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ABSTRACT

Across North America, there are numerous sites where industrial, commercial or waste
management activities have resulted in the release of a wide variety of contaminants into the
ground. Many technologies used for in situ remediation of contaminants in soil and
promote the of fluids through the subsurface to either treat the
oonmnmmmplmwtoﬁuhmemmvﬂof!hewmmumformrﬁuuuﬂnem The
insitu of i located inlow ility soil is a
problem. Existing in sif i ing
soils and seldom used. The objective of this research has been to investi imple and low
cost fluid injection technique that relies on a soil shearing mechanism to create an enhanced
flow regime within the soil. An enhanced flow regime allows greater accessibility to
and enables i in situ ies to be used more
effectively over a broader range of soil conditions.

The research included an experimental program consisting of fluid injection tests carried out
from vertical and hori; and ical si ions of injection test results.
Reduced scale injection tests ied out i i i d d
experiments were carried out at the former U.S. Naval Facility in Argentia, NF. The
numerical modelling work also included the analysis of data from an injection test program
carried out by others in a large calibration chamber.

The injection d in thy i fhigh ility di inuities within the soil
surrounding the wellbore. Yieldmgdum;hwwnfoundmdonmeund«mn

however, other l: without yielding,
cavity expansion, and yielding in tension. The role that each of these mechanisms plays, is
inl by a complex i ionship between physical and geotechnical parameters
including pore and injection fluid properties, injection zone details, the soil stress state,
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LIST OF ABBREVIATIONS AND SYMBOLS

A change in, or incremental c, undrained shear strength
' buoyant unit weight C. coefficient of uniformity
Y bulk unit weight c, coeflicient of consolidation
¢’ effective friction angle D diameter
¢,  peak effective friction angle e void ratio
¢, constant volume eff. friction angle e principal strains (also e, and e,)
x elastic slope in V-p’ space e elastic component of principal
Py plastic slope in V-p’ space strains
I viscosity ef plastic component of principal
v effective Poisson’s ratio strains
k3 pi s plastic shear strain hardening
P density parameter
P’ buoyant density La plastic tensile strain hardening
pa  dry density parameter
Puut saturated density E energy
P density of water F force
o normal stress £ shear yield function
o, maximum (or major) principal £ tensile yield function
effective 8 acceleration due to gravity
o’ intermediate principal effective G shear modulus
stress g shear potential function
o’y minimum (or minor) principal g tensile potential function
effective stress G, specific gravity
0’  tangential effective stress H height of water column
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< effective cohesion k, vertical hydraulic conductivity
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CHAPTER 1 - INTRODUCTION

L1 Background

Across North America, there are numerous sites where industrial, commercial or waste
management activities have resulted in the release of a wide variety of contaminants into the
ground. These contaminants may exist in many phases, some of which may be immiscible
fluids that are denser than water (DNAPLs), immiscible fluids that are lighter than water
(LNAPLSs), vapour phase contaminants in the soil above the water table, and contaminants

dissolved in the groundwater.

The presence of contaminants in soil or groundwater can pose a serious health hazard, and

in recent years, there has been a concerted effort to develop processes and technologies that

can be used in sifu to treat i in soil and Th

of many existing in situ treatment technologies is closely linked to the ease in which fluid
movement can be promoted through the zone of soil in which the contaminant is located.
Fluid movement may include vapour and/or liquid phase flow which is usually encouraged by
the i ion of ination of ion and/or injection wells placed either above

or below the groundwater table.

The effectiveness of methods which rely on subsurface fluid flow to access the contaminated

soil are largely influenced by the permeability of the soil. In pervious soils where fluids may
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flow through the subsurface relatively quickly, ional in sifu

are often successful in removing contaminants from the sub-surface or treating contaminants

in place. For i within low ity soils, the ability of fluids to gh

. i i A

limited in their effectiveness and seldom used.

1.2  Statement of the Problem

The in situ treatment of contaminants located in dense low permeability soil is a particularly
challenging problem. Existing techniques for the in sifu treatment of contaminants are
generally ineffective in these soils. For these techniques to be successful, some process must
be first carried out on the soil which will increase the porosity and connectivity between pores
in the soil, and thus, enhance the ability of fluids to move through the pore space. This thesis
describes research carried out to i i an i ive means of i ing the porosity

of soil using a fluid injection technique called soil shearing.

In the soil shearing process, fluid is injected into a wellbore to cause stress changes in the soil
surrounding the well. The stress changes can cause the soil to yield, which can result in an
increase in the soil porosity and the generation of shear bands within the soil. These zones of
increased porosity and shear banding will help to increase the connectivity of naturally
occurring fractures and may increase the bulk permeability of the soil. The physical changes
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made to the soil structure may allow greater accessibility to contaminants located within the

soil and enable conventional in sifu treatment ies to be used ively over

abroader range of soil conditions.

There has been very little work carried out to date to investigate the

that may influence the i situ shearing process in low stress environmental applications. A
number of processes may occur during fluid injection including shearing, cavity expansion,
tensile parting (hydraulic fracturing) and flow through the pore space. The role that each of
these mechanisms may have during the fluid injection process is influenced by a complex
interrelationship between physical and geotechnical parameters including pore fluid and

injection fluid properties, injection zone details, the state of stress in the soil, absolute

of the soil, soil ituti' iour, and macro structure (see Figure 1.1). In
order to evaluate the suitability of shearing for enhanced in sifu treatment of contaminated
soil and groundwater, it is desirable to first gain a better understanding of how the physical

and geotechnical parameters shown in Figure 1.1 may influence the shearing process.

1.3 Objectives of Research Program

The overall objective of this research program was to develop a fundamental understanding

of the mechanism of yield zone development due to fluid injection in overconsolidated low

permeability soil. Specific objectives of the research were:



. to investigate how injection parameters will influence the injection process (i.e. well

geometry and orientation, rate of injection, fluid viscosity and density, etc.);

. o i i how i will influence the injection process (i.e.

in situ stress, friction angle, cohesion, dilation, permeability, etc.)

. to investigate the effect of shear induced permeability enhancement on the

development of yield zones due to fluid injection; and

. to i f the signif and relative ibutions of shear and tensile yield

mechanisms during the injection process.

These objectives were realized through a comprehensive research program that included

and ical work The i work included large scale

field tests and reduced scale physical model tests ina

1.4  Scope of Research

The primary emphasis of the work carried out during this research program was to develop
an ing of the i involved with soil shearing. The research




program included both experi and cal work

During the experimental work component, injection tests were carried out to generate yield
zones within the soil ing a wellbore. The injection tests

and testing was performed to determine the effect of the process on the soil surrounding the

wellbore. Th i work included 16 reduced scale physical model experiments, and

two large scale field il Additi 'y testing was carried out to
determine geotechnical properties of the soil used in the experiments. The experimental

portion of the research may be summarised as follows:

. Reduced scale physical model experiments were carried out on the large 5 m radius

A ic 680-2 i i located at the C-CORE Centrifuge Centre.
The physical models were tested on the centrifuge at accelerations of 25 and 50 g’s,

which allowed the prototype subsurface stress fields to be simulated in the model.

. Large scale field experiments were carried out at the Environmental Test Facility,
located at the former United States Naval Forces Facility in Argentia, NF. The field
testing program allowed the soil shearing process to be tested and evaluated under

conditions similar to those that could be expected in a typical field situation.

. Geotechnical testing was carried out in the soils laboratories at C-CORE and

Memorial University to determine strength and deformation properties and to
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determine fluid flow characteristics of the soil used in the model tests and field

dditional testing was to ize the soil and obtain
grain size distributions, Atterberg Limits, density, specific gravity, etc.

Experimental results were used to develop a numerical model for the soil shearing process.
The numerical modelling component of this work included the analysis of data from an
extensive laboratory injection test program carried out by others in a large calibration

chamber. Numerical modelling of the shearing process was performed using the two-

explicit finite dif de Fast L ian Analysis of Continua (FLAC). A
strain softening constitutive model was used to model the stress-strain response of the soil

and full coupling was maintained between the mechanical response and fluid flow.

Only the i f soil i i i i i Nowork

was carried out to evaluate the effect of applying shearing in conjunction with one or more

in situ iati jies for the purpose of contaminant
treatment/removal. Although this type of testing was outside the scope of this project, such
testing would constitute a logical next step in the development of soil shearing as a

commercial application.



1.5 Organization of Thesis

Chapter 2 of this thesis provi review isting i that i to soil shearing.

The literature review includes a di ion of the and

of soil shearing and discusses how the process may enhance the effectiveness of existing in

situ techniques for treating contaminated soil.

The field experiments are described in Chapter 3. This chapter presents descriptions of the
experimental setup and test methods, and a summary of test results from the experiments.

The centrifuge experiments are described in Chapter 4. This chapter presents descriptions of
the experimental setup and test procedures, and provides a summary of test results.

Chapter 5 describes and presents the results of numerical simulations of the injection tests.
The numerical model and the analysis technique are described and a summary is provided of
parameters used for the analyses. The results of numerical modelling are presented for the
field and centrifuge experiments, as well as for injection tests carried out by others.

A discussion of the results of the injection tests and numerical modelling is provided in
Chapter 6 of this thesis. The mechanisms resulting from the injection process are discussed

as are the key parameters which influence the failure mechanism.



Chapter 7 presents conclusions that arise from this research. Recommendations are made
ding possible directions for additi work.

Five appendices are included at the end of the thesis. Calibration data for instrumentation is
provided in Appendix 1, Appendix 2 contains the results of soils testing, and Appendix 3
contains detailed results from the injection tests. Appendix 4 contains data from large scale
injection tests in a calibration chamber. Appendix 5 contains results of the numerical
modelling.
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Figure 1.1. Factors influencing the failure mechanism during fluid injection




CHAPTER 2 - LITERATURE REVIEW

2.1  In Situ Treatment of Contaminated Soil

Traditionally, a large proportion of site cleanup operations have involved removal of the
contaminated soil from the site by excavation, and either ex situ treatment of the soil or
disposal in a secure landfill. In addition to being expensive, the “excavate and dispose”
approach to dealing with contaminated soil usually creates a great deal of disturbance at a
site, often causing industrial or business activities on the site to stop during the remediation

process. Additic i ions governing the handling and disposal of

contaminated soil are becoming more stringent, making it even more expensive to rely on ex
situ techniques for dealing with contaminated soil.

Current practice in the environmental industry is to minimize site disturbance and costs by

relying, wherever possible, on in situ i for of i soil.

progress hasb d the past 20 years in thy of effective new
technologies for the in situ treatment of contaminated soils. For example, the VISITT 6.0
database (U.S. EPA, 1997a), compiled by the Technology Innovation Office within the U.S.
EPAs Office of Solid Waste Emergency Response, lists 371 environmental technologies by
214 vendors. Of the technologies listed in the database, 170 are provided by 98 vendors for
the in situ of i soil, sediment, and -aqy phase

liquids (NAPLS). The majority of the in situ ies listed in the VISITT




treatment methods that can be grouped into thirteen categories:

1. Adsorption 8. Soil flushing

2. Air sparging 9. Soil vapour extraction

3. Bioremediation 10. Solvent extraction

4. Bioventing 11. Surfactant enhanced recovery
5. Chemical treatment 12. Thermally enhanced recovery
6. Dual phase extraction 13. Vitrification

7. Electrical separation

Nearly all of these technologies rely, to some extent, on promoting the movement of fluids

through the This is usually ished by means of wells installed within the
zone of subsurface contamination (U.S. EPA, 1994). Depending on the nature of the
contaminant, the soil characteristics, the location of the contaminant with respect to the

table, and the or ies to be used; the cleanup

process may be carried out from a ination of injection and ion wells with well
screens located either below, coincident with, or above the groundwater surface.

‘Where a contaminant is located within a relatively pervious soil, the effectiveness of in situ

technologies in cleaning the soil is well demonstrated (U.S. EPA, 1990). For contaminants

located within low ility soil, in situ i are much less effective and 1d

used. Deposits of low permeability soils are widespread across much of Canada and the
United States. Many of these deposits were formed directly by glaciers or as lacustrine
deposits associated with large lakes of glacial meltwater. These deposits are often located at
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the ground surface and range from several to many tens of metres in thickness.

A common feature of low permeability clay deposits is the presence of a weathered zone
within a few metres of the ground surface, ized by ubiqui and

active fractures and root holes. Although nearly all of the bulk porosity of these soils occurs
in the matrix between fractures, the main avenues for fluid flow are provided by naturally
occurring fractures. The density of natural fractures decreases with depth below the surficial
weathered zone, although they have been found to extend to depths as great as 6 m below
ground surface in the Sarnia, Orttario area (Ruland et al., 1990) and to depths in excess of 10

m in the Canadian prairies (Keller et al., 1986).

In areas underlain by low p ity soils, th and di ion of

in the subsurface is controlled by complex relationships involving multi-phase transport
through the fracture network, diffusive transfer of contaminants between the fractures and
adjacent matrix blocks, and sorption of the contaminants on solids associated with fracture

surfaces and within the matrix (Parker et al., 1993).

Remediation measures that involve promoting fluid movement through naturally fractured
clays are limited by the complexity of the fracture network and the associated physical
to fluid flow. i have been loped that either change the physical

structure of the soil by inducing fractures and thereby increase the connectivity between the

pre-existing naturally occurring fractures; or by changing the orientation of a treatment well

12



to intersect more fractures and to access a greater volume of contaminated soil.

22 Physical Processes for Enhancing In Situ Treatment

2.2.1 Horizontal well technology

Horizontal and directional drilling is used extensively in the petroleum sector as a cost

igh gravity drainage 3

1992). The first directi drilled hori: wells for envi iation were
installed in 1988 as part of hori: ion and injection iation systems at the
United States DOE Savannah River Site Site T Dy ion (U.S.

EPA, 1997b). Directional drilling methods can create wellbores with almost any trajectory.
Blind wells i inth Conti i d surface and are

accessible at both ends. In the environmental industry, horizontal wells provide unique

characteristics and advantages that can improve the effectiveness of established soil and

cleanup ies now using it vertical well
The steering capabili i with some i well drilling i allows
in areas ini utilities, vertical wells, and other subsurface

Tled beneath buildings and thereby
accessing contaminated regions of soil that are generally inaccessible to vertical wells.

wells can be i
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The use of horizontal wells may allow fewer wells to be used to achieve similar remediation
goals as can be achieved with vertical wells. This is due to the greater surface area associated
with the lengthwise screened area of horizontal wells. At locations where a contaminant is

distributed within a broad flat layer of soil, horizontal screens provide greater surface area in

contact with i soil or allowing effective transfer of materials
used for remedial treatment (e.g., nutrients and microbes for bioremediation treatments, air

for air sparging, vacuum for vapour extraction, soil flushing materials, etc.).

The use of hori; wells for envi iation is i ing. The number of

horizontal wells installed in the United States for environmental remediation projects was 55

in 1994 and 117 in 1995 (Kaback and Oakley, 1996), and predicted to be more than 400 for

1996 (Wilson, 1995). Because hori. wells for iation are a recent i on, there

is only limited data avail ich i vertical wells.

Two horizontal wells were installed for a pilot test at the U.S. Department of Energy
Savannah River Site (U.S. EPA, 1997b). During this test, more than 16,000 Ibs of solvents
‘were extracted using a 300 ft long sparging well placed below the ground water table and a
200 ft long soil vapour extraction well located above the ground water table (Kaback and
Oakley, 1996; Looney et al, 1991). A test carried out at the Alberta Gas Plant (Armstrong
et al, 1995) indicated that one 60 m long horizontal well could provide the same areal
coverage as 22 vertical wells. A sparging study using horizontal and vertical wells was carried
out for the U.S. Army Corps of Engineers (Wade et al, 1996) at the Hastings East Industrial
Park in Nebraska. The horizontal well used in the study had a sparging capacity of more than
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10 times that of a vertical well under the same injection pressure.

In low permesbility formations such as glacial till where naturally occurring vertical fractures
provide the primary flow paths for fluid flow, a horizontal well may intersect more fractures

than a vertical well. As with vertical wells, the i of hori. wells as
the f fine particles in the soils i In soil deposif i bedding
—— - . " . 3 wells may g
The U.S. EPA (1997b) reports that hori; wells are most i for

remedial activities in pervious soils such as gravel, sand and silty sand. The costs increase

in geologic envi that include clay, glacial till, or bedrock. The

of hori wells in low ility soils could be increased if the well was

utilized with a flow enhancement process such as hydraulic fracturing or soil shearing.

2.2.2 Hydraulic fracturing in rock

2.2.2.1 Petroleum sector applications

of irs with low intrinsic permeability has been

a major goal of the petroleum sector over the last century. Hydraulic fracturing has been used
by the petroleum industry for more than 50 years to improve the rate at which oil or gas is

produced from a reservoir and to increase the total volume of hydrocarbon that can be
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recovered from a reservoir (Gidley et al, 1989). The technology associated with hydraulic
has been almost it for use in

reservoirs which consist primarily of or crystalli rock.

The hydraulic fracturing process involves blending chemicals to make an appropriate
fracturing fluid and then pumping the blended fluid into the pay zone at high enough rates and
pressures to create a tensile parting in the rock which is “wedged™ open and extended
hydraulically. A fluid that contains no propping agent is first pumped to initiate the fracture
and to establish propagation. A propping agent is then introduced (usually silica sand), which
is carried into the fracture as it extends, and serves to hold the fracture open after the
fracturing process is completed. A viscosifier is mixed with the injection fluid to reduce fluid
loss (or leak-off) into the pore space of the rock and so that the proppant will remain in
suspension in the injection fluid. Hubbert and Willis (1957), and Morgenstern and Vaughan
(1963), defined a non-penetrating fluid as one that is unable to enter the pervious material
around the section being tested, and which does not establish a pore-fluid pressure gradient.
A penetrating fluid is a fluid such as water which produces an immediate response in the pore

pressure in the proximity of the borehole and a pressure gradient is established.

Several factors have been identified that affect fracture propagation including: variations of
the in situ stresses existing within different layers of rock, relative bed thickness of formations
in the vicinity of the fracture, bonding between formations, variations in mechanical rock
properties (including elastic modulus, Poisson’s ratio, fracture toughness, and ductility) fluid
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pressure gradients in the fracture, and variations in pore pressure from one zone to the next.

The in situ stress is generally considered to be the i ing hydraulic
fracturing. The process of drilling a borehole in the ground and applying a fluid pressure in
the borehole will change the vertical, radial and tangential stresses in the rock around the
borehole (see Figure 2.1). It is widely accepted in the literature that hydraulic fracturing
occurs when the minor principle effective stress becomes tensile with a magnitude exceeding

the tensile strength of the rock, i.e. when 0,' + 0, < 0.

If the minor principal effective stress is in the vertical direction (0, in Figure 2.1), the
orientation of the resulting fracture will be horizontal. If the minor principal effective stress
is in a direction tangential to the borehole (0’4 in Figure 2.1), the orientation of the resulting
fracture will be horizontal. The in situ stress controls the fracture azimuth (Hubbert and
Willis, 1957) and orientation, the vertical height growth, crushing of the proppant, and
various other aspects of fracturing.

The pressure versus time record for an ideal hydraulic fracture test in rock is shown in Figure
2.2. The pressure increases as fracture fluid is pumped at the start of the test and the
compressive stresses in the walls of the well are reduced until at some point they become
tensile. When the tensile stress exceeds some critical value related to the tensile strength of
the rock, a hydraulic fracture is initiated (Pi) and begins propagating. If pumping is stopped,
the crack will extend until equilibrium (the instantaneous shut-in pressure) is obtained. The
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closure pressure or crack re-opening pressure (Nolte, 1988) is the pressure required to re-
open an existing fracture. In Figure 2.2, the closure pressure is designated as Pr. Hydraulic
fracture tests are often used to estimate the magnitude of in situ stresses. For example, if a

vertical fracture is produced, the pressure record obtained during the test can be used to

y principal inthe pl I to the test hole

axis. If a horizontal fracture is produced, not as much information can be derived.

Rocki i abrittl ial and most effo: iour of crack

d growthis k lied on elastic, brittl heories. Griffith (1921)
advanced the first plausible theory of crack behaviour while studying the reasons for the low
tensile strength observed in brittle materials such as glass. He suggested that the low tensile
strength observed in glass was a result of the presence of cracks and used an energy approach
to equate the work performed during extension of the crack to an energy ascribed to the
newly created crack surface. Barenblatt (1962) proposed a cracking model that leads to the
same crack-extension criterion as advanced by Griffith, but provided a means of dealing with

unrealistic infinite stress development at the crack tip.

‘The most general and extensively used theory for hydraulic fracturing of rock is linear elastic
fracture mechanics theory. The theory of linear elastic fracture mechanics is related to
Griffiths (1921) theory, but was modified by Orowan (1952) and restated by Irwin (1957) to
include energy dissipation processes such as plastic flow and micro-cracking. These factors
are incorporated through stress intensity factors (K;, Ky and Ky;) which refer to different
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modes of crack behaviour. A fracture will advance when its stress intensity reaches a critical
value, Ky, which is known as the plane strain fracture toughness, and has been shown to be
a measurable property for many engineering materials including metals, glass, ceramics,

polymers and others.

Andreev (1995) p ive discussi i isms in rock, including
the initiation and propagation of fractures. The relative positions of various failure
mechanisms with respect to the Mohr-Coulomb failure criterion are plotted in Figure 2.3. In
Figure 2.3, fracturing processes occur in a relatively small region near the origin where the

minimum principal stress, 0,, is tensile.

Numerical models used to predict fracture growth in petroleum reservoirs have been

over a number of years and are well ished. Th

time of treatment, and fluid leakoff with fracture width and length. There are two basic
hes used for i i ing of fracture ion in

reservoirs. In both approaches, the fracture height is assumed to be constant and the
dimensions that change are assumed to be the width and the length of the fracture. The
Perkins-Kem (PK) model (1961) assumes that the fracture has an elliptical shape when
viewed in the vertical plane, perpendicular to the long axis of the fracture. The Geertsma-de
Klerk model (1969) assumes that the fracture takes a rectangular shape in the vertical plane

and an approximately elliptical shape in the horizontal plane.



A number of th i ional (3D) ion models have been such

as that by Cleary et al (1983). Most 3D fracture models assume that the fracture is planar and
remains planar during propagation. There are some 3D models with curved fractures
(Ingraffea et al, 1985), however, these models are generally very complex and

Three-di i models have several basic elements in

common including a crack-opening model, a fluid flow model, a crack propagation criterion,

and a fracture propagation algorithm.

One of the problems associated with evaluating how well these models can predict fracture

initiation and growth is the inh difficulty i ing 'y adopted by fractures

in situ. The most detailed descriptions of in sifu hydraulic fractures have been obtained
through experiments where fractures were formed using a dyed or similarly tagged fluid, and

t rfaces on which flui ionh d (Tyler

et al., 1977; Warpinski et al., 1982; Trevits et al., 1982). Other techniques for determining

fracture growth and geometry include i ismi (ito, 1981), down-
hole based hydrophones, (Shuck, 1974) and three component geophones (Albright and
Pearson, 1982; Leydecker, 1981). An alternative method that is particularly useful for
determining the geometry of near surface fractures is through the deployment of an array of
continuously recording shallow-borehole tiltmeters. The interpretive technique is based on
conventional strain seismology methods for recovering the fracture parameters of buried
slippage on active geological faults from observation of the surface deformation (Evans,

1983; Davis, 1983).
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2.2.2.2 Other non-petroleum sector applications

with other
the construction of water wells, the grouting of foundations for dams, and the generation of
thermal energy.

In th ‘grouting, the objective is primarily the ility and

to increase the strength of the foundation. Fractures may occur when excessive grouting

pressures are used which may result in the consumption of excessive volumes of grout,

permanent weakening of the rock, or an increase in permeability. Grouting of dam

foundations using pressures high enough to cause the grout to flow out of the grout hole in

concentrated streams by hydraulic fracturing has been understood and applied practically
,1986). d Vaughan (

mechanism for determining the allowable grouting pressures in rock based on the

Mohr-Coulomb failure criterion in terms of effective stresses.

Fracturing has been used for many years in the water well industry to increase the yield of
'water wells (Koenig, 1960a and 1960b; Stewart, 1978). Gale and MacLeod, (1995) presented

the results of an investigation carried out to determine the potential for using hydraulic

to increase the ivity of naturally ing fractures, and thus increase the

productivity of water wells on the Avalon Peninsula and Eastern districts of Newfoundland.
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Results from the hydraulic stimulation program demonstrated that well yields in many of the
rock units in Newfoundland can be increased by low pressure hydraulic stimulation.

‘The generation of thermal energy from hot dry rocks uses hydraulic fracturing to create flow
paths between two wells (Murphy, 1982). Water heated by passage through the hot rocks
between the two boreholes is used to drive turbines for electrical power. Successful
applications of this technology have been carried out in New Mexico (Murphy, 1982; Kerr,
1987), England (Kerr, 1987), France (Comet et al., 1982) and Germany (Rummel and
Kappelmeyer, 1982).

223 Hydraulic fracturing in soil

Hydrauli ing of i media (soil) has often been considered a

process to against in i ineering practice. Since about 1970, it has
been known that hydraulic fracturing has occurred inadvertently when the fluid pressure in
borings drilled through the cores of embankment dams exceeds the adjacent embankment
earth pressure (Sherard, 1970, 1973, and 1986). Inadvertent hydraulic fracturing was found
to occur when excessive water pressures were used in field permeability testing (Bjerrum et
al, 1972). It is generally accepted that concentrated leaks, such as those that ultimately led
to the catastrophic failure of the Teton Dam, may result from hydraulic fractures created in
earth dams due to reservoir water acting on the upstream face of the core (US Government,
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1976; Jaworsky et al, 1981; Kulhawy and Gurtowski, 1976; Seed and Duncan, 1981).

Various researchers (Overy and Dean, 1986; Wright and Tan, 1991; Andersen et al, 1994)
have investigated the occurrence of hydraulic fractures during the setting of conductors for
offshore oil or gas wells. Setting the conductor at too shallow a depth may result in the
drilling fluid pressure causing hydraulic fractures to develop in the soil adjacent the well,
which could result in the drill hole caving, water entering the well, or loss of drilling fluid.
Wright and Tan estimated the fracture initiation pressure based on several theories including

a tensile parting mechanism, a shear failure ism and a cavity
Andersen and others presented a new approach for calculating hydraulic fracture pressures

which assumes a tensile parting ism; but id linearity of the stress-strain
properties of the soil, and pore pressure changes in the soil due to changes in total normal

stress and shearing of the soil.

Hydraulic fracturing tests in soil have been proposed as a means of determining the magnitude
of the in situ minor principal stress (Bjerrum and Andersen, 1972). Massarsch and Broms
(1977) and Clark (1979) drew attention to the effect of soil fracturing due to pile driving in

hest ils. During pile driving in clay, hori: and vertical cracks may be formed in the
plastic zone around the pile. The crack: provide drainag to pervious layers and
thereby significantly increase the rate of idation after driving. (1978),

indicated that hydraulic fractures may be produced during driving of sand drains which
increases the effective drainage area, and thus the efficiency of the sand drain.
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The creation of hydraulic fractures in uncemented reservoirs is a relatively new technology
in the early stages of development (Been and Kosar, 1991). Although the techniques used to

create hydraulic fractures in soils subjected to low stresses are similar to those used for

hydrauli ing in highly stressed d rock, the i ing in soil are
very different and are not well understood. A major driving force behind the development of
numerical models for fracture formation in uncemented reservoir materials, has been a need
to enhance hydrocarbon production in oil sands deposits, such as those found in Alberta,
Canada (Chhina and Agar, 1985). A signi obstacle to the and use of

fra dels has been the lack i data. Alarge joint i laboratory testing

project was carried out by Golder Associates Ltd. (1991, 1992, and 1994) to enhance the

mathematical formulations of models by providing data to calibrate and verify fracture

models. As part of this test program, high rate injection si i ied outin a large

triaxial stress chamber on homogeneous sand impregnated with a highly viscous fluid.

In the last decade, ing has been i asa ique t the

of i in situ iati i for the cleanup of contaminated soil and
groundwater (Leach et al, 1994; Frank and Barkley, 1995; Keffer et al, 1996; Murdoch et al,

1990; Schuring et al, 1995). Sinceits i i i ing has gained

and is being used commercially in the environmental industry as a means of accessing

contaminants in low permeability near surface soils (US EPA, 1997b).

A rather unique lication of hydraulic ing was by Zyrmiak (1997), and




involved a project carried out to investj ibility of using
- " . - - —

from the project indicate that, from one site alone, the use of the technology could result in

potential long term leachate extraction cost savings of millions of dollars.

Work has been carried out (Piggott, 1995; Piggott and Elsworth, 1994, and Piggott, 1996)

to investigate the potential for hydraulic ing to result in il ilization of
target contaminants due to the fluid flow regime induced during fracture extension. Piggott

(1996) concluded that the potential for ilizing aqueous phase

during hydraulic fracturing is relatively small and can be estimated as a function of the

properties of the contaminated formation and the details of the proposed fracture treatment.

The that has b dopted to model hydraulic fracturing in fine grained soils for

remediation of contaminated sites has involved i fracture

etal., 1991; Murdoch, 1993). Modelling of fracture growth in soils using numerical analyses
developed for cemented geological materials has met with very limited success. The main
reason for the poor performance of conventional fracture models is that they fail to consider

the i iour of soils as a parti media. Unlike reservoir rocks

such as soils are and the indivi soil grains are not constrained by
cementation. As fluid is injected into a dense sand or an overconsolidated clay, the mineral

grains slide relative to each other, increasing the void space. These volume changes, termed

shear dilati ion, can signi alter the and the
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and ori i ism may be i more by shearing and less by

2.2.4 Soil shearing

Shearing has been identified as a prominent mechanism that occurs in addition to tensile

parting during of i dia. Chhina and Agar (1985)
noted that significant shear stresses may develop near the tip of advancing hydraulic fractures
in oil sand deposits, and that the propagation may be due to both tensile parting and shear
distortion. They indicate that shear deformation and material dilation during fracturing may
cause sub-parallel and/or intersecting planes beyond the fracture tip that may or may not be
hydraulically connected to the fluid-filled fracture. The authors identify cases where field
evidence supports shearing as a mechanism during fracturing. These cases include hairline
shear planes observed in cores taken from near fluid filled fractures where no trace of the
fracture fluid was found in the hairline shear fractures; a drop in pore pressure observed in
some observation wells during fracturing which may be due to shear dilation; and significant
surface heave observed at some sites that cannot be explained by temperature and pressure
effects but may be due to shear deformation and associated dilatancy.

Mori and Tamura (1987) investigated the relation between ing pressure and the

strength of various cohesive soils. Injection tests carried out in a triaxial fracturing device
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resulted in the creation of vertical, inclined and horizontal fractures in the test specimens.
Mori and Tamura postulated that it is shear failure near the borehole, rather than tensile
failure, which initiates the hydraulic fracture of cohesive soils, irrespective of whether the
fracture propagates in a horizontal or vertical direction.

Dusseault and Rothenberg (1988) discuss the role of shear dilatancy with respect to
permeability enhancement in oil sands deposits. Fluid injection at hydraulic fracturing
pressures results in shear band development in advance of hydraulic fractures, primarily in
shallow reservoirs where the vertical stress is the smallest principal stress. The authors
indicate that volume increases due to dilation are likely to increase the permeability due to
widening of flow paths whereas the permeability increase due to shearing is a result of

increased connectivity between flow paths.

Shear failure, rather than tensile parting, was reported as the dominant mechanism in

experiments carried out by Golder Associates (1991, 1992, and 1994) as part of a joint

industry study investigati i ionin oil sands. L I

Yy ied out using L in 125 sand with a viscous pore
fluidina 1.4 m diameter by 1 m high calibration chamber. The test chamber allowed principal
stresses of up to 1000 kPa to be applied independently to the soil through a circumferential
(0,) and upper (0,) cavity. Pore fluid pressure was applied to the sample through drainage
ports in the base and top of the chamber. An injection well was located in the centre of the
sample cavity. Flourescent dye was added to the fluid injected into the soil during the testing.
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A total of 18 injection tests were carried out at different injection rates and with different

boundary conditions. Following each test, the soil was excavated and the locations of dye

traces and fractures were mapped. A single or closely spaced distributi iented
primarily perpendicular to the minimum principal stress was not generated in any of the
experiments. Generally, the injection fluid was found roughly spherically about the injection
zone transported by a network of intersecting fractures up to several square centimetres in
area. The size of the fracture zone was found to be related to the volume of fluid injected and
the distance the injected fluid travelled from the injection well during a test was 1 to 2 orders
of magnitude greater than would occur if flow had taken place only through the pore space
of the sand. It was concluded that shear failure was the dominant mechanism at the injection

rates used in the test program.

During the drilling of a wellbore in a hydrocarbon reservoir, rock strata is removed by the
cutting tool and replaced by drilling mud. If the hydrostatic pressure of the mud at the face
of the wellbore is less than the in situ stress, the material will expand or swell into the

wellbore. There will be plastic, or i i the well caused by shear failure
with elastic deformation at greater distance from the well (Kosar and Been, 1991). Plastic or
“yield” zones around a well can also be caused by changes in pore pressures caused by radial

flow into the soil or rock i wellbore, dynamic fluid pr ions during

drilling and jon, and thermal stress induced by the

temperature difference between the drilling fluid and the rock mass (Kwong and Kaiser,
1991).
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It is interesting to note that shearing has been identified as a significant mechanism during
hydraulic fracturing of soils, despite most fracturing projects using highly viscous injection
fluids to maximize the sbility to wedge and extend the fractures via a tensile parting
mechanism. No attempts have been made to date, to design the injection process such that
shearing will dominate. The amount of leak-off that occurs during fluid injection may
influence the role of shear dilation or contraction. Leak-off into the soil will tend to increase
the pore pressure and thus reduce the effective stress over a larger volume of soil. If the in
situ stress condition of the soil is anisotropic, pore pressure increases may result in yielding
and development of shear bands in the soil. If the soil is dilatant, the volume increase during

shear increases the porosity and results in an increase in the permeability of the soil.

The development of shear bands in the soil plays an important role in the shearing process.

and Tchalenko (1967) ‘early work carried

th of mi ic and i in kaolin clay under direct shear

conditions. Particular attention was paid to investigating the shear-induced fabric which they
concluded results from translation and rotation of particles rather than displacements across
particles. No discontinuities were observed to appear during stable yielding to peak strength.
Structures begin to appear at or near the peak strength. Kinking is the dominant mode of

in the ion of major with many kink structures being
to full-scale

The point where a shear band is initiated on a stress-strain curve is referred to as the
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1980)

found the bifurcation point to be close to the peak of a stress-strain curve.

Strain softening and shear band formation of granular soils tested under multi-axial conditions

was investigated by Chu et al. (1996). Strain path tests were carried out on sand in a multi-

axial cell and a ph i ique was used to d he initiation of shear bands. Strain

softening was found to be path dependent. It can occur as shear band formation or it may

occur without the of any ity. Shear band formation is not

boundary i ions, but can inevi P

of a sample to certain stress states and shear paths

Oda and Kazama (1998) examined the microstructure of shear bands in relation to the

mechanisms of dilatancy and failure of dense gr soils. Pl in tests ied

on Ticino and Toyura sand specimens. Following the tests, cross-sections were taken of shear

bands which were: i x-ray
Oda and Kazama concluded that shear band boundaries are curved rather than straight; that
large voids appear along a shear band with void ratios sometimes exceeding the maximum
void ratio determined by the Japanese standard method; there is significant particle rotation
and orientation within the shear bands; and the thickness of the shear bands is about 7 to 8

times the particle diameter.

Numerical modelling of shear band ion is & ing problem for




engineers and requires the capability of modelling a strain weakening material and capturing
. 5 5 T 1 have b

used to model shear zone deformation with finite elements. The first approach involves

the stiffness of a bi ing element to account for development of a shear band

(Pietruszczak and Mroz, 1981). The second approach is to model the shear band in a discrete
manner, ifying the mesh to the p! of the shear band (Pastor et

al, 1991). Most methods can only ively model small ions, large

will usually result in severe mesh distortion which, in turn, may result in numerical instability

or inaccuracies.

Wan et al. (1992) presented a method by which a shear band in a geostructure can be
modelled numerically. The model accounts for dissipation of energy, even with a vanishing
zone of localization. Chan et al. (1997) introduced a contact band approach for kinematic

of shear ion. Thi h treats the top and bottom surface of the
shear band as two contact surfaces with elements located between the two surfaces. The
method requires a robust scheme of remeshing within the band, however, there are fewer

problems associated with distorted elements.

The soils which may achieve the greatest permeability enhancement due to shearing may be

low permeability soils that are heavily i Soil may become
due to a number of including soil ition followed by glaciation, changes in

water table elevation, dessication, aging, chemical alteration, or erosion. These soils, which
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a wellbore during injection as a result of unloading as the effective stress decreases. A fluid
injection test was carried out on a dense sand sample from the Athabasca Oil Sands deposit
in northern Alberta. The behaviour of Athabasca Oil Sands at a fracture face subjected to a

stress path ive of a fluid injection and i le is shown in Figure 2.4. The

porosity increases during fluid injection as the effective stress decreases due to unloading.
Because of the dilatant behaviour of the soil, there is a porosity increase of about 2% while
the soil is sheared under constant stress conditions. Much of the porosity increase is not
recovered when the soil is reloaded to the in sifu stresses during the production cycle. The
authors conclude that the porosity increase due to shearing is likely to have a significant
influence on the fluid flow characteristics of the soil adjacent a fracture.

Scott et al (1991) indicate permeability increases of up to 16% in Cold Lake oil sands
specimens when the isotropic effective stress is -reduced to zero from an initial isotropic

effecti f 12 MPa. The auth ility ch:

unloading are a function of the degree of unloading, the initial porosity of the soil, and the

stress path. It was that ity is apidly when

hroughi ing pore p thanby ing total i pi The authy
also noted that a permeability increase is expected in oil sand samples undergoing anisotropic
unloading at low confining stresses. ility changes during ani: i ling are
a function of the average mean effective stress, the shear strength of the soil, the grain

compressibility, and mineralogy.
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‘The Steam Assisted Gravity Drainage (SAGD) process is used for the enhanced recovery of
heavy oil from oil sand reservoirs. SAGD is a special form of steam flooding where the
movement of oil to a production well is caused by gravity and is approximately parallel to the
interface which forms the boundary of a growing steam saturated zone, known as the steam
chamber. Phase A trials of the SAGD process (Edmunds et al., 1992) were carried out at the
Underground Test Facility, located near Fort McMurray, Alberta. Chalatumyk and Scott

(1995),CI 1996), and CI and Scott (1997) rep hearing is a major
geomechanical factor in SAGD. The primary stress path identified by Chalatumyk and Scott
for SAGD is illustrated in Figure 2.5. Under initially anisotropic stress conditions, a pore

d injection results in equal ions of o, and o', In p-q space,

p
the stress path is horizontal because (0, - 0,") remains constant, however, the stress ratio
(0,'/ 0y) increases due to a reduction in 0,". Following the pore pressure injection stage, the
horizontal stresses continue to increase due to thermal expansion of the reservoir within the
developing steam chamber. For the SAGD process, it is the deformation response along this
stress path that is of primary importance. Reservoir deformations due to shear stress and

FFecti It in dilati ion, which alters the poros d

the ility of the ion. Ch: and Scott (1997) reported that changes in

reservoir fluid pressure during tests of the SAGD process at the Underground Test Facility
near Fort McMurray resulted in shear induced volume strains, increases in porosity, and 30%

to 50% increases in the absolute permeability of the formation.
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23 Summary

Thereisa within i industry for is i that can

beused iently cleanup inants i ility soils. Of particular interest are

the fluid istics of the soil, and thus al
existing processes to be used in low permeability soils that are proven to work under high to

moderate i it One i that has proven to be successful in

enhancing the cleanup of low permeability soils is hydraulic fracturing. Although hydraulic
fracturing is effective, it can be expensive to i in that specialized materials and

equipment are required for creating the viscous proppant laden injection fluids. There is
experimental evidence suggesting that for hydraulic fracturing processes carried out in some
soils, shearing is a dominant mechanism in addition to tensile parting. There has been no
research carried out to date, which has been directed at investigating the factors governing
the occurrence of shearing during the injection process. The primary advantage of shearing

over ing is that th isvery i d, because a proppant is not used, the

process does ot require the use of any specialized equipment to apply. Research carried out
to date indicates that shearing may potentially be used as an inexpensive means to enhance

the in situ remediation of low permeability soil.
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CHAPTER 3 - FIELD EXPERIMENTS

3.1 General

This chapter presents the results of two field injection tests that were carried out at the

Environmental Test Facility (ETF) between June and October of 1997. The Environmental

Test Facility isa i ization that carries out large scale testing and verification

of soil and iati ies for the i l industry. As part of
their infrastructure, ETF operates a two hectare full scale field testing site (Figure 3.1) which

is located at the former United States Naval forces base in Argentia, NF.

‘The first field experiment, FLDTST1, was carried out between June and July of 1997, and the
second field experiment, FLDTST2, was carried out between August and October of 1997.
Both field experiments were carried out in test beds constructed using recompacted glacial

till soil. Injection wells were installed in the compacted soil and instrumentation was installed

for monitoring pore and ground ions. The tests involved injecting dyed
water into wells while itoring pore pressure within the soil and soil
at th d surface. ing i the test beds were

and the locations of dye traces found in the soil were mapped. The following sections provide
details of the test equipment and procedures used to carry out the injection tests, and presents

a short summary of data collected during the experiments.
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3.2 Test Bed Construction

3.2.1 Selection of test bed locations

The Environmental Test Facility controls two hectares of land on the former US Naval facility

at Argentia which is used as a site for large scale field testing of in sifu and ex situ soil and

Five test pits were excavated within the ETF field

testing area in order to characterize the soil and determine the most suitable location for

of for the injection tests. A site pl. ing i !
of the test pits is presented in Figure 3.1. The test pits were excavated using a small backhoe.

Test pit logs are included in Appendix 2.

The five test pits varied from 2.7 to 3.1 m in depth with similar soil conditions noted within

all test pits. Generally, a thin zone of sand and gravel fill inis ilt

at the ground surface which extended from 0.19 to 0.42 m in depth. A thin zone of organic

topsoil, usually less than 0.1 m in thick i fill. Underlyis il layer was
a dense to very dense brown weathered sand and gravel glacial till containing some silt and
frequent cobbles and boulders. The amount of weathering decreased with depth, and was

indicated by the colour changing from brown to grey. The test pits were generally dry,

however, inis ater
size distribution curves and moisture content test results for the till are included in Appendix

2.
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The results of the field investigation indi-ated that the soil conditions were generally uniform across
the test site. Level areas of the site, close to electricity and water supplies, were selected for

construction of the test beds (see Figure 3.1).

A temporary survey control gnated SE) i near the test beds by driving
a spike into the remains of a former wooden power pole that had been cut off near the ground
surface. The benchmark was given an arbitrary reference elevation of 100 m for use in elevation
control during construction of the test beds and carrying out the field experiments. Elevations

reported for the field i are ref to the local k elevation. A survey level

was used for measurement of depth and elevation during construction and excavation of the test beds

and during the field experiments.

A local coordinate system was established for each test bed with the centre of the test bed given the
coordinates 0.0 m N and 0.0 m E. Grid lines were established with respect to the centre point to

allow the iocations of and i o be by northing

and easting to the local grid.

3.2.2  Test bed excavation

Excavation of test beds was carried out using small rubber-tired and tracked backhoes. Topsoil and

organic materials were stripped from the ground surface prior to excavating the
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test beds. Soil from the ion was iied adjacent the ion for later use as

backfill material.

The base of the test bed for FLDTST? was excavated to approximately 2.5 m below the
original ground surface (base elevation 97.12 m in local reference system). The base of the
excavation covered an area of about 3 m by 3 m. The approximate shape and dimensions of

the excavation are shown in Figure 3.2.

The base of the test bed for FLDTST2 was excavated to approximately 3.9 m below the

original ground surface (base elevation 95.91 m in local reference system). The base of the

excavation covered an area of about 4 m by 8 m. The approximate shape and dimensions of

the excavation are shown in Figures 3.3 and 3 4.

3.2.3 Backfill and compaction

‘The base of both test bed ions were d prior to of backfill. Base

compaction consisted of a minimum of three passes with a gasoline powered vibrating plate
compactor. Thereafter, backfill was placed in 150 mm thick horizontal lifts, with each lift
compacted by at least three passes of the compactor. Large cobbles and boulders were

separated from the backfill material prior to compaction.
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Following compaction of each lift. the density and moisture content of the soil were measured at two

locations using a Troxler Model 3430 nuclear For all density the probe
depth was set to 150 mm and the time count was set at | minute. A summary of density and moisture

content test results for both test beds is provided in Appendix 2.

Testbed FLDTST was backfilled and compacted to an average ground surface elevation of 99.1 m.
Test bed FLDTST?2 was backfilled and compacted to an average ground surface elevation of 98.7 m.
Topographic surveys were carried out using a surveyors rod and level to determine the ground

surface elevation of the test beds prior to the injection tests.

3.2.4 Injection wells

A vertical injection well was installed at coordinate O N, 0 E in test bed FLDTST 1. The tip of the
well was at elevation 97.12 m. The injection well was fabricated using 50 mm diameter schedule 40
PVC pipe. The lower 0.55 m of the well was screened using a commercially available well screen
with 0.1" slots. The well screen was surrounded with #1 silica sand to a sand pack diameter of 0.15
m. The injection well was positioned prior to placement of backfill within the test bed and the soil
was compacted in lifts around the well. The sand pack was temporarily contained around the well
during placement of the backfill by setting the injection well within a 0.15 m diameter sheet metal

tube which was filled with silica sand. The



sheet metal tube was then pulled up out of the soil as the height of the backfill increased
around the exterior of the tube. When the backfill reached the top of the sand pack, the sheet
metal tube was removed and additional backfill was placed and compacted up against the

PVC injection well.

For FLDTSTI, measures were taken to prevent leaks from occurring along the smooth

interface between the PVC pipe and the soil. At three locations along the shaft of the inj

well, silicone sealant was applied to the exterior of the pipe and a thin 0.25 m radius piece of
polyethylene was clamped around the pipe over the silicone. The polyethylene sheet was then

spread out horizontally and covered by the next lift of soil.

In test bed FLDTST?2, a horizontal injection well was installed with the riser pipe located at
coordinate 0.0 N, 2.0 W and a 3.0 m long horizontal screened section extending from 0.0N,
1.5 W to 0.0 N, 1.5 E. The screen was fabricated with 0.1" slots. The elevation of the
horizontal well was 96.29 m. The injection well was fabricated from 50 mm diameter schedule
40 PVC pipe. The 3.0 m long screened section of the well was surrounded by a 0.2 m by 0.2
m zone of #1 silica sand. The injection well was positioned prior to placement of backfill

within the test bed and the soil was compacted in lifts around the well.
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3.2.5 Instrumentation

3.25.1 FLDTST1

Four pore pressure transducers (PPTs) were installed in test bed FLDTST1. The PPTs were

calibrated in C-CORE’s laboratory prior to being taken into the field. Summaries of

were buried in the soil during backfilling of the test bed at the locations and elevations shown

in Table 3.1.

Table 3.1. Location of Instrumentation - FLDTST1

and other i

data are included in Appendix 1. The PPTs

Instrument | Serial Number Location

e
esignation Northing (m) Easting (m) | Elevation (m)
PPT -1 3901 1.03 0.00 9765
PPT -2 L338671 0.06 095 o171
PPT -3 L356424 -1.00 0.00 9767
PPT -4 4365 000 1.00 9767
LDT-1 s421 000 057 99.05
LDT-2 5422 000 152 99.10

PPT locations are shown in Figure 3.2. Cables for the four PPTs were routed around the

perimeter of the test bed to a point near the northeast corner of the excavation where they

were threaded through a length of monitoring well casing and brought vertically to the ground

surface. Care was taken to ensure that no sharp particles or large cobbles were placed over

the PPTs or cables and limited compaction of the next two lifts of soil was carried out directly
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above the PPTs. At the ground surface, the ends of the PPT cables were coiled and wrapped

in plastic to protect them from the weather until the test could be carried out.

Two linear displacement transducers (LDTs) were used to monitor ground deformations
during the injection test. The LDTs were calibrated in C-CORE'’s laboratory prior to being
taken into the field and the results of these calibrations are included in Appendix 1. The LDTs

were installed at the ground surface at the locations shown in Table 3.1.

LDT locations are shown in Figure 3.2. The LDTs were fixed to a 3 m long steel channel
section that was positioned parallel to the ground surface between the injection well and the
east side of the test bed. The channel section was bolted at both ends to lengths of steel

reinforcing rods that were driven into the ground.

3.2.5.2 FLDTST2

Thirteen pore pressure transducers were utilized for test FLDTST2. Transducers P-01 to
P-10 and P-13 were buried within the test bed along a cross-section line perpendicular to the
horizontal well at the mid-point of the well (Figure 3.3 and Figure 3.4). The PPTs were buried
at depths from 3.0 to 0.5 m below ground surface at distances varying from O to 4.0 m from
the injection well. Transducer P-11 was used to monitor the water level in an 11,000 litre

water reservoir during the injection process, and P-12 was used to monitor the pressure in the
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injection well at the wellhead during the experiment. A total stress cell (TSC-1) was buried
in the test bed at a depth of 2.0 m below ground surface and at a distance of 1.0 m from the
injection well. The face of the total stress cell was oriented to measure the horizontal stress
in the test bed. The locations and depths of the instrumentation are summarized in Table 3.2

and are shown in Figure 3.3 and Figure 3.4.

Cables for the buried instrumentation were routed to the ground surface through vertical
plastic tubing that was installed in the test bed. The annulus of the tubing was grouted with

a bentonite slurry following completion of the test bed. When installing buried

car no sharp particles or large cobbles

over the instrument or its cable and limited compaction of the next two lifts of soil was carried
out directly above the PPTs. At the ground surface, the ends of the cables were coiled and

wrapped in plastic to protect them from moisture prior to the test.

Linear displacement transducers were installed in rows at the ground surface along a

cross-section perpendicular to the horizontal well and along a second cross-section parallel

to the horizontal well (Figure 3.3 and Figure 3.4). The locatit f the LDTs are

in Table 3.2. The LDTs were mounted on a frame constructed from two 4" x 2" x .188W x
24 ft long hollow structural steel sections that were bolted together in a T-configuration
spanning the test bed. The ends of the LDT frame were supported on 0.1 by 0.1 m pressure
treated wood posts that were founded on undisturbed soil.
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Table 3.2. Location of Instrumentation - FLDTST2

Instrument Type Serial Location
Designation Number

e Northing (m) | Easting (m) | Depth (m)
P-01 PPT 7471 1.0 0.0 3.0
P-02 PPT co2 0.0 0.0 25
P-03 PPT 9099 20 0.0 25
P-04 PPT co3 3.0 0.0 20
P-05 PPT co4 0.0 0.0 15
P-06 PPT 4378 20 0.0 15
P-07 PPT 6805 1.0 0.0 1.0
P-08 PPT L338671 3.0 0.0 1.0
P-09 PPT 3901 0.0 0.0 05
P-10 PPT 4365 2.0 0.0 0.5
P-11 PPT 4386 Water tank Water tank | Water tank
P-12 PPT 7291 0.0 =20 ‘Wellhead
P-13 PPT 9100 4.0 0.0 0.5
TSC-1 Stress cell - 10 0.0 2.0
L-01 LDT #1 -0.3 20 0.0
L-02 LDT # -03 -1.0 0.0
L-03 LDT #3 03 10 0.0
L-04 LDT #4 03 2.0 0.0
L-05 LDT #6 0.0 0.0 0.0
L-06 LDT #8 0.5 0.0 0.0
L-07 LDT #9 1.0 0.0 0.0
L-08 LDT #10 2.0 0.0 0.0
L-09 LDT #18 3.0 0.0 0.0
L-10 LDT #19 4.0 0.0 0.0

The PPTs, total stress cell and LDTs were calibrated in C-CORE’s laboratory prior to being
taken into the field and the results of these calibrations are included in Appendix 1. Airflow
probes and thermocouples were buried within the south side of the test bed. These
instruments were installed to allow pre and post test measurement of the permeability of the
soil to airflow. Due to the adverse weather conditions following the test, post test air
permeability testing was not carried out.
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33  Test Methodology And Experimental Results

33.1 FLDTST1

3.3.1.1 Initial in situ permeability testing

On June 24 and 26, falling head permeability tests using fresh water were carried out from the

injection well ine the i initial ility of th test bed soil

. Additi ility testing was carried out on June 27 following

the injection test. Data from the falling head tests are included in Appendix 3.

For the initial permeability tests, the injection well casing was first filled several times with
clean water over a period of approximately one-half hour prior to the test. The stick-up of the
injection well casing above the ground surface was measured, the total depth of the well was
confirmed, and the initial static water level was recorded. Falling head tests were then carried
out by filling the well casing with fresh water and monitoring the water level response in the
well over time. The average horizontal permeability of the soil prior to the injection test was

found to be 5.7 x 10 cm/s using fresh water.

3.3.1.2 Equipment setup

Support equipment for the injection test was set up on June 24. The water supply for the
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using an 11,000 litre capacity p water tank

near the test bed and filled using potable water: a Al was

a source of electrical power located about 50 m from the test bed, it was more convenient to
use a small 2500 W gasoline powered generator to supply electricity for the injection pump

and the computer used with the data acquisition unit.

The pump used for fluid injection was a 19 mm close coupled gear pump (Figure 3.5) rated
4t 0.63 U/s at a pressure of up to 690 kPa (10 US gpm @ 100 psi). Specifications and a rating
curve for the pump are included in Appendix 1. It was found that if the inlet pressure on the
gear pump was low, the pump would cavitate and disrupt the flow of water. This was
resolved by attaching a 50 mm diameter gasoline powered centrifugal pump in-line between
the water tank and the inlet side of the gear pump. The centrifugal pump provided a relatively
high inlet pressure for the gear pump. Connections between the water tank, the pumps, and
the injection well were made using 50 mm diameter heavy duty braided plastic hose.

A flow meter and a pressure gauge were installed in the water line at the injection well. The
flow meter was calibrated to measure water flows of up to 1.58 /s (25 US gpm) and the

pressure gauge was a Bourdon tube dial gauge with a range of 0 to 150 psi.

Data acquisition was carried out during the test using a Campbell Scientific CR10
measurement and control module. Six data channels were monitored during the injection test
(four pore pressure transducers and two linear displacement transducers).
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3.3.1.3 Use of viscosifier

Approximately 4160 litres of injection fluid was mixed using a viscosifier to increase the

viscosity of the injection water. The product used was a liquid polymer emulsion called

EZ-MUD® which contains a partially polyacrylamide / polyacrylate (PHPA)
copolymer. This product is generally used as a viscosifying agent in drilling applications and
is non-toxic, non-fermenting and does not require a biocide to prevent reverting.

To prepare the injection fluid, 15 litres of EZ-MUD were blended with 4160 litres of water

in the storage tank (i.e. 3.64 Um’) and mixed for i two hours by recirculating the

fluid through the pumps and back into the tank. Two - 1 litre samples were collected for
viscosity measurement following the mixing process and an additional two - 1 litre samples

were collected just prior to the injection test on June 27.

Viscosity measurements were made in the field using a Marsh funnel viscometer which is a
simple orifice type viscometer. The Marsh funnel viscometer is normally used for routine
checks of mud viscosity on drilling rigs and measures the relative viscosity of drilling mud
compared to the outflow time of water. The Marsh funnel is 6 inches in diameter at the top
and 12 inches long. A 10-mesh screen is fitted across one-half of the top to remove foreign
materials and oversize particles from the fluid to be tested. The procedure for carrying out
this test involves filling the funnel with fluid while holding a finger over the outlet tube. The
finger is then removed from the outlet tube and the time required for one quart of the sample
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to run out of the funnel is measured with a stopwatch. Funnel viscosity is reported in

seconds/quart. The results of viscosity measurements are summarized in Table 3.3.

Table 3.3. Marsh funnel viscosity of injection fluid - FLDTST1

Fluid Marsh Funnel Viscosity
sec/quart
Injection water with viscosifier and no dye (20°C) 279
Injection fluid with viscosifier and dye (20°C) 28
Clean fresh water (20°C) 26 (+/- 0.5 sec)
L,

3.3.1.4 Testbed pre-charging

On June 26, the storage tank containing the water/viscosifier mixture was connected directly
to the injection well and the injection fluid was allowed to flow into the well by gravity. The
initial fluid level in the injection well was 1.49 m below ground surface. Approximately 660
litres of fluid was allowed to flow into the well during an 18 hour time period. The fluid level

in the well following the pre-charging was approximately 0.76 m below ground surface.

3.3.1.5 Dye tracer

On June 27, just prior to the injection test, 75 grams of methylene blue dye crystals was
slowly mixed with approximately 3120 litres of injection fluid in the storage tank. The
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purpose of the dye was to allow visual identification of the injection fluid during post-test
excavation of the test bed. After mixing the methylene blue crystals with the injection fluid
for 1% hours, the injection fluid was a uniform dark blue in colour. Samples of the injection

fluid containing the dye were obtained for measurement of injection fluid viscosity.

3.3.1.6 Injection Test

The injection test ied out on thy ing of June 27. The test involved pumping fluid

into the injecti 1l at a constant flow rate of i 0.631 Vs while itoring pore
pressures and ground surface deformations with the data acquisition system. The data
acquisition system was configured to acquire data from the 4 PPTs and 2 LDTs at a rate of
1 Hz for the first 30 minutes of the experiment and 0.2 Hz for the following 4 hours. The
system was activated several minutes prior to the start of injection to allow the establishment
of “zero” readings.

Gross changes in ground surface elevation were monitored during injection at survey pins
driven into the ground along sections extending north, south, east and west from the injection
well. See Figure 3.2 for survey pin locations. A topographic survey was carried out

immediately following the injection test.



Table 3.4. Injection sequence for FLDTST1

Time Event
10:30 am Injection test ready to begin
10:34 am Data acquisition system on (begin collecting data)
10:37 am Pumps on (begin pumping fluid into injection well)
The flow rate immediately rises to approximately 0.631 Us and there is
an initial rapid increase in injection pressure to approximately 83 kPa as
rmeasured at the wellhead. Begin collecting surface movement data from
survey pins.
10:38am | Injection flow @ 0.631 Us, pressure @ 69 kPa

10:38.5 am | Injection flow @ 0.631 Us, pressure @ 62 kPa

10:39 am Injection flow @ 0.631 Us, pressure @ 55 kPa
“Blue” fluid appears on ground surface approx. 1.4 m north of injection
well in a band from 0.5 m Wto 0.5 mE

10:39.5am | Injection flow @ 0.694 Us, pressure @ 55 kPa
Fluid continues to flow out of the soil onto the surface of the test bed.

10:40 am Stop pumping (approximately 114 litres of fluid pumped during test).

10:46 am Disconnect flow meter and hose from injection well (elbow cut off top of |
well). Fluid flows out of injection well from the test bed.

10:50am | Fluid level begins to drop in injection well. Begin measuring response
with time (falling head test).
1:23 pm Stop data

1:30 pm Disassemble test equipment. Carry out ground surface elevation survey
on same g’d as was surveyed before in!'eaion test.

During the experiment, fluid was pumped into the injection well for approximately 2 minutes
before the blue coloured injection fluid appeared at the ground surface 1.4 m to the north of
the injection well (see Figure 3.6). The pumps were stopped after 3 minutes of injection

during which time approximately 114 litres of fluid were injected into the well. The injection



sequence for the test is summarized in Table 3.4.

At the start of fluid injection, there was an initial rapid increase in wellhead pressure to
approximately 83 kPa, followed by a gradual loss in pressure to approximately 55 kPa 2.5

minutes into the test. Pore pressure records and itoring results from the di

transducers are presented in Figure 3.7. The pore pressure transducers recorded a response
similar to that observed at the wellhead. At the start of injection (at 200 s on Figure 3.7), the
transducer located one metre west of the well measured pore pressures rising rapidly to a
‘maximum of approximately 34 kPa at 270 s before falling to about 30 kPa at 370 s when the

injection Al fourp d a similar response d

injection which indicates that the pressure response was uniform around the well.

Displacement transducers indicated an initial rapid response of approximately 1 mm during
the first 40 s of fluid injection followed by a less rapid but nearly linear displacement rate
during the remainder of fluid injection. LDT 5422, located 1.5 m from the injection well,
measured a maximum vertical response of about 3.5 mm at the time that injection was
stopped. LDT 5421, located 0.6 m from the injection well, measured a maximum response
of about 2.1 mm at the time that injection was stopped. After fluid injection was stopped,

both LDTs showed a gradual drop in the ground surface elevation and a permanent

displacement of approximately 0.5 mm. Surface di: using a 'y

level and rod, was i with that using the di



3.3.1.7 Post-injection permeability testing

Following the injection process, the injection hose was disconnected from the well and a

falling head test ied out by itorit drop in injection fluid level in the well over
time. The initial and post-injection falling head tests were interpreted using the Hvorslev
(1951) procedure incorporated into the computer program Super Slug which is distributed
by Starpoint Software. The Hvorslev method involves the determination of the basic time lag
and permeability from a plot of the change in head in the well versus time. The average
horizontal permeability of the soil prior to the injection test was found to be 5.7 x 10 cnv/s

using fresh water. The average hori: ity from the post-injection test was 1.4

x 10* cm/s using injection fluid, or 6.9 x 10 cm/s after compensating for the difference in

viscosity between the injection fluid and fresh water.

3.3.1.8 Excavation of test bed

Excavation of the test bed and mapping of dye traces began on July 4 and was completed on
July 9. The procedure developed for identifying and mapping the dye traces involved first
excavating a narrow trench radially outwards from the centre of the well. The side walls of

h i efull; ined and the northing, easting and elevation were recorded

where traces of blue dye were observed in the soil.



At some locations, the blue dye tended to biend in with the brown soil and was difficult to
spot, particularly at locations where only small volumes of injection fluid had penetrated. The

dye traces lly observed ithi i 'soil with a higher moisture

content than the adjacent soil. The tendency was for the dye traces to extend radially
outwards and upwards in all directions from the top of the well screen. Movement of the dye
through the soil appeared to be influenced by the macro structure of the soil. Dye traces were

found i i between lifts, or even reversing

direction back towards the injection well. The dye trace locations are plotted in Figures 3.8,

3.9and 3.10.

332 FLDTST2

3.3.2.1 Equipment setup

FLDTST?2 utilized the same water supply, gear pump and flow meter as were used for
FLDTST]1. Although there was a source of electrical power located about 50 m from the test

bed, it was more convenient to use a 5000 W gasoline powered generator to supply electricity

for the injection pump and the data isition unit. A 25 i plastic hose was used
for the water lines between the reservoir, the pump, and the injection well (Figure 3.11). The
50 mm diameter centrifugal pump used for FLDTST1 was not required for FLDTST2.
Pressure at the wellhead was monitored using a dial gauge and a pore pressure transducer.
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Because of the large number of instruments used for this test, the Campbell Scientific CR10
measurement and control module used during FLDTST1 was not used for FLDTST2. For
FLDTST2, a mobile PC based data acquisition system was used for data acquisition and 24

channels were monitored.

3.3.2.2 Use of dye tracer for injection test

On September 11, 2700 litres of fresh water were mixed with 125 g of methylene blue dye
tracer in the storage tank. The concentration of dye used for FLDTST2 was approximately
twice that used for FLDTST1. After mixing for 1%z hours, the injection fluid was a uniform

dark blue in colour.

3.3.2.3 Injection test

The injection test was initially carried out on the moming of September 11, 1997. The test

involved pumping fluid into the injection well at a constant flow rate of approximately 0.631

Vs whi itori d d surface d ions. Data

the 13 pore pressure transducers, the total stress cell and the 10 linear displacement
transducers at a rate of 2 Hz. The system was activated several minutes prior to the start of
pumping to allow the establishment of “zero” readings for the test. After starting the injection
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pump, the injection pressure at the wellhead gauge increased to approximately 12 kPa during
the first 3% minutes of injection. The injection pressure then dropped slowly until reaching
0 kPa pressure approximately 17 minutes after starting the injection pump. The injection
pump was stopped after approximately 19 minutes, during which time 719 litres of water

were injected into the well. The injection sequence is summarized in Table 3.5.

The pressure responses for all PPTs are included in Appendix 3. The pressure responses due
to fluid injection for PPTs P-02, P-03, P-04 and total stress cell TSC-01 are shown in Figure
3.12. Fluid injection begins at time 12.1 minutes. P-02, located within the sand pack on top
of the horizontal well, showed a peak excess pressure of 30.4 kPa at a time of 15.3 minutes.
P-03, located 2.0 m north of the well and at the same depth as the well screen, shows a peak
excess pore pressure response of 11.9 kPa at 19.0 minutes. The total stress cell, TSC-01,
located 1.0 m north of the well and 0.5 minutes above the well screen, shows a peak pressure
response of 4.9 kPa at 19.1 minutes. P-04, located 3.0 m north of the well and 0.5 m above
the well screen, shows the excess pore pressure gradually increasing with time and reaching

a maximum of 4.8 kPa at 31.7 minutes. The injection pump was stopped at 30.8 minutes.

P-01 (PPT 7471) was damaged and showed no response during the test. P-0S, P-07, P-08,
P-09, P-10 and P-13 (see Figure 3.3 and Figure 3.4 for PPT locations) were working but
recorded no pressure response during the injection test. The response of P-06 (PPT 4378)
was erratic due to a poor electrical cable connection. There was a gradual drop of pressure

recorded by P-11 during injection which th ing fluid level in the
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tank. P-12, which was located at the wellhead, was adversely affected when the injection

pump was turned on or off, and did not produce a reliable pressure record.

Table 3.5. Injection Sequence for FLDTST2

Time Event
12:00 pm | Injection test ready to begin
12:05pm | Data acquisition system on (begin collecting data)
12:17.5 pm | Pumps on. The flow rate immediately rises to approximately 0.631 Us
and there is a gradual increase in injection pressure
12:19pm | Injection flow @ 0.631 Us, pressure @ 10.3 kPa
12:21 pm | Injection flow @ 0.631 Us, pressure @ 12.4 kPa
12:24 pm | Injection flow @ 0.631 Vs, pressure @ 6.9 kPa
12:27 pm | Injection flow @ 0.631 U/s, pressure @ 3.4 kPa
12:35 pm | Injection flow @ 0.631 Vs, pressure @ 0 kPa
12:36 pm | Stop pumping (approximately 719 litres of fluid pumped during test).
1:10pm | Stop data
1:15 pm | Di test equipment.
The vertical di L-01 to L-10 are shown in Appendix 3. The measured

response for all LDT’s was less than about 0.2 mm. The LDT records do not show any

discernible vertical displacements at the ground surface due to fluid injection.

Although an initial pore pressure increase was noted during the early stage of the September

11 injection test, the injection pressure dropped off after several minutes and fluid was

injected into the test bed with little or no resistance at the flow capacity of the gear pump. In

64



an attempt to generate a larger pore pressure response due to fluid injection, it was decided
to first increase the degree of saturation of the test bed and then repeat the injection process
using a more viscous injection fluid. A subsequent injection test was carried out on October

23. The second attempt at carrying out injection test FLDTST2 was aborted when a leak

developed on the edge of the test bed at the i d and natural soil.

'3.3.2.4 Excavation of test bed and removal of instrumentation

Excavation of test bed FLDTST2 for removal of instrumentation and mapping of dye trace

Iocations began on October 29 and was completed on November 3. A rubber tired backhoe

and a tracked ilized for ing the test bed. Due to the highly saturated

soil and adverse weather conditions, only part of the test bed was excavated (Figure 3.13).

There were no traces of “blue” dye encountered until the excavation reached a depth of
approximately 1.5 m below ground surface. At that depth, a small amount of blue staining
of soil was observed around the vertical riser pipes for both the injection well and the tube for

the instrumentation cables. In addition, blue staining was noted along the east side of the test

bed at the i by the and soil i 1 mnorth
of the horizontal well. Because the methylene blue dye was used only for the September 11
injection process, and only 720 litres of dyed water were injected at that time, this limited
extent of staining at this depth was not unexpected.
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At a depth of about 2.5 m, which is the depth of the horizontal well, a planar zone of blue
stained soil was observed approximately 50 mm thick. This zone extended horizontally
outwards from the well for a distance of approximately 1.5 m (Figure 3.13). Because of the
poor conditions for excavating the test bed, the extent of the stained region was not
determined other than in the northeast quadrant of the test bed. A second smaller horizontally
planar zone of stained soil was encountered approximately 200 mm below the first (Figure
3.13), which suggests that the orientation of the stained regions may have been influenced by
the macro structure of the compacted soil. The proximity of the stained soil to the eastern
boundary of the test bed suggests that the “leak” that occurred during the October 23
injection process may have been at least partially initiated during the September 11 injection

process.



Figure 3.5. Injection pump for field tests

Figure 3.6. Appearance of injection fluid on ground surface - FLDTST1
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Figure 3.10. Dye trace locations (Oblique) - FLDTST1
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CHAPTER 4 - REDUCED SCALE CENTRIFUGE EXPERIMENTS

4.1  General

This chapter presents the results of reduced scale injection tests using vertical wells installed
in clay and sand testbeds. The tests were carried out in a large geotechnical centrifuge at
accelerations equivalent to 25 g and 50 g. Sixteen injection tests were carried out in four

specially prepared testbeds. Two of the testbeds (tests CCFSO1 and CCFS02) were

kaolin clay. The remaining two testbeds (tests

(CCFS03 and CCFS04) were constructed using a mixture of silt and fine sand.

Injection tests were carried out from both shallow and deep wells equivalent to 5 m and 10
m prototype depths. Water containing a dye was injected through the wellbore and into the

test soil at a constant rate. During the experiments, pore pressure was monitored at the

wellhead and within the soil ing the well. Vertical di: i atthe
ground surface near the well. The testbeds were excavated following completion of the
experiments and the locations of dye traces in the soil were mapped. Laboratory tests were

carried out to ds ine the strength and d i ies of the soil.
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4.2  Reduced Scale Centrifuge Modelling

It is common practice for i igati ical problems to carry out

Pphysical experiments to observe the response of soil and soil structures under various loading
situations. Ideally, these experiments are well instrumented and are carried out at full scale
with well known soil and boundary conditions. The results obtained from such testing may

provide direct insight into the processes and mechanisms involved in the experiment. The

primary di to full scale testing is that th i are often very ive to
set up and carry out, and for many projects, there is only a limited budget to investigate
problems. In addition, full scale testing is often very labour intensive and time consuming.
Where a series of tests are required to examine the effect of variations in key parameters,

testing at full scale is very often impractical.

Reduced scale physical &

are often used to investi P
of soil and soil structures to loading. Reduced scale experiments are generally much less
expensive to set up and carry out than a full scale test, and greater control may be exerted

over. i il i i ion, and di i Th

response of soil is highly dependent on the stress level in the soil and the stress history of the
soil. For reduced scale models tested at one gravity, the stresses in the soil do not replicate
those in the full scale prototype, and thus the mechanical response of the soil due to loading
‘may be quite different between the model and the This may i ies with

of data and ion of scale model results to full scale.
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G i if are used by to carry out reduced scale physical model

tests where gravity affects are important. They have been used for many diverse applications
including dynamic response to earthquakes, diffusion of heat and chemical pollutants, soil-
marine i and others. The use of a centrifuge for

physical modelling of geotechnical problems allows gravity dependent parameters in a

reduced scale model to be such that the respe f the model is representative of

that in a full scale prototype.

4.2.1 Theoretical concepts

Geotechnical centrifuges have been used for many years for modelling soil stresses in relation
to such problems as slope stability, deep foundations, retaining walls and footings. More
recently, geotechnical centrifuges have been used to investigate other types of problems

including groundwater flow and contaminant transport.

Scaling laws have been derived and validated for a number of modelling situations. Scaling
laws concerning the modelling of stresses, strains, seepage processes, consolidation, particle
size effects, etc. have been discussed by many authors (see for example, Schofield, 1980). A
comprehensive discussion of scaling laws related to environmental geomechanics and

transport i ia was by Culligan-Hensley and Savvidou (1995).

Some common centrifuge scale factors are summarised in Table 4.1.
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The fundamental scaling law of centrifuge modelling is that similarity is achieved at
h pointsina and a model by ing a 1:N scale model to N times

the earth’s gravity. An example from geotechnical engineering that is often used to

jis basic scali is that of A i del

is constructed using the same soil and to the ity as the pi Pt with

every linear dimension in the prototype N times larger than in the model (i.e. model is 1/N the
size of the prototype). If the centrifuge is operated such that the centripetal acceleration
acting on the model is N gravities, then the stresses due to gravity at corresponding points in
the model and the prototype will be identical (Figure 4.1). If care is taken to ensure that any
other boundary or applied stresses in the model also correspond with the prototype, then the

strain fields, deformations and behaviour will be similar.

It was suggested by Palmer (1991), that modelling of brittle materials in the centrifuge may

different

than would
is governed by a failure stress or yield stress. Brittle materials are those materials which are

by a fracture and whose ion is governed by the formation

of cracks which propagate and multiply when the stress intensity reaches a critical value. The
behaviour of the soil used in this research is quite different from the behaviour of brittle
materials such as ice, glass, steel, etc. and it is unlikely that Palmer’s proposed scaling laws
for brittle materials are applicable. It is likely that the behaviour of the soil used in this

research is governed by failure stresses and the classical centrifuge scaling laws.
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A basic assumption for the validity of Darcy’s Law is that fluid flow through the soil is

laminar. Because seepage velocity in the centrifuge is N times greater than at one gravity, it

is possible that flow may exceed the laminar range and b . The transition from
laminar to turbulent flow is determined using the Reynolds number [Eqn. 4.1],

Re=pvD/p [Eqn. 4.1]

where p is the fluid density, v is the fluid velocity, D is some particle size representative of
the average soil pore diameter (typically Dy, or D,, can be used), and p is the viscosity of the
pore fluid. Bear (1979) indicates that the upper limit for laminar flow is a Reynold’s number
of between 1 and 10. For the range of conditions used in this research and at a centrifuge
acceleration of 50 g, the Reynolds number varied from 0.001 to 0.2 in the Speswhite kaolin
tests and from 0.02 to 1.5 in the silty sand tests. For this range of Reynolds numbers, pore

fluid flow is within the laminar region and Darcy’s Law is valid.

Soil shearing for environmental applications is a new area of research. There is no previous

processina i i and no previous work has been

carried out to determine scaling relationships for the process. Based on classical centrifuge
scaling laws, linear dimensions of the centrifuge injection models are scaled from the
prototype by L,, = (1/N) L, Stresses and fluid pressures in the model are equivalent to

stresses and fluid pressures at analogous locations in the prototype. Soil properties, i.e.

density, angle of friction and shear strength ivalent at the model and scales.
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Injection and pore fluid properties, including density and viscosity, are also equivalent at the

model and prototype scales.

The scaling relationship that applies to the injection velocity may be derived by examining the

for similar to an injection test. At low injection rates and prior

to the g di d the well, the injecti hanism is quite simil

to a pumping test in a partially penetrating well (see Figure 4.2a), where the flow rate is

determined using Eqn. 4.2.

h( % ) [Eqn. 4.2

A similar relation [Eqn. 4.3] simulates the case of an injection test where flow is occurring

_a(H?-n?)

through the pore space of shear induced di inuities. In this case, the injection process is

imore similar to a pumping test in a well through a very thin artesian zone (see Figure 4.2b).

_2mD(H —h,)
) i

Using the scaling relations provided in Table 4.1 for hydraulic conductivity and length, the

Qo

flow rate during an injection test [Eqns. 4.2 and 4.3] scales as shown in Eqn 4.4. The surface
area of the injection interval is scaled from the prototype to the model using the relation

shown in Eqn. 4.5 and the injection fluid velocity is scaled using Eqn. 4.6.



W=0MNQ, [Eqn. 4.4]

A=) A, [Eqn. 4.5

Va=Nv, [Eqn. 4.6]

422 C-CORE Centrifuge Centre

The C-CORE Centrifuge Centre is a research facility located between the Captain Robert A_
Bartlett building and the S. J. Carew building on the campus of Memorial University of
Newfoundland. The Centre includes a two story building containing laboratories and
workshops on the main floor with offices on the second floor. A containment structure,

housing an Acutronic 680-2 centrifuge, is located at the rear of the building.

The Acutronic 680-2 centrifuge has a radius of 5.5 m from the centre of rotation to the
surface of the swinging platform and is capable of testing models to 200g. The centroid of
the test package is typically at a working radius of Sm. At the maximum centrifuge rotational
speed of 189 rpm, the acceleration of the test package is approximately 200g. The maximum
payload capacity is 100g x 2.2 tonnes = 220 g-tonnes at the 5 m working radius. The

maximum payload size is 1.1 m high by 1.4 m long and 1.1 m wide.



The centrifuge arm consists of two parallel steel tubes held apart by a central drive box and
spacers. The swinging platform is suspended on pivots from the ends of the load carrying
beams and is covered by an aerodynamic shroud to reduce drag. When the centrifuge is at
rest, the swinging platform is horizontal, allowing test packages to be placed on the platform
in an upright position. As the centrifuge is accelerated, the platform swings outward. The
platform and the payload are balanced by a counterweight massing 20,200 kg. The position
of the counterweight is adjusted by driving a series of gear wheels along screw threads on the

outside of the parallel steel tubes using an electric motor.
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43  Injection Test Setup

431 Clay testbeds

Tests CCFSO1 and CCFS02 were carried out in testbeds constructed using fine Speswhite
kaolin clay processed by English China Clays, Lovering Pochrin & Co. Ltd. of Cornwall,
England. The clay was purchased through the US distributor, Hamill & Gilepsie. Speswhite
kaolin is a high quality clay of uniform properties which has been used extensively by

C-CORE and at other centrifuge facilities. Properties of te kaolis d by
numerous researchers including Al-Tabbaa (1987), Rossato et al (1992), Lin (1995), and

others. Typical i i ite kaolin cl ised in Table4.2.

For the soil shearing tests, it was desirable to construct a soil model with K>1 and with a
pronounced peak strength followed by post peak strain softening. Heavily overconsolidated
clay soils often have these characteristics (see for example Brooker and Ireland, 1965; Ladd,
1971). The principle effective stress ratio, K, for overconsolidated Speswhite kaolin may be

determined using Eqns 4.7 and 4.8 (Wroth, 1975).

{3(1 -K,) 3 —K)] - In[OCR(l +2K,.)
For OCR>S, -

"Ms2K,)  (+2K) 142K ] {Eqn.4.7)

v

1(=0CR-I(_,—l (OCR -1)

and for OCR<S, [Eqn. 4.8]



The

ind for a soil (m=1.81 for Speswhite

kaolin), K, is the normally consolidated value of K (0.64 for Speswhite kaolin), and v’ is the

effective Poisson’s ratio (v'=0.325).

‘Table 4.2. Typical geotechnical properties of Speswhite kaolin

Parameter Value* Reported by
Specific Gravity, G, 261 Poorooshasb, 1991
2.64 Phillips, 1989
Antesberg Limits, w 69% Poorooshasb, 1991
w, 38%
1, 31%
Saturated density, Puc 1700 kg/m’ at w=50%
Angle of friction, ¢ 23°
Plastic slope in V-p’ space, 2 0.26
Elastic slope in V-p’ space, x 0.05
Slope of critical state line in g-p’ space, M. 1.02
V on critical state line, Va 344 atp’=1kPa
V on 1-dimensional consolidation line, V.o 3.58atp’=1kPa
'V on isotropic consolidation line, Vi, 377atp’= 1 kPa
Cocfficient of consolidation
for normal consolidation, < 0.5 mms
for swelling, o 1.0 mov¥/s
Clay fraction (<2 um) 8182% Phillips, 1989
Rossato et al, 1992
Coefficient of permeability
kaolin consolidated at 100 kPa, k 15x 10" mfs Paulin et al, 1993
k as a function of voids ratio k| k=05"x10%ms Al-Tabbea, 1987
k | k=143¢"x10" m/s Al-Tabbaa, 1987
Note: * See also the results of i ided in Appendix 2.

The mechanical capacity of the frame used to consolidate the large 904 mm diameter
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4.3.1.2 Clay consolidation

After placement of the slurry in the strongbox, the upper surface of the clay was levelled and
covered with filter fabric followed by a 50 mm thick layer of coarse drainage sand. The
consolidometer piston was placed over the clay and the slurry was allowed to consolidate
under the self-weight of the sand and piston (<5 kPa) for approximately 48 hours with
drainage allowed from the top and bottom of the clay.

The strongbox was then moved into a large consolidation frame where an initial vertical
pressure of 25 kPa was applied to the slurry using a hydraulic ram. The clay was allowed to
consolidate under the applied pressure with free drainage from the top and bottom of the clay.

A small back pressure of approxi 5 kPa was maintained at the bottom drain on the

strongbox to ensure that the base of the soil remained saturated. Vertical displacement of the

piston i time. After lidati hieved at 25 kPa, the vertical

stress was increased to 50, 100, 200, 400, and 750 kPa, allowing time for approximately 90%

consolidation to be achieved at each stress i prior to i i the next
level.
After achievi i 90% idation at 750 kPa, the stress was stepped down

t0 400, 200 and 100 kPa, allowing sufficient time at each stress level for approximately 90%

of the swelling to be d. C idation curves for the ite kaolin are included

in Appendix 2. After swelling to a vertical stress of 100 kPa, the drainage valve at the base

87




of the strongbox was closed and the vertical load was removed from the clay.

After consolidation, the strongbox was removed from the consolidometer, and the piston,
upper sand layer and filter fabric were removed from the surface of the clay. The surface of
the clay was trimmed level using a blade resting on horizontal guides placed across the top
of the strongbox. The final trimmed surface of the soil for both clay tests was 55 mm below
the top flange of the strongbox. A thin coating of grease was applied to the trimmed surface

of the clay to reduce water loss due to evaporation.

432 Silty sand testbed

Tests CCFS03 and CCFS04 were carried out in testbeds constructed using a 70% sand and
30% silt mixture. The sand used was Type 00 silica sand obtained from Shaw Resources of
Shubenacadie, Nova Scotia. The silt used was Sil-Co-Sil Silt obtained from US Silica
Company, Berkeley Springs, West Virginia. Both the sand and the silt were obtained from the
suppliers in 40 kg bags. The soil for the model was prepared in small 10 kg batches by
combining 7 kg of dry sand with 3 kg of dry silt in a container and mixing to a homogeneous
state using an electric mixer. The small batches were then mixed together in a large bin to
form the material source for the testbeds. Geotechnical properties of the silty sand mixture

are summarised in Table 4.3.
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uniformly over the surface of the strongbox using a hand tamper until the surface of the sand

'was level and with the i i insid thy The

as-constructed dry density was 1964 kg/m® for CCFS03 and 1932 kg/m’ for CCFS04.

Following construction of the testbed, the silty sand was saturated from the bottom up while
the sample was maintained under a vacuum of between -40 to -50 kPa using a configuration
similar to that shown in Figure 4.4. In order to shorten the time required to saturate the

sample, a surch: i 12kPa lied p of the soil and a hydraulic

gradient of approximately 4.33 m/m was applied across the sample. Under these conditions,

it took approximately 5 days for one pore volume of water to be added to the soil.

4.3.3 Installation of injection wells and pore pressure transducers

Four injection wells and as many as eight mini: Druck pore pressure (PPTs)
were installed in each of the testbeds. Although the locations of PPTs varied between tests,
all testbeds used the same injection well configuration. A typical test layout showing injection
well and buried PPT locations for CCFSO01 is shown in Figure 4.5a. A photograph showing

well locations during preparation of test CCFS04 is provided in Figure 4.5b.



4.3.3.1 Clay testbeds

d the 3 Th

for installing the wells in the clay testbeds involved drilling a vertical hole at the desired
location to a depth equal to the buried length of the well. The wells were then pushed into the
pre-drilled holes to the desired depth. A tight fit was ensured along the soil/well interface by
using a drill bit of the same diameter as the well and by filling the wells with water after to

promote swelling of the clay against the injection wells.

The procedure for installing the PPTs in the clay soil involved drilling small diameter vertical
holes at the desired locations and to depths equal to the design tip elevations for the PPTs.
The PPTs were then placed in the pre-drilled holes, making sure that the tip of the transducer
was st the bottom of the hole. The holes were then backfilled by placing small beads of a
moist kaolin-bentonite clay mixture in the hole and firmly tamping them to the bottom of the

hole using a thin rod. A summary of PPT locations is provided in Table 4.4.

4.3.3.2 Silty sand testbeds

The injection wells and PPTs were installed in the silty sand testbeds during placement and

of sand in thy gbox. During ion of the sand, the injection wells were.
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rigidly clamped to a cross-member that was fastened across the top of the strongbox. The

sand he 1l using th tamper. Care not to bump

the well during ion and to use i the ive effort around the

wells as was used elsewhere in the strongbox.

Table 4.4. Summary of pore pressure transducer locations

PPT Radial Depth below PPT Radial Depth below

distance from | ground surface distance from | ground

well well surface

mm (m)* mm (m)* mm (m)* mm (m)*

CCFso1 CCFs03
Al 100 (5.0) 85 (4.3) n 25(13) | -200(-10.0)
A2 50 2.5) -165 (-8.3) IF] 50 (2.5) -175 (8.8)
Bl 100 (5.0) -145 (-73) n 25(13) | 200 (-10.0)
B2 100 (5.0) 250 (-12.5) 2 50 (2.5) -175(8.8)
c 100 (5.0) 45(-2.3) K1 25(1.3) -100 (-5.0)
[ 75(.8) -110 (-5.5) K2 50 (2.5) 75 (-3.8)
D1 100 (5.0) -100 (-5.0) L1 25(1.3) -100 (-5.0)
Welliop - +110 (+5.5) L2 50 (2.5) 75 (-3.8)
Wellside - +55 (+2.8) Welltop - +110 (+5.5)
Wellside - +55 (+2.8)
CCFs02 CCFs04
El 25(13) 200 (-10.0) M1 25(06) 200 (-5.0)
E2 50 (2.5) 200 (-10.0) M2 50 (1.3) -150 (3.8)
F1 25(1.3) 200 (-10.0) NI 25(06) 200 (-5.0)
F2 50 2.5) -200 (-10.0) N2 50(1.3) -150 (3.8)
Gl 25(1.3) -100 (-5.0) o1 25(1.3) -100 (-5.0)
G2 50 2.5) -100 (-5.0) o 50 (2.5) 50 (-2.5)
HL 25(13) -100 (-5.0) P1 25(13) -100 (-5.0)
H2 50 2.5) -100 (-5.0) P2 50 (2.5) 50 (-2.5)
Welltop - +110 (+5.5) MN Well - +55 (+1.4)
Wellside - +55 (+2.8) OP Well - +55 (+2.8)
Note:  * Prototype dimension shown in parcathesis.
The PPTs laced in the sand at the appropriate locations and depths d

of the testbeds. The cables for the PPTs were routed directly towards the nearest wall of the
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strongbox and were brought up along the wall of the strongbox to the final ground surface
elevation. Car duri i 'the soil located directl,

to avoid damaging the PPT's due to impact. A summary of PPT locations is provided in Table

44.

4.4 ion and

4.4.1 Injection wells

Four injection wells were for use in the i i Dis ions of
the injection wells are shown in Figure 4.6. Two wells were sized such that there would be

a distance of 200 mm between thy d surfa the top of the section of the

well. The remaining two wells were sized to allow 100 mm between the ground surface and
the top of the well perforations. The upper riser pipe section of the injection wells was
fabricated using steel tubing with outside diameter of 9.5 mm and an inside diameter of 6.2
mm. The upper end of the riser pipe was threaded to allow the attachment of a brass fitting
and injection fluid supply tubing. The inside of the lower end of the riser pipe was drilled out

to allow a tight fit between the riser pipe and the perforated section of tubing.

The perforated sections of the wells were each 25 mm in length and were constructed from

6.4 ide di: stainless steel tubing. Th i isted of f 2.4mm
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diameter holes drilled in four vertical rows around the perimeter of the tubing. A 9.5 mm
outside diameter plug was machined to fit over the lower end of the perforated tubing. The
riser pipe and the plug were fixed to the perforated tubing using an epoxy adhesive. A

il ic was and sewn in pl section of th

wells to prevent entry of soil into the well through the perforations.

4.4.2 Injection pump

The pump utilized for the injection tests was a “syringe” style pump utilizing a piston, a
cylinder (fluid reservoir), and a vertical actuator as shown in Figure 4.7. The vertical actuator
used to operate the pump was powered by a Compumotor Digiplan S83-93 stepper motor.
This type of motor provides accurate displacement rates and can be configured to move to
either displacement or load controlled limits. The vertical drive unit was remotely controlled
from a personal computer located in the centrifuge control room. The cylinder was bolted to
the fixed base plate of the vertical actuator. Operation of the stepper motor for the vertical
drive allowed the piston to be moved into the cylinder, thereby displacing the injection fluid
out of the cylinder through a port at its base. The cylinder used for CCFS01 had a bore of
19.05 mm and an effective piston stroke length of approximately 115 mm. The stroke length
was increased to 165 mm for tests CCFS02, CCFS03 and CCFS04. The injection pump and
vertical drive unit were held in position above the injection wells using a horizontal frame that
spanned the top of the strongbox containing the soil model (see Figures 4.8 and 4.9). A
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solenoid valve was placed in-line between the pump and the injection well (see Figure 4.7).

443 of surface

Vertical displacement of the ground surface was monitored using six linear variable
displacement transducers (LVDTs) located near the injection well. The transducers were
clamped to a bracket that was supported by the horizontal frame located on the top of the
strongbox (Figures 4.8 and 4.9). The positions of the six LVDTs relative to the monitoring

well are summarised in Table 4.5.

Table 4.5. Monitoring locations for ground surface displacements

LVDT Serial Number of LVDT Location

CCFS01 | CCFS02 | CCFS03 | CCFS04' | Angle® | Radial distance from well
ABCD | EFGH LIKL M (deg) mm (m)°

1 61595 3314 3315 3315 270 26.0(1.3)

2 61593 61595 61595 61595 327 47.724)

3 3316 61593 61593 61593 342 84.1(42)

4 3315 3313 3316 3316 68 53927

H 3313 3316 3313 3313 135 70.7(3.5)

6 3314 3315 3314 3314 29 103.0 (5.2)

Note:  * Ground surface displacements were not measured for tests CCFS04 N, O and P.
® Angle is measured positive in a clockwise direction, with 0° in the direction of the center of the
mubnx ‘monitoring

“ Prototype dimension shown in parenthesis. Prototype dimension for well M is 1/2 of that shown.
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4.4.4 Measurement of injection and pore pressure

The injection pressure was monitored at the wellhead using miniature Druck pore pressure

(PPTs). The PT ion used for tests CCFS01, CCFS02 and
CCFS03 is shown in Figure 4.7. For these tests, the centrifuge was stopped after injection
‘was completed at each well, and the wellhead was repositioned on the next well prior to
restarting the centrifuge. Pressure transducers “Welltop” and “Wellside” were located
110 mm and 55 mm, respectively, above the surface of the soil.

Test CCFS04 was set up to allow the four injection tests to be carried out without stopping
the centrifuge. Individual solenoid valves were used to isolate the wells from each other. A
PPT was located on the well side of each solenoid, 55 mm above the ground surface. These

PPTs were used to monitor the injection pressure at the four well locations.

‘As many as eight miniature Druck PPTs were buried in the soil and used to monitor changes

in pore pressure during the i i The used to bury the PPTs in

the soil was described in Section 4.3.3. The locations of the buried PPTs are summarized in

Table 4.4.
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Figure 4.6. Injection well details
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Figure 4.7. Injection pump and wellhead details
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45 jection Test P And Post-test L Testing

4.5.1 Instaliation of test package on centrifuge

The test package was partially assembled on the floor of the main centrifuge laboratory (see
Figures 4.10 and 4.11); and was transported to the centrifuge and placed on the platform (see

Figure 4.12) using a forklift.

The operation of the instrumentation (PPTs, LVDTS, solenoids, and vertical potentiometer

orstri i ) d spin-up.

numbers, i gains and excitation voltages, are provided in Appendix 1.
Two on-board video cameras were positioned to allow real time viewing of the ground
surface near the injection wells and the injection pump during flight. The operation of the
vertical drive was checked and calibrated prior to spin-up to ensure that the desired piston
velocity and displacements would be achieved. The vertical (or string) potentiometer was

calibrated to provide a digital record of drive position with time.

The injection fluid consisted of a mixture of Methylene-blue powder and water at a

of 10 g of powder per litre of water. Prior to spin-up, the pump
cylinder, the interior of the test well, and the tubing connecting the well to the injection pump
were filled with injection fluid. Care was taken to minimize the amount of air remaining in the

well and tubing.
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45.2 Centrifuge spin-up and hold

Power was supplied to the instrumentation well before spin-up in order to allow time for the
transducers to warm up and for the instrument readings to stabilize. Data acquisition was

started just prior to spin-up. A sampling rate of 5 Hz was used during the injection tests.

After all pre-flight checks were completed, the centrifuge was spun-up to the test
acceleration. Tests CCFS01, CCFS02 and CCFS03 were carried out at an acceleration of 50g
at a depth of 150 mm below the ground surface of the model. In test CCFS04, wells M and
N were tested at 25g at a depth of 200 mm below the ground surface, and wells O and P were
tested at 50g at a depth of 100 mm below the ground surface. After reaching the test
acceleration, the centrifuge was held at a constant speed while the instrument readings

453 Injection test

During each injection test, the injection pressure was monitored at the wellhead, and pore

pressure was monitored at two locations within the soil near the well. Ground surface

displacements were monitored at six LVDT locations surrounding the injection well.

The solenoid located between the injection pump and the wellhead was opened prior to
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beginning an injection test. Due to the mechanical configuration of the test setup, fluid
pressure would sometimes build up within the tubing between the injection pump and the
solenoid. When the solenoid was opened prior to the start of injection, this pressure would

be applied i to the soil ing the well at the point of injection.

The injection tests in the clay were carried out by lowering the piston in a series of 5, 10 and
50 mm increments with wait periods of 5 minutes between each injection increment. The
injection tests in the silty sand were carried out by lowering the piston in one continuous
stroke. All injection tests were carried out at piston velocities varying between 0.05 mm/s and
10 mmy/s, which is equivalent to injection rates of 14.3 mm®/s to 2850 mm”/s respectively.

When the injection stage was completed, the solenoid valve between the pump and the

wellhead was closed and the i speed was maintained for an additional 15
record the post-injection pore pressure and deformational response. Details of the injection

process are summarized in Table 4.6.
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4.5.4 Centrifuge spin-down and rotation of test assembly

Following the completion of each injection test for CCFS01, CCFS02, and CCFS03, the
centrifuge was brought to a stop, the test assembly was disconnected from the well and the
strongbox, and the assembly was rotated to the next test location. The assembly was then
bolted back onto the strongbox. Any injection fluid remaining in the previous test well was
removed using a vacuum line and the well was capped. The wellhead was then repositioned
at the new test location and prepared in the same manner as was described in Section 4.5.1 -

Installation of test package on centrifuge.

The centrifuge was stopped after completion of injection Test CCFS04 M and the gains on
the PPTs were adjusted. The centrifuge was then restarted and tests N, O and P were carried
out without stopping the centrifuge. Solenoid valves located near each wellhead were used
to switch the injection pump from one test well to the next in flight. Following each injection
test, the cylinder on the injection pump was refilled in flight by raising the piston while
allowing flow into the cylinder from a reservoir bolted to the top of the strongbox wall.

Following completion of the four injection tests, the test package was removed from the

and to the i ry for di



4.5.5 Post-test sampling and laboratory testing

4.5.5.1 Clay tests

Laboratory testing was carried out to determine moisture content, density and undrained
strength profiles in the testbed soil, and strength and deformation parameters from
consolidated drained triaxial tests. The sampling for most tests was carried out immediately
after the mechanical systems were removed from the top of the strongbox following the
injection tests. Some supplementary strength tests were carried out during excavation and
mapping of the clay using a torvane, a pocket penetrometer, and UU triaxial tests. The results

of the laboratory testing are presented in Appendix 2 - Soil Test Results.

4.5.5.2 Silty sand tests

Laboratory testing was carried out to determine the grain size distribution of the soil, the
permesbility, and the strength and i The ility and strength

testing was carried out in a triaxial cell using samples that were constructed in the laboratory
to densities similar to that used in the centrifuge experiments. The results of the laboratory

testing are presented in Appendix 2 - Soil Test Results.
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4.5.6 Excavation and mapping of dye traces

4.5.6.1 Clay testbeds

After the completion of the injection tests, the clay cake was extruded from the stongbox
using lifting straps fastened to hooks threaded into the extrusion plate at the base of the clay
(Figure 4.13). The soil surrounding the four injection wells was then excavated and the

locations recorded where traces of methylene blue dye were observed in the clay.

The procedure used for excavating and mapping the dye traces evolved as experience was

gained with the excavation process. Typically, the excavation and mapping process involved

first cutting and removing “pie” shaped slices of soil fro d the injection well. Each well

was cut into 36 slices, each spanning a 10° arc around the well. The locations where dye was

observed on the sides of the slices using a local polar i 1
radius, depth) with the origin defined at the centre of each well. The orientations of the clay

slices for CCFSO1 are shown in Figure 4.14. The ori i slices for CCFS02

to CCFSO1 except all wells were oriented with 0° at the centre of the strongbox.

The locations of the dye traces for well B and for a portion of well D (80° to 320°) were

by physi ing and ing the angle, radius and depth of points along
the dye trace on each slice. This process was very time consuming. For the region of well D

between 330° to 80° and for wells A, C, E, F, G, and H, the locations of dye traces on the soil
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slices were traced onto overhead transparency film and later digitized to a computer file.

4.5.6.2 Silty sand testbeds

ARer the testbed was removed from the centrifuge, the base drain was opened on the
strongbox and the pore water was allowed to drain from the sample. The four wells were
removed from the testbed and the resulting cavities were filled with dry sand. The surface of
the testbed was excavated in 5 mm thick horizontal slices using a steel scraper blade fixed to
an adjustable mount that could slide on tracks placed across the rim of the strongbox.
Following the removal of each 5 mm thick sand layer, the dye traces around each well were
h hed, traced onto film, and later digitized to a computer file.




Figure 4.10. Greased surface of clay following installation of wells and PPTs

Figure 4.11. Test assembly prior to placement on centrifuge
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Figure 4.13. Extrusion of clay from strongbox
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Figure 4.14. Typical location and orientation of excavated clay sections
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4.6  Injection Test Results

Records of piston displacement, injection volume, pressure response and ground surface
displacement for tests CCFS01, CCFS02, CCFS03 and CCFS04 are provided in Appendix
3 - Injection Test Results. An overview of the results from these tests is provided in the

following sections.

4.6.1 Injection pressure

Injection pressure is plotted against time in Figure 4.15 for CCFSO1 tests A, B, C and D; in
Figure 4.16 for CCFSO2 tests E, F, G and H; in Figure 4.17 for CCFS03 tests , J, Kand L;
and in Figure 4.18 for CCFS04 tests M, N, O and P. Injection pressure is plotted against
injection volume in Figure 4.19 for CCFSO01 tests, Figure 4.20 for CCFSO02 tests, in Figure
4.21 for CCFS03 tests; and in Figure 4.22 for CCFS04 tests. In Figures 4.15 through 4.22,
the pressure shown is the injection pressure at the top of the injection interval as determined
from measurements taken at the wellhead. A summary of injection pressures and pressure
trends is provided in Table 4.7.

At prototype scale, the peak pressure in the clay tests varied between 292.7 and 345.9 kPa
in the 10 m deep wells, and from 191.0 to 238.3 kPa in the 5 m deep wells. For the silty sand
tests, the peak pressure varied between 162.2 and 179.4 kPa in the 10 m deep wells, and from
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119.0 to 160.6 kPa in the 5 m deep wells. In the silty sand tests, the peak pressure response

generally occurred when the solenoid was activated.

Table 4.7. Injection pressure response

Test ID Maximum Peak Injection Pressure Trend
Pressure: Pressure At Completion of Injection Stage
After Solenoid P,
Opened' (kPa) (cPa)
CCFSO1 A 1525 286.1 | Less than peak, decreasing 1o steady-state of 245 kPa
B 15438 306.5 | Less than peak, decreasing to stcady-state of 245 kPa
c 1110 1910 | Less than peak, decreasing to scady-state of 150 kPa
D 100.7 238.3 | Less than peak, decreasing to steady-state of 138 kPa
CCFs02 E 2083 3459 | Less than peak, increasing with time
F 1932 2927 | Less than peak, decreasing to steady-state of 263 kPa
G 758 203.7 | Less than peak, increasing to steady-state of 150 kPa
H 1822 205.9 | Less than peak, decreasing to steady-state of 140 kPa
CCFs03 P 1622 162.2 | Less than peak, sicady-state of 129 kPa
i 1794 179.4 | Less than peak, increasing with time
K 1190 1190 | Less than peak, sicady-state at 69 kPa
L 127.0 127.0 | Less than peak, increasing with time
CCFS04 M 676 68.7 | At peak, steady-statc at 68 kPa
N 774 1498 | Peak not yet achicved, increasing with time
o 1196 1196 Less than peak, decreasing with time
P 1606 160.6 | Less than peak, decreasing with time
Notes: ' In most tests, an i jpressure of vari: i ied to the
the solenoid was opened.
? Solenoid was activated after the injection pump was operating.
3 Peak injection achieved while injection pump was off

* All pressures referenced to top of injection interval elevation.

4.6.2 Ground surface displacement

Ground surface displacements are plotted against time in Figures 4.23 through 4.30 for the
clay test wells A through H, respectively. Very small ground surface displacements were
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measured during the injection tests in the sand test wells (I through P). Ground surface
displacement monitoring results from the sand tests are included in Appendix 3 - Injection
Test Results. In addition, plots of ground surface displacement versus injection volume are

included in Appendix 3 for all injection tests.

4.6.3 Location and extent of dye traces

Cross-sections showing the dye traces from all tests are included in Appendix 3. For the clay
tests, the dye was generally found along injection induced discontinuities that originated and
extended radially outwards from the injection well. A thick zone of dyed soil was sometimes
observed around all or part of the well adjacent to the injection interval (see for example,
Figure A3.53 in Appendix 3 which shows cross-sections 330° and 350° from test CCFSO1C).

In most test wells, the depth at which the discontinuities originated was near the top and/or

the bottom of the 25 mm long injection interval. The di: inuiti lly sloped upwards
a small amount as they extended away from the well and it was common for one discontinuity
to separate into two or more separate discontinuities (see for example, Figure A3.51 in
Appendix 3). In wells C, E and H the dye traces extended upwards far enough to daylight at
the ground surface.

Discrete discontinuities were not observed in the sand. For the sand tests, evidence of the
injection fluid was generally observed as a strongly dyed region which was pear-shaped in
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cross-section and nearly symmetrical about the injection well. The dyed region of soil was
deep blue near the wellbore, becoming a lighter blue with distance from the well. It is possible
that closely spaced discontinuities developed within the dyed region, however, any visual
evidence of this was overpowered by the dark blue colour of the injection fluid.

Table 4.8. Extent of dye traces

Test D Model Scale Prototype Scale Shape!
MaxExtent | Coverage | MaxExtent | Coverage
From Well Arca From Well Area
(mm) (mm?) (m) (m)

CCFSOl A 1239 10,600 62 265 E-C
B 155.0 33,800 78 845 SE-O

c 162.4 13,050 81 326 E-O

D 150.5 35,100 75 878 SE-O

CCcFs®2 E 2703 27,800 135 69.5 E-O
F 95.8 4,200 48 105 SE-O

G 874 10,500 44 262 SE-O

H 190.6 15,900 9.5 398 EO

CCFs03 I 47 4,593 22 115 cc

J 452 5,339 23 133 cC

K 392 3,566 20 89 cc

L 37.7 3,487 1.9 8.7 C-C

CCFS04 M 462 4659 12 29 co

N 46.0 s 12 36 cC

o 50.1 3,764 25 94 SE-C

P 38.4 1,667 19 42 cc

Note: ' Inplan view, the shape of the dye trace is described as follows:
CC  Circular, centred about well

C-O  Circular, offset from centre of well

SEC  Semi<lliptical, centred about well

EC Elliptical, centred about well

EO Elliptical, offset from centre of well
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The lateral extent to which the blue dye was observed around the injection wells is plotted in
Figures 4.31 through 4.34 for CCFSO1 to CCFS04 respectively. Also shown on these figures
are the locations of the injection wells, LVDT and PPT locations, and the orientation of
cross-sections trimmed from the clay soil during the excavation process. The areal extent of

the dye traces are summarised for all wells in Table 4.8.

Photographs of the blue dye traces within the white kaolin clay are provided in Figures 4.35
0 4.40 for CCFSO01 well sections and in Figures 4.41 to 4.45 for CCFS02 well sections.
Photographs of the blue dye traces within the sifty sand are provided in Figures 4.46 and 4.47
for CCFSO03 and in Figures 4.48 and 4.49 for CCFS04. Cross-sections are presented in
Appendix 3, which show the locations of the dye traces in the soil around wells A to L.

‘Three-dimensi ions of th oriented to pi
wellin both the 0°-180° and 90°-270° planes, are plotted in Figures 4.50 to 4.57 for CCFSO1
tests, Figures 4.58 to 4.65 for CCFSO2 tests, in Figures 4.66 to 4.73 for CCFSO3 tests, and

in Figures 4.74 to 4.81 for CCFS04 tests.
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Figure 4.15. Injection pressure vs time for CCFSOI tests
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Time (sec)
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Time (sec)

CCFS02G6
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Time (sec)

CCFS02H

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time (sec)

Figure 4.16. Injection pressure vs time for CCFSO02 tests
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Pressure (kPa) Pressure (kPa) Pressure (kPa)

Pressure (kPa)

CCFs03i
500 1000 1500 2000 2500 3000
Time (sec)
CCFS03J

CCFS03K
500 1000 1500 2000
Time (sec)
CCFS03L
200 400 600 800 1000 1200
Time (sec)

Figure 4.17. Injection pressure vs time for CCFS03 tests
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Figure 4.18. Injection pressure vs time for CCFS04 tests
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Figure 4.19. Injection pressure vs volume of fluid injected for CCFSO1 tests
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Figure 4.20. Injection pressure vs volume of fluid injected for CCFS02 tests
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Figure 4.21. Injection pressure vs volume of fluid injected for CCFS03 tests
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Figure 4.22. Injection pressure vs volume of fluid injected for CCFS04 tests
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Figure 4.23. Ground surface displacement vs time for well A
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Figure 4.24. Ground surface displacement vs time for well B
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Figure 4.25. Ground surface displacement vs time for well C
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Figure 4.26. Ground surface displacement vs time for well D
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Figure 4.27. Ground surface displacement vs time for well E
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Figure 4.28. Ground surface displacement vs time for well F
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Figure 4.30. Ground surface displacement vs time for well H
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Figure 4.31. Horizontal extent of dye traces for CCFSO1
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Figure 4.32. Horizontal extent of dye traces for CCFS02
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Figure 4.33. Horizontal extent of dye traces for CCFS03
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Figure 4.34. Horizontal extent of dye traces for CCFS04
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Figure 4.35. Dye trace from well A - Section 0°

Figure 4.36. Dye trace from well C - Section 230°
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Figure 4.37. Dye trace from well C - Section 280°

Figure 4.38. Dye trace from well D - Section 160°
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Figure 4.39. Dye trace from well D - Section 210°

Figure 4.40. Dye trace from well D - Section 340°
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Figure 4.41. Dye trace from well E - Section 270°

Figure 4.42. Dye trace from well F - Section 110°
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Figure 4.43. Dye trace from well G - Section 260°
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Figure 4.44. Dye trace from well H - Section 190°

Figure 4.45. Dye trace from well H - Section 310°
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Figure 4.46. Dye traces from wells I and J at depth 200 mm

Figure 4.47. Dye traces from wells K and L at depth 100 mm

140



WELL M WELL N

Figure 4.48. Dye trace from well M at depth 245 mm and well N at depth 205 mm

WELL P
CCFS-04

Figure 4.49. Dye trace from well O at depth 90 mm and well P at depth 35 mm
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Figure 4.50. 0 to 180° view of dye traces for well A
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270°

Figure 4.51. 90 to 270° view of dye traces for well A
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Figure 4.52. 0 to 180° view of dye traces for well B



Figure 4.53. 90 to 270° view of dye traces for well B
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Figure 4.54. 0 to 180° view of dye traces for well C

CCFSo1

Figure 4.55. 90 to 270° view of dye traces for well C



270°

Figure 4.57. 90 to 270° view of dye traces for well D
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180°

Figure 4.58. 0 to 180° view of dye traces for well E
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CCFsS02
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Figure 4.59. 90 to 270° view of dye traces for well E
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CCFs02
WELLF

Figare 4.60. 0 to 180° view of dye traces for well F
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Figure 4.61. 90 to 270° view of dye traces for well F
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CCFs02
WELLG

Figure 4.63. 90 to 270° view of dye traces for well G
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Figure 4.65. 90 to 270° view of dye traces for well H
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CCFs03 1

Figure 4.66. 0 to 180° view of dye traces for well I



CCFs031

Figure 4.67. 90 to 270° view of dye traces for well I
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view of dye traces for well J

Figure 4.68. 0 to 180°
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270°

CCFS03J

Figure 4.69. 90 to 270° view of dye traces for well J
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CCFS03 K

270°

CCFS03K

Figure 4.71. 90 to 270° view of dye traces for well K
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o

CCFS03 L

Figure 4.72. 0 to 180° view of dye traces for well L

270°

CCFs03 L

Figare 4.73. 90 to 270° view of dye traces for well L
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CCFS04 M

Figure 4.74. 0 to 180° view of dye traces for well M
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view of dye traces for well M

90 to 270°

Figure 4.75.
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view of dye traces for well N

Figure 4.76. 0 to 180°
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Figure 4.77. 90 to 270°
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CCFS04 O

Figure 4.78. 0 to 180° view of dye traces for well O

2700

Figure 4.79. 90 to 270° view of dye traces for well O



CCFSo4 P

Figure 4.81. 90 to 270° view of dye traces for well P
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CHAPTER S - NUMERICAL MODELLING OF FLUID INJECTION

5.1 Introduction

‘Numerical analyses were carried out to i igate the stress and i response of

s0il due to fluid injection through a wellbore, and to investigate the manner in which changes

in soil or injection parameters may influence the
were carried out utilizing test data obtained from field and centrifuge experiments as well as
using data provided by Golder Associates Ltd (1991, 1992 and 1994) from injection tests
carried out in a large calibration chamber. The following sections contain descriptions of the

computer program and the constitutive model used for the numerical simulations. The

probl boundary it d test: described. The results of the

modelling runs are presented.

82  Selection of a Numerical Model

A major objective of the injection process is to utilize a soil shearing approach to enhance the

offluidsi i i soil. It ici hanced

flow regime would result in conditions more amenable to cleanup using conventional soil
remediation techniques. The injection process involves pumping a fluid through a wellbore
and into the soil at a flow rate that is greater than would freely occur through the pore space
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of the soil. During the fluid injection process, the injection pressure rises, in sifu stresses
change, and deformations occur in response to the stress changes. Under some stress change
conditions, the soil may reach a state where yielding occurs. In some soils, particularly those
that are dilatant and characterized by a peak strength and a post-peak reduction in strength,
the yielding process may also be accompanied by a permeability increase which may
significantly influence the shearing process.

In selecting a program for thy ical si i injection process, i ion was
given to several commercially available codes that have either been written specifically for

geotechnical applications, or have had

capabilities built into the code. A summary of the main featu p

is provided in the following sections.

5.2.1 CRISP

The CRltical State soil mechanics Frogram, CRISP, is a geotechnical finite element analysis
program that was developed over 20 years ago by researchers at Cambridge University’s
Engineering Department in the United Kingdom. The program was originally written to be
run from a mainframe computer, but has been updated over the years to operate on a personal

computer: ing in a DOS envis and i aphical User Interface

for operating under Microsoft Windows™ 3.xx. The three primary components of the
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software comprise a pre-processor, the FE analysis program and a post-processor.

Linear, li and strain ing / softening itutive soil models are as
well as structural models and a Coulomb frictional interface model. The models have been
well established during the past 20 years, as demonstrated by more than 60 technical
publications which reference the use of the program (SAGE CRISP, 1997). The program can
be used to carry out drained, undrained and fully coupled consolidation analyses. Two-

plane strain or axi: ic runs can be carried out using the Windows version

of the program, and three-dimensional analyses can be carried out using the DOS version.

522 SIGMA/W

SIGMA/W is a finite element analysis program for analysing geotechnical stress and
deformation problems (GEO-SLOPE, 1996). The program can be operated on a personal
computer using Windows™ 3.xx. The program was formulated for elastic and elastic-plastic

constitutive soil models including linear-elastic, anisotropic linear-elastic, nonlinear-el

(hyperbolic), elastic-plastic (Tresca & Mohr-Coull i iteri i ing (Von

Mises failure criterion), Cam-clay (critical state), and modified Cam-clay (critical state)
models. Analysis types include drained effective stress, undrained effective stress, and total
stress analysis with pore-water pressures based on total stress changes, all carried out under

plane strain or axisymmetric conditions. Volume changes (deformation due to changes in

168



P pressure) and idation may be modelled by integration with a

separate finite clement seepage analysis program called SEEP/W. Soil-structure interaction
problems can be analysed by including structural components in the finite element mesh that

h: i structural stiffness Contact between the soil and a structure can

be modelled by any of the constitutive soil models or as a special slip surface.

523 ABAQUS
ABAQU isa ive general-purpose finite element program designed
specifically for advanced analysis applications in a wide range of areas. The progr

runs effectively on computers ranging from desktop systems running Windows NT or UNIX
to servers and Analysis include general linear or

nonlinear analyses, and linear i ‘ Model: ided for metals, castiron,
rubber, plastics, composites, resilient and crushable foam, concrete, sand, clay, and jointed
rock. The material response for each of the models may be highly nonlinear. General elastic,

lastic-pl
behaviour can be modelled. User-defined materials can also be created with a subroutine
interface. One-, two-, and three-dimensional continuum elements are provided, as well as
beams, membranes, and shells. Elements are formulated to provide accurate modelling for

arbitrary magnitudes of displacements, rotations, and strains.
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Boundary itions can includ 2 < ditions and p
conditions. Loading conditions can include point forces, distributed loads, and thermal
loading. Loads and boundary conditions for pore fluid pressure, electric potential, and other
scalar fields are also available. Initial conditions for temperature, velocity, stress, and
numerous other fields can be specified. General capabilities are included for modelling

interactions between bodies, including surface-to-surface contact, with or without friction.

Fully coupled thermal-stress interfaces are provided, where heat and traction may both be
transmitted and where the thermal resistance of the interface may depend on the pressure
between ing surfaces or the i ion of the surfaces. Acoustic interface

elements are included to couple structural and acoustic medium models for dynamic and
vibration analysis. Coupled pore fluid flow-stress and coupled thermai-electrical interactions
are also available. Partially saturated flow problems involving phreatic surfaces and capillary

effects can be addressed. Elements and contact pairs may be removed throughout an analysis

le lications includi ical problems such as tunnel or dam construction,

welding simulations, and tool remaval for springback calculations.

524 PISA

The Program for Incremental Stress Analysis, PISA, is & finite element computer program for

geotechnical deformation analysis. The program incorporates advanced modetling festures
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that allow si ion of various i including dams, embankments,

tunnels, excavations, retaining structures, and others. A number of constitutive models are
available including linear and non-linear elastic, frictional and non-frictional plastic, critical
state, and creep models. Undrained and drained deformation with user specific phreatic
surfaces can be modelled. The program includes a graphical user interface that is operated

from a personal computer using a Windows™ operating system.

525 FLAC

Fast Lagrangian Analysis of Continua, FLAC, version 3.3, is a two-dimensional explicit finite

theoretical basis of the program, program features, and the program command structure are
presented by Itasca Consulting Group (1996). The program is used to model the behaviour
of structures built of soil, rock, or other materials that may undergo plastic flow when their

yield limits are reached.

Materials are by zones which are to form a grid that is

adjusted by the user to fit the shape of the object to be modelled. Each zone of the grid

behaves ing to ibed linear or li in relations in response to

applied forces or boundary constraints. The material can yield and flow, and the grid can

deform and move with the material that is represented. The program is formulated to allow
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d as well

as a plane stress option for elastic and Mohr-Coulomb analysis. In the axisymmetric case,
cylindrical coordinates are used where x=0 is the axis of symmetry, the positive x-direction

corresponds to the radial i the y-directi to the axial i and
h ial direction (z-direction) to the cis i i The tangential stress,
o, is for all sy 'y iti and is taken into account in plastic yield

calculations for both plane strain and axisymmetric analyses.

FLACi il del flow issipation, with

full coupling between a deformable porous solid and a viscous fluid flowing within the pore
space. The pore fluid is considered to be deformable and obeys either the isotropic or
anisotropic forms of Darcy’s law. Non-steady flow is modelled with steady flow treated as

. Fixed p d il Yy itions may be used,

and injection or extraction wells may be modelled. The flow model can be run independently

from the mechanical calculation, and both confined and unconfined flow can be simulated.

FLAC incorporates a built-in programming language within the code called FISH, that can
be used to customize operation of the program by defining new variables and functions. For
example, FISH routines may be used to plot or print new variables, implement special grids,
specify distributions of properties to be applied to a model, and automate parametric studies.

FLAC models the development of shear bands within the grid by using a realistic procedure

172



for si i d dissipation of the kinetic energy that forms due to the evolution
of the shear bands (see for example; Cundall, 1989; Cundall, 1990; and Cundall, 1991).
Although the physics of band development is modelled correctly, band development is grid
dependent and FLAC will not accurately model the thickness or the spacing of shear bands.

5.2.6 Selection of model

Various technical and non-technical issues were considered in selecting a computer program
for modelling the fluid injection process. It was considered to be a more efficient use of time
to utilize existing software than to develop a numerical model coded specifically for this
project. The program should be written for geotechnical applications and should be well

the injection fluid, groundwater, and the soil skeleton are considered to be of extreme

importance to the shearing process, stress and i lations should b ied out
using & program that incorporates full coupling between groundwater flow and mechanical

P f the soil. Th must also be abl date the injection of fluid into
the soil through a well (i.e. fluid source).The program should have an elastic-plastic
constitutive model that can simulate strain weakening behaviour and should have the
capability to model permeability changes due to shearing. Consideration was also given as to
how well the program can model ive failure and the of shear bands.
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It was considered important that the program be well documented, user friendly, and have
pre-and p i ilities. The software used must be readily

available and the associated purchase/rental costs must be within the project budget. The
ability to run the program on a personal computer using a Windows™ based operating system

was also considered to be essential.

After reviewing the features and ilities of the five programs described above, a decision
was made to use FLAC for the numerical modelling component of this research. Some of the
features which made FLAC the first choice were: the ability to model I it the

availability of a suitable strain softening model; full coupling between groundwater flow and

havi the ility of the macro language FISH including
the capability of introducing functions to control permeability and porosity based on strain;

and the and ease of

53  Strain Softening Constitutive Model

The Strai i ing model i d into FLAC is based on an

implementation of the Mohr-Coulomb model with non-associated shear and associated

tension flow rules. The dif between the strail i ing model and the

Mohr-Coulomb model is that the cohesion, friction, dilation and tensile strength may increase

or decrease after the soil begins to yield plastically. The Mohr-Coulomb model is an elastic-
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perfectly plastic model where the cohesion, friction, dilation and tensile strength are assumed

to remain constant as yielding occurs. With the strain softening model, the cohesion, friction

and dilation are defined as pi ise-lis i fa i ing the
plastic shear strain. A piecewise-linear softening law for the tensile strength is prescribed in
terms of a similar parameter measuring the plastic tensile strain. The total plastic shear and

tensile strains are d by i ing the i at each time step and

causing the soil properties to conform to the user-defined functions.

The principal stresses ;, 0,, and 0, are used for i FLAC includes the
stress o, as one of the principal stresses. The principal stresses and principal directions are

evaluated from the stress tensor components and ordered so that 0, < 0, < 0; where

Th ing principal strain i €,, a8, A,
are decomposed as ae, = ae;’ + ae? where the superscript e and p refer to elastic and plastic
parts, respectively, and the plastic components are non-zero only during plastic flow. The
incremental expression of Hooke’s law in terms of principal stress and strain has the form

shown in Equs. 5.1 to 5.3, where @, = B + 4G/3 and a, = B - 2G/3.

20, = &, ae* + &, (aes" + aey?) [Eqn. 5.1]
40, =@, 48" + @, (ag," + aey?) [Eqn. 5.2]
40, =0, a8, + @, (ae," + a¢)7) [Eqn. 5.3]

‘The failure criterion is represented in the (0, 0;) plane as shown in Figure 5.1. The failure

175



oLl

[8's ubg] (hws-1)/(hws+ 1) =*N
[L's ubg] *Neo-o= 8
'g's "ubg U1 pouyap se st AN pue fSue uonepp o st h 21oyM
‘L’s ‘ubg U1 UMOYS ULIOY I3 SBY PUR [T MOP PIIBIDOSSE-UOU © O3 spuodsanios 8 uonouny
renuatod Jeays 3y L. ‘¢ ULl /9 = ™,0 A UIAIS ™,0 In[EA A} PIIOXS JOUUEO [10S Y JO PSUANS
aqisua} ay3 ‘g»¢ ‘S8R UOKOLY YIM [0S B JO] “IAPS OU SBY ssaNs [edouud SrerpomLIIT
343 ‘oRe[muLIO} PRI Jeays Sy UY JAROE e sassans [edouud Jounu puw sofew 3 ANy
[9°s uba] @us-1)/(@ums+D="N
‘9's ubg
umoys 58 51 *N pue [3Suans S[1sud) S St ,0 “UOISAYOD Y §1 O ‘A[BUR UOROLY I ST A1YM
[s's ubg] ‘o-0=9
“s’s 'ubg U1 umogs L0} 3 JO UoNOUNY PIIA UOISS} ¥ 4q D 03 g WO PuE

[v's ubg] JONPZ+*No-To=g

“[t’s 'ubg] uonsuTy PRI quoMO)-IOIN P 4q € uted 03  Juiod wog pougap st 3dojerud



Th iated flow rule for ilure is derived from the potential function g, with g' =~

@;. The flow rules for this model are given a unique definition in the vicinity of an edge of the

yield function in three-di ional stress space by application of an edge function.

Vermeer and deBorst (1984) defined an i form of shear hardenis -,

[see Eqn. 5.9] , which is utilized by FLAC to measure plastic shear strain:

Ae™ = (1 (A - Ae M) + V(Ae L) + YaAe™ - AemY}*  [Eqn. 591

where Ae,™ = (¢,” + &;) and ¢, j=1,3 are the principal plastic shear strain increments. The
tensile hardening parameter €* measures the accumulated tensile plastic strain; its increment
is defined as Ae™ = e,™, where Ae;™ is the increment of tensile plastic strain in the direction

of the major principal stress (tensile stresses are positive).



Figure S.1. Failure criterion for Mohr-Coulomb modet (after Itasca, 1996)
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54  Problem 'y and y Conditi

All but one of the numerical runs were carried out using a vertical injection well installed at

depth within an axi: i del ical si ion of field test FLDTST2 was carried

out using a horizontal injection well and plane strain conditions. All simulations involved
injecting water through a well and into the soil at a constant rate of flow. The soil was initially

fully saturated with the water table at the ground surface. Full coupling was incorporated

between flow and the ical response of the system. A discussion of the
hniq d for ling i ided by Itasca (1996). The strain-
plasticity itutive model described in Section 5.3 was used for the

analysis.

5.4.1 Chamber tests

Data from a I y study of ic fracture ion in oil sands was made

available by Golder Associates Ltd (1991, 1992 and 1994) for analysis and interpretation. The
Golder Associates test data is directly applicable to the soil shearing process, and is analysed

and interpreted as part of this thesis.

During the three phases of the Golder Associates hydraulic fracturing test program, eighteen

injection tests were carried out in homogeneous sand within a large triaxial calibration
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chamber. The design and setup of the calibration chamber was described previously by Kosar
and Been (1989) and Been and Kosar (1991). The test chamber can accommodate a soil
sample with a diameter of 1.4 m and a height of up to 1 m. Principal stresses of up to 1000
kPa may be applied i through a ci ial (0,) and upper (0,) cavity. The
pore fluid pressure is applied to the sample through drainage ports in the base of the chamber

and in the top loading plate. A system of air-over-water cells and pressure regulators is used
to impose a variety of stress conditions on the sample. In a manner very similar to that used
in a conventional triaxial test cell, horizontal stresses are transmitted to the sample through
alatex membrane, and vertical stresses are applied through a steel loading plate. A schematic
drawing of the chamber is shown in Figure 5.2. Test parameters and experimental results from

the chamber testing program are included in Appendix 4.
Numerical simulations of the chamber tests were carried out using the finite difference grid

shown in Figure 5.3, the boundary conditions shown in Table 5.1 and the FLAC parameters

from Table 5.2.
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Table S.1. Test parameters from Phase 2 & 3 Chamber tests*

Test ID Height Perm* (K| o, o u Q t Volume
of k
Injection
Interval (m/s) (Pa) | (kPa) | (Pa) | (ml's) (O] (ml)
(mm)

2FRAC2*a 50 3.710100° | 2 | 400 | 600 | 200 | 028 | 3036 850

b 040 | 2125 850

c 1.00 850 850

d 025 3400 850

e 0.40 500 200

2FRAC3*a 50 4.86(10)* | 2 | 400 600 200 10 850 850

b 30 | 2833 850

c 100 | 850 850

d 300 283 850

€ 30 2833 850

t 300 28.3 200

2FRAC4 50 | 424010)* |2 | 400 | 600 | 200 30 8.3 250

2FRACS 50 |548010)* [2 | 400 | 600 | 200 [ 200 13 260

3FRACI1 50 521(10)* | 1 | s00 600 100 41 22 900

3FRAC2 50 4.42(10)° |2 | 400 | 600 41 22 900

3FRAC3 50 5.48(10)* [2 | 400 600 200 200 4.5 900

3FRACH 50 4.1510)* |2 | s00 | so0 200 4.5 900

3FRACS® 64 |37100)* [2 | 400 | 600 | 200 | 200 4.5 900

3FRAC6* 6.4 3.27(10)* L‘ 400 600 200 200 1.5 300
iote: 'H).unnccummynrhnehhmmns:ndwdeumind from flow tests carried out at a

design soil deasity of 2031 kg/m’, and using liquid invert sugar as pore fluid and injection fluid
wﬁcmumwulss.uvmqulwh-mwm Hydraulic conductivity

'Mulnplemjeﬁwnmmm il i lissipation between sub-

‘mﬁmmﬂummmmlhumuhmdonmmdeGCmmmhmgm
and 33.5 mm in diameter. The actual laboratory test configuration utilized an 84.3 mm diameter by
6.4 mm high pointed notch built into the injection well.

“Reference: (Golder Associates Ltd., 1994).
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54.2 Centrifuge and field tests

of the centrifuge tests and field tests were carried out using the finite

difference grid and boundary conditions shown in Figure 5.4 and the properties summarised
in Table 5.2 and Table 5.3. The centrifuge test simulations were carried out at model scale
using a gravitational acceleration of 50 g, except for CCFS04 M and N which were carried

out at an ion of 25 g. Descriptions of the soil i ij test setup, test

procedures, and results from these tests were described previously in Chapters 2 and 3, and

in Appendices 1 through 3 of this thesis.
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Figure 5.2. Schematic of calibration chamber (after Kosar and Been, 1989)

185



Vertical Stress

Pore Pressure
10
4 ]
0.8
f—{
.
06
iecton___— L9i26] L7126 §
Interval H £
-t §
=
£ o4
L9118
|
0.2
=00

NON
o S e Nt T L TG W

symmetry Pore Pressure
_\ |
I T T T T T T
0.0 0.2 0.4 0.6
(metres)

Figure 5.3. FLAC grid and boundary conditions for analysis of chamber tests

186

(metres)



Groundsurhea
15 19 15 20 25 5354 55

A

=

56 57 58 5 60 61

i o

k A

HOTS

Applied pore pressure,
vertical stress, and
Axis of symmetry

horizontal stress all vary
with depth

Note: Grid shown was used for shallow well centrifuge

tests and field tests. The grid used for the deep well
centrifuge tests has a similar mesh configuration,

but different dimensions.

at boundaries.

Figure 5.4. FLAC grid and boundary conditions used for centrifuge and field tests
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5.5  Analysis Procedure

The applied boundary stresses in the chamber tests are large compared with the stresses due

to self-weight i delli carried out with gravity tumed off. Following

the application of boundary stresses and pore pressures, calculation steps were carried out
until an equilibrium state was achieved. After reaching an equilibrium state under the applied
boundary conditions, fluid was injected at a constant rate until the required volume of fluid
had been injected (see Table 5.1). Pore pressure, horizontal stress, and vertical stress were
monitored throughout the simulation at discrete locations near the injection zone (see filled

circles on Figure 5.3 and history locations in Table 5.4). The stress and displacement fields

for the model i ed initi ilibrium was achieved and at the end of the
injection stage.

of the i and field il ‘were carmried out using

ilarto for the chamber simulations. The centrifuge simulations were

run using model scale dimensions and parameters. Both the field test runs and centrifuge test
runs were carried out considering the in situ stresses due to self-weight of the soil. For the

test simulations, the ion due to gravity was set at either 50 x 9.81 m/s?

(tests CCFS01, CCFS02 and CCFS03), or 25 x 9.81 m/s” (tests CCFS04 M and N). Pore
pressure, horizontal stress, and vertical stress were monitored throughout the simulation at

discrete locations near the injection zone (see Table 5.4 and also filled circles on Figure 5.4).
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Table 5.4. Summary of history locations for numerical runs

189

Numerical Simulation Grid Zone Location Physical Location*

Column () | Row G) x (m) y(m)

Phase 2 and Phase 3 Chamber Tests 1 2% 0023 0010
(erund, krunl, krun2, krun3, 2frac2, 9 2 0.128 0010
2frac3, 2fracé, 2frac$, 3fracl, Irac2, 17 2 0232 0,010
3frac3, 3fracé, 3fracS, 3frac6) 9 18 0.128 0.150
9 34 0.128 0.170

Shallow Centrifuge Tests® 1 35 0.007 0.010
(CCFS01C, CCFS01D, CCFS02G, 12 35 0.051 0.010
CCFS02H, CCFS03K, CCFSO3L, 24 35 0.099 0010
CCFS04M, CCFS04N) 37 35 0.151 0.010
2 41 0.099 0.034

24 48 0099 0.060
2 23 0,099 ©0.038

8 57 0.035 0.098

Deep Centrifuge Tests® 1 30 0.007 0.010
(CCFS01A, CCFSO1B, CCFSO2E, 12 30 0,051 0,010
CCFS02F, CCFS031, CCFS03)) 2 30 0.099 0.010
37 30 0.151 0010

2 36 0,099 0.034

2 3 0099 0.060
2 18 0.099 0,038

] 57 0.035 0.129

Field Test With Vertical Well 1 25 0.125 0.20
(FLDTSTY) 5 25 0.525 020

10 25 1025 0.20

15 25 1.525 020

H 29 0.525 0.60

10 29 1025 0.60

10 22 1.025 0.10

Field Test With Horizontal Well 1 35 0.145 0.046
(FLDTST2) 12 35 1135 0.046
2 35 2215 0.046

37 35 3385 0.046
% 23 2215 -1.058

% 41 2215 0.598

2 48 2215 1242

Note: * Physical location is referenced by i 7 from the center (0,0) of
the screened interval of the injection
* History ions for centrifuge tests arc at model scale.



5.6  Results of Chamber Test Simulations

Results of the i i ions are in A dix 5. The results for each

numerical run are presented in a set of 10 figures that includes plots of:

. the extent of the yield zone at the end of injection

. plastic shear strain at the end of injection

. the change in horizontal effective stress from the initial equilibrium condition
due to fluid injection

E) i R Ry S

to fluid injection

. the change in tangential effective stress from the equilibrium condition due to
fluid injection

. the change in pore pressure from the initial equilibrium condition due to fluid
injection

. the ratio of horizontal to vertical effective stress at the end of injection

. region of permeability enhancement due to shearing

. history plot showing the development of pore pressure during the injection
period, and

. history plot showing o,’ (horizontal) vs o,” (vertical) stress paths of soil

elements during the injection period.



In FLAC, positive stresses indicate tension and negative stresses indicate compression.
Positive pore pressures are presented with a positive sign. All figures plotted as output from
FLAC use this sign convention. Where changes in stress are plotted, a positive stress change

indicates that the i of the ive stress has and a negative stress

change indicates that the magnitude of the compressive stress has increased. A positive
change in pore pressure indicates an increase in pore pressure, a negative change indicates a

reduction in pore pressure. Figures which were not derived from FLAC (i.e. the stress path

plots in this lix) use a sign ion where ive stresses and are positive and

tensile stresses are negative.

5.6.1 Permeability change due to shearing

Numerical runs were carried out to i i how variations in the i of the

jpermeability change due to shearing will effect the overall shearing process. Four simulations
were carried out in which fluid was injected into the soil at a rate of 30 mUs for 8.3 sec. A

FISH function was incorporated within FLAC to increase the permeability of zones where
accumulated plastic shear strain exceeded a prescribed value. If the plastic strain in a grid
zone exceeded 1%, the horizontal and vertical permeability of the soil in that zone was
increased by a factor of 1, 10, 100 or 1000 (see Table 5.5). In the strain softening model used
for the chamber tests, 1% plastic strain was also prescribed as the plastic shear strain where

the soil became fully softened.

191



61

[108 JO UOIBaJ MOLIEU © O} PAUUOO SI 358310U1 Amssad axod 38re] Jo suoz 9y, ‘uonSRfu Jo

uod a3 01 950> K194 dn pping samssaud a10d 98re] K194 JuswsOURYUS Apqesuuad ou Py

"SE'SV PUR ‘SZT'SV ‘S1'SV ‘S’SV SOIMBLg Ut umoys st
38Uy $59035 9ARIIPS [ENUSBUE) AP PUE ‘pE SV PUB YT 'SV “PI'SV b'SV SmBLy ul umoys
1 98uwYd $S2S 2ANAPD [EONIVA A} “AEUNS “€€'SV PUB “€Z'SV ‘E1'SV ‘€'SV semBig w
UMOYS S1U0RS3fT PING JO PUS PUE LIEIS A} UIIMII] SSALS FANKAPS [BuCZLIOY U SBuEYd AL

(ZE'SV PUB ‘ZZT'SV ‘TI'SV ‘T'SV sounBiy)
urens onse|d Jo SINOJUCO 3} UO PIFEQ USSS §1 PUID JE[ILIS Y "UoRsafur Jo wuiod syl wog
SPIRMINO A[TEINOZLIOY SPUSIXA TRy} PURq MoLIEU AfBuIsea1our UE SuLIoy (1€°SV PUT ‘IZ'SV
“11°SV s9mB1) SUOZ PRI o ‘S95ERI0UT JUSWLOUEYUS ANTIqESULI JO Junowre o SV (1°5Y
asm819) uosafun Jo jutod sy punore UOLEAI JEMOID-TUIAS © SULIO Su0Z PRIA 33 ‘(N
SINDO0 JUSWROUEYUS Anqeounsad ou IIYM 3580 I 104 "IsEaIOW Lungesunad Jo Junowr
3y} Ut sBUBYO YIM SUOZ PloLA at JO adeys pue zis au Ut IBUBYD SNOIAQO U SEM 213y]

O¥'SY 01 ¢SV amdiy LOIXZEY 0001% 2OIXZED N
0£'SYOl [7'5Y amBty a0l XZEY oo1x 01 XZEY TN
07’5V 01 15V am3iy w0l XZEY orx a0l XZEY TN
01'sV 01 I'sy a1y 201X TEY 53 01X TEY ONM
T @ TRns oRwA | OFS/m) @
Simsy $9u0Z peouTyu %I e aseucu] Amqesauag umy
vofrewIs jo uopEoo] | UMM Amqesmad | Amqesuag oz enruy | peousumy

soBueyo Aqesuniad paonpul Jeays Jo Apms 10j siveurered PPO ‘S°S AGEL



near the injection interval. At the point of injection, there is a reduction in horizontal, vertical
and tangential effective stress due to the large pore pressure. A small distance to the side of
the well, there is a very large zone of horizontal effective stress increase, while above and
below the injection interval there is a zone of horizontal effective stress decrease. There is a
region of large vertical stress increase above, below, and to the sides of the injection interval,
and a smaller zone of vertical stress decrease to the side of the injection well at about one-half

of the distance between the well and the chamber wall.

As the amount of permeability enhancement that occurs is increased, a shear band develops
that extends horizontally outwards from the injection point. With greater permeability
enhancement, there is an increased capacity for fluid to move within the yielded zone. As a
result, the magnitude of the pore pressure increase is substantially reduced and the zone of
pore pressure increase extends horizontally outwards a greater distance from the point of
injection. Restrained dilation causes a zone of decreased pore pressure to be created near the
tip of the shear band. The effective stress is substantially reduced within the shear band due
to the high pore pressures. Above and below the shear band, there is an increase in the
horizontal and vertical effective stress. Near the tip of the shear band there is a zone of

increased horizontal effective stress.

The maximum pore pressure developed at the point of injection was normalized using the
minimum principal effective stress (P,/0y) and plotted against degree of permeability
enhancement (k/k,)in Figure 5.5. With a permeability enhancement of one, the pore pressure
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developed is very high, but drops rapidly and levels off at just over 4 after a permeability
enhancement of 100. The range in P,/0,' from the chamber test experimental results was 2.75
to 6.15 with an average value of 3.88. This suggests that it may be appropriate to use a

of i 100 for the i ing of the chamber

test results. This is supported by the work of Mori and Tamura (1986) who reported

‘more than ord i during shearing of grouted

sand samples.

5.6.2 Injection test 2FRAC2

During chamber test 2FRAC2, five sub-injection tests were carried out at relatively low
injection rates 0f0.28, 0.40, 1.0, 0.25, and 0.40 mU/s. A volume of 850 m! was injected during
sub-tests (a), (b), (c), and (d), and 200 ml was injected during (e). Time was allowed
following each sub-injection test for excess pore pressures to dissipate and the soil stresses
to stabilize. In the model, this was accomplished by tumning off the injection source and
allowing drainage to occur at the upper and lower boundaries while stepping forwards
through time for 1000 s. Results from the 2FRAC2 simulation are presented in Appendix 5
as Figures AS.41 to A5.50 for sub-test a (0.28 mUs), Figures A5.51 to AS5.60 for sub-test b
(0.40 ms), Figures A5.61 to A5.70 for sub-test ¢ (1.0 ml/s), Figures A5.71 to A5.80 for sub-

test d (0.25 mI/s), and Figures A5.81 to A5.90 for sub-test e (0.40 mUs).
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Only a very small yi j the point of injection duris
(a) at 0.28 ml/s (Figure A5.41). At the injection well, the magnitude of the plastic strain was

less than 0.5% (Figure A5.42). A small circular region of increased pore pressure developed
around the injection well (Figure A5.46) with the SO kPa contour at 0.12 m from the well.
‘This resulted in a small decrease in the effective stresses (vertical, horizontal, and tangential)
near the well (Figures A5.43 to A5.46). A zone of elevated stress ratio developed within a
circular bulb to the side of the injection point (Figure A5.47). No zone of permeability
enhancement was observed (Figure AS5.48).

There was only a small increase in the size of the yield zone during sub-injection test (b) at
0.40 mV/s (Figure A5.51). The magnitude of the plastic strain is still less than 0.5% (Figure
A5.52). The size of the zone of excess pore pressure has expanded slightly with the 50 kPa
contour located about 0.17 m from the well (Figure AS.56). This has resulted in a slightly
larger zone of reduced effective stress near the well. The zone of reduced horizontal stress
is larger along the sides of the well than above or below the point of injection (Figure AS.53).
The zone of increased vertical stress is largest above and below the point of injection (Figure

A5.54). The zone of reduced ial stress remains il i-circular in shape

(Figure A5.55). The zone of increased stress ratio (Figure A5.57) is approximately the same
shape as during test (a), however, it is slightly larger. Again, no zone of permeability
enhancement was observed (Figure A5.58).

There is a significant increase in the size of the yield zone during sub-injection test (c) at 1.0
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ml/s (Figure A5.61). This is also indicated by a zone of plastic strain that has developed at the
well and which extends horizontally outwards (Figure AS.62). The zone of increased pore
pressure has grown much larger (Figure A5.66) with the 50 kPa contour now approximately
0.28 m from the well. The shape of the horizontal effective stress field is significantly
influenced by the yield zone that has developed, and there is a zone of reduced horizontal
effective stress above and below the point of injection as well as a lobe extending horizontally

(Figure A5.63). The vertical effecti is slif i bov

and below the injection point, and there is a large bulb of decreased vertical effective stress
to the side of the injection well (Figure A5.64). The tangential effective stress is reduced over
a much larger area with lhgrutmmdunioneonoemt;d near the yield zone. The zone of
maximum stress ratio (Figure A5.67) has moved approximately 150 mm to the side of the
point of injection. Permeability has increased in several zones near the point of injection

(Figure AS5.68).

There is no additional growth of the yield zone with the reduced injection rate of 0.25 ml/s
for sub-injection test (d) (see Figure AS5.71 and A5.72). The region of pore pressure increase
has become smaller (Figure A5.76) with the 50 kPa contour now located 0.12 m from the
well. With the decrease in the size of the excess pore pressure bulb, the horizontal, vertical
and tangential effective stresses have increased (Figures A5.73, A5.74 and A5.75). The zone

of maximum stress ratio (Figure A5.77) has reduced in size from test (c). The size of the zone

of il remains (Figure A5.78).



With the injection rate increased to 0.40 mV/s for sub-injection test (e), there is again no
growth in the yield zone (Figures AS 81 and A 82). The region of pore pressure increase has
expanded with the 50 kPa contour now 0.16 m from the injection well (Figure AS 86). With
the increased pore pressure, the effective stresses have again decreased (Figures A 5.83,
A5.84 and A5.85). The maximum stress ratio (Figure A5.87) has grown a small amount,

however, the area of permeability enhancement (Figure AS.88) remains the same size.

5.6.3 Injection test 2FRAC3

During chamber test 2FRACS3, six sub-injection tests were carried out at moderately high
injection rates of 1, 3, 10, 30, 3, and 30 ml/s. A volume of 850 ml was injected during sub-
tests (a), (b), (c), (d), and (¢); and 200 ml was injected during (f). Following each sub-
injection test, 1000 s was allowed for excess pore pressures to dissipate and the soil stresses
to stabilize. Results from the 2FRAC3 simulation are presented in Appendix 5 as Figures
A5.91 to A5.100 for sub-test (a) at 1 mUs, Figures A5.101 to A5.110 for sub-test (b) 3 mls,
Figures AS.111 to AS.120 for sub-test (c) at 10 mVs, Figures AS.121 to AS.130 for sub-test
(d) at 30 ml/s, Figures A5.131 to A5.140 for sub-test (e) at 3 mUs, and Figures AS5.141 to

5.150 for sub-test (f) at 30 mVs.

A small amount of yielding occurs near the injection well during sub-test (a) at 1.0 ml/s
(Figure A5.91 and A5.92). A zone of increased pore pressure develops (Figure A5.96) with
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the 50 kPa contour at 0.21 m from the well. The horizontal effective stress is reduced above
and below the injection point, and directly to the side of the well (Figure AS5.93). The vertical
effective stress is reduced within a bulb of soil located to the side of the well (Figure A5.94).

The tangential effective stress is reduced in a semi-circul ing the well (Figure
A5.95). The zone of maximum stress ratio s located approximately 100 mm to the side of the

well (Figure A5.97). No permeability enhancement has occurred (Figure A5.97).

There is a substantial increase in the size of the yield zone at the end of sub-test (b) at 3 ml/s
(Figure A5.101 and Figure A5.102). The zone of increased pore pressure has grown
substantially (Figure A5.106) and the 50 kPa contour is 0.32 m from the well. The zone of
reduced horizontal effective stress to the side of the well has extended further outwards from
the well and the magnitude of the maximum stress reduction has increased (Figure A5.103).
The vertical effective stress has increased a small amount above and below the point of
injection, however the bulb of decreased vertical effective stress to the side of the well has
grown (Figure AS.104). The tangential effective stress is reduced over a substantial area with
the greatest reduction occurring near the yield zone (Figure AS5.105). The region of elevated

stress ratio is “tooth like” in appearance and surrounds the yield zone on three sides (Figure

A5.107). The region of enhanced permeability extends 0.14 m from the well (Figure AS.108).

At the end of sub-test (c) at 10 mVs, the size of the yield zone has again grown significantly
(Figure AS5.111 and A5.112). The size of the excess pore pressure region has increased with
the S0 kPa contour at 0.38 m from the well (Figure AS.116). The leading edge of the pore
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pressure front is becoming flatter which may indicate that the boundaries of the chamber are
having a greater infl the p . The zone of effective stress

vertical, and tangential) is primarily within a thin band that has developed and extends
horizontally outwards from the well (Figure AS.113, AS.114 and A5.115). There is still a
zone of decreased effective stress (horizontal and tangential) above and below the injection
interval, however, the size of the region of increased vertical effective stress has increased

within this zone. The zone of elevated stress ratio has grown but still remains tooth like in

appearance (Figure A5.117). The region of enhanced ility now extends

outwards from the well for 0.29 m (Figure A5.118).

At the end of sub-test (d) at 30 mUs, the yield zone has again increased in size and extends
approximately 75% of the width of the chamber (Figure AS5.121 and Figure A5.122). The
excess pore pressure front has grown and the 50 kPa contour is now 0.44 m from the well
(Figure A5.126). The pore pressure front has become flatter in shape with a more pointed
leading edge. The effectis it ion (Fi AS5.123, A5.124 and AS.125) s similar

in appearance to sub-test (c), however, areas of reduced vertical effective stress have

developed above and below the tip of the yield zone. The zone of elevated stress ratio is

approximately the same shape but has growniin size (Figure AS.127). The region of enhanced
extends hori; rds from the well for 0.41 m (Figure AS.128).

At the end of sub-test (¢) at a reduced injection rate of 3 mUs, the yield zone has increased

in size by a small amount and is actively yielding near the tip (Figure A5.131 and Figure
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A5.132). The zone of pore pressure increase has grown and the 50 kPa contour is now 0.51
m from the well (Figure AS.136). The magnitude of the pore pressure increase within the
yield zone has decreased from sub-test (d). There are now regions of increased effective stress
(horizontal, vertical and tangential) sbove and below the body of the yield zone (Figure

AS5.133, AS.134 and Figure A5.135), and effecti within the yield zone. The
zone of decreased vertical effective stress at, above and below the tip of the yield zone has
grown and extended to the chamber wall. There are only small changes in the shape of the
stress ratio distribution (Figure AS5.137). The region of enhanced permeability is

approximately the same size as for sub-test (d) (Figure A5.138).

The size of the yield zone remains the same at the end of sub-test (f) at 30 ml/s (Figure
A5.141 and AS5.142) as it was at the end of sub-test (). The excess pore pressure front has
decreased in size a small amount and is 0.47 m to the 50 kPa contour (Figure A5.146),
although the magnitude of the pore pressure increase within the yield zone has increased. The
shape of the effective stress distributions (Figure A5.143, A5.144, and A5.145) are similar
to sub-test (¢), however, the vertical effective stress increase is greater above and below the
body of the yield zone for (f). Again, the stress ratio distribution (Figure A5.147), and the
region of enhanced permeability (Figure AS.148) are approximately the same as for sub-tests

(d) and (e).
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5.64 Injection test 2FRAC4

A fluid volume of 250 ml was injected at 30 ml/s during test 2FRAC4. Results from the

2FRAC4 simulation are presented in Appendix S as Figures A5.151 to A5.160.

A horizontal disc-shaped yield zone has developed as indicated by Figures AS.151 and
A5.152. There is an elliptical shaped region of increased pore pressure with the 50 kPa
contour located about 0.25 m from the well (Figure AS.156). There are small regions located
near the tip of the yield zone, above the well, and below the well, where the pore pressure has
decreased by about 50 kPa. The maximum excess pore pressure within the yield zone is
approximately 550 kPa at the point of injection. The effective stress (horizontal, vertical, and
tangential) is decreased near the yield zone where the pore pressure increase is largest, and

i in effecti b dbelow the yield igure A5.153, A5.154

and A5.155). The stress ratio distribution is tooth like in appearance and surrounds the yield
zone (Figure AS5.157). A zone of enhanced permeability has developed that extends 0.22 m

from the well (Figure A5.158).

5.6.5 Injection test 2FRACS

A fluid volume of 260 ml was injected at 200 ml/s during test 2FRACS. Results from the
2FRACS simulation are presented in Appendix 5 as Figures A5.161 to A5.170.
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zone is unusual in that it has not been observed in any of the other simulations. It is believed

to be a result of the mesh ion rather than the iour of the soil. A large bulb of

increased pore pressure surrounds the yield zone (Figure A5.176), with the 50 kPa contour
located 0.320 m from the well. The horizontal effective stress is reduced within the yield zone
and increased above and below the yield zone and outside the tip (Figure A5.173). The
vertical effective stress and tangential effective stress are reduced within the yield zone and
increased above and below the point of injection (Figures AS.174 and A5.175). The stress
ratio is greatest in those zones that are actively yielding (Figure A5.177). The region of
enhanced permesbility now extends about 0.28 m from the well (Figure A5.178).

5.6.7 Injection test SFRAC2

A fluid volume of 900 ml was injected at 41 ml/s during test 3FRAC2. Results from the

3FRAC?2 simulation are presented in Appendix 5 as Figures A5.181 to A5.190.

At the end of test 3FRACI, the yield zone extends approximately 0.42 m horizontally
outwards from the injection well (Figure AS.181 and Figure AS.182). A large bulb of
increased pore pressure surrounds the yield zone (Figure AS.186), with the 50 kPa contour
located 0.38 m from the well. A region of reduced pore pressure is located adjacent the tip
of the yield zone. The horizontal effective stress is reduced within the yield zone and
increased above and below the yield zone (Figure AS5.183). The vertical effective stress and
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tangential effective stress are reduced within the yield zone and increased above and below
the point of injection (Figures AS.184 and A5.185). The stress ratio is greatest in those zones
that are actively yielding (Figure AS.187). The region of enhanced permeabiiity now extends

about 0.37 m from the well (Figure AS.188).

5.6.8 Injection test SFRAC3

A fluid volume of 900 m! was injected at 200 ml/s during test 3FRAC3. Results from the

3FRACS3 simulation are presented in Appendix 5 as Figures A5.191 to AS.200.

At the end of test 3FRAC3, the yield zone extends approximately 0.40 m horizontally
outwards from the injection well (Figure A5.191 and A5.192). A bulb of increased pore

pressure surrounds the yield zone (Figure AS5.196), with the 50 kPa contour located 0.35 m

from the well. Regi located abx d the point of injection

and adjacent the tip of the yield zone. The effective stresses (horizontal, vertical and
tangential) are reduced within the yield zone and increased above and below the yield zone
(Figures AS5.193, A5.194 and AS5.195). The shape of the stress ratio distribution is similar to
that observed in previous simulations (Figure A5.197). The region of enhanced permeability
now extends about 0.35 m from the well (Figure A5.198).
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5.6.9 Injection test SFRAC4

A fluid volume of 900 ml was injected at 200 ml/s during test 3FRAC4. The test was similar
to 3FRAC3 but with greater horizontal and vertical effective stresses. Results from the

3FRAC4 simulation are presented in Appendix S as Figures A5.201 to A5.210.

At the end of test 3FRAC4, the yield zone extends approximately 0.36 m horizontally
outwards from the injection well (Figure A5.201 and A5.202). A bulb of increased pore
pressure surrounds the yield zone (Figure AS5.206), with the 50 kPa contour located 0.35 m
from the well. Regions of reduced pressure are located above and below the point of injection
and adjacent the tip of the yield zone. The effective stresses (horizontal, vertical and
tangential) are reduced within the yield zone and increased above and below the yield zone
(Figures A5.203, A5.204 and A5.205). The stress ratio distribution is similar in appearance
to that observed in previous simulations (Figure AS5.207). The region of enhanced

permeability now extends about 0.35 m from the well (Figure A5.208).

5.6.10 Injection test 3SFRACS

A fluid volume of 900 ml was injected at 200 m/s during test 3FRACS. The chamber test
incorporated a 6.4 mm high by 84.2 mm diameter V-notch on the injection well. The grid

used for the simulation did not include a notch but had fluid injected over a 15 mm interval.
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Results from the 3FRACS simulation are presented in Appendix 5 as Figures A5.211 to
A5.220.

At the end of injection, the yield zone was very extensive, reaching the mode! boundaries on
the top, bottom and sides (Figure A5.211). The plastic shear strain was very large at the

injection point and extended a substantial distance from the well (Figure AS.212). The mesh

hi i i the yi The zone of pore pressure
increase is relatively small (Figure A5.216). The region of permeability enhancement extends

approximately 0.47 m horizontally from the well (Figure A5.218).

5.6.11 Injection test SFRAC6

A fluid volume of 300 ml was injected at 200 ml/s during test SFRACS. The test was similar
to 3FRACS except that fluid was injected for 1.5 s rather than 4.5 sec. The chamber test
incorporated a 6.4 mm high by 84.2 mm diameter V-notch on the injection well. The grid
used for the simulation did not include a notch but had fluid injected over a 15 mm interval.
Results from the 3FRACS simulation are presented in Appendix 5 as Figures AS.221 to

A5.230.

A large yield zone has developed (Figure A5.221) around the well with very large plastic

strains at the well (Figure A5.222). Very large increases in the effective stress occur (Figure
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A5.223, A5.224, A5.225) just outside a relatively small region of pore pressure increase
(Figure AS5.226). The stress ratio is greatest approximately 0.35 m from the well over a0.2
m high region (Figure AS.227). The zone of permeability enhancement extends 0.3 m
horizontally from the well (Figure A5.228).
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5.7  Results of Field Experiment Simulations

The results of field il i ions are using the same format and sign

convention as was described in section 5.6 and used for the chamber test simulations. Results

from the field test simulations are presented in Appendix 5.

5.7.1 Field test FLDTST1

A fluid volume of 114 litres was injected at 0.631 s during test FLDTST1, from a veriical
well with a 0.5 m high screen located at a depth of 1.5 m. In the field test, fluid appeared at
the ground surface after injecting for 120 sec. The results of the numerical simulation are

presented at an injection time of 50 s in Figures A5.231 to A5.240 in Appendix 5.

The yield zone extends from approximately 3 m depth to the ground surface and extends
approximately 1.4 m from the well over much of this region (Figure AS.231). At the ground
surface the yield zone extends approximately 3.2 m outwards from the injection well. The
plastic shear strain contours show a shear band developing near the top of the injection

interval and extending horizontally outwards for about 1 m before rising vertically to the

ground igure A5.232). The orientati ‘the yield zone is likely i to some

degree by the configuration of the mesh used in the analysis. There are zones of increased
effective stress (Figure A5.233, A5.234, A5.235) located immediately above and below the

209



region of elevated pore pressure near the point of injection (Figure A5.236). The region of
maximum stress ratio (Figure AS.237) is located slightly outside the region where the shear
band has developed, and rises outward and upward to intersect the ground surface
approximately 1.5 m from the well. The zone of permeability enhancement is very similar in

shape (Figure A5.238) to the region of large plastic strains shown in Figure A5.232).

5.7.2  Field test FLDTST2

A fluid volume of 719 litres was injected at 0.63 1 Us during test FLDTST2, from a horizontal

well with a 3 m long screen located at a depth of 2.3 m. The results of the numerical

simulation are presented at an injection time of 100 s in Figures A5.241 to A5.250 in

Appendix 5.

After 100 s of injection, a thin nearly horizontal yield zone has formed extending

1.3 m from the injection well (Figure A5.241 and A5.242). The effective stress
(Figure A5.243, A5.244, A5.245) has decreased within a long narrow zone of pore pressure
increase (Figure A5.246) and the effective stress has increased above and below the region
of increased pore pressure. The stress ratio is greatest in a thin region around the perimeter
of the yield zone (Figure A5.247). The region of enhanced permeability extends

approximately 1.1 m horizontally from the injection well (Figure AS5.248).
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58  Results of C

All ical sif ions for th ifuge tests ied out at model scale. The results

of i i i using the and sign ion as was

described in section 5.6 and used for th

test simulations are presented in Appendix 5.

5.8.1 Centrifuge test CCFS01 A

A fluid volume of 33 ml was injected into Speswhite kaolin at 0.029 ml/s from a 200 mm deep
vertical injection well at 50 g. Results from CCFSO01A are presented in Appendix 5 as Figures

A5.251 to A5.260.

After 1150 s of injection time, a triangular shaped yield zone has formed that extends
approximately 0.075 m outwards and approximately 0.035 m upwards from the top of the
injection interval (Figures A5.251 and A5.252). A shear band has formed near the upper
surface of the yield zone. The effective stress (Figure A5.253, A5.254, and A5.255) is
reduced in the region of soil where yielding has occurred and which has an increased pore

pressure (Figure A5.256). The stress ratio (Figure A5.257) is greatest near the outer

perimeter of the yield zone. The zone of li extends

0.06 m from the well (Figure A5.258).



5.8.2 Centrifuge test CCFSO1 B

A fluid volume of 33 ml was injected into Speswhite kaolin at 0.29 mV/s from a 200 mm deep
vertical injection well at 50 g. Results from CCFSO1B are presented in Appendix 5 as Figures.

A5.261 to A5.270.

After 115 s of injection time, a yield zone has formed that is nearly centred around the well
and which extends approximately 0.09 m outwards at the top of the injection interval (Figures
AS5.261 and A5.262). Two distinct shear bands have formed which originate just above and
below the top and bottom of the injection interval. The effective stress (Figure A5.263,
A5.264, and A5.265) is reduced in the region of increased pore pressure (Figure AS.266)
where yielding has occurred. Outside of the zone of increased pore pressure, there is a zone
of reduced pore pressure where the effective stress has increased. The stress ratio (Figure
AS5.267) is greatest near the outer perimeter of the yield zone, particularly at the tip of the

upper shear band. The zone il extends i 0.08 m from

the well (A5.268).

5.83 Centrifuge test CCFS01 C

A fluid volume of 33 ml was injected into Speswhite kaolin at 0.029 ml/s from a 100 mm deep
vertical injection well at 50 g. Results from CCFS01C are presented in Appendix S as Figures
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the top and bottom of the injection interval. The effecti (Fij A5.283, A5.284, and

A5.285) is reduced in the region of increased pore pressure (Figure AS.286) where yielding
has occurred. Outside of the zone of increased pore pressure, there is a zone of reduced pore
pressure where the effective stress has increased. The stress ratio (Figure AS.287) is greatest
‘near the outer perimeter of the yield zone, particularly at the tip of the upper shear band. The
zone of | i extends i ly 0.09 m from the well (A5.288).

585 Centrifuge test CCFS02 E

A fluid volume of 47 ml was injected into Speswhite kaolin at 2.9 ml/s from a 200 mm deep
vertical injection well at 50 g. Results from CCFSO1E are presented in Appendix 5 as Figures

A5.291 to A5.300.

After 16.5 s of injection time, a very large yield zone has formed which is centred around the
injection interval and which extends approximately 0.25 m outwards from the well (Figures

A5.291 and A5.292). Thereis ive plasti inis the point of injection, however,

no distinct shear bands have formed. The effective stress (Figure A5.293, A5.294, and
/A5.295) is reduced in the region of increased pore pressure (Figure A5.296) around the point
of injection. Outside of the zone of increased pore pressure, there is a zone of reduced pore
pressure where the effective stress has increased. The stress ratio (Figure A5.297) is greatest

about 0.12 m horizontally outwards from the weil. The zone of permeability enhancement
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extends well above and below the top of the injection interval and for approximately 0.12 m
outwards from the well (A5.298).

586 Centrifuge test CCFSO02 F

A fluid volume of 47 ml was injected into Speswhite kaolin at 0.014 ml/s from a 200 mm deep
vertical injection well at 50 g. Results from CCFSOIF are presented in Appendix 5 as Figures

A5.301 to A5.310.

After 3300 s of injection time, a yield zone has formed that extends approximately 0.07 m
outwards and approximately 0.06 m upwards from the top of the injection interval (Figures
A5.301 and A5.302). A shear band has formed near the upper surface of the yield zone. The
effective stress (Figure AS.303, A5.304, and A5.305) is reduced in a tall narrow region of soil
which has an increased pore pressure (Figure AS5.306). The stress ratio (Figure A5.307) is
greatest near the tip of the shear band and adjacent the bottom of the injection interval. The

zone of permeability enhancement extends about 0.06 m from the well (Figure A5.308).

58.7 Centrifuge test CCFS02 G

A fluid volume of 33 ml was injected into Speswhite kaolin at 0.014 ml/s from a 100 mm deep
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vertical injection well at 50 g. Results from CCFSO1G are presented in Appendix 5 as Figures

A5.311 10 A5.320.

After 2300 s of injection time, a yield zone has formed that extends approximately 0.1 m
outwards from the injection interval (Figures AS.311 and A5.312). There are no clearly
defined shear bands within the yield zone, however, it appears that bands may be beginning

to form at the top and bottom of the injection interval. There has been fairly extensive yielding

of soil at the ground surface. The effective stress (Figure A5.313, A5.314, and A5.315) is
reduced in the region of soil where yielding has occurred and which has an increased pore
pressure (Figure AS.316). The stress ratio (Figure A5.317) is greatest near the upper surface

of the yield zone. The zone of p il extends d 0,07 m from

the well (Figure A5.318).

5.8.8 Centrifuge test CCFS02 H

A valve was opened late during centrifuge test CCFS02G which resulted in a large jump in
pressure at the wellhead early in the test. The test was repeated as CCFS02H under the same
test conditions as CCFS02G. The simulation results for CCFSO2H are, therefore, identical
to those for CCFS02G, although the experimental results are somewhat different. See the

results of CCFS02G presented in Figures AS.311 to A5.320 in Appendix 5.
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5.8.9 Centrifuge test CCFS03 I

A fluid volume of 46 ml was injected into silty sand at 0.029 mVs from a 200 mm deep
vertical injection well at 50 g. Results from CCFSO011 are presented in Appendix 5 as Figures

A5.321 to A5.330.

There was no yielding after 1420 s of injection as indicated by Figures AS.321 and A5.322.
There was a very small region of reduced effective stress (Figures AS.323, A5.324, A5.325)
near the point of injection where the pore pressure was slightly increased (Figure AS5.326).
The stress ratio at the point of injection is only marginally increased (Figure A5.327). No

permeability enhancement was observed (Figure AS.328).

5.8.10 Centrifuge test CCFS03 J

A fluid volume of 46 ml was injected into silty sand at 0.29 mVs from a 200 mm deep vertical
injection well at 50 g. Results from CCFSO01]J are presented in Appendix § as Figures AS.331

to A5.340.

There was no yielding after 160 s of injection as indicated by Figures A5.331 and A5.332.
There were relatively large regions of reduced effective stress (Figures AS.333, A5.334,

A5.335) near the point of injection where the pore pressure was increased (Figure A5.336).
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The stress ratio has increased substantially right at the point of injection, however, it drops
off rapidly (Figure A5.337). No permeability enhancement was observed (Figure AS.338).

$.8.11 Centrifuge test CCFS03 K

A fluid volume of 31 ml was injected into silty sand at 0.029 ml/s from a 100 mm deep

vertical injection well at 50 g. Results from CCFSO1K are presented in Appendix 5 as Figures

A5.341 to A5.350.

There was no yielding after 457 s of injection as indicated by Figures A5.341 and A5.342.

There was a small region of reduced effective stress (Figures A5.343, A5.344, A5.345) near

he point of injectit pressure was i (Figure A5.346). Th

has increased only marginally at the point of injection (Figure A5.347). No permeability
enhancement was observed (Figure AS5.348).

5.8.12 Centrifuge test CCFS03 L

A fluid volume of 31 ml was injected into silty sand at 0.29 mV/s from a 100 mm deep vertical
injection well at S0 g. Results from CCFSO1L are presented in Appendix 5 as Figures A5.351

to AS.360.
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There was a very small (0.02 m wide) yield zone near the injection well and at the ground
surface after 1100 s of injection as indicated by Figures AS.351 and A5.352. There was a
relatively large region of reduced effective stress (Figures AS.353, AS.354, AS.355) within
the zone where the pore pressure was increased (Figure A5.356). The stress ratio is quite
large at the point of injection (Figure AS.357) where yielding has occurred. No permeability
enhancement was observed (Figure AS.358).

5.8.13 Centrifuge test CCFS04 M

A fluid volume of 22 ml was injected into silty sand at 0.057 mV/s from a 200 mm deep
vertical injection well at 25 g. Results from CCFSO1M are presented in Appendix 5 as Figures

A5.361 to A5.370.

No yielding had occurred after 273 s of injection as indicated by Figures AS.361 and A5.362.
There was a very small region of reduced effective stress (Figures A5.363, AS.364, A5.365)
‘within the zone where the pore pressure was increased (Figure AS.366). The stress ratio is
slightly elevated at the point of injection (Figure AS.367). No permeability enhancement was

observed (Figure A5.368).
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5.8.14 Centrifuge test CCFS04 N

A fluid volume of 50 ml was injected into silty sand at 0.29 ml/s from a 200 mm deep vertical
injection well at 25 g. Results from CCFSOIN are presented in Appendix 5 as Figures AS.371

to A5.380.

A small yield zone has developed near the injection point after 174 s of injection as indicated
by Figures AS.371 and A5.372. There is a region of reduced effective stress (Figures AS.373,
A5.374, A5.375) within a relatively large zone where the pore pressure has increased (Figure
A5.376). The stress ratio is quite large at the point of injection (Figure A5.377) where

yielding has occurred. No permeability enhancement was observed (Figure A5.378).

59  Summary

Numerical simulations of chamber, field, and centrifuge injection tests were carried out using
the finite difference computer program FLAC. The numerical model established for these
analyses incorporated full coupling between groundwater flow and mechanical response. In
the analyses, fluid was injected into the soil at a constant flow rate. Stress/strain computations
due to pore pressure changes within the soil were carried out using a strain softening

constitutive model.
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A FISH function was used to enhance the permeability in zones where plastic shear strains

ded . \bili ionallowed

value. The
shear bands to develop in the soil due to fluid injection. A permeability enhancement factor
of 100 provided good P between i and ical results in terms

of pressure response and yield zone development.

A ked of the 38 ical si jons carried out during this study is as follows:

. 4 runs: effect of permeability enhancement on the injection process,

. 19 runs: Phase 2 and Phase 3 chamber tests carried out by Golder Associates (1992
and 1994),

. 2 runs: field tests at the Environmental Test Facility in Argentia, NF,

. 7 runs: i injection tests in ite kaolin clay

. 6 runs: centrifuge injection tests in silty sand

Results of all numerical simulations are presented in a standard format in Appendix 5 that
includes extent of yield zone, contours of plastic shear strain, effective stress changes due to

fluid injection (hori: vertical and ial), stress ratio,

pore pressure histories, and stress path plots.



CHAPTER 6 - DISCUSSION

6.1  General

This chapter presents a discussion of the mechanisms involved in the fluid injection process

and the parameters that influence those i The di ion is sup by
observations and results from injection tests carried out in the field, in a calibration chamber,

and in a large geotechnical centrifuge; and also by the results of numerical simulations.

The discussions presented in this chapter are primarily applicable to soils where the ratio of

to vertical effecti w/0,”) is greater than unity (i.e. K>1). A soil with K<1

is likely to be normally or lightly overconsolidated and will usually decrease in volume (and
porosity) when sheared. With a reduction in porosity, there is generally a corresponding
decrease in permeability. Soils with K>1 are often heavily overconsolidated and very dense.
It is these soils that are most likely to be dilatant, exhibit a strain softening behaviour, and
develop bands during shear. The porosity of the soil increases along the shear band due to
dilatancy and the connectivity of the pores increases due to shear displacement (Dusseault,
and Rothenburg, 1988). The result is that the shear bands become preferred flow paths that
are more permeable than the original unsheared soil. This work is addressed towards those

soils where permeability enhancement due to shear may occur.



62  Mechanisms

The four basic mechanisms that play a role in the fluid injection process include: 1) flow

through the pore space with no yielding, 2) cavity expansion, 3) yield due to shear, and 4) and

yield due to tension. This section includes a discussion of the injection process and the

conditions that are necessary for each of these mechanisms to occur.

6.2.1 Flow through pore space without yielding

Flow through the pore space without yielding may occur when the injection rate is too low

to g porep larg h yielding of the soil. Flow
pore space without additional yielding will also occur after the yield zone has grown far
enough from the point of injection such that the flow rate is insufficient to cause further

extension. In both situations, the injection pressure at the well will rise to a steady-state

soil as fluid flows through the pore space away from the well.

It is assumed that the injection process results in an increase in pore pressure without
changing the total stress; that the soil behaviour is represented by the Mohr-Coulomb failure
criteria [Eqn. 6.1]; and that the soil is at some initial anisotropic stress state (0,’, 0,.”) where

the horizontal effective stress exceeds the vertical effective stress (i.e. K>1). The initial stress
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state is represented by point A in Figure 6.1. The amount by which the pore pressure may be
increased without causing yielding of the soil can b ined from

t=c’+0’tan¢’ [Eqn. 6.1]

‘The Mohr-Coulomb faiture criterion may be rewritten in terms of the maximum and minimum
principal effective stresses at failure [Eqn. 6.2].

Ty =0y

sin @'

[Eqn. 6.2]

e dl -, o'
L yccotd —L—L+cootg'
2

Increasing the pore pressure without changing the total stress will cause the in sifu effective
stresses to be reduced along the path indicated by line AB in Figure 6.1. The magnitude of
the pore pressure change (P,) required to reach the failure condition, B, from the original
stress state, A, is expressed by Eqn. 6.3 in terms of the original in situ stresses and the soil
strength parameters.

_(K-)(1-sing)] e

peoyl1- CX=RA,

[Eqn. 6.3]

A similar relation was presented by Morgenstern and Vaughan (1963) for determining

ble grouting for ions. In Eqn 6.3, if P,>0’,;, yielding would occur in
tension. Applying Eqn. 6.3 to the chamber test 2FRAC2 conditions (u = 200 kPa, 0°,; = 200

kPa, K =2, ¢’ = 0, and ¢’=38°), the pore pressure increase required to cause yielding is
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140 kPa. For sub-tests 2FRAC2a and 2FRAC2b carried out at injection rates of0.28 and 0.40
mV/s, the maximum excess pore pressure measured at the point of injection was 290 kPa and

480 kPs, ively. Theref ding to Eqn. 6.3, some yi

‘The maximum increase in the pore pressure at the point of injection was determined from the
numerical simulations to be 269 kPa for test 2FRAC2a and 383 kPa for test 2FRAC2b, which
is in good agreement with the measured values. The numerical simulations, however,
indicated a very steep pore pressure gradient over a short distance from the well (see Figures
A5.46 and A5.56). A few centimetres from the point of injection, the pore pressure remained
well below that required to initiate yielding. The simulations indicate that only a very small
volume of soil immediately adjacent the well underwent yielding during these two tests, and
that much of the fluid flow occurred through the pore space outside of the yield zone.

In CCFS04M, the imjection p d (Figure 4.
68 kPa early in the test and remained constant for most of the injection period. The initial
jump in pressure, shown in Figure 4.18, occurred when the solenoid was opened prior to the
injection pump being switched on. It is believed that the flow rate for this test was sufficiently
low that the majority of fluid flow took place through the pore space of the soil. Based on 0’
=60 kPa, u=49 kPa, ¢’ = 0 kPa, ¢’ = 49°, and K = 1.5, the minimum excess pore pressure
required to cause yielding is 55 kPa. The measured excess pressure from the centrifuge test
'was 28 kPa. No yielding of soil occurred during the FLAC simulation of CCFS04M (Figure
A5.361), although the peak injection pressure from the simulation was nearly identical to the

pressure measured during the centrifuge test.

225



In addition to test 2FRAC2a, 2FRAC2b, and CCFS04M, several other tests involved flow
through the pore space with little or no yielding of the soil surrounding the wellbore
including: CCFS03L, CCFS03J, CCFSO03K, CCFS03L, CCFS04M, and CCFS04N. Results

for these tests are provided in Appendix 5.

6.2.2 Cavity expansion and initial yield

At the start of the injection process, the flow resistance provided by the soil causes the
injection pressure to increase. Flow begins to occur through the pore space as a hydraulic
gradient develops between the well and the surrounding soil. If the rate of fluid injection is
greater than that which may freely occur through the pore space of the soil, there will be a
large and rapid increase in pressure as fluid begins to accumulate at the well, displacing the
adjacent soil. This type of response is similar to the cavity expansion mechanism that is
observed during the early stages of a pressuremeter test.

Although the injection pressure may be quite large, the low permeability soil limits the
penetration of the injection fluid, and the zone of increased pore pressure due to injection is
initially quite small, dropping off very rapidly over a short distance from the well. The high
injection pressure causes a reduction in the horizontal, vertical and tangential effective stress
in a very small zone of soil immediately adjacent the point of injection. Outside of this zone,
there may be a zone of reduced pore pressure due to the effect of restrained dilation. There
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is an increase in the horizontal effective stress to the sides of the well, an increase in the

vertical effective stress above and below the point of injection, and an increase in the

tangential stress around the well. Figure 6.2 a) is a schematic di:

stress field during a cavity expansion stage of the injection process.

The cavity i ism and i stress changes described in the previous

through the ical si i arried out for the injq
tests. Centrifuge test CCFS02G involved injecting fluid into the wellbore at a rate of 1.4 x 10
3 Us for 2300 s. After 100 s of fluid injection, a yield zone developed within a very small
region near the injection interval (see Figure 6.3). The region where the plastic shear strain
is greater than 0.5% (Figure 6.4) is very small and is limited to small zones at the top and
bottom of the injection interval. The change in horizontal, vertical and tangential effective
stress is shown in Figures 6.5, 6.6 and 6.7, respectively, and the pore pressure change is
presented in Figure 6.8. The effective stress decreased within the small region of increased
pore pressure at the well. Further away from the well, there is a larger zone where the pore
pressure has decreased due to restrained dilation and stress redistribution, and the effective

stress has increased.

Initial yielding occurs at the top and bottom of the injection interval, and is primarily due to
an increase in the vertical effective stress. The principal stress ratio (0,’/0,’) is shown in
Figure 6.9. The stress ratio at the top and bottom of the injection interval has dropped to 0.6

from the original in situ state of 1.6 and the soil is yielding in vertical compression.
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Permeability enhancement has begun within the yielding zones at the top and bottom of the
injection interval (Figure 6.10). In the case of CCFS02G, initial yielding occurred due to
shearing. Initial yielding may be cither in shear or in tension. The mode of yielding is
dependent on the initial in situ stress, the soil strength parameters (", "), and the stress path

taken to the yield surface.

The results of field and centrifuge injecti ide additional support for

of initial yield at the top and bottom of the injection interval. In FLDTST1, post-test
excavation revealed that the dye trace originated at the top of the injection interval (see Figure
3.9). Of the eight centrifuge tests carried out in Speswhite kaolin: CCFSO1A (Figure 4.50)
and CCFS01D (Figure 4.56) had dye traces originating from both the top and bottom of the
injection interval; CCFSO2F (Figure 4.61) and CCFS02G (Figure 4.63) had a dye trace
originating from the bottom of the injection interval; and CCFSO1B (Figure 4.53) and
CCFS01C (Figure 4.55) each had a dye trace originating just above the top of the injection

interval. The remainis i howed evidence of cavity ion (i.e. a thick

concentrated zone of dyed soil surrounding the point of injection), however, CCFS02E
(Figure 4.59) and CCFSO02H (Figure 4.64) each had a dye trace initiating about half-way
between the top of the injection interval and the ground surface. In both of these wells, the
injection fluid travelled up along the soil/well interface for a substantial distance before the

dye trace began to extend horizontally outwards.
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which th ility of grouted sand specis itored during shearing in a riaxial

cell. The onset of permeability increase required some strain and was relatively abrupt,
indicating that some level of path connectivity must be achieved before flow enhancement

occurs. Shear displacement, even without volume increase, caused increases in the axial

permeability of up to two orders of i The ility was not ina
direction parallel to the induced shear band, but should be substantially greater than in the
axial direction.

Post-test excavation and mapping carried out on field, chamber and centrifuge test specimens
indicated that, in most cases, a network of discontinuities was created during injection. The
exceptions to this were the centrifuge tests in silty sand where the dyed injection fluid
penetrated a large volume of soil surrounding the well and masked the presence of any
discontinuities that may have developed (see Figures 4.46 to 4.49). The measured and

extent of di inuities are in Figure 6.11 as the ratio of the average
measured d ius to the radius of the 1% plastic sh i from the FLAC

A ratio of 1 indicats between s results and th its of
numerical analyses.

Ifit is assumed that flow occurred entirely within the pore space of the soil without yielding,
and the effects of anisotropic permeability, well geometry and gravity are ignored, then the
zone of soil containing injection fluid would be approximately spherical in shape. The radius
of this sphere may be determined from the porosity and the volume of fluid injected. The ratio
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of the average measured dye trace radius to the radius of a sphere (assuming porous flow),
is shown in Figure 6.11 for the centrifuge injection tests. The movement of injection fluid
during the centrifuge tests in sand (tests I through N), was primarily due to porous flow
without yield. These tests have a radii ratio very close to one. In the clay tests (tests A
through H), dye was observed along discrete planar features which in some cases extended
substantial distances from the point of injection. These tests have a radii ratio substantially
greater than one. In the latter cases, the injection fluid travelled a much greater distance than

may be explained due to flow through the pore space alone.

The effect of permeability enhancement within the shear bands was investigated in the
numerical simulations carried out using the chamber test data. In simulations KRUNO,

KRUNI, KRUN2, and KRUN3, the amount of il di p
strain was varied by factors of 1, 10, 100 and 1000, respectively. The results of these
numerical runs indicated that with no permeability enhancement, the yield zone around the

injection well grew primarily by a cavity i i Figure AS.2) and no shear

banding was observed. As the permeability was allowed to increase within grid zones where
the plastic shear strain exceeded some critical value, distinct shear bands were generated
within the soil (see Figures AS.12, A5.22 and AS5.32). The thickness of a shear band was
found to vary depending on the degree of permeability enhancement used. Where the

£th il was small (i.e. x10), the shear band tended to be

quite thick (Figure AS.12), and where the magnitude of the il was
greater (i.e. x1000), the shear band was substantially thinner (Figure A5.32).
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I ien B e . he porep

calculated at the point of injection is substantially greater than was measured in the field,
chamber, and centrifuge injection tests. ing a il factor of

100 results in calculated injection pressures that are in good agreement with those measured
during the experiments (Figure 6.12). The ratio between the calculated and measured peak
pressure tends to vary with changing injection velocity (Figure 6.13). It is unlikely that this
is due to the test conditions, as trend lines plotted in Figure 6.13 for the chamber test data and
the centrifuge test data show similar slopes for the two different types of tests. This suggests
that the numerical model is not capturing some aspect of the injection process. A possible
explanation for this response may be that the amount of permeability enhancement increases
with increasing injection velocity. The larger pressures resulting from the higher injection
rates may result in physical separation between the upper and lower surface of shear band,

which allows more flow with less resistance.

As was mentioned in Chapter 5, FLAC will correctly model the physics of shear band
development, however, the spacing and thickness of any shear bands that develop are mesh
dependent. Therefore, the amount of permeability enhancement that is required to obtain

good ison between i injection pressures and numerically

determined injection pressures is also mesh dependent.
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6.2.3.2 Stress path to the yield envelope

Various researchers have presented stress paths for soil elements undergoing pore pressure
increases due to fluid injection. Kosar and Been (1991), presented a stress path that

the behaviour of Ath Oil Sands at a fras face during a fluid injection and

le. Similarly, Ch and Scott (1997) indicated that the major stress path

to the failure surface during the steam assisted gravity drainage process is due to a
combination of injection induced pore pressure increase and thermal influence (Figure 2.5).

Yielding due to shearing (Figure 6.1), will occur in an element of soil if the effective stress
path due to fluid injection touches the Mohr-Coulomb (K>1) envelope to the right of point
C or if the efflective stress path touches the Mohr-Coulomb (K<1) envelope above point E.

In Section 6.2.1, it was indicated that the p E quired to reduce the in situ

efffective stress to the yield envelope could be determined using Eqn. 6.3. This expression
assumes that the pore pressure increases during fluid injection with no change in total stress.
The results of numerical simulations indicate that this assumption is only correct for some

situations, as the injection process usually results in some changes to the total stress regime.

‘Where ‘increased pore pi i ing slowly due to the injection rate being

only i greater f] issipation, there are only small changes
in total stress, and the stress path to the yield surface is nearly parallel to the K=1 line. As the
injection rate increases relative to the rate of pore pressure dissipation, there are greater and
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greater changes in total stress. This is il in Figure 6.14 wh paths are plotted

for soil element i=17, j=26 which s located within the path of a developing shear band (see
Table 5.4 and Figure 5.3). Stress paths are shown for chamber test simulations 2FRAC2c,
2FRAC3b, 2FRACA, and 2FRACS which were carried out at injection rates of 0.001, 0.003,
0,030, and 0.200 U, respectively. This figure clearly shows that increasing the injection rate

results in stress paths that deviate more and more from being parallel with the K=1 line.

The location of a soil element with respect to the point of injection and the developing shear
band(s) also plays a large role in the stress changes the element may experience. Figure 6.2
shows the typical stress conditions that may exist during the evolution of a yield zone during
the fluid injection process at, (a) the initial cavity expansion stage, (b) a transitional stage as
the shear band is just beginning to develop, and (c) during extension of the shear band. A soil
element that is within the path of the growing yield zone (i.c. element i=17, j=26 discussed
in the previous paragraph) will experience a stress path that is substantially different than a
soil element located within the region above or below the yield zone. Stress paths are plotted
in Figure 6.15 for a typical soil element (=9, j=34) located above the developing shear band
(see Table 5.4 and Figure 5.3). The stress paths shown are for chamber test simulations
2FRAC2c, 2FRAC3b, 2FRAC4, and 2FRACS which were carried out at injection rates of

0.001, 0.003, 0.030, and 0.200 Us, respectively.



6.24 Yield in tension

After the effective stress has been reduced to the point where shear yield occurs, i.e. point B
in Figure 6.1, sn additional increase in pore pressure will further reduce the horizontal and
vertical effective stresses along the path indicated by BC on the yield surface. For strain
softening soils, the stress path would be similar to that shown by BC’, When the soil reaches
point C or C” on the yield surface, the vertical effective stress is zero and any further yielding
will be in tension. The tensile yield condition may also be achieved without the occurrence of
shear yielding if the stress path from the initial stress condition is similar to that indicated by
line DC in Figure 6.1. When tensile yielding occurs, there is normally a rapid loss in tensile

strength which may initiate a tensile parting within the soil.

The pore pressure near the tip of the shear band increases quite rapidly as the permeability
increases due to accumulated plastic strain. With the increased pore pressure, there is a
corresponding decrease in the effective stress. The stress path of an element of soil located
near the leading edge of the shear band will move rapidly along the yield surface towards the
tensile yield zone (Figure 6.14). The result is yielding in tension and tensile parting of the soil
along shear bands. The development of tension zones are modelled in the FLAC simulations,

however, physical parting of soil along shear bands is not modelled.

In the numerical simulations carried out for the shallow injection well tests, a large yield zone

developed near the ground surface above the injection well (see for example Figure A5.271
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from CCFS01C). Yielding within this zone was generally in tension as the soil dilated and
deformed vertically during the injection process. This yield zone develops under a K<1

condition due to a combination of vertical stress increase and horizontal stress decrease.

236



=
/ 7 Initial Stress_
State _ _—

Vertical Effective Stress
(S

1C Horizontal Effective Stress

Yield in
Tension

Figure 6.1. Pore pressure change required to cause shear failure
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Figure 6.5 Change in horizontal effective stress at t=100 s (CCFS02G)
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Figure 6.8 Change in pore pressure at =100 s (CCFS02G)
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63  Influencing Factors

The previous sections of this chapter addressed the mechanisms that occur due to fluid

injection, ie. flow pore sp: i yield, cavity ion, shearing, and tensile
parting. The i hs discuss how variations in key such as those

shown in Figure 1.1, may influence the injection process.

6.3.1 Fluid injection parameters

6.3.1.1 Injection zone details

Th 1 i may be varied including the injection depth, the

surface area of the zone through which the fluid is injected into the soil, the use of a pre-

formed slot, and the use of horizontal versus vertical wellbores.

Changing the depth of the injection zone may have a marked influence on the injection
process due to changes in the magnitude of the overburden stress, 0, and the principal stress
ratio, K. The effect of changing these parameters is discussed later in Section 6.3.2.1 - Soil

stress state.

Either the well diameter or the length of the injection interval may be varied to change the
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surface area through which fluid is injected into the soil from the wellbore. Experimental

results indi that the injectic the injection velocity. For
injection tests carried out at identical volumetric flow rates in small diameter and large
diameter wells of the same injection interval, the injection velocity and the initial injection
pressure will be greater in the small diameter well and lower in the large diameter well. It is
expected that after initial yielding has occurred and shear bands begin to develop at the
wellbore, the flow of injection fluids from both wells would become concentrated in the areas

of enhanced ility. Thus with i equal rates of fluid flow within the shear

band, the final size and shape of the yield zones should be very similar for both wells.

Alternatively, where fluid is injected in two vertical wells cf the same diameter but with
different injection intervals, the initial injection pressure will be greater in the shorter injection
interval due to the higher injection velocity. After the injection process has been carried out
for some time, the size and shape of the yield zones in the wells with long and short injection
intervals may be quite different due to differences in the stress fields that develop around the
wells. The centrifuge tests carried out in clay with an injection interval of 1.25 m (prototype
scale) had a tendency for shear bands to initiate above the top and below the bottom of the

injection interval, and extend hori; ds from the well (; ections of dye

traces from CCFS01A, CCFSO01D and CCFSO2F in Appendix 3). The numerical simulations
carried out for these tests also indicate that yield zones will originate above and below the
injection interval (see Figure AS.252 for CCFSO1A, Figure A5.282 for CCFS01D and Figure
A5.302 for CCFSO02F), with the yield zones developing into distinct shear bands with
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continued fluid injection. Due to the large fluid pressure within the shear bands, the soil on
the top and bottom faces of the shear bands continues to yield, and there is potential for the
shear bands to merge into a single band (Figure A5.282). This would occur more readily
‘when the injection interval is relatively short and the separation distance between the shear
bands is minimal.

Chamber tests 3FRACS and 3FRAC6 were carried out at a high injection rate and
incorporated a pre-formed slot on the injection wells at the point of injection. The numerical
simulations of these two tests used a slightly longer injection depth interval than was used in
the experiments and the well was modelled without considering the geometry of the slot.
‘When the results of the numerical simulations are compared with the test data, it is seen that
the experimentally measured peak injection pressures (681 kPa for 3FRACS and 758 kPa for

3FRACG) are substantially lower than those determined numerically (4250 kPa for 3SFRACS

and 3902 kPa for SFRAC6) where an i ity i ism was observed.
The pre-formed slot appears to allow a yield zone to develop at the face of the injection well
without first going through the cavity expansion stage that was observed in previous tests.
For example, after a very brief injection period the stress regime around a well with no pre-
formed slot may resemble that shown in Figure 6.2 a), while after the same brief injection
period, the stress regime around a well with a pre-formed slot may be more similar to Figure
6.2 b) in which a zone of enhanced permeability has already formed. The injection pressure
required to extend the yield zone beyond the pre-formed slot is less than would be required
to initiste yielding at & well with no slot.
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As discussed in Chapter 2, the use of horizontal wells can offer several advantages over

vertical wells. These prit ly to the use of hori; wells where existing
infrastructure prevents the use of vertical wells; and also the ability of a horizontal well to
intersect a greater volume of contaminated soil and intersect more fractures than would be
possible with a single vertical well. As for the geotechnical response of the soil during
injection testing in horizontal versus vertical wells, one data point is available for a horizontal

well injection test from which we can make some lizati The setup, and

results for injection test FLDTST2 were described previously in Chapter 3. Numerical
simulation of FLDTST2 was carried out in a manner very similar to that used for the vertical
well tests, the primary difference being that the test was analysed as a plane strain problem
rather than an axisymmetric problem. Simulation results for FLDTST2 are presented in
Chapter 5 and Appendix 5 (see Figures A5.241 to A5.250). The numerical simulation
generated injection pressures and a pattern of yield zone development that was very similar
to that observed during the field test. It appears that initial yielding occurred to the side of the
horizontal well rather than on the top and bottom as was observed in the vertical well
simulations. This may be related to the mesh size used for the simulation, as injection was
carried out over a vertical range of two grid zones. Once the shear band had formed,
extension occurred under a stress regime very similar to that shown in Figure 6.2 c). Based
on the limited data, it appears that the development and propagation of a yield zone from a

horizontal well occurs in a manner very similar to that of vertical wells.
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6.3.1.2 Hydraulic conductivity and injection velocity

A permeability enhancement technique such as fluid injection would not be considered for a

site unless the hydraulic ivity of the soil were i low to make
The hydraulic ivity of the soil plays a significant

role in the injection process and its magnitude is dependent on a number of factors including
the grain size distribution of the soil, the void ratio, degree of saturation, fabric (particle

and pore fluid p ies (i.e. density, viscosity, etc.).

The peak pressure response during injection will vary with changes in the injection velocity.
An example of this was the eight injection tests carried out in Speswhite kaolin at depths of
5 m and 10 m at prototype scale. The peak injection pressure in excess of the total vertical
stress was made dimensionless by dividing by the atmospheric pressure, (P,-0,)/0 ., and was
plotted against the injection velocity in Figure 6.16. For the conditions under which the clay
tests were carried out, there is an approximate linear relationship (on a semi-log scale)

between the peak injection pressure and the injection velocity.

The velocity at which fluid must be injected into a wellbore, to generate sufficient pore

pressures to cause yielding of the soil, is very much on the hydraulic

of the soil. If the soil is of moderate to high permeability, it is unlikely that fluid injected into
the wellbore at a low velocity would generate sufficient pore pressures to cause yielding of

the soil. The same soil tested at a much higher injection velocity, however, may develop
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excess pore pressures sufficient to cause yielding of the soil. Injection tests for CCFS03 (I,
J,K, and L) were carried out at the same well depths and injection rates as tests for CCFSO1

(A, B, C, D). CCFSO03 tests were carried out in a test bed constructed from a medium

permeability silty sand, whereas CCFSO1 jed outin
kaolin clay. Signif yielding, ied by the ion of ive planar

discontinuities, was observed in all four clay tests. In the silty sand tests, no discontinuities

were observed during post-test excavation, and if some yielding did occur, it was confined

to a small zone of soil adjacent the wellbore.

In Figure 6.17, the results of all injection tests are plotted in dimensionless format in terms
ofthe pressure response (P,-0,)/0 ., versus the injection ratio. The injection ratio is the ratio

of the injection velocity to initial hydraulic conductivity (v/k). All tests were carried out at

injection rati 10%and 10”. The Sp: ranged from a minimum of nearly
-1 to 2 maximum of approximately +8. The pressure response tended to increase with

increasing injection ratio.

Centrifuge tests CCFS03 I & J and CCFS04M in silty sand, were carried out at injection
ratios of between 100 and 1300 and had pressure responses less than the total vertical stress
in the soil (i.e. plots in the negative region on the y-axis of Figure 6.17). No discontinuities
were observed during post-injection excavation of these three tests and the numerical
simulations indicated that no yielding had occurred (Figures A5.321, A5.331 and A5.361).

Test CCFSO3K, also in silty sand, had a pressure response slightly greater than the total
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vertical stress, however, the injection ratio was very low (127). Ne discontinuities were

observed following the test and no yielding occurred in the numerical simulation.

A small amount of yielding occurred in the numerical simulations for tests CCFS03L,
CCFS04N and FLDTST2. These tests had pressure responses just greater than the total
overburden stress with an injection ratio of between 1269 and 2191. Discontinuities were not
observed in CCFSO3L or CCFS04N, however, it is possible that they may have formed near
the well but were not visible due to the large penetration of dye into the soil during the
injection test. During excavation of FLDTST2, dye traces were observed extending

approximately 1.5 m horizontally outwards from the injection well (see Figure 3.13).

Tests CCFSO1 (A, B, C, D) and CCFSO02 (E, F, G, H) carried out in Speswhite kaolin clay,

had pressure ranging from i 1.1 at an injection ratio of 200, to 1.7 at

an injection ratio of 40000. In these clay tests, there is a very moderate increase in pressure
with increasing injection rate. Because the injection volume varied between tests, the areal
extent of the dye traces cannot be compared directly. It was observed, however, that the plan

area of the discontinuities (Table 4.8) increased with increasing injection rate.

Larger injection pressures were observed in the chamber tests carried out in sand, than in the
centrifuge or field tests (Figure 6.17). It is possible that the larger pressure response may be
due to differences in boundary conditions between the chamber tests and the field/centrifuge

tests. The field and centrifuge tests were carried out with an unconstrained upper surface,
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‘whereas the chamber tests utilized an upper loading plate to apply vertical loads.

The results of numerical simulations indicate that the size of the yi¢ld zone and the pore

the injecti ity. Test 2FRAC2a did not yield during
the numerical simulation, yet a pressure response of nearly +1 was observed. Pressure

responses of between 1 and 2 were observed in tests 2FRAC2b and 2FRAC3a, and the

numerical simulations indicated only minimal yield
FRAC2cand 2FRAC3b and pressureresponse

of approximately 4 to 4'4. With increasing injection rates, there is an corresponding increase
in pressure response (3FRAC1, 3FRAC2, 3FRAC3 and 3FRAC4). Tests 2FRAC4 and
2FRACS are believed to have had problems with the injection mechanism which resulted in
lower than expected pressures measured at the well. This is evidenced by the large pressure

atthe d int of injecti the two tests (Figures A4.5

and A4.7). Also, test SFRAC3, which ied out under dary and injection
conditions as 2FRACS, resulted in a peak injection pressure of 1230 kPa, which is
significantly higher than measured during 2FRACS. Tests 3FRACS and 3FRACS also show
a thatis ially lower than similar tests such as 3FRAC4, however,

3FRACS and 3FRACG had a preformed notch at the injection well which reduced the

injection pressures.
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6.3.1.3 Injection fluid

Injection fluid properties, including fluid density, viscosity, and use of a proppant in the
injection fluid may be varied to influence the results of the injection process.

In the field, chamber and centrifuge tests, dye traces tended to rise to the ground surface as
they propagated away from the point of injection. Dusseault and Rothenburg (1988)
that hydrauli fractures rise towards the ground surface due to the

difference in density between the injection fluid and the soil. It is likely that the propagation
of shear bands towards the ground surface is influenced by the differences in injection fluid
and soil density, however, the in situ stress field, soil structure, and spatial variability of
properties are also likely to have an influence. The effects of fluid density, soil density and the

in situ stress field were in the i i i In the chamber test

simulations, which were carried out without the influence of gravity, shear bands developed

away from the injection well. The ical si ions carried out for the field
tests and centrifuge tests utilized gravity in the analysis and showed a greater tendency to
propagate towards the ground surface. It is likely that the use of high density injection fluid
would result in a reduced tendency for the shear bands to rise to the ground surface during
extension. The direction in which shear bands in all of the

was influenced by the configuration of the meshes used, which were rectangular with

horizontal and vertical zone boundaries.
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'Varying the viscosity or the density of the injection fluid will have an effect similar to that of
varying the hydraulit ivity. The hydrauli ivity is related to the viscosity and

density of the pore fluid as shown in Eqn 6.4

k=K,pg/n [Eqn. 6.4]

where K, is the absolute permeability, p is the density of the pore fluid, g is the acceleration
due to gravity, and p is the viscosity of the pore fluid. Increasing the viscosity or decreasing
the density of the injection fluid will decrease the amount of leakoff that occurs from a shear
band, with an effect similar to that of carrying out the injection test in a lower permeability
soil. Decreasing the viscosity or increasing the fluid density would increase the amount of

leakoff, and result in a faster rate of expansion of the excess pore pressure front.

The field, chamber and centrifuge injection tests discussed in this thesis were carried out
without using a proppant in the injection fluid. Where a proppant such as sand is used, the
fluid viscosity must normally be increased in order to keep the sand particles suspended in the
injection fluid. The friction between the injection fluid and the soil is very large, which results
in large injection pressures. There are also greater head losses in the pump, tubing, and
injection well than would occur without the proppant. The use of a proppant and a viscosifier
decreases the amount of leakoff that occurs, thus the zone of pore pressure increase in

advance of the yield zone will be small. During injection, the solid particles within the

injection fluid likely to igh P the soil, and the partings d
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are due to the soil being “wedged apart” by the injection fluid. The widths of tensile partings

greater s isused ile parti d without

P parungs

a proppant (Gidley et al, 1989).

6.3.2  Soil and stress parameters

6.3.2.1 Soil stress state

Yield mechanisms due to fluid injection were discussed in detail in section 6.2, including a

discussion of stress paths. The effective stress change required to move from the in sifu stress

condition to the yield surface is highly influenced by the initial in situ stress which varies with

soil density, depth, pore pressure, and principal stress ratio (K). The principal stress ratio is

influenced by such factors as OCR, i ication, and changes in

levels. The injection process is primarily applicable for soils where the principal stress ratio
is greater than one. It is in these soils that an increase in pore pressure may result in
permeability enhancement due to effective stress reduction and yielding. As can be seen in
Figure 6.1, the distance between the in situ stress state and the yield surface is greatest when

K=1. As K increases, shorter stress paths to the yield surface become possible.
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6.3.2.2 Soil strength and deformation parameters

Tension does not develop in a cohesionless soil and the primary mechanism is shearing. The
pore pressure increase required to move along a stress path from the in situ condition to the
yield surface will be greater in a soil with a high frictional strength as compared to a soil with
a low frictional strength. The change in pore pressure required to reach the yield surface of
a cohesionless soil is plotted for a range of P,/0,' in Figure 6.18, for a range of principal stress
ratios and friction angles. For cohesionless soil with a known friction angle and principal
stress ratio, Figure 6.18 may be used to determine the excess pore pressure required to cause

yielding.

In a cohesive soil, it is possible to develop tension in the soil if the minimum principal
effective stress falls to zero. Whether yielding occurs in tension or in shear is largely a
function of the cohesive strength of the soil and the initial minimum principal effective stress
(i.e. the depth at which fluid injection is taking place). For example, the excess pore pressure
required to cause yielding is plotted in Figure 6.19 for soil depths of up to 12.5 m and for a
range in cohesive strengths from 0 to 8 kPa. (Also assume for this example that y’=8 kN/m’,
K=1.5, and ¢’=24°.) Tensile yielding is more likely to occur at shallow depth where P /o;'is
greater than one. At greater depths where P_/0,' is less than one, yielding is more likely to be
due to shearing. A soil with greater cohesion requires a greater excess pore pressure to reach

the yield surface.



Plotted on Figure 6.19 are the peak excess pressure responses measured at the buried PPT
locations in CCFS01 and CCFS02. The Speswhite kaolin soil used for these tests had y’=8
KN/m?, ¢’=24°, and c¢’=6 kPa.. The stress ratio may be approximated as K=1.5. A number
of the PPTs (Al, B1, Cl, C2, F2) were not positioned near the path of the developing yield
zone and showed a pressure response substantially smaller than that required to cause

yielding. A i i was atPPTsD1,El, E2, G2, Hl and

H2, although the pressure response was again not large enough to cause yield. PPTs A2, B2,
F1 and G1 measured pressure responses large enough to result in yielding of the soil. PPT A2
was located 0.5 m (prototype scale) below a shear band, and showed a response in the tensile
yield region. PPT B2, which is located 3.0 m (prototype scale) below a shear band, shows a
response that is in the shear yield region. PPTs F1 and Gl1, which are both located 1.3 m
(prototype scale) from the point of injection, show pressure responses in the tensile yield
region. Itis likely that yielding at A2 and F1 was initially due to shear and became tensile with
continued pore pressure increase. G1 is located in a position where the initial yielding may
have either been in shear or tension, and depends very much on the local soil conditions and

the stress response due to injection.

Deformations that occur due to fluid injection were handled computationally by FLAC using
the strain softening constitutive model which was described in detail in Chapter 5. To
determine deformations using the strain softening model requires three parameters including
the shear modulus, G, the bulk modulus, B, and a dilation angle, Y. The shear modulus and

bulk modulus are used to determine the elastic response of the soil during fluid injection.
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Plastic response is determined using the dilation angle which is entered in FLAC as a
piecewise-linear function of a hardening parameter measuring the plastic shear strain. The
ground surface displacements measured during the field and centrifuge injection tests were

generally smaller i i i (Table 6.1). This is primaril;
due to the thickness of the shear bands determined numerically being greater than that
observed in the injection tests. The plastic deformations are thus accumulated over a thicker

zone of soil, resulting in larger total deformations. In addition, the pattern of yield zone

d knowninad ting, and thus, th

may not have been placed in the positions that would record the greatest displacements.

Table 6.1. Maximum vertical ground surface displacement at end of injection

Test Measured FLAC

(mm) (mm)
FLDTST1 32 24
FLDTST2 0 25
CCFso01 A 0.1 02
B 02 02
c 04 0.7
D 0.7 0.7
CCFs02 E 10 20
F 0.2 03
G 03 08
H 0.8 08
CCFs03 I 0.0 0.0
7 0.0 00
K 0.0 00
L 0.0 0.0
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6.3.2.3 Macro structure

Structural composition on a macro level includes the effects of bedding,
and ani Shear bands will propagate in the manner that

requires the least amount of energy. Where bedding features exist, such as may occur
naturally in lacustrine deposits or may be created due to construction practices (i.e.
‘compaction of soil in lifts), shear bands may develop and extend in preferred orientations and

directions. This may be due to ani: ic strength or ili itions within the

bedded soil, or may be due to a distinct preferred particle orientation. In stratified deposits,
the hydraulic conductivity is normally higher in the direction parallel to bedding and lower
perpendicular to the bedding. Where anisotropic permeability conditions exist, the zone of

excess pore pressure will propagate further in the direction with the greatest permeability.

Some evidence of preferred orientation of dye traces was observed in both field tests. In

FLDTSTI, inclined dye traces were observed to change direction at boundaries between

lifts and travel hori: along lift interface for short distances before again
rising to the ground surface (Figure 3.9). InFLDTST2, post-test excavation revealed that the
dye traces extended nearly horizontal while remaining near the interface between compacted

lifts (Figure 3.13).

There are no perfectly homogeneous soils. There will be variability in the micro-structure,

Fthe soil _— i il




and subsequent history. The variability of properties and structure will have an influence on
how a shear band may develop or extend within the soil. During extension, the shear band
may “deflect” and travel above or below stronger or stiffer regions within the soil, or move

around or into regions of different lity. Where such i , the influence

of gravity will likely result in the deflection being in an upward direction towards a lower

stress regime rather than a downward deflection towards a higher stress regime.
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6.4  Summary

The results of field, laboratory, and centrifuge fluid injection tests are discussed. Where the
injection velocity is low relative to the hydraulic conductivity of the soil, flow through the

pore space without yielding was found to be a dominant mechanism.

If the injection ratio (v/k) is increased sufficiently, yielding of the soil will occur due to
injection induced changes in the total and effective stress regime. The initial response to the

‘higher injection ratio is a large pore pressure increase within a small region near the point of

injection and increases in the hori 'vertical ial effective stres: side of this

region. This response is similar to that associated with s cavity i ism. These

changes to the stress regime result in initial yield occurring in zones located above and below

the injection interval.

Yielding of the soil may occur due to shearing or tension. The specific mechanism is
dependent on the initial state of stress in the soil, the strength of the soil in terms of ¢’ and §”,
and the stress path taken to the yield surface. Yielding of the soil in advance of shear band
development is more likely to occur due to shearing, particularly in soil with fittle or no
cohesion and with K much larger than 1. After initial yielding occurs due to shear, a continued
pore pressure increase will result in an element moving along a stress path on the yield surface
to the 0’, = 0 condition where yielding continues due to tension. Continued increases in pore
pressure will result in the creation of tensile partings in the soil.
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Heavily overconsolidated soils generally exhibit a strain softening behaviour when sheared,
with shear bands developing shortly after the peak strength is attained. The development of
shear bands increases the connectivity of voids within the pore space, resulting in a zone of
increased permeability within the shear band. The zone of enhanced permeability allows the
pore pressure front and the shear band to progressively advance away from the well due to
fluid injection. A function was incorporated into a strain softening numerical model that
would increase the permeability of zones of soil where some critical value of accumulated
plastic shear strain had been exceeded. Analysis of the injection tests using this model
provided good agreement between the behaviour observed and measured in the experiments

and that determined numerically.

Parameters that influence the injection process fall into the two general categories: 1) fluid

injection and 2)

Fluid injection parameters may be customized to suit the injection process. Parameters that

may be changed include:

. well orientation (horizontal versus vertical).
. well details (i.e. depth, well diameter, and injection interval length)
. hydraulic conductivity (the hydraulic conductivity or the pore fluid in the soil are not

actually h however, i

fluid viscosity and/or density has an effect similar to that of changing the hydraulic
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conductivity)
. injection velocity (flow rate may be increased or decreased, or injection velocity may

be changed by increasing the length of the injection interval)

Soil/stress parameters cannot generally be changed to suit the injection process. These
parameters define the soil conditions that exist at a site and include:

. soil stress state (the in situ stress is a function of the soil unit weight, the depth, the
groundwater conditions, and the principal stress ratio K)
. soil strength parameters (¢’, $’)

. soil deformation parameters (G, B, §)

- macro ing bedding, ity and ity, and ani: )
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CHAPTER 7 - CONCLUSIONS

7.1 General

The in situ treatment of contaminants located in dense low permeability soil is a particularly

challenging problem. Existing in situ i for treating i are generally

ineffective in these soils and seldom used. The primary objective of this research has been to
investigate a fluid injection technique that relies on a soil shearing mechanism to physically
change the structure of dense low permeability soil, and in doing so, create an enhanced flow
regime within the soil. It is anticipated that the enhanced flow regime will allow greater
accessibility to contaminants located within the soil and enable conventional in situ treatment

technologies to be used more effectively over a broader range of soil conditions.

7.2 The Fluid Injection Process

A ive injection test program ied out under a wide variety of soil and boundary

conditions. Two field scale fluid injection tests were carried out from a vertical and a

well in silty sand TILL. Sixteen reduced scale centrifuge

injection tests were carried out from vertical wells in overconsolidated kaolin clay and

compacted silty sand. Results were also analysed and interpreted from 18 injection tests in

sand carried out from a vertical well in a large triaxi: libration chamber. Thy tests
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ied out by Golder A intes Ltd. (1991, 1992 and 1994) as part of a joint industry
hydraulic fracturing investigation.

Fluid injection was carried out at a constant rate of flow and instrumentation was used to

‘monitor injection pressures, pore pi i il i well, and ground surface
displacements. Major test variables included the well configuration (orientation, size, length,

depth), injecti I 5

in situ stresses). A dye tracer was used during all experiments to provide a post-test means
of identifying the pathways by which injection fluid had travelled during the experiments.
Testbeds were excavated following the experiments and the locations of dye traces were

mapped.

Numerical simulations of the injection tests were carried out using the finite difference
program FLAC. The analyses incorporated full coupling between groundwater flow and
mechanical response of the soil. A strain softening constitutive model was utilized with a

FISH function that simulated the effects of permeability enhancement during shear band

evolution by i i ing the bility of the soil in zones where the

accumnulated plastic shear strain exceeded a critical value.

269



7.3  Mechanisms

Four types of response were found to dominate the fluid injection process including: flow
through pore space without yielding, cavity expansion, yield due to shearing, and yield due

1o tension. C ions related to the i ing as a result of fluid injection in

a wellbore are as foliows:

. Flow through the pore space without yielding occurs when the rate at which pore
pressures freely dissipating in the soil exceeds the rate at which fluid is injected into

the well. This type of response is the same as would occur during a constant head

testinawell influence the injecti includ

of injection, well geometry, injection fluid properties, and soil permeability.

. ‘When fluid is injected into a well at a rate that exceeds the rate at which pore

pressures can dissipate in the soil, there is an initial rapid build-up of fluid pressure in

thewell and a ing large p i ithin a small region of soil
near the point of injection. High injection pressure results in increased horizontal,
vertical and tangential effective stress outside the zone of elevated pore pressure in

a manner very similar to that iated with a cavity

. Initial yielding generally occurs in zones located above and below the injection
interval and may be in shear or tension. The specific mechanism is dependent on the
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initial state of stress in the soil, the strength of the soil in terms of ¢’ and ¢’, and the

stress path taken to the yield surface.

In dilatant strain softening soils, the onset of yield is often followed closely by an

increase in ility. It is this il effect that provides the

greatest contribution towards shear band development. As the permeability is
enhanced due to yielding, injection fluid travels more readily through the yield zones

than through the adjacent non-yielded soil. Thus, an excess pore pressure front moves

along thy ing yield zone, ing it iti yielding and th
of plastic shear strains. It is along these zones of large accumulated plastic shear

strains that shear bands develop and propagate.

Yielding due to shearing will dominate in a soil with little or no cohesion and with
K>1. Tensile yielding may dominate in soil where there is significant cohesion and the
in situ vertical effective stress is small (i.e. shallow depths). At greater depths, the in
situ stresses may be sufficiently large that, even with significant cohesion, yielding will

occur due to shearing.

The stress path taken by a soil element from the in situ stress condition to the yield
surface is highly dependent on the physical location of the element with respect to the
point of injection and the developing yield zone. The stress path was found to vary

with injection rate. At low injection rates, an element within the zone of shear band
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development will experience very small total stress changes and the stress path will
be nearly parallel to the K=1 line to the yield surface. At higher injection rates, there
is substantial total stress change and the element will take a more curved path to the

yield surface.

. After initial yielding of an element occurs due to shear, a continued pore pressure
increase results in a rapid reduction in effective stress and additional yielding in shear.
‘When the minimum principal effective stress, a’;, becomes zero, yielding continues
in tension. Further increases in pore pressure will result in the creation of tensile

partings in the soil along shear bands.

7.4  Injection Parameters

7.4.1 Injection ratio

The injection ratio, v/k, is an important parameter in the injection process and has a

influence on the of yield zones within the soil. The injection ratio is

controlled by varying the flow rate, the well geometry, or the injection fluid properties. The

effect of the v/k ratio in cohesionless soils (sand and silty sand) is as follows:

. Fluid injection tests carried out with an injection ratio less than about 300 did not
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generate sufficient pore pressures to cause yielding of the soil. In these tests, the
injection fluid moved freely through the pore space as an expanding bulb of dyed

fluid.

. Tests carried out with injection ratios between about 300 and 2000 resulted in a
minimal amount of yielding in a zone very close to the point of injection. After initial
yielding had occurred near the well, the injection fluid tended to travel through the

pore space without generating sufficient pore pressures to cause additional yielding.

. The size of the yield zone continued to increase with injection ratios greater than

2000.

The effect of varying the injection ratio in cohesive soils (clays) was:

. The amount of yielding that occurred at low injection ratios was significantly more

than for the cohesionless soils. At injection ratios of between 200 and 300, the yield

zones generally grew as poorly ped discontinuites that originated at the well

and propagated for only short distances.

. At injection ratios of between 500 and 600, the discontinuities were larger and better

defined, but rose at a moderately steep slope towards the ground surface.
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. At injection ratios of 4000 to 5000, the discontinuities were well defined, very large,
and nearly horizontal.

. At a much higher injection ratio of about 50000 the discontinuities were no longer as

well defined, had become somewhat smaller in size, and again rose at a moderately

steep slope towards the ground surface.

7.4.1 Yield Zone Development

In addition to the injection ratio, various other will influence the d of
a yield zone during fluid injection including the strength properties of the soil (c’, ¢’), the

initial stress state, and the macro structure of the soil.

An ion was for estimatii excess pore pressure (P,) required to initiate
yield in the soil based on the initial stress condition, the Mohr-Coulomb failure envelope, and
an assumption that the pore pressure increase occurs without any changes in total stress. An

excess pore pressure ratio (P/0’;) greater than one indicates that yield will likely occur due

to shearing, and an p io less thi indi yield will likely occur due
to tension. The magnitude of the pore pressure increase required to cause the soil to yield will
be small when the initial stress state is near the failure envelope (i.e. when K is large and c’,¢”

are small). The pore pressure increase required to yield the soil will increase in stronger soils
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or where K is nearer to one.

75  Numerical Model for Fluid Injection Analysis

The numerical model adopted for analysing the injection test data, was extremely useful for

providing insight into the mechanisms involved in the fluid injection process. The injection

pressures and extent of yield zone pi i i very
well with i results. The ical si i d the i of
incorporating full-coupling between i ions and flow, and the
necessity of | ing for shear induced ility changes in a strain softening soil. The

development of shear bands due to fluid injection was modelled, however, the thickness and
shape of the shear bands was dependent on the grid used. The development of tensile partings

Aled and i i ion of a di  nuif i bl

of modelling physical separations between the shear band surfaces.

76  Recommendations for Further Research

Additional research would be useful to better the ism of

enhancement due to yield in strain softening soils. Efforts should be directed towards

the i of il within shear bands, anisotropy of
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flow within a shear band to flow within a tensile parting.

It would be useful to carry out additional centrifuge tests in silty sand at v/k ratios ranging
from 500 to at least 100000. This would allow a more direct comparison with chamber test
data at similar v/k ratios. Tests should be conducted in a strongbox similar to one recently
constructed by C-CORE that allows the horizontal stress at the model boundary to be

controlled.

Fluid injection testing is a new application for the i ifuge and, as such, the

g yetbeen validated. ? arange

of acceleration levels would allow a more rigorous check of the scaling relations used for the

fluid injection process.

Additional field scale injection tests would be valuable in assessing the capabilities of the

model, parti with respect to optimizing the injection well ion and

predicting the location and extent of yield zone development. Carrying out the field scale

injection tests ata. i site in conjunction with a it remedial technique

is a logical next step in the development of the soil shearing technique.
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APPENDIX 1: CALIBRATION DATA AND INSTRUMENT SETTINGS



ALl Field Test FLDTST1

Table Al.1. Specifications for injection pump

Rating Curve

- S!ulmgelnleeoup gear pumnj

= byn'AHPllSVoIlelmmdu
operating at 1750 rpm

- The pump is machined fom cast b

d a stainless steel

slul\.

- The pump has a 3/4 inch inlet and outlet and
can be operated in any direction up to
prmafloﬂ

- mmumhmsmpu
shown on the adjacent figure.

Table A1.2. Calibration data for pore pressure transducers - FLDTST1

288

Model Serial Excitation Range Calibration Constant
Number
BHL4269-01-10MO-W2 | 1333671 | 4-20mA @24V | 0-600kPa 0.066501 Vipsi
120 ohm resistor | (adjusted 0 - 500 kPa)
BHL-4269-20-15MO L356424 | 4-20mA @24V | 0-100kPa 0.133 V/psi
120 ohm resistor | (adjusted 0 - 100 kPa)
Druck PPT 4365 sV 35 kPa (S psi) 1.483 mV/V/psi
Druck PPT 3901 sV 35 kPa (5 psi) 1.293 mV/V/psi
Table A1.3. Calibration data for LDT’s - FLDTST1
Instrument | Instrument Model Type ID.No Excit. Calibeation
No Type Constam
LDT01 LDT Peany & Giles Potentiometers Lid | HLP190 | 73275422 sv 0.01001 Vimem
LDT02 LDT Penny & Giles Posentiomescrs Lad_| HLPI90 | 73275421 5V 0.00997 Vimm




Al2 Field Test FLDTST2

Table A1.4. Calibration data for pore pressure transducers - FLDTST2

P Locstion Saisl | Modd | g [Exc | Gem
Numsber
rambr | Type | | EJ_=
PoL per |10 00 30 N Druck | 100psi | sv | a2
P02 per Joo o0 25 Entran | 100psi | sV | 1000
pos e |20 o0 25 | 9059 | Druck | 100pei | sv | s10
P04 rer |30 00 20 o Emrn | 100psi | sv | 1000
pos et |10 o0 15 cos | Emrm | 100ps | sv | s10
P06 et |20 00 1S won Druck. 15pa | sv | 200
rr rr 1o 00 10 s | Dk | 100ps | sv | 1000
pos  per |30 00 10 |rassen | muL | eoorrs | usv| 1
pos  rrr Joo o0 0 1 | ok | spi | sv | 20
ro rer |20 00 o5 | s | ok | spa | v ] 2w
Pl PPT - - - 4386 Druck Spsi v 358
P12 PPT - - - 7291 Druck. 100 psi. v 355
p3 rer Jao 00 o5 | o100 | orek | t00psi | sv | 2000
TC1 swem |10 00 20 2 - < frov ] est
ool
Table A1.S. Calibration data for LDT’s - FLDTST2
etrument Loction » Modd Rmge | Exc | Gun
Yo x|t Joea|™
vor o7 |03 20 00 | # | GremirsoF | owsomm | 10v | 1
Loz LoT | 93 10 00 o Green LPSO-F | 0to 40 mm v 1
Loy o7 |03 10 00 | 5 | GremirsoF | owsomm | 10v | 1
Loe 1oT [03 20 00 | 44 | Grem1PsoF | owodomm | 1ov | 1
Los 1oT [00 00 00 | #6 | GremirsoF | owdomm [ 10v | 1
Los o7 [05s 00 00 | #s | GremLPsoF | owodomm [ 1ov | 1
L7 wr |10 00 00 | [Gemirsor | oodomm | 10v | 1
Lot 7 |20 00 00 |90 [ GremrsoF | owdomm | 1ov | 1
L9 o7 |30 00 00 | ms | OremLrsoF | owdomm | 0v | 1
L-10 LDT 4.0 0.0 0.0 #19 | Grom LPSO-F | 01040 mm iov 1
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AL3  Centrifuge Tests

Table A1.6. Calibration constants and instrumentation settings for CCFS01
i Gem | Ex | SEDUF Calin
scpex | s T Number | Loogin Yok Naiue i

i 2 T 9099 Al 385 s Dt 0157 VIV
2 3 L 062 A 664 s i 0oms mVIVipei
3 ) L 791 Bl 3ss H Dir 01753 Ve
. s L4 sos8 B 3ss H Difr 0072 Vs
s 6 L 061 a 64 s Dir 0.0809 VIV
6 7 T 060 a 664 s Dir 0076 mVIVipsi
7 s T 101 D1 664 s Dir 0157 mV/Vipsi
s ° e 70 | welp | 355 s Dy 01614 mVIVips
B 10 L 747 | wellside | 353 s Dir o1sm mVVIpsi
10 1n LT 61595 1 1 10 pir | aem Vivim
1n 1 Lot 61593 2 1 10 oir | aesos ViV
12 13 LvpT 316 3 1 10 Dir 1024 VIV
13 1 wor s ] 1 10 it 1.024 VIV
1 15 Lvpr n s 1 10 Dt L1z VIV
15 16 Lot 314 6 1 10 Dir 1139 VIV
16 17 | CanevVatPa 1 10 SE

Table A1.7. Calibration constants and instrumentation settings for CCFS02
ncl ‘Device Exc ‘Calib. |

Gein SEIDIFF
scBa | oM Tas Db Nalue Lol

1 2 T 061 664 s Df | oo | mvives
2 3 T 2063 664 s i | ocoem | avives
3 . T 058 664 s off | 0om2 | mVivhs
. s L si1 3ss s Dir | o1ses | mvivis
s 3 PT 039 664 s Dt | 00802 | mvivps
6 7 L 2060 664 s D | oosit | mvivips
7 s T 2062 664 s o | ooms | mvivips
s ’ L 9099 £ s pir | o1s7s | mvivis
B 10 PPT un 388 s pir | orsor | mvivps
10 u PPT 791 355 s o | 01767 | mvivips
n 1 LvoT E 1 1 10 | b | Lise ViV
12 13 LvoT 61395 2 1 10 o | oem1 VIV
13 1" Lvor 61593 3 1 10 o | o VIV
14 15 LvoT Et) ‘ 1 10 pir | Lz ViVin
15 16 LvoT 316 s 1 10 oif | 10240 ViV
16 17 LT s s 1 10 o | 10240 ViV
17 18 | Cone Siring Pt 1 10 SE
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Table A1.8. Calibration constants and instrumentation for CCFS03
Devics Gain Exc | SEDIFF 'Calib. Conats
scho] sM Twe Nabw | Lot Yo Yalue Lsis
1 2 T 052 n 664 s it | 0omsE | mvivips
2 3 PPT 059 B 64 s Dir | oos21e | mvivipe
3 ‘. T 061 n P s Dir | oomia | mvivps
4 s T 060 n ] s Dir | oom mVIVhe
s 6 T o101 K1 a5 s Dir | ose76 | mvivps
6 7 T Hm Kz ass s pir | o6z mVIVipsi
7 s T ) u ass s oir | 01767 VIV
s s L 7n 12 385 s pir | ouss13 VIV
i 10 e 2063 | wamop | 355 s oir | 008793 mVIVisi
w | n T 9099 | wellside | 355 s Dt | 015746 | mvrvei
u | n Lvor 15 1 1 10 pir | 1024 Vivia
n | n LvoT 61595 2 1 10 pir | 06m1 vivia
B[ e LvoT 61593 3 1 10 Dir | 06803 Vv
w | s Lot £ . 1 10 par | 1024 Vvia
15 | 16 Lot 113 s 1 10 pir | Lz VIVia
6 [ LvpT 11 3 1 10 pr | L ViV
17 | 18 | conesringpa 1 10 SE
Table A1.9_Calibration constants and instrumentation for CCFS04
] Gein Exc | SEDEF Ca. Consan
5C pox] s\ Twe Negbe | Loggin | nnop | vop Value TN
K PPT M1 641000 | 5 3 007358 VIV
2 |3 rer w5 | M soat000 | 5 Dir oomie mVV
3| L wet | W sop000 | s Dy oomie =V
| T weo | N sor000 | 5 Dar oos1n VIV
s |e T s1 | o1 asseea | s Dt o VIV
6 |7 T un | o asseea | s | osezs mVIVpe
7| Ld 1 1 asees | s Difr 01767 VIV
s | T 7 n assees | s bt | oassis VIV
s | ePT 2063 | waim | een000 | 5 pir | oomms VIV
O B reT 9099 | waiN | 3ssees | s bt | o1sme mVVips
n PeT soss | waio | ssero0 | s Difr 0om o
12 | PPT s | waie | assest | s it 016 mVIVips
B Lot s 1 1 10 Difr 1024 ViV
w | LvoT ases [ 2 1 10 Dir 06791 ViV
15 |16 LvoT asss | 3 1 10 Dt 06803 ViV
6 |17 LvoT e 4 1 10 Dir Lo Vv
v | LvoT 113 s 1 10 Difr 142 ViV
18 |1 Lot ne 6 1 10 Dir 1139 vivia
19 | 20 | CmeString Pt 1 10 sE
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APPENDIX 2: SOIL TEST RESULTS
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A2.1 Field Tests

Five test pits were excavated within the ETF field testing area to characterize the soil and
determine a suitable location for construction of testbeds for the field injection tests. The
approximate locations of the testbeds are shown on the site plan in Figure 3.1. The logs for

the test pits are as follows:

Test pit TP97-1: 2.8 m deep x 2.5 m wide x 4 m long

Depth Interval Soil Description Notes
0.0t00.42m  dark brown SAND and GRAVEL, some - cobbles up to 0.6 m dia
silt and cobbles, loose, moist, roots - tough digging through
throughout. FILL large boulders
- small pockets of wat
0.42100.51m  black TOPSOIL, organic dBonatat il
- rocks weathered and

0.51t00.61 m dark grey-brown SAND and GRAVEL,
some silt and cobbles, compact, moist ~soil ed into pit
0.61t02.20m grey SAND and GRAVEL, some silt and roughly levelled
and frequent cobbles, dense, moist
becoming wet.
220t02.80m dark grey SAND and GRAVEL, some
silt, frequent cobbles, dense, moist.

2.80m End of Test Pit
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Test pit TP97-2: 2.7 m deep x 3.5 m wide x 4.5 m long

00t0040m  dark brown SAND and GRAVEL, some - cobbles up to 0.7 m dia
silt and cobbles, loose, moist, roots - some large boulders
throughout. FILL making digging difficult
040t00.44m  black TOPSOIL, organic = Wi pockeus
04410070 m  rusty brown SAND and GRAVEL, - soil backfilled into pit
some silt and cobbles, compact, moist  and roughly levelled
0.70t02.70 m  dark grey SAND and GRAVEL, some
silt, frequent cobbles, a few boulders,
dense, moist to wet.
270 m End of Test Pit
Testpit TP97-3: 2.8 m deep x 3.5 m wide x 4 m long
D I Soil Descripti N
00t00.20m  dark brown SAND and GRAVEL, some - few water pockets
silt and cobbles, loose, moist, roots. - soil backfilled into pit
throughout. FILL and roughly levelled

0.20t00.23m  black TOPSOILL, organic

0.23t00.51 m rusty brown SAND and GRAVEL,
some silt and cobbles, compact, moist,
grades into next unit

0.51t0230m grey-brown SAND and GRAVEL, some
silt, frequent small cobbles, dense, moist

230t02.80m grey SAND and GRAVEL, some silt
and cobbles, dense, moist to wet, small
black lens at top of layer

280m End of Test Pit

294



Test pit TPO7-4:
Depth Interval
0.0t00.19m

0.19t0045m

0.45t03.10m

3.10m

Depth Interval

00t0034m

03410044 m
04410062 m
06210280 m

280m

3.1 m deep x 4 m wide x 4 m long
Soil Descript
dark brown SAND and GRAVEL, some

silt and cobbles, loose, moist, roots
throughout. FILL.

rusty SAND and GRAVEL, some silt
and cobbles, compact, moist, colour
changes to brown with depth
grey-brown SAND and GRAVEL, some
silt, increasing cobbles with depth,
dense, moist

End of Test Pit

2.8 m deep x 4 m wide x 4 m long
Soil Deseripti

dark brown SAND and GRAVEL, some
silt and boulders, loose, moist, roots
throughout. FILL
rusty SAND and GRAVEL, some silt,
compact, moist
brown SAND and GRAVEL, some silt
and cobbles, compact, moist
grey-brown SAND and GRAVEL, some
silt, and cobbles, dense, moist
End of Test Pit
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Notes

- rocks tend to be sub-
angular to sub-rounded
- increasing difficulty in
digging with depth

- large boulder at 1 m
depth

- water pocket at 1.5 m
- soil backfilled into pit
and roughly levelled

Notes
- old hydro lines near
surface

- soil backfilled into pit
and roughly levelled



Table A2.1. Compaction test records for FLDTST1

Test Locatic Probe Density Moisture
ID | Northing | Easting | Depth |Elevation | Depth Wet Dry | Content
metres. metres metres | metres mm k/m® | kg/m’ %
1 010 0.60 255 97.19 150 2324 | 2138 87
2 030 0.60 245 97.29 150 2220 | 1989 16
3 080 0.00 238 97.37 150 2280 | 20m 98
4 -1.00 040 238 97.37 150 2240 | 2026 106
5 030 045 225 9749 150 2137 | 18711 142
6 020 0.80 225 97.49 150 2400 | 2259 30
7 010 -1.20 214 97.60 1% 2202 | 1900 159
8 080 110 214 97.60 150 2276 | 2088 106
9 030 -1.30 198 97.76 150 2179 | 1929 130
10 120 030 198 97.76 150 2112 1891 148
1 -L10 1.00 1.96 97.78 150 2149 | 1979 86
12 -110 -1.30 196 971.78 150 2197 | 2024 85
13 -1.50 0.60 187 97.38 150 2277 | 2036 19
1 035 1.65 187 97.38 150 207 1889 96
1s 060 -1.60 170 98.04 150 2078 | 1877 107
16 040 170 170 98.04 150 2278 | 2030 123
17 <030 0.50 162 98.12 150 2128 | 1845 154
18 090 020 162 98.12 150 2132 | 1831 164
19 035 0.00 153 98.21 150 2126 | 1801 18.1
20 070 -1.50 153 9821 150 2095 1819 152
21 125 -L10 133 98.41 150 2083 1801 157
2 -130 1.00 133 98.41 150 2262 | 2000 131
23 130 0.60 129 98.45 150 2160 | 1888 144
24 080 120 129 98.45 150 2013 1698 185
25 -120 120 121 98.53 150 2109 | 1866 130
2% 1.80 020 121 98.53 150 2160 | 1946 110
27 1.00 110 103 98.71 150 2168 | 1906 137
28 -140 1.00 103 98.71 150 2107 | 1825 154
29 030 1.90 089 98.85 150 2045 | 1714 193
30 270 ©.90 0389 98.85 150 2166 | 1887 148
31 -L10 1.50 077 | 9897 150 2149 | 1851 16.1
32 065 055 (%] 98.97 150 2196 | 1885 165
33 -1.60 130 070 99.04 1% 2073 | 1742 190
34 130 020 970 9904 150 2139 | 1839 163
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Table A2.2. Compaction test records for FLDTST2

Test Location Probe
ID |Northing | Easting | Depth |Elevation | Depth
metres | metres L metres | mm |
1 230 -1.10 96.19 150
2 0.85 250 96.19 150
3 | ass -1.40 96.83 150
4 0.60 135 96.72 150
5 2.80 0.00 96.82 150
6 0.60 045 96.98 150
7 | <35 050 96.94 150
s | -L10 1.00 o7.11 150
9 | 325 025 97.35 150
10 | 360 -1.50 97.43 150
1n | 460 020 97.66 150
12 | 275 145 97.77 150
13 | 240 095 97.39 150
14 | 29 -1.07 97.56 150
15 | 240 0.50 97.69 150
16 365 -1.13 97.78 150
17 | 120 040 97.86 150
18 | 205 020 97.97 150
19 | 370 0389 97.96 150
20 | o089 0.5 9828 150
21 -3.60 -1.40 98.46 150
2 | 230 120 98.49 150
23 | 220 1.00 98.22 150
24 | 125 -130 98.29 150
25 | 240 0.40 98.44 150
26 | 080 -1.00 98.60 150
27 | 270 020 98.82 150
28 | 290 -L10 98.72 150

1808

1785

1910
2010
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2033

Moisture
Dry | Content
m %
1939 94
1913 94
2027 36
1880 88
1709 89
1793 84
1808 9.5
1706 84
1741 9.2
1804 74
1841 85
1828 79
1832 84
1761 79
1692 78
2134 6.9
2074 8.0
1837 17
1975 6.6
1633 107
1838 105
1752 938
1732 107
1626 938
1774 127
1716 113
1884 6.7
802 128
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Figure A2.1. Natural moisture content of Argentia till from test pit samples
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Figure A2.2. Moisture content and density distribution for FLDTST1 and FLDTST2
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Figure A2.3. Grain size distribution for test bed soil - FLDTST1
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A22 Speswhite Kaolin Tests

A2.2.1 Consolidation of clay

The vertical effective stress i applied during lidation of the kaolin slurry for
‘CCFS01 and CCFS02 were 25, 50, 100, 200, 400 and 750 kPa during the loading sequence
and 750, 400, 200, and 100 kPa during the unloading sequence. The vertical displacement of
the consolidometer piston is plotted against time for CCFSO02 in Figures A2.4 and A2.5. In
Figure 2.6, the specific volume is plotted against log p’ for CCFS02 (where p’ =[0,” + 20,’]

/3 and K is assumed to be equal to 0.64).

A2.2.1 Moisture content and density profiles

Moi: istributi d bulk

from CCFSO01 using a 38 mm diameter thin-walled tube. The sample locations are shown in

Figure A2.8. The moisture content profiles determined for the test bed are shown in Figure

A2.9.Th bulk density i of the kaoli ized together

with the computed degree of saturation and void ratio in Table A2.3.
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Table A2.3. Soil density measurements

Sample Depth Werg P Pe G, S €
D (metres) ) Gg/m’) Geg/m’) (&)
Coll | o0wo26 433 1763.1 1230.3 264 998 | Lu46
Col 2 010028 42 1769.7 1246 264 99.2 L119
Col 3 010022 435 17353 1209.5 264 97 1.183
Col4 | 0wo022 424 1756.3 12338 264 98.1 114
Cols | 0wo07 423 1702.8 11962 264 926 | 1207

A2.2.2 Undrained shear strength

A2.2.2.1 Hand vane tests

The undrained shear strength of the overconsolidated kaolin from CCFS01 was determined

using a Pilcon hand vane shear device. Shear vane profiles were taken at the five locations

shown on Figure A2 8 at depths of 40 mm, 94 mm and 148 mm. The test depth was measured

at the center of the 29 mm high by 19 mm wide vane. The undrained strengths determined

from the hand vane tests are summarized in Table A2.4.
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Table A2.4. Undrained strength of kaolin from vane shear tests

Test ID Undrained Shear Strength (kPa)
Depth 40 mm Depth 94 mm Depth 148 mm
Peak Residual Peak Residual Peak Residual
VS 1 385 12 39 12 40.5 13
Vvs2 40 11 415 12 425 12
VS3 35 10 37 10 38 12
VsS4 37 10 385 11 38 11
VS S 37 12 37.5 11 46 15
A2.2.2.2 Torvane and pocket penetrometer tests
The locations in CCFSO1 at which th ined strength was ined using the Torvane

and pocket penetrometer are shown in Figure A2.10. Shear strength profiles were taken

the ion of the injection test. Measurements were taken at the
ground surface, at a depth of 40 mm and at a depth of 160 mm. A summary of the undrained
strengths determined by Torvane and pocket penetrometer is provided in Table A2.5. The

d pocket tests ied out duri ion process, which
took place several days after the injection test had been completed. The lower shear strengths
obtained from the torvane and pocket penetrometer tests as compared to the vane shear tests

show some softening of the clay due to moisture redistribution.
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Table A2.S. Undrained strength from torvane and pocket penetrometer tests

Test D Torvane test (kPa) Pocket Penctrometer (kPs)
Surface 40 mm 160 mm Surface 40 mm 160 mm

TP1 28 2 25 29 27 22
P2 32 - - 29 - a
TP3 27 - 25 27 - 29
TP4 30 - = 29 - .
™5 25 27 25 25 25 20
TP6 28 ~ - 29 = =
7 29 27 25 32 27 2
PS8 29 25 23 31 18 18
™9 32 2 23 22 29 17
TP 10 32 27 - 27 22 -
TP 11 28 29 28 25 2 20

A2.223 Unconsolidated undrained triaxial tests

Thin-walled tube samples were taken from CCFSO01 clay soil for determination of undrained

shear:

(UU) triaxial tests. Stress strain plots for the three

UU triaxial tests are provided in Figure A2.11. Thy

for

strength:
shear streng

the three UU tests were 18 kPa, 24 kPa and 19 kPa (average 20 kPa).
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A2.2.3 Triaxial testing

Thin-walled tube samples of i ite kaolin clay were taken from the

CCFS01 and CCFSO02 test beds for triaxial strength testing. The triaxial tests carried out on

he np i drained (CD) tests. In addition, th

(CU) triaxial tests and three CD triaxial tests were carried out on Speswhite kaolin clay from

a smaller tub sample (300 mm diameter) that had b i fromaslurry to
stress of 287 kPa. Th i lidati the small sample

was limited by the capacity of the pneumatic cylinder used to consolidate the sample.

A223.1 Consolidated undrained triaxial tests in kaolin

Three CU triaxial tests were carried out on the kaolin clay (maximum preconsolidation stress
of 287 kPa) at confining stresses of 50 kPa, 100 kPa and 150 kPa. Prior to shearing a test
specimen, the targeted confining stress was applied and the sample was allowed to swell to
achieve equilibrium. Shearing was carried out with no drainage at a strain rate of

2.5 %/hour. i to about 15% strain. The principal stress

difference for the three CU tests is plotted against axial strain in Figure A2.12. The pore
pressure generated during undrained shearing is plotted against axial strain in Figure A2.13.
The ratio of maximum principal stress to the minimum principal stress is plotted in Figure
A2.14. The effective stress paths for the three tests are plotted as (3, - 0;)/2 vs (0, + 03)/2
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in Figure A2.15.

A2.23.2 Consolidated drained triaxial tests on kaolin clay

Three CD triaxial tests were carried out on the kaolin clay that had been subjected to a
maximum preconsolidation stress of 287 kPa. The triaxial tests were carried out at confining
stresses of 50 kPa, 100 kPa and 150 kPa. Prior to shearing a test specimen, the targeted
confining stress was applied and the sample was allowed to swell to achieve equilibrium.
Shearing was carried out at a strain rate of approximately 0.2%/hour to ensure that minimal

pore pressure ion would occur. All i were sheared to about 15% strain. The

principal stress difference for the three CD tests is plotted against axial strain in Figure
A2.16. The ratio of maximum principal stress to the minimum principal stress is plotted in
Figure A2.17. The effective stress paths for the three tests are plotted as (0,' - 0,2 vs
(0, + 0,2 in Figure A2.18. The volumetric strain is plotted against axial strain in Figure

A2.19.

Three CD triaxial tests were carried out on the CCFSO1 clay at confining stresses of 50 kPa,
100 kPa and 150 kPa and three CD triaxial tests were carried out on CCFS02 clay at
confining stresses of 25 kPa, 75 kPa, and 150 kPa. Prior to shearing a test specimen, the
targeted confining stress was applied and the sample was allowed to swell to achieve
equilibrium. Shearing was carried out at a strain rate of approximately 0.16%/hour to ensure

that mini i ld - All speci to about 15%
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strain. The principal stress difference for the CD tests is plotted against axial strain in Figure
A2.20. The ratio of maximum principal stress to the minimum principal stress is plotted in
Figure A2.21. The effective stress paths for the tests are plotted as (0,' - 0,)/2 vs (0, + 0;)/2

in Figure A2.22. The volumetric strain is plotted against axial strain in Figure A2.23.

A223.3 Shear failure envelopes

Shear failure envelopes are plotted in Figures A2.24, A2.25 and A2.26 for the CU and CD
triaxial tests in kaolin clay. From the CU tests in kaolin preconsolidated to 287 kPa, the
cohesion was 7.9 kPa and the peak effective friction angle was 23.5°. From the CD tests in

kaolin preconsolidated to 287 kPa, the cohesion was 20.3 kPa and the peak effective friction

angle was 20.3°. From the CD tests in CCFSO1 clay i to 750 kPa, the cohesi

was 19.1 kPa and the peak effective friction angle was 22.1°.
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Figure A2.4. Loading curves for consolidation of clay - CCFS02
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Figure A2.5. Unloading curves for consolidation of clay - CCFS02
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Figure A2.9. Variation of moisture content with depth (CCFS01)

310




LEGEND
©  PENETROMETER

o  ToRvANE
® nuwer
TT N
(metres)

Figure A2.10. Torvane and pocket penetrometer test locations in CCFSO01 clay
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CU Triaxial Test on Kaolin (287 kPa max preconsoiidation siress)
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Figure A2.12. Principal effective stress difference (CU tests on kaolin)
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Figure A2.13. Pore pressure developed during CU triaxial tests on kaolin
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Figure A2.14. Principal effective stress ratio for CU triaxial tests on kaolin
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Figure A2.15. Effective stress paths for CU traixial tests on kaolin
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€D Triaxial Test on Kaoiin (287 kPa max preconsolidation stress)
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Figure A2.16. Principal effective stress difference for CD triaxial tests on kaolin
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Figure A2.17. Principal effective stress ratio for CD triaxial tests on kaolin
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CD Triaxial Test on Keokin (287 kPa max preconsolidation stress)
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Figure A2.18. Effective stress paths for CD triaxial tests on kaolin
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Figure A2.19. Volumetric strain for CD triaxial tests on kaolin
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CCFS01 & CCFS02 Kaolin cley

250

[T

150 kPa

Principal Stress Difkrence(kPa)

0 12 14 16 18 20
Axial Strain (%)

Figure A2.20. Principal eff. stress difference for CD tests (CCFS01 & CCFS02)
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Figure A2.21. Principal effective stress ratio for CD tests (CCFS01 & CCFS02)
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CCFS01 & CCFS02 Kaolin clay
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Figure A2.22. Effective stress paths for CD tests (CCFS01 & CCFS02)
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Figure A2.23. Volumetric strain for CD triaxial tests (CCFS01 & CCFS02)
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Figure A2.24. Shear failure envelope from CU triaxial tests in kaolin
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Figure A2.25. Shear failure envelope from CD triaxial tests in kaolin
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Figure A2.26. Shear failure envelope from CD tests (CCFSO1 & CCFS02)

318



A23 Silty Sand Tests

A2 3.1 Grain size distribution

The silty sand soil used for centrifuge tests CCFS03 and CCFS04 was obtained by mixing
30% SilCoSil silt with 70% Type 00 sand (by mass). The resulting grain size distribution for

the mixture is shown in Figure 2.27.

A2.3.2 Triaxial tests

Triaxial test specimens were prepared by compacting dry silty sand into a split cylindrical
tube. Prior to preparing the specimen, the two halves of the 38.5 mm diameter tube were
clamped together and an open ended thin latex membrane was placed inside the tube with the
ends stretched over the ends of the tube. A vacuum was applied between the membrane and
the inside of the tube. The tube was then set over the lower platen. A porous stone was
placed on inside the tube on top of the platen. Silty sand was then placed in the tube in 10 mm
thick lifts and each lift was uniformly compacted using a steel rod. The compactive effort was
adjusted to achieve a target dry density of between 1900 to 2000 kg/m’. When the sample

was to a height of i 75 mm, a porous stone was placed on the upper
surface and the top platen was set on top of the porous stone. The membrane was then

stretched over the top and bottom platens and held in place with rubber “o” rings. The
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vacuum was turned off and the split tube removed from around the sample.

The triaxial cell was filled with water and pressurized to the target cell pressure i.e. 50, 75,
or 100 kPa). To saturate the sample, the drainage line on the top of the specimen was vented
to atmosphere and a water pressure of approximately 15 kPa was applied to the bottom of
the sample. Approximately 4 pore volumes of water were allowed to flow into and through
the specimen. The degree of saturation was checked by carrying out a “B” test. Ifthe “B” test
result was substantially less than one, the cell pressure and the back pressure were increased
and the “B” test repeated. The process was repeated until a “B” value of between 0.9 and 1.0

was achieved.

Triaxial permeability tests were carried out at confining stresses of 100 and 125 kPa. The
procedure used for these tests was to apply a hydraulic gradient from the bottom to the top
of the sample using the back pressure reservoirs at the bottom and top of the sample. The cell
pressure was maintained constant during the permeability tests. The flow of water into the
bottom of the sample and out of the top of the sample was monitored. The k-test carried out
at a confining stress of 100 kPa had a pressure gradient of approximately 25 kPa between the

bottom and top of the specimen (see Figure 2.28). The measured permeability during the test

was relatively constant at i 4x10* m/s (see Fi 2.29). The k-test carried out
at a confining stress of 125 kPahad a dient of i 40kPa the

bottom and top of the specimen (see Figure 2.30). The measured permeability during the test

was approximately 1.4 x 10 m/s (see Figure 2.31).
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Drained triaxial compression tests were carried out at confining stresses of 50, 75, and 100

kPa. Samples were sheared at a strain rate of i 0.4%/hour. il were

sheared to about 15 to 20% strain. The principal stress difference for the three CD tests is
plotted against axial strain in Figure A2.32. The ratio of maximum principal stress to the
minimum principal stress is plotted in Figure A2.33. The effective stress paths for the three
tests are plotted as (0,' - 0,2 vs (0,' + 0,)/2 in Figure A2.34. The volumetric strain is
plotted against axial strain in Figure A2.35. The peak and constant volume shear failure
envelopes for the CD triaxial tests on silty sand are plotted in Figure A2.36. The peak

effective friction angle was 48.2° and the constant volume friction angle was 41.8°.

An injection test where flow is occurring freely through the pore space without yielding is
similar to a constant head permeability test. Hvorslev (1951) presented a relation for
determining the permeability of soil around a well from a constant head test [Eqn. A2.1]

R O I

27lH,

k, =
where q is the volumetric rate of flow, L is the length of the injection interval, D is the well
diameter, H, is the constant excess head applied during the test, and m is a transformation
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ratio defined as the square root of the ratio of the horizontal to vertical permeability,

m= (g / k).

The excess pressure is the total fluid pressure at the wellhead minus the pressure due to the
static ground water level. Pore pressure readings from 8 buried PPT's during test M indicated
that the static groundwater level was 0.039 m below the ground surface. The excess pressure
at the point of injection was 28 kPa, which at 25 g is equivalent to a head of water of 0.114

m. Because the silty sand used in the test was densely compacted into the strongbox in thin

horizontal lifts, it is likely that the ility was grester in the hori: direction than in
the vertical direction and, for this analysis, it was assumed that m = 2. For model scale
parameters: D =0.0093 m, L =0.025 m, and q = 5.70x10* m*/s. Using these parameters in

Eqn 6.4, the hori; ility in the ifuge at 25 gis 7.5x10° m/s and the vertical

permeability is 1.9x10° m/s. This is equivalent to k, =3.0x10” m/s and k, = 7.5x10* mv/s at
prototype scale, which is very similar to the hydraulic conductivity determined from triaxial
testing. The vertical hydraulic conductivity determined for the silty sand in a triaxial cell was

3.8x10* m/s at 0;=100 kPa and 1.4x10"* m/s at 0,=125 kPa.
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Figure A2.27. Grain size distribution for silty sand (CCFS03 &CCFS04)
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Figure A2.28. Pore pressure in silty sand during k-test (o’; = 100 kPa)
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Figure A2.29. Permeability variation with time (0, = 100 kPa)
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Figure A2.31. Permeability variation with time (0’; = 125 kPa)
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Figure A2.33. Principal effective stress ratio for CD tests on silty sand
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Figure A2.35. Volumetric strain for CD tests on silty sand
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APPENDIX 3: INJECTION TEST RESULTS
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A3.1.

Field Tests
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Figure A3.4. Raw PPT and LDT data from injection test - FLDTST1
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Figure A3.5. Pressure response in PPTO1 and PPT02 - FLDTST2
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Figure A3.6. Pressure response in PPT03 and PPT04 - FLDTST2
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Figure A3.8. Pressure response in PPT07 and PPT08 - FLDTST2

336



PPA-B (3901)
PPL-10 (4365)

Prassure (kPa)

10 20 o 4
Time (min)

Figure A3.9. Pressure response in PPT09 and PPT10 - FLDTST2
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Figure A3.10. Pressure response in PPT11 and PPT12 - FLDTST2
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Figure A3.12. Ground surface response at LDTO1 and LDT02 - FLDTST2
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Figure A3.13. Ground surface response at LDT03 and LDT04 - FLDTST2
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Figure A3.14. Ground surface response at LDT05 and LDT06 - FLDTST2

339

40

50 60 7



0s

04

oz /j

02

Displacement (mm)

04

08

o8

10 20 30 a0 50 60 70
Time (min)

Figure A3.15. Ground surface response at LDT07 and LDT08 - FLDTST2
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Figure A3.16. Ground surface response at LDT09 and LDT10 - FLDTST2
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A3.2 Centrifuge Tests
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Figure A3.17. Volume of fluid injected during CCFS01A
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Figure A3.18. Pressure transducer response vs time for CCFS01A
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Figure A3.20. Ground surface movement vs time for CCFS01A
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Figure A3.22. Volume of fluid injected during CCFS01B
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Figure A3.24. Pressure transducer response vs injection volume for CCFS01B
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Figure A3.25. Ground surface movement vs time for CCFS01B
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Figure A3.26. Ground surface movement vs injection volume for CCFS01B
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Figure A3.27. Volume of fluid injected during CCFS01C
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Figure A3.28. Pressure transducer response vs time for CCFS01C
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Figure A3.29. Pressure transducer response vs injection volume for CCFS01C
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Figure A3.30. Ground surface movement vs time for CCFS01C
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Figure A3.58. Dye trace record for CCFS01D sections 240° to 290°
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Figure A3.61. Pressure transducer response vs time for CCFS02E
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Figure A3.63. Ground surface movement vs time for CCFS02E
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Figure A3.65. Volume of fluid injected during CCFS02F
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Figure A3.68. Ground surface movement vs time for CCFSO2F
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Figure A3.69. Ground surface movement vs injection volume for CCFS02F
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Figure A3.71. Pressure transducer response vs time for CCFS02G
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Figure A3.73. Ground surface movement vs time for CCFS02G
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Figure A3.74. Ground surface movement vs injection volume for CCFS02G
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Figure A3.75. Volume of fluid injected during CCFS02H
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Figure A3.77. Pressure transducer response vs injection volume for CCFS02H
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Figure A3.79. Ground surface movement vs injection volume for CCFS02H
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Figure A3.81. Dye trace record for CCFSO02E sections 60° to 100°
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Figure A3.82. Dye trace record for CCFSO02E sections 110° to 160°
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Figure A3.83. Dye trace record for CCFSO02E sections 170° to 220°
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Figure A3.85. Dye trace record for CCFS02E sections 290° to 340°
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Figure A3.87. Dye trace record for CCFSO2F sections 60° to 110°
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Figure A3.89. Dye trace record for CCFSO2F sections 180° to 230°
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Figure A3.91. Dye trace record for CCFS02G sections 60° to 110°

39



‘Depin ()

L.

epin (o)

Owpin ()

. e = = =
acn o) fp—
. .
- as
& -
- £
H
~100 gqoa
s s ]
pr—— [—
- 150
D - e =
Racn o) [y,
. .
- -
- o
s £
s i
]
as & s &
pr—— . corsaz e
. 450
B e e wm m
[ fp—

Figure A3.92. Dye trace record for CCFS02G sections 120° to 170°
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Figure A3.93. Dye trace record for CCFS02G sections 180° to 230°
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Figure A3.96. Dye trace record for CCFS02H sections 0° to 70°

401



opth ()

Oepin (o)

owpin ()

o
s ~ ’ 2s -t
- -
! "
———
BN ——— E 78
100 00
s 128 4
corsazie a0t corsnan e
150 a0
oo wm e w0 @ = = o s w1 w0 a8 S0 3
Rt (o) Radus (mm)
0 o
25 —— 28
- P
s E o
8
. 00 i
5 ‘ as H
p—

coFsozm: 100"

50
180 186 130 -105 80 -85 0 5

Radus (mm)

50
100 185 130 105 90 55 0§

Radus (mem)

g g
25 ‘ 25 ~— ‘
% & ~—_ 1
4 —_—
H
” i
e T
5 4
o T

180 55 0 105 80 g5 0 o8

Raaue ()

Radue (mm)
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Figure A3.98. Dye trace record for CCFS02H sections 140° to 190°
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Figure A3.103. Pressure transducer response vs time for CCFS03I
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Figure A3.104. Pressure transducer response vs injection volume for CCFS031
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Figure A3.10S. Ground surface movement vs time for CCFS031
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Figure A3.106. Ground surface movement vs injection volume for CCFS031
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Figure A3.107. Volume of fluid injected during CCFS03J
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Figure A3.108. Pressure transducer response vs time for CCFS03J
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Figure A3.109. Pressure transducer response vs injection volume for CCFS03J
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Figure A3.110. Ground surface movement vs time for CCFS03J
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Figure A3.111. Ground surface movement vs injection volume for CCFS03)
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Figure A3.112. Volume of fluid injected during CCFS03K
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Figure A3.113. Pressure transducer response vs time for CCFS03K
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Figure A3.114. Pressure transducer response vs injection volume for CCFS03K
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Figure A3.115. Ground surface movement vs time for CCFS03K.
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Figure A3.116. Ground surface movement vs injection volume for CCFS03K
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Figure A3.117. Volume of fluid injected during CCFS03L
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Figure A3.118. Pressure transducer response vs time for CCFS03L
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Figure A3.119. Pressure transducer response vs injection volume for CCFS03L
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Figure A3.120. Ground surface movement vs time for CCFSO3L
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Figure A3.121. Ground surface movement vs injection volume for CCFS03L
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Figure A3.122. Dye trace record for CCFS03I (110-130 mm)
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Figure A3.123. Dye trace record for CCFS03I (135-160 mm)
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Figure A3.124. Dye trace record for CCFSO03I (165-190 mm)
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Figure A3.125. Dye trace record for CCFS031 (195-220 mm)
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Figure A3.126. Dye trace record for CCFS03I (225-250 mm)
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Figure A3.127. Dye trace record for CCFS03I (255-285 mm)
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Figure A3.128. Dye trace record for CCFS03I (295-300 mm)
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Figure A3.129. Dye trace record for CCFS03J (105-130 mm)
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Figure A3.130. Dye trace record for CCFS03J (135-160 mm)
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Figure A3.131. Dye trace record for CCFS03J (165-190 mm)
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Figure A3.132. Dye trace record for CCFS03J (195-220 mm)
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Figure A3.133. Dye trace record for CCFS03J (225-250 mm)
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Figure A3.134. Dye trace record for CCFS03] (255-285 mm)
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Figure A3.135. Dye trace record for CCFS03J (295-305 mm)
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Figure A3.136. Dye trace record for CCFS03K (45-70 mm)
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Figure A3.137. Dye trace record for CCFSO03K (75-100 mm)
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Figure A3.139. Dye trace record for CCFS03K (135-160 mm)
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Figure A3.140. Dye trace record for CCFS03K (165-190 mm)

435



ceFs 03 K: 198 mm

-
H I W
SR i d.qur.jumnT
. > 20 |
e ; s |
p— ptee
P E—
i Fan
R EEEE T e

eeeremus (mm)
Depth is raferanced from top of strongbox. Soil s uniformly blus within extents shown.

Figure A3.141. Dye trace record for CCFS03K (195-205 mm)
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Figure A3.142. Dye trace record for CCFSO3L (45-70 mm)
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Figure A3.143. Dye trace record for CCFSO3L (75-100 mm)
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Figure A3.144. Dye trace record for CCFSO3L (105-130 mm)
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Figure A3.145. Dye trace record for CCFS03L (135-160 mm)
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Figure A3.146. Dye trace record for CCFSO3L (165-190 mm)
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Figure A3.147. Dye trace record for CCFSO3L (195-210 mm)
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Figure A3.148. Volume of fluid injected during CCFS04M
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Figure A3.149. Pressure transducer response vs time for CCFS04M
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Figure A3.150. Pressure transducer response vs injection volume for CCFS04M
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Figure A3.151. Ground surface movement vs time for CCFS04M
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Figure A3.152. Ground surface movement vs injection volume for CCFS04M
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Figure A3.153. Volume of fluid injected during CCFS04N
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Figure A3.154. Pressure transducer response vs time for CCFSO4N
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Figure A3.155. Pressure transducer response vs injection volume for CCFS04N
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Figure A3.156. Volume of fluid injected during CCFS040
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Figure A3.157. Pressure transducer response vs time for CCFS040
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Figure A3.158. Pressure transducer response Vs injection volume for CCFS040
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Figure A3.159. Volume of fluid injected during CCFS04P
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Figure A3.160. Pressure transducer response vs time for CCFS04P
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Figure A3.161. Pressure transducer response vs injection volume for CCFS04P
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Figure A3.162. Dye trace record for CCFS04M (145-170 mm)
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Figure A3.163. Dye trace record for CCFS04M (175-200 mm)
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Figure A3.164. Dye trace record for CCFS04M (205-230 mm)
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Figure A3.165. Dye trace record for CCFS04M (235-260 mm)
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Figure A3.166. Dye trace record for CCFS04M (265-290 mm)
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Figure A3.167. Dye trace record for CCFS04M (295-305 mm)
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Figure A3.168. Dye trace record for CCFS04N (115-140 mm)
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Figure A3.171. Dye trace record for CCFS04N (205-230 mm)
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Figure A3.172. Dye trace record for CCFS04N (235-260 mm)
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Figure A3.174. Dye trace record for CCFS04N (295-310 mm)
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Figure A3.176. Dye trace record for CCFS040 (80-105 mm)
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Figure A3.177. Dye trace record for CCFS040 (110-135 mm)
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Figure A3.178. Dye trace record for CCFS040 (140-165 mm)
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Figure A3.179. Dye trace record for CCFS040 (170-195 mm)
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Figure A3.180. Dye trace record for CCFS04P (50-75 mm)
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Figure A3.181. Dye trace record for CCFS04P (80-105 mm)
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Figure A3.182. Dye trace record for CCFSO4P (110-135 mm)
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Figure A3.183. Dye trace record for CCFS04P (140-165 mm)
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Figure A3.184. Dye trace record for CCFS04P (170-195 mm)
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Figure A3.185. Dye trace record for CCFS04P (200 mm)
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APPENDIX 4: CALIBRATION CHAMBER INJECTION TEST RESULTS
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Ad4.1 Calibration Chamber Injection Test Results

A joint industry laboratory testing program was led by Golder Associates Ltd. in the early
lwo:mhmeobjwhwofgmmngmmnddnnﬂmwddbcuedmadmdu

f soil ing models. The project, which involved carrying out
hydraulic fracturing experiments in sand within a large triaxial calibration chamber, was
ied out in three ph: lder A igtes Ltd., 1991; Golder Associates Ltd., 1992; and

Golder Associates Ltd., 1994). The data produced from this work was subsequently released
to the public domain. A summary of test parameters and test results from the chamber test
program s included in Table A4. 1. Plots of injection pressures and soil pore pressures for the
phase 2 and phase 3 injection tests are presented in Figure A4.1 through A4.20.
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Chamber Test 2FRAC2
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Figure A4.1. Injection pressure for 2FRAC2 (Golder Associates Ltd., 1992)
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Figure A4.2. Pore pressures for 2FRAC2 (Golder Associates Ltd., 1992)
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Chamber Test 2FRAC3
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e A4.3. Injection pressure for 2FRAC3 (Golder Associates Ltd., 1992)

Chamber Test 2FRAC3

50 100 150 200 250
Time (sec)

Ad.d. Pore pressures for 2FRAC3 (Golder Associates Ltd., 1992)
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Chamber Test 2FRAC4
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Figure A4.5. Injection pressure for 2FRAC4 (Golder Associates Ltd., 1992)
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Figure A4.6. Pore pressures for 2FRAC4 (Golder Associates Ltd., 1992)
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Chamber Test 2FRACS
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Figure A4.7. Injection pressure for 2FRACS (Golder Associates Ltd., 1992)
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Figure A4.8. Pore pressures for 2FRACS (Golder Associates Ltd., 1992)



Chamber Test 3FRACY
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Figure A4.9. Injection pressure for 3FRAC1 (Golder Associates Ltd., 1994)
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Figure A4.10. Pore pressures for 3FRAC1 (Golder Associates Ltd., 1994)

485



Chambar Test 3FRAC2
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Figure Ad.11. Injection pressure for 3FRAC2 (Golder Associates Ltd., 1994)
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Figure A4.12. Pore pressures for 3FRAC2 (Golder Associates Ltd., 1994)
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Chamber Test 3FRAC3
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Figure A4.13. Injection pressure for 3FRAC3 (Golder Associates Ltd., 1994)
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Figure Ad.14. Pore pressures for 3FRAC3 (Golder Associates Ltd., 1994)
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Chamber Test 3FRACA
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Figure A4.15. Injection pressure for 3FRAC4 (Golder Associates Ltd., 1994)
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Figure A4.16. Pore pressures for 3FRAC4 (Golder Associates Ltd., 1994)
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Chamber Test IFRACS
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Figure A4.17. Injection pressure for 3FRACS (Golder Associates Ltd., 1994)
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Figure A4.18. Pore pressures for 3FRACS (Golder Associates Ltd., 1994)
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Chamber Test 3FRAC6

—— Wellhead
— Outside well screen

a
8

Pressure (kPa)
"
i

200 -
] 5 10 15 20 25 30 35

Time (sec)

Figure A4.19. Injection pressure for 3FRAC6 (Golder Associates Ltd., 1994)
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Figure A4.20. Pore pressures for 3FRAC6 (Golder Associates Ltd., 1994)
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APPENDIX §: RESULTS OF NUMERICAL SIMULATIONS



A5.1  General
The results of numerical simulations of the chamber tests are presented in Section AS5.2, simulations
of the field tests are presented in Section A5.3. and simulations of the centrifuge tests are presented

in Section A3.4. The results of each simulation are presented in a series of 10 figures that includes

plots of:

the extent of the yield zone at the end of injection (or at some time t)

plastic shear strain at the end injection (or at some time t)

the change in horizontal effective stress due to fluid injection

the change in vertical effective stress due to fluid injection

the change in tangential effective stress due to fluid injection

the change in pore pressure due to fluid injection

the principal stress ratio (horizontal to vertical effective stress) at the end of injection
(or at some time t)

region of permeability enhancement due to shearing

histories showing the development of pore pressures during the injection period, and
histories showing stress paths of soil elements during the injection period.

In FLAC. positive stresses indicate tension and negative stresses indicate compression. Positive pore

pressures are presented with a positive sign. Where changes in stress are plotted, a positive stress

change indicates that the magi of the stress has and a negative stress
<change indicates that the magnitude of the compressive stress has increased. A positive change in
pore pressure indicates an increase in pore pressure, a negative change indicates a reduction in pore
pressure. All figures plotted as output from FLAC use this convention. Figures which were not
derived from FLAC (i.e. stress path plots in this appendix) use the notation where compressive

stresses are positive and tensile stresses are negative.
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Figure AS5.1. Extent of yield zone at end of injection (KRUNO: Ak=1k)
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Figure A5.2. Plastic strain contours at end of injection (KRUNO: Ak=1k)



JOBTITLE
FLAC (VERSION 3.30)

LEGEND

511711999 15:15 m
step

Cons. Tme 8.3320E+00

0.000E+00 <x< 7.000E-01

1500E-01 <y< 8 500E-01 -
esx_change

0E+05
0 2
=

oo o = 20 o

Change in horizontal effective stress (KRUNO: Ak=1k)

gure AS..

J0BTITLE
FLAC (VERSION 3.30) -
LEGEND
51711999 15:15 o
2
Cons. Time 8.3320E+00
Q000E+00 <x< 7.000E-01
1/500E-01 <y< & 500E-01 o
o € =
D.J Water

w0 w0 20 ) ) o a0

Figure A5.4. Change in vertical effective stress (KRUNO: Ak=1k)
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Figure A5.5. Change in tangential effective stress (KRUNO: Ak=1k)
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Figure A5.6. Change in pore pressure (KRUNO: Ak=1k)
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Figure A5.8. FLAC permeability (KRUNO: Ak=1k)
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Figure A5.11. Extent of yield zone at end of injection (KRUNI: Ak=10k)
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Figure A5.12. Plastic strain contours at end of injection (KRUN1: Ak=10k)
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Figure A5.14. Change in vertical effective stress (KRUN1: Ak=10k)
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Figure A5.15. Change in tangential effective stress (KRUN1: Ak=10k)
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Figure A5.16. Change in pore pressure (KRUN1: Ak=10k)
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Figure A5.18. FLAC permeability (KRUN1: Ak=10k)
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Figure A5.21. Extent of yield zone at end of injection (KRUN2: Ak=100k)
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Figure A5.22. Plastic strain contours at end of injection (KRUN2: Ak=100k)
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Figure A5.23. Change in horizontal effective stress (KRUN2: Ak=100k)
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Figure A5.24. Change in vertical effective stress (KRUN2: Ak=100k)
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Figure A5.25. Change in tangential effective stress (KRUN2: Ak=100k)
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Figure A5.28. FLAC permeability (KRUN2: Ak=100k)
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Figure A5.29. Pore pressure development during injection (KRUN2: Ak=100k)
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Figure A5.31. Extent of yield zone at end of injection (KRUN3: Ak=1000k)
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Figure A5.32. Plastic strain contours at end of injection (KRUN3: Ak=1000k)
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Figure A5.33. Change in horizontal effective stress (KRUN3: Ak=1000k)
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Figure A5.34. Change in vertical effective stress (KRUN3: Ak=1000k)
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Figure A5.35. Change in tangential effective stress (KRUN3: Ak=1000k)
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Figure A5.36. Change in pore pressure (KRUN3: Ak=1000k)
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Figure A5.37. Stress ratio ¢” /c", (KRUN3: Ak=1000k)
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Figure A5.38. FLAC permeability (KRUN3: Ak=1000k)
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Figure A5.39. Pore pressure development during injection (KRUN3: Ak=1000k)
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Figure A5.40. Stress paths during injection (KRUN3: Ak=1000k)
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Figure A5.41. Extent of yield zone at end of injection (2FRAC2a: 0.28 ml/s)
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Figure A5.42. Plastic strain contours at end of injection (2FRAC2a: 0.28 ml/s)
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Figure A5.43. Change in horizontal effective stress (2FRAC2a: 0.28 ml/s)
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Figure A5.44. Change in vertical effective stress (2FRAC2a: 0.28 ml/s)
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Figure A5.45. Change in tangential effective stress (2FRAC2a: 0.28 ml/s)
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Figure A5.46. Change in pore pressure (2FRAC2a: 0.28 ml/s)



Figure A5.47. Stress ratio 6” /o, (2FRAC2a: 0.28 ml/s)
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Figure A5.48. FLAC permeability (2FRAC2a: 0.28 ml/s)
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Figure A5.49. Pore pressure development during injection (2FRAC2a: 0.28 ml's)
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Figure A5.50. Stress paths during injection (2FRAC2a: 0.28 mls)
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Figure A5.51. Extent of yield zone at end of injection (2FRAC2b: 0.40 ml/s)
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Figure A5.52. Plastic strain contours at end of injection (2FRAC2b: 0.40 ml/s)
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Figure A5.53. Change in horizontal effective stress (2FRAC2b: 0.40 ml/s)
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Figure A5.54. Change in vertical effective stress 2FRAC2b: 0.40 ml/s)
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Figure A5.55. Change in tangential effective stress (2FRAC2b: 0.40 ml/s)
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Figure A5.56. Change in pore pressure (2FRAC2b: 0.40 ml/s)
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Figure A5.59. Pore pressure development during injection (2FRAC2b: 0.40 ml/s)

250
—a—(1.26)
= 200 ! e
g’ x —a—(17,26)
“ ——(9.34)
5 150 —e—(9.18)
% Ko=1
===—Ko=2
£ 100
o SR SRR SRR e R Yield Surface
é.’ ,,,,,,, Yield Surface
$ s
2FRAC2b
0

400

Horizontal Effective Stress (kPa)

Figure A5.60. Stress paths during injection (2FRAC2b: 0.40 ml/s)
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Figure A5.61. Extent of yield zone at end of injection (2FRAC2c: 1.00 ml/s)
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Figure A5.62. Plastic strain contours at end of injection (2FRAC2c: 1.00 ml/s)



J0B TITLE

FLAC (VERSION 3.30) -
LEGEND

Si1011999 2125 ™
step 27679

Cons. Time 8.5002E+02

.000E+00 <x< 7.000€-01

1.500E-01 <y< 8500E-01 =
=
n o
D4 Waiter

Figure A5.63. Change in horizontal effective stress (2FRAC2c: 1.00 ml/s)
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Figure A5.64. Change in vertical effective stress (2FRAC2c: 1.00 ml/s)
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Figure A5.65. Change in tangential effective stress (2FRAC2c¢: 1.00 ml/s)
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Figure A5.66. Change in pore pressure (2FRAC2c: 1.00 ml/s)
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Figure A5.68. FLAC permeability (2FRAC2c: 1.00 ml/s)
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Figure AS5.69. Pore pressure development during injection (2FRAC2c: 1.00 ml/s)
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Figure A5.70. Stress paths during injection (2FRAC2c: 1.00 mVs)
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Figure A5.71. Extent of yield zone at end of injection (2FRAC2d: 0.25 ml/s)
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Figure A5.72. Plastic strain contours at end of injection (2FRAC2d: 0.25 ml/s)
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Figure A5.74. Change in vertical effective stress (2FRAC2d: 0.25 ml/s)
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Figure A5.75. Change in tangential effective stress (2FRAC2d: 0.25 ml/s)
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Figure A5.76. Change in pore pressure (2FRAC2d: 0.25 ml/s)
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Figure AS.77. Stress ratio 6’ /o’, (2FRAC2d: 0.25 ml/s)

Figure A5.78. FLAC permeability (2FRAC2d: 0.25 ml/s)
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Figure AS5.79. Pore pressure development during injection (2FRAC2d: 0.25 ml/'s)
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Figure A5.80. Stress paths during injection (2FRAC2d: 0.25 mV/s)
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Figure A5.81. Extent of yield zone at end of injection (2FRAC2e: 0.40 ml/s)
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Figure A5.82. Plastic strain contours at end of injection (2FRAC2e: 0.40 ml/s)
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ure A5.83. Change in horizontal effective stress (2FRAC2e: 0.40 ml/s)
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Figure A5.84. Change in vertical effective stress (2FRAC2e: 0.40 ml/s)
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Figure A5.85. Change in tangential effective stress (2FRAC2e: 0.40 ml/s)
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Figure A5.86. Change in pore pressure (2FRAC2e: 0.40 ml/s)
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Figure A5.87. Stress ratio ¢’ /c”, (2FRAC2e: 0.40 ml/s)
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Figure A5.88. FLAC permeability (2FRAC2e: 0.40 ml/s)




550

s00
aso
400

300

Pore Pressure (kPa)

150
100

Wisction Time (sec)

—e—(126)  _a—(17.26) ——(9.26) —p—(9.34) —e—(9.18)

Figure A5.89. Pore pressure development during injection (2FRAC2e: 0.40 ml/s)
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Figure AS.90. Stress paths during injection (2FRACZe: 0.40 mls)
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Figure A5.91. Extent of yield zone at end of injection (2FRAC3a: 1.0 ml/s)
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Figure A5.92. Plastic strain contours at end of injection (2FRAC3a: 1.0 ml/s)



JoBTITLE

FLAC (VERSION 3.30)
LEGEND

572011999 0918 -
step 5921

Cons, Time 8 5015E+02

0.000E%00 <x< 7.000E-01

1.500E-01 <y< 8500E-01
E -
| P
D.J. Walter

Figure AS5.93. Change in horizontal effective stress (2FRAC3a: 1.0 ml/s)

JoB TITLE
FLAC (VERSION 3.30)
LEGEND
5201998 08:18 ™
5921

Cons. Time 8.5015E+02

0.000E400 <x< 7.000E-01

1,500E-01 <y< 8.500E-01
-
| o
-
E -
D.J. Walter

Figure A5.94. Change in vertical effective stress (2FRAC3a: 1.0 ml/s)
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Figure A5.95. Change in tangential effective stress (2FRAC3a: 1.0 ml
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Figure A5.96. Change in pore pressure (2FRAC3a: 1.0 ml/s)
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Figure A5.97. Stress ratio 6° /o”, (2FRAC3a: 1.0 ml/s)
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Figure AS.99. Pore pressure development during injection (2FRAC3a: 1.0 mls)
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Figure AS5.100. Stress paths during injection (2FRAC3a: 1.0 ml/s)
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Figure A5.101. Extent of yield zone at end of injection (2FRAC3b: 3.0 ml/s)
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Figure A5.102. Plastic strain contours at end of injection (2FRAC3b: 3.0 ml/s)
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Figure A5.103. Change in horizontal effective stress (2FRAC3b: 3.0 ml/s)
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Figure A5.104. Change in vertical effective stress (2FRAC3b: 3.0 ml/s)
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Figure A5.105. Change in tangential effective stress (2FRAC3b: 3.0 ml/s)
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Figure A5.106. Change in pore pressure (2FRAC3b: 3.0 ml/s)
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Figure A5.107. Stress ratio 6’ /", (2FRAC3b: 3.0 ml/s)
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Figure A5.108. FLAC permeability (2FRAC3b: 3.0 ml/s)
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Figure A5.109. Pore pressure development during injection (2FRAC3b: 3.0 ml/s)
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Figure A5.110. Stress paths during injection (2FRAC3b: 3.0 ml/s)
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Figure A5.111. Extent of yield zone at end of injection (2FRAC3c: 10.0 ml/s)
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Figure A5.112. Plastic strain contours at end of injection (2FRAC3c: 10.0 ml/s)
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Figure A5.113. Change in horizontal effective stress (2FRAC3c: 10.0 ml/s)
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Figure A5.114. Change in vertical effective stress (2FRAC3c: 10.0 ml/s)
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Figure A5.115. Change in tangential effective stress (2FRAC3c: 10.0 ml/s)
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Figure A5.116. Change in pore pressure (2FRAC3c: 10.0 m/s)
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Figure AS.117. Stress ratio 6’ /o, (2FRAC3c: 10.0 ml/s)
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Figure A5.118. FLAC permeability (2FRAC3c: 10.0 ml/s)
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Figure AS.119. Pore pressure development during injection (2FRAC3c: 10.0 ml/s)
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Figure AS.120. Stress paths during injection (2FRAC3c: 10.0 mls)
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Figure A5.121. Extent of yield zone at end of injection (2FRAC3d: 30.0 ml/s)
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Figure A5.122. Plastic strain contours at end of injection (2FRAC3d: 30.0 ml/s)
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Figure A5.123. Change in horizontal effective stress (2FRAC3d: 30.0 ml/s)
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Figure A5.124. Change in vertical effective stress (2FRAC3d: 30.0 ml/s)
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Figure A5.125. Change in tangential effective stress (2FRAC3d: 30.0 ml/s)
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Figure A5.126. Change in pore pressure (2FRAC3d: 30.0 ml/s)
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Figure A5.128. FLAC permeability (2FRAC3d: 30.0 ml/s)
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Figure AS.129. Pore pressure development during injection (2FRAC3d: 30.0 mVs)

Vertical Effactive Stress (kPa)

3so0

2FRAC3d

o 100 200 300

Horizontal Effective Stress (kPa)

400

—a—(1.26)

-- Yield Surtace

Figure AS.130. Stress paths during injection (2FRAC3d: 30.0 mVs)
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Figure A5.131. Extent of yield zone at end of injection (2FRAC3e: 3.0 ml/s)
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Figure A5.132. Plastic strain contours at end of injection (2FRAC3e: 3.0 ml/s)
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Figure A5.133. Change in horizontal effective stress (2FRAC3e: 3.0 ml/s)
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Figure A5.134. Change in vertical effective stress (2FRAC3e: 3.0 ml/s)
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Figure A5.135. Change in tangential effective stress (2FRAC3e: 3.0 ml/s)
JoBTIE
FLAC (VERSION 3.30)

LEGEND

52011999 1053

0.000E+00 <x< 7.000E-01

D.J. Walter

Figure A5.136. Change in pore pressure (2FRAC3e: 3.0 ml/s)
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Figure A5.137. Stress ratio 6’ /o’, (2FRAC3e: 3.0 ml/s)
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Figure A5.138. FLAC permeability (2FRAC3e: 3.0 ml/s)
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Figure AS5.139. Pore pressure development during injection (2FRAC3e: 3.0 ml/s)
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Figure AS5.140. Stress paths during injection (2FRAC3e: 3.0 mV/s)
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Figure A5.141. Extent of yield zone at end of injection (2FRAC3f: 30.0 ml/s)
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Figure AS5.142. Plastic strain contours at end of injection (2FRAC3f: 30.0 ml/s)
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Figure A5.143. Change in horizontal effective stress (2FRAC3: 30.0 ml/s)
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Figure A5.144. Change in vertical effective stress (2FRAC3f: 30.0 ml/s)
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Figure A5.145. Change in tangential effective stress (2FRAC3f: 30.0 ml/s)
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Figure A5.146. Change in pore pressure (2FRAC3f: 30.0 ml/s)
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Figure A5.147. Stress ratio 6’ /o’, (2FRAC3f: 30.0 ml/s)
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Figure A5.148. FLAC permeability (2FRAC3f: 30.0 ml/s)
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Figure AS.149. Pore pressure development during injection (2FRAC3f: 30.0 ml/s)
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Figure A5.150. Stress paths during injection (2FRAC3f: 30.0 ml's)

568



JoB TMLE

FLAC (VERSION 3.30) -
LEGEND

52311999 10:47 ™

step 30359

Cons. Time 8.3300E+00
0.000E+00 <x< 7.000E-01

1.500E-01 << 8 500E.01 -
Plasticity Indicator
* at yield in shear or vol. X000

i, at yield n past SRRIIHRKXNNK
iy XRXHRNRXRXXRIRX =

B
S 300000

D.J. Walter

Figure A5.151. Extent of yield zone at end of injection (2FRAC4)
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Figure A5.152. Plastic strain contours at end of injection (2FRAC4)
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Figure A5.153. Change in horizontal effective stress (2FRAC4)

JoB TITLE
FLAC (VERSION 3.30)
LEGEND

52311999 1047
step 30359

D.J Water

Figure A5.154. Change in vertical effective stress (2FRAC4)
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Figure A5.155. Change in tangential effective stress (2FRAC4)

J08 TITLE

FLAC (VERSION 3.30)

LEGEND

523/1999 10:48
step 30359

Figure A5.156. Change in pore pressure (2FRAC4)
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Figure A5.157. Stress ratio 6° /c°, (2FRAC4)
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Figure A5.158. FLAC permeability (2FRAC4)
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Figure AS.159. Pore pressure development during injection (2FRAC4)
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Figure AS.160. Stress paths during injection (2FRAC4)
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Figure A5.161. Extent of yield zone at end of injection (2FRACS)
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Figure A5.162. Plastic strain contours at end of injection (2FRACS)
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Figure A5.163. Change in horizontal effective stress (2FRAC5)
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Figure A5.164. Change in vertical effective stress (2FRACS5)
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Figure A5.165. Change mmymleﬂ‘ec;c stress (2FRACS5)

Figm:Ailﬁﬁ. Change in pore pressure (2FRACS)
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Figure A5.168. FLAC permeability (2FRACS)
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Figure A5.169. Pore pressure development during injection (2FRACS5)
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Figure A5.170. Stress paths during injection (2FRACS)
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Figure A5.171. Extent of yield zone at end of injection (3FRACI)
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Figure A5.172. Plastic strain contours at end of injection (3FRAC1)
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Figure A5.173. Change in horizontal effective stress (3FRAC1)
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Figure A5.174. Change in vertical effective stress (3FRACI1)
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Figure A5.176. Change in pore pressure (3FRACI1)
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Figure AS5.177. Stress ratio 6’ /o’, (3FRACI)
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Figure A5.178. FLAC permeability (3FRACI)
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Figure AS.179. Pore pressure development during injection (3FRAC1)
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Figure AS5.180. Stress paths during injection (3FRACI1)
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Figure A5.181. Extent of yield zone at end of injection (3FRAC2)
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Figure A5.182. Plastic strain contours at end of injection (3FRAC2)
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Figure A5.185. Change in tangential effective stress (3FRAC2)
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Figure A5.186. Change in pore pressure (3FRAC2)
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Figure A5.188. FLAC permeability (3FRAC2)
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Figure AS.189. Pore pressure development during injection (3FRAC2)
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Figure AS.190. Stress paths during injection (3FRAC2)
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Figure A5.191. Extent of yield zone at end of injection (3FRAC3)
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Figure A5.192. Plastic strain contours at end of injection (3FRAC3)
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Figure A5.193. Change in horizontal effective stress (3FRAC3)

JoBTITLE

FLAC (VERSION 3.30)
LEGEND.

5/31/1999 11:08

step 41499

Cons. Time 4 5000E+00

0.000E+0 <x< 7.000E-01
1500801 <y< 850001

.4 Walter

Figure A5.194. Change in vertical effective stress (3FRAC3)
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Figure A5.195. Change in tangential effective stress (3FRAC3)
JoaTLE
FLAC (VERSION 3.30)

LEGEND

5131/1999 11:08

>
==

Figure A5.196. Change in pore pressure (3FRAC3)
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Figure A5.197. Stress ratio o° /o”, (3FRAC3)
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Figure A5.198. FLAC permeability (3FRAC3)
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Figure AS.199. Pore pressure development during injection (3FRAC3)
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Figure A5.200. Stress paths during injection (3FRAC3)
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Figure A5.203. Change in horizontal effective stress (3FRAC4)
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Figure A5.204. Change in vertical effective stress (3FRAC4)
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Figure A5.205. Change in tangential effective stress (3FRAC4)
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Figure A5.206. Change in pore pressure (3FRAC4)
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Figure A5.207. Stress ratio 6" /", (3FRAC4)
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Figure A5.208. FLAC permeability (3FRAC4)
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Figure A5.209. Pore pressure development during injection (3FRAC4)
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Figure A5.210. Stress paths during injection (3FRAC4)
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Figure A5.211. Extent of yield zone at end of injection (3FRACS)
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Figure A5.212. Plastic strain contours at end of injection (3FRACS)
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Figure A5.213. Change in horizontal effective stress (3FRACS)
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‘ Figure A5.214. Change in vertical effective stress (3FRACS)
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Figure A5.215. Change in tangential effective stress (3FRACS5)
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Figure A5.216. Change in pore pressure (3FRACS)
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Figure A5.217. Stress ratio " /o”, (BFRACS)
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Figure A5.218. FLAC permeability (3FRACS)
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Figure AS.219. Pore pressure development during injection (3FRACS)
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Figure A5.220. Stress paths during injection (3FRACS)
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Figure A5.221. Extent of yield zone at end of injection (3FRAC6)
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Figure A5.222. Plastic strain contours at end of injection (3FRAC6)
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Figure A5.223. Change in horizontal effective stress (3FRAC6)
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Figure A5.224. Change in vertical effective stress (3FRAC6)
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Contourinterval= 2 00E-01
Boundary plot
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Figure A5.227. Stress ratio o° /o, (3FRAC6)

Figure A5.228. FLAC permeability (3FRAC6)
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Figure A5.229. Pore pressure development during injection (3FRACS6)
500
450 —a—(1.26)
—o—(9.26
[ —a—(17.26)
E —%—(9,34)
2 —e—9.18)
@ o
2 Ko=1
3 arwouKeed
(3 i
B | RN Yield Surface

AAAAAAA Yield Surface

3FRAC6
—

0 200 400 600 800 1000 1200
Horizontal Effective Stress (kPa)

Figure A5.230. Stress paths during injection (3FRAC6)
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Figure A5.231. Extent of yield zone at t = 50 s (FLDTST1)
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Figure A5.232. Plastic strain contours at t =50 s (FLDTSTI)
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Figure A5.233. Change in horizontal effective stress at t =50 s (FLDTSTI)
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Figure A5.234. Change in vertical effective stress at t = 50 s (FLDTST1)
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Figure A5.236. Change in pore pressure at t = 50 s (FLDTST1)
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Figure A5.237. Stress ratio 6°/o’, att =50 s (FLDTST1)
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Figure A5.238. FLAC permeability at t =50 s (FLDTST1)
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Figure A5.239. Pore pressure development during injection (FLDTST1)
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Figure A5.240. Stress paths during injection (FLDTST1)
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Figure A5.241. Extent of yield zone at t = 100 s (FLDTST2)
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Figure A5.242. Plastic strain contours at t = 100 s (FLDTST2)




Figure A5.243. Change in horizontal effective stress at t = 100 s (FLDTST2)
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Figure A5.244. Change in vertical effective stress at t = 100 s (FLDTST2)
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Figure A5.245. Change in tangential effective stress at t = 100 s (FLDTST2)
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Figure A5.246. Change in pore pressure at t =100 s (FLDTST2)
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Figure A5.247. Stress ratio 6°,/6”, at t = 100 s (FLDTST2)
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Figure A5.248. FLAC permeability at t = 100 s (FLDTST2)
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Figure A5.249. Pore pressure development during injection (FLDTST2)
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Figure A5.250. Stress paths during injection (FLDTST2)
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Figure A5.251. Extent of yield zone at end of injection (CCFS01A)

JoB TIME

FLAC (VERSION 3.30)
LEGEND

807/1999 09:16

step 22099

Cons. Time 1.1500E+03

0.000E+00 <x< 2500E-01
~3.000E-01 <y<-5.0006-02

0.4 Watter

Figure A5.252. Plastic strain contours at end of injection (CCFS01A)
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Figure A5.253. Change in horizontal effective stress (CCFS01A)
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Figure A5.254. Change in vertical effective stress (CCFS01A)



JoBTIME
FLAC (VERSION 3.30)

LEGEND

60711999 08:16

Figure A5.255. Change in tangential effective stress (CCFS01A)
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Figure A5.256. Change in pore pressure (CCFSO01A)
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Figure A5.257. Stress ratio 0’,/0”, (CCFS01A)
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Figure A5.258. FLAC permeability (CCFSO1A)




Pore Pressure (kPa)

Vertical Effective Stress (kPa)

250

CCFSO01A

injection Time (sec)

1000 1200

——(1.30) —a—(24.30) —e—(12,30) —3—(37,30) —o—(24,36) —w—(24,43) —— (24,18)

120

100

Figure A5.259. Pore pressure development during injection (CCFS01A)
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Figure A5.260. Stress paths during injection (CCFS01A)
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Figure A5.261. Extent of yield zone at end of injection (CCFS01B)
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Figure A5.262. Plastic strain contours at end of injection (CCFS01B)
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Figure A5.263. Change in horizontal effective stress (CCFS01B)
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Figure A5.264. Change in vertical effective stress (CCFS01B)
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Figure A5.265. Change in tangential effective stress (CCFS01B)
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Figure A5.266. Change in pore pressure (CCFS01B)
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Figure A5.267. Stress ratio ¢’ /o”, (CCFS01B)
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Figure A5.268. FLAC permeability (CCFS01B)
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Figure A5.269. Pore pressure development during injection (CCFS01B)
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Figure A5.270. Stress paths during injection (CCFS01B)
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Figure A5.271. Extent of yield zone at end of injection (CCFS01C)
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Figure A5.272. Plastic strain contours at end of injection (CCFS01C)
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Figure A5.273. Change in horizontal effective stress (CCFS01C)
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Figure A5.274. Change in vertical effective stress (CCFS01C)
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Figure A5.275. Change in tangential effective stress (CCFS01C)
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Figure A5.276. Change in pore pressure (CCFS01C)
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Figure A5.277. Stress ratio ¢’ /o, (CCFS01C)
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Figure A5.278. FLAC permeability (CCFS01C)
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Figure AS.279. Pore pressure development during injection (CCFS01C)
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Figure A5.280. Stress paths during injection (CCFS01C)

635



(@ 10S40D) uondaful Jo pua Je SINOJU0D UTBNSs JIIse|d ‘Z8T'SV d4n31y

souem T Q

00430000 >> 103008 Z-
103005 >%> 00430000
20+30051°4 uiL sU0D
szzee dais
V160 B861/10D
anaoz1
(082 NOISHIA) OV14
Tl sor

(A10S400) uondalul Jo pus je auoz paIk Jo UAXT *I§T'SY a3y

oA T 0

od Kepunca

worsusn vl prosk 1€ 0
158 uf praik 1@ ‘onsere X
104 50 J0ayS Uy pra e .
. sorenpu Kionseld
00430000 >k> 1030057

anaoz1

(08°€ NOISHIA) OV14
111 gor




JoBTITE
FLAC (VERSION 3.30)

LEGEND

50171999 0914
step 38223

Figure A5.283. Change in horizontal effective stress (CCFS01D)
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Figure A5.284. Change in vertical effective stress (CCFS01D)
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Figure A5.285. Change in tangential effective stress (CCFS01D)
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Figure A5.286. Change in pore pressure (CCFS01D)
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Figure A5.287. Stress ratio 6° /c’, (CCFS01D)
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Figure A5.288. FLAC permeability (CCFS01D)
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Figure AS.289. Pore pressure development during injection (CCFS01D)
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Figure A5.290. Stress paths during injection (CCFS01D)
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Figure A5.291. Extent of yield zone at end of injection (CCFS02E)
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Figure A5.292. Plastic strain contours at end of injection (CCFS02E)
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Figure A5.293. Change in horizontal effective stress (CCFS02E)
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Figure A5.294. Change in vertical effective stress (C 'CFSO02E)
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Figure A5.295. Change in tangential effective stress (CCFS02E)
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Figure A5.296. Change in pore pressure (CCFSO02E)
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Figure A5.297. Stress ratio ¢’ /o’, (CCFS02E)
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Figure A5.298. FLAC permeability (CCFS02E)
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Figure AS.299. Pore pressure development during injection (CCFS02E)
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Figure AS.300. Stress paths during injection (CCFS02E)
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Figure A5.301. Extent of yield zone at end of injection (CCFS02F)
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Figure A5.302. Plastic strain contours at end of injection (CCFS02F)
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Figure A5.303. Change in horizontal effective stress (CCFS02F)
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Figure A5.304. Change in vertical effective stress (CCFS02F)
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Figure A5.305. Change in tangential effective stress (CCFS02F)
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Figure A5.306. Change in pore pressure (CCFS02F)
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Figure A5.307. Stress ratio 6 /", (CCFS02F)
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Figure A5.308. FLAC permeability (CCFSO2F)
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Figure AS5.309. Pore pressure development during injection (CCFS02F)
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Figure A5.310. Stress paths during injection (CCFS02F)
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Figure A5.311. Extent of yield zone at end of injection (CCFS02G)
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Figure A5.312. Plastic strain contours at end of injection (CCFS02G)
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Figure A5.313. Change in horizontal effective stress (CCFS02G)
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Figure A5.314. Change in verticaleffective stress (CCFS02G)
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Figure A5.315. Change in tangential effective stress (CCFS02G)
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Figure A5.316. Change in pore pressure (CCFS02G)
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Figure A5.317. Stress ratio 6" /o’, (CCFS02G)
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Figure A5.318. FLAC permeability (CCFS02G)
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Figure A5.319. Pore pressure development during injection (CCFS02G)
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Figure A5.320. Stress paths during injection (CCFS02G)
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Figure A5.321. Extent of yield zone at t= 1420 s (CCFS03I)
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Figure A5.322. Plastic strain contours at t = 1420 s (CCFS03I)
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Figure A5.323. Change in horizontal effective stress at t = 1420 s (CCFS031)
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Figure A5.324. Change in vertical effective stress at t = 1420 s (CCFS03I)
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Figure A5.325. Change in tangential effective stress at t = 1420 s (CCFS03I)
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Figure A5.326. Change in pore pressure at t = 1420 s (CCFS03I)
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Figure A5.327. Stress ratio ¢’ /o, at t = 1420 s (CCFS03I)
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Figure A5.328. FLAC permeability at t = 1420 s (CCFS03I)
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Figure AS5.329. Pore pressure development during injection (CCFS03I)
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Figure AS.330. Stress paths during injection (CCFS03I)
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Figure A5.331. Extent of yield zone at end of injection (CCFS03J)

JoBTITLE
FLAC (VERSION 3.30)

LEGEND

616/1999 08:28
step 3268

Cons. Time 16001E+02
0.000E+00 <x< 2 500601
~3.000E-01 <y< -5.000E-02

00E0:

D, Weter

Figure A5.332. Plastic strain contours at end of injection (CCFS03J)
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Figure A5.333. Change in horizontal effective stress (CCFS03J)
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Figure A5.334. Change in vertical effective stress (CCFS03J)
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Figure A5.335. Change in tangential effective stress (CCFS03J)
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Figure A5.336. Change in pore pressure (CCFS03J)
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Figure A5.337. Stress ratio ¢’ /", (CCFS03J)
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Figure A5.338. FLAC permeability (CCFS03J)
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Figure A5.339. Pore pressure development during injection (CCFS03J)
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Figure AS5.340. Stress paths during injection (CCFS03J)
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Figure A5.341. Extent of yield zone at t =457 s (CCFS03K)
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Figure A5.342.

Plastic strain contours at t = 457 s (CCFS03K)
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Figure A5.343. Change in horizontal effective stress at t =457 s (CCFS03K)
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Figure A5.344. Change in vertical effective stress at t =457 s (CCFS03K)
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Figure A5.345. Change in tangential effective stress at t = 457 s (CCFS03K)
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Figure A5.346. Change in pore pressure at t =457 s (CCFS03K)
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Figure A5.347. Stress ratio 6° /o’ at t =457 s (CCFS03K)
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Figure A5.348. FLAC permeability at t =457 s (CCFS03K)
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Figure A5.349. Pore pressure development during injection (CCFS03K)
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Figure A5.350. Stress paths during injection (CCFS03K)
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Figure A5.351. Extent of yield zone at end of injection (CCFS03L)
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Figure A5.352. Plastic strain contours at end of injection (CCFS03L)
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Figure A5.353. Change in horizontal effective stress (CCFSO3L)
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Figure A5.354. Change in vertical effective stress (CCFS03L)
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Figure A5.355. Change in tangential effective stress (CCFSO3L)
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Figure A5.356. Change in pore pressure (CCFSO03L)
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Figure A5.357. Stress ratio o”,/o", (CCFS03L)
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Figure A5.358. FLAC permeability (CCFSO3L)



(kPa)

Vertical Effactive Str

Pore Pressure (kPa)

160

140

120

100

a0

(-‘ TRARL
e

o=

L.

: - 7 R R

Wisction Time (sec)

—8—(135) —a—(24.35) —e—(12.35) —3—(37.35) ——(24.41) —m—(24.48) ——(24.23)
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Figure AS5.360. Stress paths during injection (CCFS03L)
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Figure A5.362. Plastic strain contours at t =273 s (CCFS04M)
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Figure A5.363. Change in horizontal effective stress at t =273 s (CCFS04M)
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Figure A5.364. Change in vertical effective stress at t =273 s (CCFS04M)
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Figure A5.365. Change in tangential effective stress at t =273 s (CCFS04M)
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Figure A5.366. Change in pore pressure at t = 273 s (CCFS04M)
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Figure A5.367. Stress ratio ¢°/c”, at t =273 s (CCFS04M)
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Figure A5.368. FLAC permeability at t =273 s (CCFS04M)
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Figure A5.370. Stress paths during injection (CCFS04M)
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Figure A5.371. Extent of yield zone at end of injection (CCFS04N)
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Figure A5.372. Plastic strain contours at end of injection (CCFS04N)
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Figure A5.374. Change in vertical effective stress (CCFS04N)
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Figure A5.378. FLAC permeability (CCFS04N)
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Figure A5.379. Pore pressure development during injection (CCFS04N)
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