.446E+08 73385.0 9.390E+09 2.22 37.0
4:41:51 PM 138 2.14 4.0 27534.9 7.582E+08 73137.5 9.377E+09 2.24 37.4
4:41:52 PM 139 2.14 4.0 27410.8 7.514E+08 73261.6 9.384E+09 1.88 31.3
4:41:53 PM 140 2.15 4.0 27782.4 7.719E+08 72890.0 9.363E+09 2.19 36.6
4:41:54 PM 141 2.15 4.0 27658.3 7.650E+08 73014.1 9.370E+09 2.24 37.4
4:41:55 PM 142 2.15 4.0 27905.8 7.787E+08 72766.6 9.356E+09 2.24 37.4
4:41:56 PM 143 2.16 4.0 27720.4 7.684E+08 72952.0 9.367E+09 2.29 38.2
4:41:57 PM 144 2.16 4.0 27782.4 7.719E+08 72890.0 9.363E+09 2.24 37.4
4:41:58 PM 145 2.16 4.0 27720.4 7.684E+08 72952.0 9.367E+09 2.24 37.4
4:41:59 PM 146 2.17 4.0 27472.8 7.548E+08 73199.6 9.380E+09 2.24 37.4
4:42:00 PM 147 2.17 4.0 27720.4 7.684E+08 72952.0 9.367E+09 2.19 36.6
4:42:01 PM 148 2.17 4.0 27472.8 7.548E+08 73199.6 9.380E+09 2.24 37.4
4:42:02 PM 149 2.17 4.0 27844.5 7.753E+08 72827.9 9.360E+09 2.29 38.2
4:42:03 PM 150 2.18 4.0 27534.9 7.582E+08 73137.5 9.377E+09 2.27 37.8
4:42:04 PM 151 2.18 4.0 27905.8 7.787E+08 72766.6 9.356E+09 2.24 37.4
4:42:05 PM 152 2.18 4.0 27658.3 7.650E+08 73014.1 9.370E+09 2.29 38.2
4:42:06 PM 153 2.19 4.0 27844.5 7.753E+08 72827.9 9.360E+09 2.29 38.2
4:42:07 PM 154 2.19 4.0 27905.8 7.787E+08 72766.6 9.356E+09 2.27 37.8
4:42:08 PM 155 2.19 4.0 27720.4 7.684E+08 72952.0 9.367E+09 2.24 37.4
4:42:09 PM 156 2.19 4.0 27905.8 7.787E+08 72766.6 9.356E+09 2.22 37.0
4:42:10 PM 157 2.20 4.0 27658.3 7.650E+08 73014.1 9.370E+09 2.27 37.8
4:42:11 PM 158 2.20 4.0 27905.8 7.787E+08 72766.6 9.356E+09 2.34 39.0
4:42:12 PM 159 2.20 4.0 27658.3 7.650E+08 73014.1 9.370E+09 2.27 37.8
4:42:13 PM 160 2.20 4.1 27967.9 7.822E+08 72704.5 9.353E+09 2.22 37.0
4:42:14 PM 161 2.21 4.0 27782.4 7.719E+08 72890.0 9.363E+09 2.34 39.0
4:42:15 PM 162 2.21 4.1 28029.9 7.857E+08 72642.5 9.349E+09 2.27 37.8
4:42:16 PM 163 2.21 4.0 27844.5 7.753E+08 72827.9 9.360E+09 2.34 39.0
4:42:17 PM 164 2.22 4.0 27905.8 7.787E+08 72766.6 9.356E+09 2.27 37.8
4:42:18 PM 165 2.22 4.0 27905.8 7.787E+08 72766.6 9.356E+09 2.37 39.4
4:42:19 PM 166 2.22 4.0 27658.3 7.650E+08 73014.1 9.370E+09 2.24 37.4
4:42:20 PM 167 2.22 4.1 28153.4 7.926E+08 72519.1 9.342E+09 2.32 38.6
4:42:21 PM 168 2.23 4.0 27658.3 7.650E+08 73014.1 9.370E+09 2.22 37.0
4:42:22 PM 169 2.23 4.1 28153.4 7.926E+08 72519.1 9.342E+09 2.32 38.6
4:42:23 PM 170 2.23 4.0 27782.4 7.719E+08 72890.0 9.363E+09 2.29 38.2
4:42:24 PM 171 2.23 4.1 28029.9 7.857E+08 72642.5 9.349E+09 2.27 37.8
4:42:25 PM 172 2.24 4.0 27844.5 7.753E+08 72827.9 9.360E+09 2.29 38.2
4:42:26 PM 173 2.24 4.1 28029.9 7.857E+08 72642.5 9.349E+09 2.27 37.8
4:42:27 PM 174 2.24 4.0 27905.8 7.787E+08 72766.6 9.356E+09 2.29 38.2
4:42:28 PM 175 2.24 4.0 27844.5 7.753E+08 72827.9 9.360E+09 2.27 37.8
4:42:29 PM 176 2.25 4.0 27905.8 7.787E+08 72766.6 9.356E+09 2.37 39.4
4:42:30 PM 177 2.25 4.0 27658.3 7.650E+08 73014.1 9.370E+09 2.27 37.8
4:42:31 PM 178 2.25 4.1 28029.9 7.857E+08 72642.5 9.349E+09 2.24 37.4
4:42:32 PM 179 2.25 4.0 27720.4 7.684E+08 72952.0 9.367E+09 2.34 39.0
4:42:33 PM 180 2.26 4.1 28277.5 7.996E+08 72394.9 9.335E+09 2.37 39.4
4:42:34 PM 181 2.26 4.1 27967.9 7.822E+08 72704.5 9.353E+09 2.32 38.6
4:42:35 PM 182 2.26 4.1 28462.9 8.101E+08 72209.5 9.325E+09 2.27 37.8
4:42:36 PM 183 2.26 4.1 28215.4 7.961E+08 72457.0 9.339E+09 2.37 39.4
4:42:37 PM 184 2.27 4.1 28215.4 7.961E+08 72457.0 9.339E+09 2.29 38.2
4:42:38 PM 185 2.27 4.1 28215.4 7.961E+08 72457.0 9.339E+09 2.32 38.6
4:42:39 PM 186 2.27 4.1 28029.9 7.857E+08 72642.5 9.349E+09 2.39 39.8
4:42:40 PM 187 2.27 4.1 28215.4 7.961E+08 72457.0 9.339E+09 2.34 39.0
4:42:41 PM 188 2.27 4.0 27905.8 7.787E+08 72766.6 9.356E+09 2.37 39.4
4:42:42 PM 189 2.28 4.1 28277.5 7.996E+08 72394.9 9.335E+09 2.42 40.3
4:42:43 PM 190 2.28 4.1 28029.9 7.857E+08 72642.5 9.349E+09 2.37 39.4
4:42:44 PM 191 2.28 4.1 28525.0 8.137E+08 72147.4 9.321E+09 2.39 39.8
4:42:45 PM 192 2.28 4.1 28339.5 8.031E+08 72332.9 9.332E+09 2.42 40.3
4:42:46 PM 193 2.29 4.1 28587.0 8.172E+08 72085.4 9.318E+09 2.44 40.7
4:42:47 PM 194 2.29 4.1 28400.9 8.066E+08 72271.5 9.328E+09 2.42 40.3
4:42:48 PM 195 2.29 4.1 28525.0 8.137E+08 72147.4 9.321E+09 2.44 40.7
4:42:49 PM 196 2.29 4.1 28462.9 8.101E+08 72209.5 9.325E+09 2.42 40.3
4:42:50 PM 197 2.30 4.1 28277.5 7.996E+08 72394.9 9.335E+09 2.34 39.0
4:42:51 PM 198 2.30 4.1 28462.9 8.101E+08 72209.5 9.325E+09 2.37 39.4
4:42:52 PM 199 2.30 4.2 28772.5 8.279E+08 71899.9 9.307E+09 2.39 39.8
4:42:53 PM 200 2.30 4.2 28648.4 8.207E+08 72024.0 9.314E+09 2.44 40.7
4:42:54 PM 201 2.30 4.1 28277.5 7.996E+08 72394.9 9.335E+09 2.44 40.7
4:42:55 PM 202 2.31 4.2 28648.4 8.207E+08 72024.0 9.314E+09 2.42 40.3
4:42:56 PM 203 2.31 4.1 28462.9 8.101E+08 72209.5 9.325E+09 2.42 40.3
4:42:57 PM 204 2.31 4.2 28772.5 8.279E+08 71899.9 9.307E+09 2.44 40.7
4:42:58 PM 205 2.31 4.1 28525.0 8.137E+08 72147.4 9.321E+09 2.44 40.7
4:42:59 PM 206 2.31 4.2 28710.5 8.243E+08 71962.0 9.311E+09 2.44 40.7
4:43:00 PM 207 2.32 4.1 28587.0 8.172E+08 72085.4 9.318E+09 2.42 40.3
4:43:01 PM 208 2.32 4.1 28462.9 8.101E+08 72209.5 9.325E+09 2.44 40.7
4:43:02 PM 209 2.32 4.2 28648.4 8.207E+08 72024.0 9.314E+09 2.49 41.5
4:43:03 PM 210 2.32 4.1 28277.5 7.996E+08 72394.9 9.335E+09 2.44 40.7
4:43:04 PM 211 2.32 4.2 28648.4 8.207E+08 72024.0 9.314E+09 2.44 40.7
4:43:05 PM 212 2.33 4.1 28400.9 8.066E+08 72271.5 9.328E+09 2.44 40.7
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4:43:06 PM 213 2.33 4.2 28895.9 8.350E+08 71776.5 9.300E+09 2.51 41.9
4:43:07 PM 214 2.33 4.1 28587.0 8.172E+08 72085.4 9.318E+09 2.44 40.7
4:43:08 PM 215 2.33 4.2 28834.6 8.314E+08 71837.9 9.304E+09 2.44 40.7
4:43:09 PM 216 2.33 4.1 28587.0 8.172E+08 72085.4 9.318E+09 2.44 40.7
4:43:10 PM 217 2.34 4.2 28895.9 8.350E+08 71776.5 9.300E+09 2.44 40.7
4:43:11 PM 218 2.34 4.1 28587.0 8.172E+08 72085.4 9.318E+09 2.51 41.9
4:43:12 PM 219 2.34 4.2 28710.5 8.243E+08 71962.0 9.311E+09 2.44 40.7
4:43:13 PM 220 2.34 4.2 28648.4 8.207E+08 72024.0 9.314E+09 2.44 40.7
4:43:14 PM 221 2.34 4.1 28587.0 8.172E+08 72085.4 9.318E+09 2.44 40.7
4:43:15 PM 222 2.35 4.2 28710.5 8.243E+08 71962.0 9.311E+09 2.51 41.9
4:43:16 PM 223 2.35 4.1 28462.9 8.101E+08 72209.5 9.325E+09 2.44 40.7
4:43:17 PM 224 2.35 4.2 28895.9 8.350E+08 71776.5 9.300E+09 2.49 41.5
4:43:18 PM 225 2.35 4.2 28648.4 8.207E+08 72024.0 9.314E+09 2.49 41.5
4:43:19 PM 226 2.35 4.2 28958.0 8.386E+08 71714.4 9.296E+09 2.51 41.9
4:43:20 PM 227 2.36 4.2 28648.4 8.207E+08 72024.0 9.314E+09 2.51 41.9
4:43:21 PM 228 2.36 4.2 28958.0 8.386E+08 71714.4 9.296E+09 2.49 41.5
4:43:22 PM 229 2.36 4.2 28710.5 8.243E+08 71962.0 9.311E+09 2.51 41.9
4:43:23 PM 230 2.36 4.2 28895.9 8.350E+08 71776.5 9.300E+09 2.42 40.3
4:43:24 PM 231 2.36 4.2 28648.4 8.207E+08 72024.0 9.314E+09 2.51 41.9
4:43:25 PM 232 2.37 4.2 28710.5 8.243E+08 71962.0 9.311E+09 2.44 40.7
4:43:26 PM 233 2.37 4.2 28710.5 8.243E+08 71962.0 9.311E+09 2.49 41.5
4:43:27 PM 234 2.37 4.2 28648.4 8.207E+08 72024.0 9.314E+09 2.44 40.7
4:43:28 PM 235 2.37 4.2 28710.5 8.243E+08 71962.0 9.311E+09 2.44 40.7
4:43:29 PM 236 2.37 4.1 28462.9 8.101E+08 72209.5 9.325E+09 2.46 41.1
4:43:30 PM 237 2.38 4.2 28772.5 8.279E+08 71899.9 9.307E+09 2.49 41.5
4:43:31 PM 238 2.38 4.1 28400.9 8.066E+08 72271.5 9.328E+09 2.46 41.1
4:43:32 PM 239 2.38 4.2 28710.5 8.243E+08 71962.0 9.311E+09 2.42 40.3
4:43:33 PM 240 2.38 4.1 28462.9 8.101E+08 72209.5 9.325E+09 2.46 41.1
4:43:34 PM 241 2.38 4.2 28710.5 8.243E+08 71962.0 9.311E+09 2.44 40.7
4:43:35 PM 242 2.38 4.1 28462.9 8.101E+08 72209.5 9.325E+09 2.49 41.5
4:43:36 PM 243 2.39 4.2 28710.5 8.243E+08 71962.0 9.311E+09 2.49 41.5
4:43:37 PM 244 2.39 4.1 28525.0 8.137E+08 72147.4 9.321E+09 2.49 41.5
4:43:38 PM 245 2.39 4.1 28587.0 8.172E+08 72085.4 9.318E+09 2.42 40.3
4:43:39 PM 246 2.39 4.2 28648.4 8.207E+08 72024.0 9.314E+09 2.39 39.8
4:43:40 PM 247 2.39 4.1 28525.0 8.137E+08 72147.4 9.321E+09 2.49 41.5
4:43:41 PM 248 2.39 4.2 28710.5 8.243E+08 71962.0 9.311E+09 2.39 39.8
4:43:42 PM 249 2.40 4.1 28400.9 8.066E+08 72271.5 9.328E+09 2.44 40.7
4:43:43 PM 250 2.40 4.1 28587.0 8.172E+08 72085.4 9.318E+09 2.15 35.8
4:43:44 PM 251 2.40 4.1 28277.5 7.996E+08 72394.9 9.335E+09 2.42 40.3
4:43:45 PM 252 2.40 4.1 28587.0 8.172E+08 72085.4 9.318E+09 2.51 41.9
4:43:46 PM 253 2.40 4.1 28215.4 7.961E+08 72457.0 9.339E+09 2.39 39.8
4:43:47 PM 254 2.41 4.1 28587.0 8.172E+08 72085.4 9.318E+09 2.39 39.8
4:43:48 PM 255 2.41 4.1 28277.5 7.996E+08 72394.9 9.335E+09 2.44 40.7
4:43:49 PM 256 2.41 4.1 28462.9 8.101E+08 72209.5 9.325E+09 2.39 39.8
4:43:50 PM 257 2.41 4.1 28029.9 7.857E+08 72642.5 9.349E+09 2.44 40.7
4:43:51 PM 258 2.41 4.1 28153.4 7.926E+08 72519.1 9.342E+09 2.34 39.0
4:43:52 PM 259 2.41 4.1 28277.5 7.996E+08 72394.9 9.335E+09 2.37 39.4
4:43:53 PM 260 2.42 4.1 28029.9 7.857E+08 72642.5 9.349E+09 2.34 39.0
4:43:54 PM 261 2.42 4.1 28400.9 8.066E+08 72271.5 9.328E+09 2.34 39.0
4:43:55 PM 262 2.42 4.0 27905.8 7.787E+08 72766.6 9.356E+09 2.34 39.0
4:43:56 PM 263 2.42 4.1 28400.9 8.066E+08 72271.5 9.328E+09 2.39 39.8
4:43:57 PM 264 2.42 4.1 28029.9 7.857E+08 72642.5 9.349E+09 2.37 39.4
4:43:58 PM 265 2.42 4.1 28339.5 8.031E+08 72332.9 9.332E+09 2.39 39.8
4:43:59 PM 266 2.43 4.1 28029.9 7.857E+08 72642.5 9.349E+09 2.34 39.0
4:44:00 PM 267 2.43 4.1 28277.5 7.996E+08 72394.9 9.335E+09 2.37 39.4
4:44:01 PM 268 2.43 4.1 28029.9 7.857E+08 72642.5 9.349E+09 2.42 40.3
4:44:02 PM 269 2.43 4.1 28462.9 8.101E+08 72209.5 9.325E+09 2.32 38.6
4:44:03 PM 270 2.43 4.1 28277.5 7.996E+08 72394.9 9.335E+09 2.39 39.8
4:44:04 PM 271 2.43 4.1 28400.9 8.066E+08 72271.5 9.328E+09 2.39 39.8
4:44:05 PM 272 2.43 4.1 28277.5 7.996E+08 72394.9 9.335E+09 2.39 39.8
4:44:06 PM 273 2.44 4.1 28339.5 8.031E+08 72332.9 9.332E+09 2.34 39.0
4:44:07 PM 274 2.44 4.1 28277.5 7.996E+08 72394.9 9.335E+09 2.42 40.3
4:44:08 PM 275 2.44 4.1 28277.5 7.996E+08 72394.9 9.335E+09 2.29 38.2
4:44:09 PM 276 2.44 4.1 28029.9 7.857E+08 72642.5 9.349E+09 2.39 39.8
4:44:10 PM 277 2.44 4.1 28153.4 7.926E+08 72519.1 9.342E+09 2.24 37.4
4:44:11 PM 278 2.44 4.1 28215.4 7.961E+08 72457.0 9.339E+09 2.39 39.8
4:44:12 PM 279 2.45 4.0 27905.8 7.787E+08 72766.6 9.356E+09 2.39 39.8
4:44:13 PM 280 2.45 4.1 28339.5 8.031E+08 72332.9 9.332E+09 2.37 39.4
4:44:14 PM 281 2.45 4.1 28029.9 7.857E+08 72642.5 9.349E+09 2.39 39.8
4:44:15 PM 282 2.45 4.1 28400.9 8.066E+08 72271.5 9.328E+09 2.34 39.0
4:44:16 PM 283 2.45 4.1 28029.9 7.857E+08 72642.5 9.349E+09 2.34 39.0
4:44:17 PM 284 2.45 4.1 28400.9 8.066E+08 72271.5 9.328E+09 2.44 40.7
4:44:18 PM 285 2.46 4.1 27967.9 7.822E+08 72704.5 9.353E+09 2.39 39.8
4:44:19 PM 286 2.46 4.1 28400.9 8.066E+08 72271.5 9.328E+09 2.42 40.3
4:44:20 PM 287 2.46 4.1 27967.9 7.822E+08 72704.5 9.353E+09 2.34 39.0
4:44:21 PM 288 2.46 4.1 28462.9 8.101E+08 72209.5 9.325E+09 2.42 40.3
4:44:22 PM 289 2.46 4.0 27905.8 7.787E+08 72766.6 9.356E+09 2.39 39.8
4:44:23 PM 290 2.46 4.1 28462.9 8.101E+08 72209.5 9.325E+09 2.42 40.3
4:44:24 PM 291 2.46 4.1 28029.9 7.857E+08 72642.5 9.349E+09 2.44 40.7
4:44:25 PM 292 2.47 4.1 28462.9 8.101E+08 72209.5 9.325E+09 2.42 40.3
4:44:26 PM 293 2.47 4.1 28339.5 8.031E+08 72332.9 9.332E+09 2.46 41.1
4:44:27 PM 294 2.47 4.2 28648.4 8.207E+08 72024.0 9.314E+09 2.39 39.8
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4:44:28 PM 295 2.47 4.1 28400.9 8.066E+08 72271.5 9.328E+09 2.44 40.7
4:44:29 PM 296 2.47 4.1 28587.0 8.172E+08 72085.4 9.318E+09 2.42 40.3
4:44:30 PM 297 2.47 4.1 28339.5 8.031E+08 72332.9 9.332E+09 2.44 40.7
4:44:31 PM 298 2.47 4.1 28587.0 8.172E+08 72085.4 9.318E+09 2.42 40.3
4:44:32 PM 299 2.48 4.1 28277.5 7.996E+08 72394.9 9.335E+09 2.42 40.3
4:44:33 PM 300 2.48 4.1 28525.0 8.137E+08 72147.4 9.321E+09 2.44 40.7
4:44:34 PM 301 2.48 4.1 28339.5 8.031E+08 72332.9 9.332E+09 2.44 40.7
4:44:35 PM 302 2.48 4.1 28339.5 8.031E+08 72332.9 9.332E+09 2.42 40.3
4:44:36 PM 303 2.48 4.1 28339.5 8.031E+08 72332.9 9.332E+09 2.42 40.3
4:44:37 PM 304 2.48 4.1 28277.5 7.996E+08 72394.9 9.335E+09 2.42 40.3
4:44:38 PM 305 2.48 4.1 28462.9 8.101E+08 72209.5 9.325E+09 2.42 40.3
4:44:39 PM 306 2.49 4.1 28277.5 7.996E+08 72394.9 9.335E+09 2.44 40.7
4:44:40 PM 307 2.49 4.1 28462.9 8.101E+08 72209.5 9.325E+09 2.42 40.3
4:44:41 PM 308 2.49 4.1 28029.9 7.857E+08 72642.5 9.349E+09 2.39 39.8
4:44:42 PM 309 2.49 4.1 28462.9 8.101E+08 72209.5 9.325E+09 2.34 39.0
4:44:43 PM 310 2.49 4.1 28029.9 7.857E+08 72642.5 9.349E+09 2.42 40.3
4:44:44 PM 311 2.49 4.1 28525.0 8.137E+08 72147.4 9.321E+09 2.44 40.7
4:44:45 PM 312 2.49 4.1 28215.4 7.961E+08 72457.0 9.339E+09 2.37 39.4
4:44:46 PM 313 2.50 4.1 28587.0 8.172E+08 72085.4 9.318E+09 2.49 41.5
4:44:47 PM 314 2.50 4.1 28400.9 8.066E+08 72271.5 9.328E+09 2.44 40.7
4:44:48 PM 315 2.50 4.2 28772.5 8.279E+08 71899.9 9.307E+09 2.49 41.5
4:44:49 PM 316 2.50 4.1 28462.9 8.101E+08 72209.5 9.325E+09 2.46 41.1
4:44:50 PM 317 2.50 4.2 28958.0 8.386E+08 71714.4 9.296E+09 1.95 32.5
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Figure D.1:  Flow rate measured during pressure drawdown (RH2 6.5-7.0 m - 25 L/min setting) Figure D.2:  Pressure measured during pressure drawdown (RH2 6.5-7.0 m - 25 L/min setting)

Figure D.3:  Pressure drawdown plot to identify distorted data (RH2 6.5-7.0 m - 25 L/min setting) Figure D.4:  Early transient drawdown plot for selecting permeability estimate data (RH2 6.5-7.0 m - 25 L/min setting)

Figure D.5:  Pressure drawdown data selected for slope estimate from early transient plot (RH2 6.5-7.0 m - 25 L/min setting)
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Table D.3:  Input data for pressure recovery permeability estimation

Test Location: NorthEx Drill Bay 7, 530 level

Temperature: 283.150 °K
Pressure: 100734.500 Pa
Viscosity: 1.780E-05 Pa*s

Std Temp: 288.150 °K

Std Pressure: 101325.000 Pa
Hole radius: 1.9 cm

Effected radius: 140.4 cm

Test length: 50.0 cm
tp: 317 sec

Qsteady state: 40.8 cm3/sec

Table D.4:  Flow and pressure data for pressure recovery analysis

Time Δt log(Δt) (tp+Δt)/Δt log(horner) P (PSI) P (Pa) P2(Pa2) Pws
2-Pwf

2 log(P2) Q (LPM) Q (cm3/sec)
4:44:45 PM 4.1 28215.4 7.961E+08 8.9 2.37 39.433
4:44:46 PM 4.1 28587.0 8.172E+08 8.9 2.49 41.475
4:44:47 PM 4.1 28400.9 8.066E+08 8.9 2.44 40.658
4:44:48 PM 4.2 28772.5 8.279E+08 8.9 2.49 41.475
4:44:49 PM 4.1 28462.9 8.101E+08 8.9 2.46 41.067
4:44:50 PM 0.00 4.2 28958.0 8.386E+08 0.00E+00 8.9 1.95 32.487
4:44:51 PM 1.00 0.00 318.27 2.50 5.0 34774.4 1.209E+09 3.71E+08 9.1 0.13 2.247
4:44:52 PM 2.00 0.30 159.63 2.20 5.2 36074.1 1.301E+09 4.63E+08 9.1 0.13 2.247
4:44:53 PM 3.00 0.48 106.76 2.03 5.5 37620.6 1.415E+09 5.77E+08 9.2 0.13 2.247
4:44:54 PM 4.00 0.60 80.32 1.90 5.7 39538.7 1.563E+09 7.25E+08 9.2 0.13 2.247
4:44:55 PM 5.00 0.70 64.45 1.81 6.0 41394.7 1.714E+09 8.75E+08 9.2 0.13
4:44:56 PM 6.00 0.78 53.88 1.73 6.3 43251.5 1.871E+09 1.03E+09 9.3 0.13
4:44:57 PM 7.00 0.85 46.32 1.67 6.5 45045.5 2.029E+09 1.19E+09 9.3 0.13
4:44:58 PM 8.00 0.90 40.66 1.61 6.8 46840.2 2.194E+09 1.36E+09 9.3 0.13
4:44:59 PM 9.00 0.95 36.25 1.56 7.1 48634.2 2.365E+09 1.53E+09 9.4 0.13
4:45:00 PM 10.00 1.00 32.73 1.51 7.3 50366.9 2.537E+09 1.70E+09 9.4 0.13
4:45:01 PM 11.00 1.04 29.84 1.47 7.6 52161.6 2.721E+09 1.88E+09 9.4 0.11
4:45:02 PM 12.00 1.08 27.44 1.44 7.8 53770.1 2.891E+09 2.05E+09 9.5 0.13
4:45:03 PM 13.00 1.11 25.41 1.40 8.1 55564.8 3.087E+09 2.25E+09 9.5 0.13
4:45:04 PM 14.00 1.15 23.66 1.37 8.3 57297.5 3.283E+09 2.44E+09 9.5 0.13
4:45:05 PM 15.00 1.18 22.15 1.35 8.5 58906.0 3.470E+09 2.63E+09 9.5 0.13
4:45:06 PM 16.00 1.20 20.83 1.32 8.8 60638.7 3.677E+09 2.84E+09 9.6 0.13
4:45:07 PM 17.00 1.23 19.66 1.29 9.0 61876.3 3.829E+09 2.99E+09 9.6 0.13
4:45:08 PM 18.00 1.26 18.63 1.27 9.2 63299.4 4.007E+09 3.17E+09 9.6 0.13
4:45:09 PM 19.00 1.28 17.70 1.25 9.4 64784.5 4.197E+09 3.36E+09 9.6 0.13
4:45:10 PM 20.00 1.30 16.86 1.23 9.6 66207.6 4.383E+09 3.54E+09 9.6 0.13
4:45:11 PM 21.00 1.32 16.11 1.21 9.8 67754.1 4.591E+09 3.75E+09 9.7 0.13
4:45:12 PM 22.00 1.34 15.42 1.19 10.0 69115.8 4.777E+09 3.94E+09 9.7 0.13
4:45:13 PM 23.00 1.36 14.79 1.17 10.2 70538.9 4.976E+09 4.14E+09 9.7 0.13
4:45:14 PM 24.00 1.38 14.22 1.15 10.4 71776.5 5.152E+09 4.31E+09 9.7 0.13
4:45:15 PM 25.00 1.40 13.69 1.14 10.6 73137.5 5.349E+09 4.51E+09 9.7 0.13
4:45:16 PM 26.00 1.41 13.20 1.12 10.8 74375.1 5.532E+09 4.69E+09 9.7 0.13
4:45:17 PM 27.00 1.43 12.75 1.11 11.0 75798.2 5.745E+09 4.91E+09 9.8 0.13
4:45:18 PM 28.00 1.45 12.33 1.09 11.2 76911.7 5.915E+09 5.08E+09 9.8 0.16
4:45:19 PM 29.00 1.46 11.94 1.08 11.3 78087.3 6.098E+09 5.26E+09 9.8 0.13
4:45:20 PM 30.00 1.48 11.58 1.06 11.5 79201.5 6.273E+09 5.43E+09 9.8 0.13
4:45:21 PM 31.00 1.49 11.23 1.05 11.6 80252.9 6.441E+09 5.60E+09 9.8 0.13
4:45:22 PM 32.00 1.51 10.91 1.04 11.8 81429.1 6.631E+09 5.79E+09 9.8 0.13
4:45:23 PM 33.00 1.52 10.61 1.03 11.9 82357.2 6.783E+09 5.94E+09 9.8 0.13
4:45:24 PM 34.00 1.53 10.33 1.01 12.1 83347.3 6.947E+09 6.11E+09 9.8 0.13
4:45:25 PM 35.00 1.54 10.06 1.00 12.2 84337.4 7.113E+09 6.27E+09 9.9 0.13
4:45:26 PM 36.00 1.56 9.81 0.99 12.4 85203.3 7.260E+09 6.42E+09 9.9 0.13
4:45:27 PM 37.00 1.57 9.57 0.98 12.5 86255.5 7.440E+09 6.60E+09 9.9 0.13
4:45:28 PM 38.00 1.58 9.35 0.97 12.6 87059.4 7.579E+09 6.74E+09 9.9 0.16
4:45:29 PM 39.00 1.59 9.14 0.96 12.7 87864.0 7.720E+09 6.88E+09 9.9 0.13
4:45:30 PM 40.00 1.60 8.93 0.95 12.9 88606.6 7.851E+09 7.01E+09 9.9 0.13
4:45:31 PM 41.00 1.61 8.74 0.94 13.0 89349.2 7.983E+09 7.14E+09 9.9 0.13
4:45:32 PM 42.00 1.62 8.55 0.93 13.1 90029.7 8.105E+09 7.27E+09 9.9 0.13
4:45:33 PM 43.00 1.63 8.38 0.92 13.2 90710.2 8.228E+09 7.39E+09 9.9 0.13
4:45:34 PM 44.00 1.64 8.21 0.91 13.2 91329.3 8.341E+09 7.50E+09 9.9 0.13
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4:45:35 PM 45.00 1.65 8.05 0.91 13.3 92009.8 8.466E+09 7.63E+09 9.9 0.16
4:45:36 PM 46.00 1.66 7.90 0.90 13.4 92566.2 8.569E+09 7.73E+09 9.9 0.13
4:45:37 PM 47.00 1.67 7.75 0.89 13.5 93123.3 8.672E+09 7.83E+09 9.9 0.13
4:45:38 PM 48.00 1.68 7.61 0.88 13.6 93618.4 8.764E+09 7.93E+09 9.9 0.13
4:45:39 PM 49.00 1.69 7.47 0.87 13.7 94175.5 8.869E+09 8.03E+09 9.9 0.13
4:45:40 PM 50.00 1.70 7.35 0.87 13.7 94608.5 8.951E+09 8.11E+09 10.0 0.16
4:45:41 PM 51.00 1.71 7.22 0.86 13.8 94979.4 9.021E+09 8.18E+09 10.0 0.13
4:45:42 PM 52.00 1.72 7.10 0.85 13.8 95351.0 9.092E+09 8.25E+09 10.0 0.13
4:45:43 PM 53.00 1.72 6.99 0.84 13.9 95846.1 9.186E+09 8.35E+09 10.0 0.13
4:45:44 PM 54.00 1.73 6.88 0.84 13.9 96155.7 9.246E+09 8.41E+09 10.0 0.13
4:45:45 PM 55.00 1.74 6.77 0.83 14.0 96526.6 9.317E+09 8.48E+09 10.0 0.13
4:45:46 PM 56.00 1.75 6.67 0.82 14.0 96836.2 9.377E+09 8.54E+09 10.0 0.13
4:45:47 PM 57.00 1.76 6.57 0.82 14.1 97083.7 9.425E+09 8.59E+09 10.0 0.13
4:45:48 PM 58.00 1.76 6.47 0.81 14.1 97454.6 9.497E+09 8.66E+09 10.0 0.13
4:45:49 PM 59.00 1.77 6.38 0.80 14.1 97516.7 9.510E+09 8.67E+09 10.0 0.13
4:45:50 PM 60.00 1.78 6.29 0.80 14.2 97887.6 9.582E+09 8.74E+09 10.0 0.13
4:45:51 PM 61.00 1.79 6.20 0.79 14.2 98073.8 9.618E+09 8.78E+09 10.0 0.13
4:45:52 PM 62.00 1.79 6.12 0.79 14.2 98197.2 9.643E+09 8.80E+09 10.0 0.13
4:45:53 PM 63.00 1.80 6.04 0.78 14.3 98382.7 9.679E+09 8.84E+09 10.0 0.13
4:45:54 PM 64.00 1.81 5.96 0.78 14.3 98568.8 9.716E+09 8.88E+09 10.0 0.13
4:45:55 PM 65.00 1.81 5.88 0.77 14.3 98692.2 9.740E+09 8.90E+09 10.0 0.13
4:45:56 PM 66.00 1.82 5.81 0.76 14.3 98877.7 9.777E+09 8.94E+09 10.0 0.16
4:45:57 PM 67.00 1.83 5.74 0.76 14.4 99001.8 9.801E+09 8.96E+09 10.0 0.13
4:45:58 PM 68.00 1.83 5.67 0.75 14.4 99187.3 9.838E+09 9.00E+09 10.0 0.13
4:45:59 PM 69.00 1.84 5.60 0.75 14.4 99249.3 9.850E+09 9.01E+09 10.0 0.13
4:46:00 PM 70.00 1.85 5.53 0.74 14.4 99372.8 9.875E+09 9.04E+09 10.0 0.13
4:46:01 PM 71.00 1.85 5.47 0.74 14.4 99434.8 9.887E+09 9.05E+09 10.0 0.13
4:46:02 PM 72.00 1.86 5.41 0.73 14.4 99496.9 9.900E+09 9.06E+09 10.0 0.13
4:46:03 PM 73.00 1.86 5.35 0.73 14.4 99620.3 9.924E+09 9.09E+09 10.0 0.13
4:46:04 PM 74.00 1.87 5.29 0.72 14.5 99682.3 9.937E+09 9.10E+09 10.0 0.13
4:46:05 PM 75.00 1.88 5.23 0.72 14.5 99744.4 9.949E+09 9.11E+09 10.0 0.13
4:46:06 PM 76.00 1.88 5.17 0.71 14.5 99805.7 9.961E+09 9.12E+09 10.0 0.16
4:46:07 PM 77.00 1.89 5.12 0.71 14.5 99867.8 9.974E+09 9.14E+09 10.0 0.13
4:46:08 PM 78.00 1.89 5.07 0.70 14.5 99929.9 9.986E+09 9.15E+09 10.0 0.13
4:46:09 PM 79.00 1.90 5.02 0.70 14.5 99929.9 9.986E+09 9.15E+09 10.0 0.13
4:46:10 PM 80.00 1.90 4.97 0.70 14.5 99991.9 9.998E+09 9.16E+09 10.0 0.13
4:46:11 PM 81.00 1.91 4.92 0.69 14.5 100053.3 1.001E+10 9.17E+09 10.0 0.16
4:46:12 PM 82.00 1.91 4.87 0.69 14.5 100115.3 1.002E+10 9.18E+09 10.0 0.13
4:46:13 PM 83.00 1.92 4.82 0.68 14.5 100177.4 1.004E+10 9.20E+09 10.0 0.13
4:46:14 PM 84.00 1.92 4.78 0.68 14.5 100177.4 1.004E+10 9.20E+09 10.0 0.13
4:46:15 PM 85.00 1.93 4.73 0.68 14.5 100177.4 1.004E+10 9.20E+09 10.0 0.13
4:46:16 PM 86.00 1.93 4.69 0.67 14.5 100300.8 1.006E+10 9.22E+09 10.0 0.13
4:46:17 PM 87.00 1.94 4.65 0.67 14.5 100239.4 1.005E+10 9.21E+09 10.0 0.16
4:46:18 PM 88.00 1.94 4.61 0.66 14.5 100239.4 1.005E+10 9.21E+09 10.0 0.13
4:46:19 PM 89.00 1.95 4.56 0.66 14.5 100300.8 1.006E+10 9.22E+09 10.0 0.13
4:46:20 PM 90.00 1.95 4.53 0.66 14.6 100424.9 1.009E+10 9.25E+09 10.0 0.13
4:46:21 PM 91.00 1.96 4.49 0.65 14.6 100362.8 1.007E+10 9.23E+09 10.0 0.13
4:46:22 PM 92.00 1.96 4.45 0.65 14.6 100362.8 1.007E+10 9.23E+09 10.0 0.13
4:46:23 PM 93.00 1.97 4.41 0.64 14.6 100424.9 1.009E+10 9.25E+09 10.0 0.16
4:46:24 PM 94.00 1.97 4.38 0.64 14.6 100424.9 1.009E+10 9.25E+09 10.0 0.11
4:46:25 PM 95.00 1.98 4.34 0.64 14.6 100424.9 1.009E+10 9.25E+09 10.0 0.13
4:46:26 PM 96.00 1.98 4.30 0.63 14.6 100424.9 1.009E+10 9.25E+09 10.0 0.16
4:46:27 PM 97.00 1.99 4.27 0.63 14.6 100486.9 1.010E+10 9.26E+09 10.0 0.13
4:46:28 PM 98.00 1.99 4.24 0.63 14.6 100424.9 1.009E+10 9.25E+09 10.0 0.13
4:46:29 PM 99.00 2.00 4.20 0.62 14.6 100486.9 1.010E+10 9.26E+09 10.0 0.13
4:46:30 PM 100.00 2.00 4.17 0.62 14.6 100486.9 1.010E+10 9.26E+09 10.0 0.13
4:46:31 PM 101.00 2.00 4.14 0.62 14.6 100486.9 1.010E+10 9.26E+09 10.0 0.13
4:46:32 PM 102.00 2.01 4.11 0.61 14.6 100548.3 1.011E+10 9.27E+09 10.0 0.13
4:46:33 PM 103.00 2.01 4.08 0.61 14.6 100548.3 1.011E+10 9.27E+09 10.0 0.13
4:46:34 PM 104.00 2.02 4.05 0.61 14.6 100548.3 1.011E+10 9.27E+09 10.0 0.16
4:46:35 PM 105.00 2.02 4.02 0.60 14.6 100548.3 1.011E+10 9.27E+09 10.0 0.13
4:46:36 PM 106.00 2.03 3.99 0.60 14.6 100610.4 1.012E+10 9.28E+09 10.0 0.13
4:46:37 PM 107.00 2.03 3.97 0.60 14.6 100548.3 1.011E+10 9.27E+09 10.0 0.16
4:46:38 PM 108.00 2.03 3.94 0.60 14.6 100548.3 1.011E+10 9.27E+09 10.0 0.13
4:46:39 PM 109.00 2.04 3.91 0.59 14.6 100548.3 1.011E+10 9.27E+09 10.0 0.13
4:46:40 PM 110.00 2.04 3.88 0.59 14.6 100610.4 1.012E+10 9.28E+09 10.0 0.16
4:46:41 PM 111.00 2.05 3.86 0.59 14.6 100610.4 1.012E+10 9.28E+09 10.0 0.16
4:46:42 PM 112.00 2.05 3.83 0.58 14.6 100672.4 1.013E+10 9.30E+09 10.0 0.13
4:46:43 PM 113.00 2.05 3.81 0.58 14.6 100610.4 1.012E+10 9.28E+09 10.0 0.13
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4:46:44 PM 114.00 2.06 3.78 0.58 14.6 100610.4 1.012E+10 9.28E+09 10.0 0.13
4:46:45 PM 115.00 2.06 3.76 0.58 14.6 100610.4 1.012E+10 9.28E+09 10.0 0.13
4:46:46 PM 116.00 2.06 3.74 0.57 14.6 100672.4 1.013E+10 9.30E+09 10.0 0.16
4:46:47 PM 117.00 2.07 3.71 0.57 14.6 100672.4 1.013E+10 9.30E+09 10.0 0.13
4:46:48 PM 118.00 2.07 3.69 0.57 14.6 100610.4 1.012E+10 9.28E+09 10.0 0.13
4:46:49 PM 119.00 2.08 3.67 0.56 14.6 100610.4 1.012E+10 9.28E+09 10.0 0.13
4:46:50 PM 120.00 2.08 3.64 0.56 14.6 100610.4 1.012E+10 9.28E+09 10.0 0.13
4:46:51 PM 121.00 2.08 3.62 0.56 14.6 100610.4 1.012E+10 9.28E+09 10.0 0.13
4:46:52 PM 122.00 2.09 3.60 0.56 14.6 100672.4 1.013E+10 9.30E+09 10.0 0.13
4:46:53 PM 123.00 2.09 3.58 0.55 14.6 100610.4 1.012E+10 9.28E+09 10.0 0.13
4:46:54 PM 124.00 2.09 3.56 0.55 14.6 100672.4 1.013E+10 9.30E+09 10.0 0.13
4:46:55 PM 125.00 2.10 3.54 0.55 14.6 100672.4 1.013E+10 9.30E+09 10.0 0.13
4:46:56 PM 126.00 2.10 3.52 0.55 14.6 100672.4 1.013E+10 9.30E+09 10.0 0.13
4:46:57 PM 127.00 2.10 3.50 0.54 14.6 100610.4 1.012E+10 9.28E+09 10.0 0.13
4:46:58 PM 128.00 2.11 3.48 0.54 14.6 100610.4 1.012E+10 9.28E+09 10.0 0.13
4:46:59 PM 129.00 2.11 3.46 0.54 14.6 100672.4 1.013E+10 9.30E+09 10.0 0.13
4:47:00 PM 130.00 2.11 3.44 0.54 14.6 100610.4 1.012E+10 9.28E+09 10.0 0.13
4:47:01 PM 131.00 2.12 3.42 0.53 14.6 100672.4 1.013E+10 9.30E+09 10.0 0.13
4:47:02 PM 132.00 2.12 3.40 0.53 14.6 100672.4 1.013E+10 9.30E+09 10.0 0.13
4:47:03 PM 133.00 2.12 3.39 0.53 14.6 100610.4 1.012E+10 9.28E+09 10.0 0.13
4:47:04 PM 134.00 2.13 3.37 0.53 14.6 100672.4 1.013E+10 9.30E+09 10.0 0.13
4:47:05 PM 135.00 2.13 3.35 0.53 14.6 100672.4 1.013E+10 9.30E+09 10.0 0.13
4:47:06 PM 136.00 2.13 3.33 0.52 14.6 100610.4 1.012E+10 9.28E+09 10.0 0.13
4:47:07 PM 137.00 2.14 3.32 0.52 14.6 100672.4 1.013E+10 9.30E+09 10.0 0.13
4:47:08 PM 138.00 2.14 3.30 0.52 14.6 100672.4 1.013E+10 9.30E+09 10.0 0.13
4:47:09 PM 139.00 2.14 3.28 0.52 14.6 100672.4 1.013E+10 9.30E+09 10.0 0.13
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Figure D.6:  Horner plot for pressure squared recovery versus log of Horner time (RH2 6.5-7.0 m - 25 L/min setting) Figure D.7:  Miller-Dyes-Hutchinson  plot for log pressure squared recovery versus log of time (RH2 6.5-7.0 m - 25 L/min setting)

Figure D.8:  Pressure recovery plot to identify distorted data (RH2 6.5-7.0 m - 25 L/min setting) Figure D.9:  Pressure recovery plot showing early transient data for permeability estimation (RH2 6.5-7.0 m - 25 L/min setting)

Figure D.10:  Early transient recovery plot for selecting permeability estimate data (RH2 6.5-7.0 m - 25 L/min setting) Figure D.11:  Pressure recovery data selected for the slope estimate from early transient plot (RH2 6.5-7.0 m - 25 L/min setting)
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Table D.5:  Summary of permeability estimates from interval analysis

2.07E-10 cm2

20.97 md
1.55E-05 cm/s
1.55E-07 m/s

2.12E-10 cm2

21.49 md
1.59E-05 cm/s
1.59E-07 m/s

1.71E-10 cm2

17.32 md
1.28E-05 cm/s
1.28E-07 m/s

Pressure Drawdown

Hydraulic 
Conductivity

Permeability

Pressure Recovery

Hydraulic 
Conductivity

Permeability

Constant Pressure
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Conductivity

Permeability
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