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THE USE OF HORIZONTAL WELLS FOR
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Stephen Easton Cox

As the pore pressure in a landfill rises, there is an increased likelihood that leachate will be

driven through the site liner and contaminate groundwater in surrounding formations. This

dissertation examines the use of directionally drilled horizontal wells for leachate and gas

control purposes.

The main findings of the research are

an understanding of the practical difficulties of horizontal well installation, the
theoretical reasons for them and ways in which they can be overcome

an indication of the required characteristics of the well screen (material, strength, slot
width and open area)

an understanding of the way in which pumping from a horizontal well affects pore
pressures in a landfill, which is heavily influenced by the anisotropic permeability of
the waste

the importance of measuring leachate heads/pore pressures using piezometers with a
discrete response zone, as a result of the spatial variability of head within the landfill
the desirability of extracting leachate from the lower horizons, if that is where
leachate head/pore pressure control is required

the importance of establishing the barometric influence on piezometer readings and
fluid extraction rates

the ability of horizontal wells to extract large volumes of landfill gas, even from the

notionally saturated zone.
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NOTATION
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CHAPTER 1

Introduction

1.1 Statement of Problem

It is now recognised that the potential for a landfill to pollute the environment will remain for
many decades after the tipping of waste has ceased. In order to surrender a site licence in the
UK, a landfill operator must demonstrate that the condition of the land is such that it is

unlikely to cause pollution of the environment or harm to human health.

One of the main pathways by which a landfill might pollute the environment is the
contamination of surrounding land and groundwater by leachate leaking through the base
and/or sides. To prevent such leakage, the Environment Agency will often stipulate that the
leachate level within a landfill must be maintained below a certain elevation. Modern sites
and new landfill cells are constructed with effective provisions for leachate control that may
include geotextile liners and basal drainage layers. Traditional methods of leachate control at
older sites generally rely on retro-fitted vertical wells, but may meet with limited success

because yields are frequently very low [Powrie & Beaven, 1999].

As a result of this apparent ineffectiveness of vertical leachate extraction wells, alternative

solutions are being sought. This research has addressed, as its main focus, the installation and
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performance of retro-fitted directionally drilled horizontal wells to control leachate (and gas)

in landfills.

1.2 Horizontal Directional Drilling Overview

Horizontal directional drilling techniques were developed in the oil exploration industry, and
have become commonplace in civil engineering since the early 1990’s. The majority of
projects using the technology are pipeline and cable installations. Examples of directional

drilling rigs are shown in Figure 1.1.

i v =
- -
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Figure 1.1 Directional Drilling Rigs; (a) ‘mini-rig’, (b) ‘maxi-rig’ [Metallic Tile 2000 & River Maas 1999]

Directional drilling is most commonly used in situations where conventional trenching is
prevented by an obstruction such as a watercourse, or where it would cause disruption to

surface activities such as traffic flow. Examples include;

1) The installation of a gas supply line below the River Nene and an adjacent railway in
Lincolnshire. By using directional drilling the need for a pipe bridge over the river
was avoided and rail services were able to continue uninterrupted during installation

[Horizontal Drilling International, 1998].

2) The installation of a fibre optic telecommunications cable underneath the Canal
Tessera in Venice. This replaced a cable previously laid on the canal bed which had

been damaged by dredging operations [Gassler, 1999].
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In the US and Western Europe, directional drilling is being used for an increasing number of

environmental applications. Examples include;

1) A horizontal well was completed in a shallow sand and gravel aquifer to supply
potable water to the city of Des Moines, lowa, (Figure 1.2). As the aquifer was
shallow, 47 vertical wells would have been necessary to expose an equivalent length

of well screen to the aquifer [Maxwell, 1998].

_l\ Horizontal Potable Water Well

A LNDFOACND. G

Figure 1.2 Schematic diagram of horizontal water well in a shallow sand and gravel aquifer, Des Moines,
Iowa. [Source, A&L Underground Inc.]

2) The installation of horizontal wells for Air Sparging and SVE (Soil Vapour
Extraction) to volatilise and remove spilt jet fuel at JFK Airport, New York. More
than fifty wells were drilled under the runways, terminal buildings and apron areas of
the airport whilst flights continued. Vertical wells were not chosen as they required
both raised well heads and a greater number of installations to remediate the same

area [Wilson, 1996a].

In the UK, implementation of the technology for environmental applications has been slow.
The only significant project apart from this research took place in Autumn 1999 in Cardiff.
Four horizontal wells were installed to control groundwater levels raised by the closure of the

Cardiff Bay Barrage [Clarke, 2000]. This project is discussed further in section 2.3.

1.3 Objectives
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Worldwide, a number of horizontal wells have been installed beneath or around landfill sites
to remediate leachate plumes [Longbore, 1997; Petrowsky, 1999]. However, no reference
could be found to wells installed within the body of a municipal solid waste landfill.
Directional drilling has been successful in many types of ground conditions from hard rock to
soft clay but the extreme heterogeneity of municipal solid waste (MSW) presents many
uncertainties for the drilling process. For example, in one area the waste may consist of paper
and slurry whilst in an adjacent area there may be concrete and steel construction debris
(Figure 1.3). Another major difference between natural ground and MSW is that natural
formations do not contain materials with tensile strength, whereas MSW contains, for
example, steel rope and fabrics which may become wrapped up in the drilling tools. These
uncertainties may be some of the reasons why directional drilling within waste had not been
previously attempted. This research project was therefore initiated to determine whether
horizontal wells could be installed within a landfill and to assess their effectiveness at
leachate control. The research has focused on a series of trial well installations followed by a
subsequent performance assessment based on results obtained from a large network of

monitoring points.

Figure 1.3 Heterogeneity of waste, (a) slurry, (b) discarded washing machine, (c) concrete and steel
[Rainham 1998 — 2000]

As the research continued, references were found to five previous projects in which it was
attempted to install horizontal wells within the body of a landfill using directional drilling
[Yach 1997, Bruxvoort et al 1998, Longbore 2001(a, b), Wolfe 2001]. Each of these projects
met with varying degrees of success but none was purely research based. The results have not
been widely disseminated and where they have been published they lack comprehensive
analysis and so have been of limited use to waste management companies wishing to adopt

the technology. An investigation of the advantages and disadvantages of the installation and
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operation of horizontal wells was required together with a thorough understanding of the

mechanisms involved.

References to previous horizontal well installations are mostly publicity material written by
the drilling contractors themselves and consequently lack discussion on how the wells
performed once the drillers had left the site. For this project the network of instrumentation
installed for monitoring the performance of the wells was extensive and the results and their

analysis constitute a major part of this dissertation.

Conventional horizontal drainage systems requiring the excavation of a trench become less
practical as the depth of waste becomes greater. Figure 1.4 shows a trench being installed
where a large volume of waste has had to be removed to gain access to the lower horizons.
The health and safety issues associated with excavating waste are considerable, indeed the
operators in the photograph are wearing chemical splash suits, gas masks and restraining
harnesses. Installation of horizontal wells using directional drilling reduces the hazards faced

by operators.

Figure 1.4 Excavation of trench in waste for installation of drainage system [Rainham Phase 1, Jan 2001].
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Until recently landfills have often been conceived as receptors for the dry-tomb encapsulation
of waste. The emphasis is now shifting toward the concept of a flushing bio-reactor where,
by repeated flushing of water through the waste, the rate of decomposition may be increased
to achieve stability within one generation [Powrie & Beaven 1999, Powrie & Robinson
2000]. This obviously relies on effective mechanisms for the drainage and recirculation of
leachate. If horizontal wells are to play a role in this, a sound understanding of their

hydrogeological and geotechnical interactions with the waste is essential.

1.4 Outline of Dissertation

Chapter 2: Background Information

The reasons why horizontal wells were thought to represent a more effective solution for
leachate control than vertical wells are discussed. A detailed description of the directional
drilling technique is presented and then illustrated using the Cardiff Bay horizontal wells as a

case study.

Chapter 3: Site Investigation

A brief description and history of Rainham Landfill site is given, justifying its selection as
the site for the field trials. The results of the extensive desk study and invasive site
investigation are presented. The classification of waste recovered from landfill is also

discussed.

Chapter 4: Well Installation Field trials

The field trials are discussed in detail, indicating how the well design and installation
techniques were refined after each trial. The main findings of the trials, together with a series

of recommendations for future trials, are presented at the end of the chapter.
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Chapter 5: Monitoring Instrumentation

Before the Rainham wells were brought into operation, an extensive monitoring network was

installed to assess their performance. The instrumentation used is described and evaluated.

Chapter 6: Results and Discussion

The results from operation of the horizontal wells are presented and well performance is

assessed in terms of leachate flow, gas flow, pore pressure reduction and waste compression.

Chapter 7: Conclusions

The main findings of the research are summarised and recommendations for future work are

discussed.
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Background Information

It was essential to gain a thorough understanding of the directional drilling process before
any adaptations could be made to facilitate the installation of horizontal wells in waste. The
directional drilling process is described in this chapter. The Cardiff Bay case study is then
used to illustrate an interesting application of the technology and one which had a significant

influence on the subsequent landfill trials.

2.1 Comparison of Vertical and Horizontal Wells

It was considered that horizontal wells installed in landfill might offer a more effective

solution for leachate control than conventional vertical wells for the following reasons.

1) At large drawdowns, vertical wells may suffer from a reduction in the wetted area
through which flow can occur [Powrie & Beaven, 1999]. Horizontal wells, owing to their
position near the base of the waste, should not become exposed to unsaturated material

until fluid extraction is at an advanced stage.

2) The landfill may be compartmentalised as a consequence of depositing low permeability
cover material over the waste at the end of each day. The greater length of a horizontal

well makes its overall performance less susceptible to installation through isolated
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compartments which may have low hydraulic conductivities. However, if the entire
horizon in which the horizontal well is situated is of low permeability then flow rates will
be reduced. If the objective of the well is to reduce pore pressures as opposed to

extracting large volumes of leachate then compartmentalisation may not be a problem.

Owing to its greater length, a single horizontal well may exhibit an effect over the same
volume of waste as a number of vertical wells, particularly if the waste mass is shallow.
For general land remediation projects it has been suggested that one horizontal well can
replace between 10 to 50 vertical wells depending on the dimensions of the contaminant

plume [STAR Environmental Inc., 1998].

The installation costs of a horizontal well are significantly greater than for a vertical well
but the overall cost of the remediation project is a more important consideration. [STAR
Environmental Inc., 1998]. Subsequent infrastructure, maintenance and pumping costs
should be lower with horizontal wells as fewer wells are required. Indeed, by targeting
the specific horizons concerned, directionally drilled wells can extract water and remove
contaminants without the unnecessary removal and treatment of water from unaffected

horizons.

Dense vertical well-fields on landfills delay tipping operations by restricting the
movement of vehicles over the site, particularly when the wells are connected by a
network of pipes for transporting leachate and gas. In addition, vertical wells are
frequently damaged through being struck by vehicles. As tipping continues, vertical wells
must be continually extended upwards and the connecting pipelines replaced. The well in
Figure 2.1 is protected by a concrete ring but the repeated removal and replacement of
concrete rings as the waste level rises is awkward and time consuming. The emerging
end(s) of a horizontal well can be located away from tipping locations or even beyond the

landfill boundary.
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Figure 2.1 Large plant must work around vertical wells (and piezometers) and collisions are common.

Here the piezometer tubing is protected by a concrete ring [Rainham 1999].

6) The settlement of waste can result in vertical and lateral movements which frequently
damage vertical wells. Watts & Charles (1999) state that most settlement of a landfill is
usually associated with one-dimensional compression although the variability of the
waste will usually mean that differential settlements are relatively large. Figure 2.2 is a
photo taken from a borehole camera and shows how two sections of vertical well casing
have become offset due to lateral movement of the waste. Horizontal wells can be
installed entirely within the lower, older waste horizons where movements are smaller

owing to the proximity of the site base.

Figure 2.2 Vertical well casing offset as a result of lateral movement of the waste mass [Ockendon
Landfill, Essex, 2000]

10
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7) Other systems of ‘horizontal® drainage such as tyre trenches, gravel filled trenches’ and
basal drainage layers have proved effective at dewatering waste and maintaining low

leachate levels [Cleanaway, 2001b].

2.2 The Directional Drilling Method

During this project four horizontal wells were installed in two landfills by directional drilling.
An account of the basic technique, known as back-reaming, is given below. Chapter 4
discusses the installation of the four wells and gives details of the adaptations made to the

basic technique to overcome the particular problems of directional drilling in a landfill.

Before drilling commences the desired profile and dimensions of the borehole must be
calculated. These include target depth, required length, borehole diameter and the position of
the entry and exit points. The profile is dictated by:

= the type and diameter of the installation required (e.g. cable, large pipeline),

= the width of the obstacle being crossed (e.g. wide river, narrow rail tracks)

= the ground conditions that are likely to be encountered, and

" any obstructions that might be present such as existing services or building

foundations.

The drilling rig provides three main forces:
= thrust to the drilling assembly to advance the drill bit through the formation,
= torque to rotate the drill string to reduce skin friction, and
= tensile force to pull the drill string, back-reamer and casing (or cable/well screen)

through the borehole.

The size of the drilling rig will be determined by the scale and dimensions of the project.
Rigs are categorised according to their maximum pullback capacity and range from mini-rigs

with <200 kN capacity, through midi-rigs of 200-800 kN capacity, to maxi-rigs with up to

’ Cleanaway Limited have excavated large trenches back-filled with vehicle tyres for the purpose of leachate
control. Cleanaway have also installed 9km of 8m deep gravel trenches through an area of ageing industrial
waste using a specialised trenching machine. Both these trench types have proved effective in the control of
leachate levels [Cleanaway, 2001b].

I
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4000 kN capacity. Photographs of a mini and maxi rig are reproduced in Figure 1.1. The

main components of a directional drilling rig are indicated in Figure 2.3.

Carriage

Chain drive

Figure 2.3 Schematic diagram of directional drilling rig [Source, HDDwell.com]

The dimensions of the drill rods will be determined by the project specifications and possibly
constrained by the size of the rig used. Rods range from 25mm to 300mm in diameter and
can be 2 to 9m long. Drill rods are hollow to allow fluids to pass from the drilling rig down to
the drill head. Drilling rigs must be anchored to the ground by staking or attachment to a

buried weight. This provides a reaction force to the thrust or pull-back.

2.2.1 Pilot Drilling

The first stage of any installation is to drill the pilot borehole as indicated in Figure 2.4. This
is started at a shallow angle, typically 5° to 30°, to the ground surface. After drilling to the
target depth, the drill head is reoriented to drill in the horizontal direction. This is often done
gradually so as not to exceed the minimum bend radius” of the drill rods or the casing which
will follow. Once the horizontal section is complete, the drill bit is reoriented upward and

returns to the ground surface.

* The minimum bend radius is the shortest radius of the circle defined if the rods were drilled at maximum
curvature.

12
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Figure 2.4 Drilling of pilot borehole [Source, HDDwell.com]

2.2.2 Drilling Fluids

Throughout the drilling process fluids are pumped through the drill rods to the drill bit. Water
is the main component of drilling fluid. In most cases bentonite or polymer is added to
improve the drilling fluid properties. When bentonite (a montmorillonite clay) is mixed with
water it readily disperses to form a colloidal suspension which exhibits thixotropic properties,
i.e. it gels when left undisturbed but becomes fluid when agitated [Craig, 1992]. Drilling fluid
has a number of functions:

= to cut the formation by jetting or to provide fluid pressure to drive a tri-cone reamer,

= to lubricate and cool the drilling assembly,

" to convey cuttings in suspension from the borehole,

= to prevent continual migration of fluid into the formation through formation of a filter

cake, and

» to provide a fluid pressure to prevent collapse of the borehole walls.

Fluids flowing out of the borehole are collected in a fluids pit. From here the suspended
cuttings are filtered out and the fluids recycled. This recycling system uses less water and
fluid additives and a smaller volume of returning fluids must be disposed of. This has

obvious cost savings.

The critical properties of the drilling fluid are flow velocity, gel strength, density and the

ability to control fluid migration.

Velocity and Gel Strength

Flow velocity and gel strength are the primary factors that determine the ability of the drilling

fluid to remove cuttings from around the drill bit and transfer them through the borehole. The

13
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gel strength of the fluid determines whether cuttings will be held in suspension or will settle

out during a hiatus in fluid flow.

Density and Fluid Migration Control

According to Milligan (2000), the first requirement of the slurry (drilling fluid) is that it
should form a filter cake of consolidated and gelled bentonite (or polymer) against and within
the soil. This then becomes a low permeability membrane able to transmit fluid pressure in
excess of groundwater pressure, into effective stress between soil particles and hence
stabilise the borehole walls, Figure 2.5. To do this the fluid must not be able to penetrate too
readily into the formation; in open soils a fluid may simply dissipate into the ground without
transmitting any significant stresses into the soil, causing large consumption of fluids and

poor borehole support.

BOREHOLE

FILTER CAKE

FORMATION

Consolidated gelled
sharry

L e T /

Soil voids
filled with \  —Fluidised
gelled slurry g b sharry
LN N
Soil //g .
particles \'\ . |

Water filled

Figure 2.5 Formation of a filter cake, from Washbourne (1986).

The thickness of the filter cake is a function of the hydraulic conductivity of the formation

and the density of the drilling fluids. The filter cake formed in, say, a coarse sand formation

14
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will be thicker than in a fine sand formation as a result of the larger pore spaces that require
sealing. If the grain size of the formation is too large a filter cake may not form and the fluids
will continually migrate out into the formation. This is a particular problem for installations

within highly permeable formations such as gravel.

Ideally, for the installation of horizontal wells, the filter cake will form quickly during
construction of the borehole, yet will be readily removed during well development. The
blocking of the pores with bentonite particles or polymer causes a localised reduction to the
hydraulic conductivity of the formation. In recognition of the likely detrimental effects of
bentonite based drilling fluids on the hydraulic conductivity of the surrounding ground,
specialised biodegradable drilling fluids have been developed for projects where formation

permeability must be maintained, e.g. the installation of horizontal wells.

Drilling fluids that migrate into the formation may change the pH, redox potential or ionic
strength of the groundwater. This may cause dissolution or precipitation of minerals. The
minerals most likely to dissolve or precipitate (depending on groundwater and drilling fluid
chemistry) are the oxides and hydroxides of Fe and Mg, and carbonates including aragonite
and dolomite. The precipitation of minerals will reduce the permeability of the formation

(HDDwell.com, 2001a).

2.2.3 Guidance Systems and Steering

At the front of the drill head is the drill bit. Drill bits come in two main types. The more
common has a bevelled edge as in Figure 2.6. Nozzles on the bevelled edge create jets of
drilling fluid which provide the cutting action. The asymmetrical angle of the bevel causes
the drill head to change direction when thrust forward. However, if the drill head is thrust and
rotated simultaneously a straight course will be maintained as the bevelled edge and jets have

no preferred orientation.

- : B TS

<

Figure 2.6 Drill bit with bevelled edge.

The second type of drill bit is the tri-cone reamer, Figure 2.7. The angle required for steering

is provided by a short piece of drill rod (bent sub) located behind the drill bit that

15
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incorporates a 3°, 4° or 5° bend. The asymmetry of the bent sub causes the drill head to
change direction when thrust forward. If thrust and rotation are applied simultaneously a

straight course will be maintained.

Figure 2.7 Tri-cone drill bit. The angle of the bent sub can be seen [DrillTec, Rainham 2000].

It is crucial to know the rotational position (ro//) of the bevelled edge or bent sub when
making a steering correction. This is measured by a roll sensor that uses a twelve position
fluid switch and gives a clock-face read out. The inclination (pitch) of the drill head is also
measured using a fluid switch [Gallucci, 2001]. Depth is the third parameter required to guide
a directional borehole. With the walkover system a signal is transmitted from the sonde to the
ground surface and a hand held receiver is placed where this signal is strongest, i.e. directly
above the drill head (Figure 2.8). The signal strength is converted into a reading of depth
below ground level. Pitch and roll information are also transmitted with this signal. The

signal strength limits the walkover system to depths of less than 10m.

16
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Figure 2.8 Operating principle of the walkover guidance method; a sonde in the drill head sends signals
indicating depth, pitch and roll to a surface receiver [Source, HDDwell.com].

A wireline system is used at greater depths. This system calculates the pitch and roll using
triaxial magnetometers and accelerometers housed within a non-metallic drill head. The
orthogonal magnetometers measure the three components of the earth's magnetic field and
determine the angle made by the long axis of the drilling head with this field. The
accelerometers determine the angle between the long axis of the head and the earth's
gravitational field. From these angles the azimuth, pitch and roll may be determined. The
data are transmitted along a wire running through the drill rods to a computer at the surface.
Here they are combined with ‘distance drilled” data to determine the location and orientation
of the drill head in three dimensions. The AccuNav® system, transmits data from the drill
head to the surface via an electromagnetic signal sent through the actual drill rods [Maurer
Technology, 2002]. Connection of new wire and problems with wireline breaks are avoided.
AccuNav® is essentially ‘wireless’, but is not to be confused with the true wireless walkover

system.

Although wireline systems allow drilling at greater depths than walkover, they have two
principal disadvantages:
1. Any errors are propagated such that a small error near the start of a borehole can
result in an increasing deviation between the actual and theoretical locations of the

drill head as drilling continues.

17
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2. Interference to the earth’s magnetic field originates from a variety of sources
including pipelines, railway tracks, overhead power lines and steel reinforcement in

concrete. In these common circumstances, the system may lose accuracy.

A second type of wireline system, TruTracker™, overcomes these problems by using a
secondary electromagnetic survey system in conjunction with the magnetometer-
accelerometer guidance instrument. A cable (surface coil) is laid on the ground in a
rectangular configuration with the long axis centred over the borehole path and the 3D
Cartesian coordinates of the coil corners are surveyed. A DC current is applied to the coil to
induce an electromagnetic field of known intensity and size into the subsurface around the
drilling head (Figure 2.9) and a “shot” of the magnetometer values is taken. These values are
influenced by a) the field generated by the surface coil, b) the earth’s magnetic field, and c)
fields from any sources of interference. A reverse current is then applied to the coil and a
second shot is taken. The second shot is influenced by the same fields except that the field
generated by the coil has been reversed. The surface computer then subtracts the values of the
second shot from those of the first to eliminate the effect of the earth’s magnetic field and
any interference. The data, including the coordinates of the coil corners, can then be used to
determine the three dimensional location and orientation of the drill head. With this system
each calculation of the drill head position is independent of the last and so errors are not

propagated.

Figure 2.9 Lay out of wire grid for TruTracker™ guidance system [Source, Tensor Energy Products]

18
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The vertical depth and lateral position provided by the TruTracker™ system is accurate to +

2% of depth provided that a field of sufficient intensity is produced at the drill head [Waters,
2001].

2.2.4 Back-reaming and Casing Installation

The pilot borehole is complete once the drill head exits the ground. The drill head is then
removed and the back-reamer, swivel and casing are attached (Figure 2.10). During the back-
reaming process, as the assembly is pulled through the borehole, drilling fluid is pumped to

the reamer (Figure 2.11).

Back-reamer

Figure 2.10 Back-reaming assembly showing back-reamer, swivel and casing [Flowtex installation under
River Maas, Netherlands 1999]
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Figure 2.11 Back-reaming and casing installation [Source, HDDwell.com]

In theory the effect of the back-reamer is to cut the formation and increase the diameter of the
borehole enough to allow installation of the casing. It is important that the back-reamer mixes
the cuttings with the drilling fluid to produce a flowable slurry which is discharged from the

borehole to create a void for the casing. Back-reamers come in a variety of styles and can be
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selected to suit the ground conditions. The purpose of the swivel is to allow the back-reamer
to rotate without rotating the casing. Depending on ground conditions and the required
diameter of the borehole a number of pre-reams may be carried out prior to casing
installation. During pre-reaming, back-reamers of increasing size are used to gradually
enlarge the diameter of the borehole. As no well screen is being pulled in during a pre-ream,
a continuous drill string is maintained through the borehole by the addition of drill rods at the
exit end. Pre-reaming is often unnecessary but is advisable for projects where the casing has a
low tensile strength, for example PVC and slotted well screen [Wampler, 1997]. On

completion, a horizontal well will require development.

20
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The problems associated with well screen of low tensile strength may be overcome by use of

a carrier casing. Before installation the well screen is placed inside a steel carrier casing so

that during pullback all tensile forces are applied to the casing and not to the screen. This

allows the design of the well screen to focus on fluid extraction properties rather than the

strength needed for installation. Following installation, the carrier casing is pulled out,

exposing the well screen to the formation. Table 2.1 shows the tensile strength values for

selected well materials.

Table 2.1 Tensile strength of selected well materials.

Material Tensile strength (MPa) Manufacturer
Carbon steel pipe (carrier casing) 240 - 500 U.S. Steel
Stainless steel well screen (Vee-wire) | 34 Johnson

HDPE pipe 22" - 34" CPChem

PVC well screen (Vee-wire) 14 Johnson

All pipe diameters in the table are 102mm. *Yield strength ** Ultimate tensile strength.

Tensile strength will vary with wall thickness and diameter. However, the tensile strength of
the Vee-wire screen is dependent on the area of the rods that run the length of the well screen
(Figure 2.12). Conventional slotted well screen will retain a greater tensile strength if slotted
longitudinally as opposed to radially. For vertical well installations the well screen will be
subject to column loading from the weight of the well screen above. However, column

loading is not a consideration for horizontal wells installed using the back-reaming technique.

LOAD

i

WALL }
I THICKNESS;

\ /
o //

Figure 2.12 Vee-wire well screen. Tensile strength is proportional to rod area [Source, Johnson]
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A well screen may become smeared with cuttings and drilling fluid as it slides along the
borehole walls if no carrier casing is used. This will reduce the open area available for flow
and cause higher entrance velocities at the slots that remain open. These higher velocities
may entrain coarser particles which may then enter or block the well screen. Smearing is
reduced when a carrier casing is used as the well screen is not in contact with the borehole
walls during installation. In addition, on removal of the carrier casing, the borehole walls will
(eventually) collapse into the void and onto the well screen, this loosening may increase the

local hydraulic conductivity and improve well performance.

2.3 Horizontal Wells Case Study — Cardiff Bay

The Taff & Ely river estuary in Cardiff Bay has a tidal range of 14m which causes large areas
of mud flats to be exposed at low tide. As part of the redevelopment of Cardiff Bay, a barrage
1.1km in length has been constructed to enclose the estuary and create a freshwater lake by
maintaining the water level at the equivalent of high tide (Figure 2.13). As intended, the lake

has become the focal point for housing, retail and leisure developments.

Figure 2.13 The Cardiff Barrage encloses the Taff & Ely estuary [Source, Cardiff Harbour Authority]

As fluvioglacial gravel deposits in the surrounding area are hydraulically connected to the
freshwater lake, the local groundwater levels have risen. In order to prevent the flooding of
basements and damage to foundations, an extensive groundwater control scheme was

installed around South Cardiff. This scheme included the first directionally drilled horizontal
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wells in the UK. A single well was installed as a trial in May 1998 with a further three wells
installed in Autumn 1999. The specifications of these four wells are outlined in Table 2.2,

followed by a discussion of the success and failure of these specifications.

Table 2.2 Installation details of horizontal wells in Cardiff Bay.

ITEM TRIAL WELL WELLS 2,3 &4
Drilling contractor Allen Watson Stockton Pipelines
Date of installation May 1998 Autumn 1999
Made Ground, Alluvium, Made Ground, Alluvium,
Geological sequence Fluvioglacial Gravels (target Fluvioglacial Gravels (target
aquifer), Mercia Mudstone aquifer), Mercia Mudstone
e C1n Well 2, Midi Rig - 400kN
Drilling rig size Midi Rig (approx. 400kN) Wells 3 & 4, Maxi Rig - 1000kN
Drill rod diameter 100mm 88mm
Guidance system Wireline Walkover then wireline
Drilling fluid additive Bentonite Bentonite
Entry angle Various attempts, 18° successful | 18°
Borehole length 134m 160m, 130m, 130m
Max. depth below ground 14.5m 14.5m
Carrier casing diameter 250mm 200mm
Carrier casing material Steel Steel
. Stainless steel wire wrap on a Stainless steel wire wrap on a
Well screen material . .
perforated steel pipe base perforated steel pipe base
Well screen diameter 140mm OD, 125mm ID 140mm OD, 125mm ID
Well screen slot width 0.5mm 0.5mm
Length of Well screen in S4m 70m
gravel aquifer
Well development methods Surging, dosmg.wnh SAPP, Surging, jetting, Jettmghwnh
clearance pumping SAPP, clearance pumping
Well yield post development | 14 1/s 5 to 10 1/s depending on tide
Well yield June 2001
(barrage closed) 4s 6 s

Entry Angle and Bend Radius

* SAPP Sodium Acid Pyrophosphate (deflocculant chemical for breaking up clay particles).

23




Chapter 2: Background Information

The intention was to install a 100m long well in the 6-7m thick gravel aquifer. It was difficult
to steer the drill bit in the gravel layer as it had a tendency to rise upwards. As a result, the
first attempt, with an entry angle of 10°, exited at the top of the gravel layer with only a 31m
penetration of the gravels. On the second attempt the entry angle was increased to 20°. This
proved to be an overcompensation and caused the drill bit to exit at the base of the gravel
layer. After two further failed attempts at 16° and 19°, the optimum entry angle was found to
be 18° and a 54m length of well screen was installed in the gravel layer. This was short of the
original target but considered to be the greatest length obtainable given the constraints of
maximum total borehole length and the minimum bend radius of the rods. The importance of

selecting the correct entry angle was well illustrated in the trial.

For the installation of wells 2, 3 and 4 the drill rod diameter was reduced from 100mm to
88mm and the carrier casing from 250mm to 200mm. This permitted a shorter bend radius

which in turn allowed a greater length of well screen to be installed within the gravel layer.

Rig Size
A 400kN capacity rig was used for both the trial well and well 2. Although this midi-rig was
of adequate size, both rigs ran at near full capacity during pullback. Had an obstruction been

encountered, capacity may have been exceeded. To avoid potential problems a larger 1000kN

rig was used for wells 3 and 4.

Guidance System

A wireline system was used successfully to guide the trial borehole. As explained in section
2.2.3 the wireline system is more complicated, time consuming and therefore more costly to
operate than the walkover system so the guidance of well 2 began with walkover. However,
this was subject to interference from the saline groundwater and the drilling had to

recommence with a wireline system [Clarke, 2000].

Drilling Fluid, Well Screen and Well Development

The drilling fluid additive used in the trial was bentonite. Due to the five attempts made at
pilot drilling, 256m’ of drilling fluid were used and lost to the formation. No drilling fluid
returned from the borehole suggesting that the pore spaces in the gravel were too large,

enabling fluids to migrate away from the borehole and preventing the formation of a filter

cake. The bentonite concentration used was 37kg/m’, meaning that a total of 9.5tons of
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bentonite were introduced into the formation. It is to be expected that this amount of clay
would cause a significant reduction to the hydraulic conductivity in the vicinity of the well.
As a result the well development process was prolonged and involved nine cycles of surging,
chemical dosing and clearance pumping. The effects of development on well yield were

marked and are indicated in Figure 2.14.

14

Well Yield (l/s)

Development Cycle

Figure 2.14 Sustainable yield of trial horizontal well after each development cycle [Source, CBDC 1998]

Before work began on wells 2, 3 and 4, the well development contractor [WJ Groundwater
Ltd, 1998] advised Stockton Pipelines to make the following changes to the drilling and
installation plan:

* The slot width of the well screen used in the trial (0.5mm) was rather fine for a sandy-
gravel aquifer and that a slot width of 2 or even 3mm might be suitable and give
higher flow rates.

= The use of bentonite in the drilling fluid should be avoided, in favour of
biodegradable alternatives if possible.

= The volume of drilling fluid should be minimised as the 260m” used in the trial may
have penefrated the formation by more than 0.5m along the entire length of the well.
Even high energy development techniques of jetting and surging would be unlikely to

have an effect over this radius.
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WI Groundwater Ltd considered that attention to these three points would ‘have an infinitely
greater beneficial effect on well efficiency’ than any subsequent well development. However,
these changes were not implemented. No flow was obtained from wells 2, 3 and 4 when
suction pumping first began. Well development, which included chemical dosing, surging,
jetting and clearance pumping, increased the flow rates to 8 to 10 1/s although these values

were still only 50% of the target.

Following installation, development and testing of the horizontal wells, the barrage was
closed, impounding freshwater in the bay and preventing tidal fluctuations. The groundwater
control scheme which included the four horizontal wells was brought into operation to
maintain groundwater at its pre-impoundment level. The performance of the wells is
summarised in the Cardiff County Council Harbour Authority Report [CCCHA, 2001]. Three
of the wells have exhibited a gradual decline in flow from an average of 10 I/s in December
1999 to an average of 4.5 1/s in June 2001. The decline in flow rate is matched by a steady
rise in groundwater levels of between 0.7m and 2.6m, Figure 2.15. The fourth well, located in
a different area of Cardiff Bay from the other three wells, has maintained a flow rate of
between 7-8 I/s. CCTV inspections in May 2001 revealed silt and bacterial deposits in the
three wells with declining flow rates. The fourth well was free from these deposits. All wells
were jetted to displace any deposits and after further CCTV inspection the wells were found
to be clean. However no increase in flow rate was subsequently recorded and rates continued

to decline.
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Figure 2.15 Flow from Horizontal Well (location Recreation Ground South, Cardiff Bay). Note gradual
decline in flow rate matched by gradual rise in groundwater levels. [Source, CCCHA 2001]

It is possible that although jetting cleaned the inside of the wells, the design of the well
screen may have severely inhibited the effect of jetting on the surrounding gravel formation.
The well screen was a Vee-wire” design mounted on a perforated pipe base’, Figure 2.16.
Whilst the Vee-wire has a large and evenly distributed open area (17% for 0.5mm slots), by
mounting it on a pipe base with infrequent perforations the jets can only pass directly into the
formation in a limited number of places. Where jets do not pass directly into the formation
their energy will be quickly dissipated by the pipe and wire. It seems likely that although the
wells were clean after jetting, the silt and bacterial deposits remained in the surrounding
gravel, impeding flow to the well. The fourth well that did not exhibit a decline in flow rate
was clean on first inspection suggesting that the surrounding formation was also free from silt
and bacterial deposits. This fourth well is located in a different area of Cardiff Bay where the

silt volume in the gravel layer may be less.

" Vee-wire well screen is described in detail in section 4.3.3.
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Figure 2.16 Vee-wire well screen mounted on a perforated pipe base as used in Cardiff Bay. The total
area, where slots and perforations overlie is small, severely impeding the action of the jets.

Nevertheless, groundwater levels in the vicinity of the horizontal wells remained below pre-
impoundment levels in April 2002, and in this respect the wells can be described as effective.
However, if flow rates continue to decline, levels may rise above pre-impoundment levels

within the next two to three years.

The wells are operated with surface mounted suction pumps. As the invert of each well is
approximately 14m below ground level the wells can never be fully dewatered using suction.
Greater flow rates may be achieved by using submersible pumps and lowering the water level
to the invert. Increasing the hydraulic gradient and flow rate in this way may also release

some fines that have become lodged in the pore spaces of the gravel.

It is unclear why well development immediately after installation should have caused such a
marked increase in flow rate while jetting of the wells after 18 months of pumping had no
apparent effect. Three possible reasons are given below.

1) Although not inspected with CCTV, it is likely that the volume of sediment lying
within the well post-installation was enough to impede flow, so that its removal
would have caused a flow increase. The volume of sediment within the well after
18 months was likely to have been less and may not have impeded flow.

2) Much of the sediment that limited post-installation flow would have been
bentonite slurry (from the drilling fluid). The chemical deflocculant ‘SAPP’ may
have been effective in breaking down the clay particles so that they could be
removed in suspension in the flow. Chemical dosing was not used during the

jetting 18 months later.
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3) The pore spaces in the gravel formation that were initially blocked may have been
close to the well where jetting and surging were effective. Over the next 18
months, pore spaces much further from the well may have become blocked as fine
material was carried toward the well from more distant areas. The effect of jetting
is likely to be limited to a radius of only 0.5m [WJ Groundwater Ltd, 1998] and so

these blocked spaces were unaffected.
It seems that (a) the excessive use of bentonite drilling fluid, (b) a high silt fraction in the

gravel formation, and (c) well screen that does not allow effective development, were the

principal factors limiting the performance of the Cardiff Bay wells.
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CHAPTER 3

Site Investigation

This chapter introduces Rainham landfill site as the chosen location for the drilling trials. At
an early stage it was important to identify the hazards that the directional drilling process
might encounter so a desk study and invasive site investigation were carried out, the findings
of which are discussed below. The system used for logging and classification of the waste

arising from the site investigation boreholes is also discussed.

3.1 Introduction to Rainham Landfill Site

3.1.1 Site Location & History

The well installation trials took place at Rainham Landfill in Essex. The following section
provides a general introduction to the site focusing on aspects relevant to the project. The
landfill is situated in East London on the north bank of the River Thames, 6km northwest of
the M25 Dartford Crossing, Figure 3.1. The site is operated by Cleanaway Limited and
receives waste principally from East and Central London with an annual input of
approximately 1.7million tons. The waste type is Municipal Solid Waste (MSW) which
includes domestic, commercial and (non-hazardous) industrial wastes. Since 1973, Rainham
has not accepted liquid or hazardous wastes. The landfill has been expanded considerably in

recent years and now covers approx. 177 hectares (1 77km?), making it one of the largest
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operational UK landfills. Leachate from Rainham is pumped to the main sewer network for
treatment at the local sewage treatment works. A landfill gas collection and utilisation system

was installed at the site in 2000 with a generating capacity of 17MW.

Landfilling at the Rainham site has a long history with the earliest recorded filling taking
place prior to 1860 directly onto the marsh land. Between 1945 and 1973 a mixture of
industrial and domestic waste was accepted. Leachate from areas of the site where these

. . . . . . . *

materials were deposited is now heavily contaminated with red list substances .
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Figure 3.1 Location of Rainham Site, East London, 6km NW of the Dartford Crossing [Multimap.com].

" The UK has a Red List of 23 of the most dangerous substances which have been selected for priority pollution
control. The substances are toxic, do not or are very slow to degrade in water, and are likely to accumulate in
living organisms [DEFRA, 1998].
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Figure 3.3 Aerial photo of Rainham landfill showing Phase 2, where field trials took place
[Multimap.com]

3.1.2 Site Geology & Hydrogeology

From 1968 tipping has occurred in what were formerly Port of London Authority silt lagoons

used for the drying and deposition of dredgings from the River Thames, Figure 3.4. This silt
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or ‘hydraulic fill’ is a heterogeneous material although it is composed mostly of grey clayey
SILT. Boreholes penetrating the silt have found it to be of variable thickness between 1m and
3m. At Phases 1 to 4 (Figure 3.2) waste was tipped directly onto the silt with no additional
geotextile or clay liners, nor any drainage systems for leachate control. In line with more
stringent environmental legislation, recent phases have been engineered prior to the tipping
of waste. The field trials for this project have all taken place within Phase 2 (Figure 3.3, and
Appendix E). Geraghty & Miller International Inc. (1994) estimated the hydraulic
conductivity of the waste in Phase 2 at 1 x 10” m/s. A schematic geological profile of the

Phase 2 area is shown in Figure 3.5.

Figure 3.4 Silt Lagoons at Rainham, circa 1970, before the tipping of waste on Phases 1 & 2 began.

Rainham landfill comprises a series of waste domes currently contained within large bunds
that formerly surrounded the silt lagoons [Cleanaway, 1997]. The ‘landfill’ is predominantly

an above ground facility and would therefore be more accurately termed a ‘landraise’. Phase
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2 is approximately rectangular and covers an area of 35 hectares (625m x 560m). The top of
Phase 2 forms a plateau at 31.5mOD and the silt/waste interface is between 0.5 to 1.5mOD.

A vertical expansion of Phase 2 up to 40mOD is proposed providing leachate head reduction
targets are met. The waste volume in Phase 2 is approximately 7.2million m’ (as of February

2002).

Underlying the silt are Holocene alluvial clays typically 6 to 8m thick with hydraulic
conductivity values ranging between 10® and 10°m/s [Cleanaway, 1997]. These values
represent the unconsolidated state and it is considered that these values reduce to 10” to 107
"2m/s as waste is placed and the clay consolidates [Cleanaway, 1997]. The clays contain up to
four lenses of peat which can make up to 50% of the thickness of the deposit, although the
peat thickness is generally less than 20% of the total. Below the alluvial clays are Quaternary
flood plain gravels (Thames Gravels) with a sand fraction of variable grain size. The gravels
have a thickness of between 4.6 and 8m. In the southern area of the site, where Phase 2 is
situated, the gravels unconformably overlie the Cretaceous Chalk. The chalk is between 70m

and 165m thick [Golder Associates, 1995].

The gravels have hydraulic conductivities ranging between 1.4 x 10 and 7.3 x 10°m/s. An
extensive fracture system dominates groundwater flow in the chalk and it is assumed the
interstitial component of flow is negligible. Hydraulic conductivities for the chalk beneath
the site are estimated at 6 x 10” m/s [Jones, 1992]. The gravel and chalk are considered to be

aquifers.

The gravels and chalk outcrop in the bed of the River Thames and are therefore in hydraulic
continuity with tidal waters as well as each other. According to the laboratory and field
determined values for hydraulic conductivity of the silt and alluvial clay these units may be
considered aquicludes. As a result of waste deposition, pore water pressures in the silt and
peat are currently higher than those in the overlying waste (Figure 3.5). The resulting
hydraulic gradient therefore promotes an upward flow of pore water into the waste as it
dissipates from the silt. Consequently there is no potential for the downward migration of
leachate into the gravel and chalk aquifers [Cleanaway, 2001b]. However, pore water
pressures in the silts and alluvial clays are also higher than those in the underlying gravels,
resulting in a second hydraulic gradient promoting downward flow of pore water as it

dissipates from the clay.
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Figure 3.5 Geological cross section of Rainham at Phase 2, showing pore pressures in different horizons
[Data from Cleanaway, 2001].

The tipping of waste increased the total vertical stress; this was initially borne by an increase
in the pore water pressure of the silt and clay. Water is gradually seeping out from the pores
owing to the hydraulic gradients upwards into the waste and downwards into the gravels. As
a result the silt and clay are consolidating, through which process the effective stress is
increasing. The rate at which pore water can dissipate is related to the hydraulic conductivity
of the soil and reduces with reduced hydraulic conductivity [Powrie, 1997]. The periodic
addition of waste to the landfill since 1973 has meant that total vertical stress has repeatedly
increased and so pore water pressures in the silt and clay have not yet reached equilibrium.
Figure 3.6 shows the pore pressure changes in the silt and clay under Phase 3, from 1997 to
2001. The rapid increases coincide with the deposition of each waste ‘lift” (section 3.2.2).
Pore pressures begin to dissipate between each lift but do not reach equilibrium before further
loading occurs. The last lift was deposited in August 1999 and the prolonged dissipation of

pore pressures since that time can be clearly seen.
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Figure 3.6 Pore pressure changes in Alluvial Clay and Silt at Rainham Phase 3, [Data from Cleanaway].

However, in areas of the landfill where (a) tipping has ceased, (b) total vertical stresses from
the waste overburden are low and (c¢) pore pressures have had time to dissipate, the pore
pressures in the waste may be greater than those in the silt and clay. Thus creating the
potential for the downward migration of leachate [Cleanaway 2001a]. At some point in the
future these conditions may also become established under the central Phase 2 area. To
reduce any future hydraulic gradient that would promote the downward migration of:
leachate, the Environment Agency have stipulated that leachate heads must be reduced to 2m
above the silt/waste interface. In some areas of Phase 2 leachate heads are currently 14m
above the interface. This has provided the incentive for research into more effective methods

of leachate level reduction and control.

3.1.3 Selection of Site for Field Trials

Field trials were conducted at Rainham Landfill Site for the reasons listed below.
1) The site has elevated leachate heads which need to be reduced, and as with many

older landfill sites Rainham has no pre-engineered basal drainage system for leachate

control.
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2) Previous operation of vertical well fields had met with limited success and
alternatives were required.

3) Other forms of ‘horizontal drainage’ such as excavated tyre trenches’, fin drains and
deep trenches’, had proved successful at Rainham but these methods were not suitable
for Phase 2 due to the depth of waste that had already been deposited.

4) Rainham is substantially a ‘landraise’ rather than a landfill and this would permit a
more simple horizontal drilling profile.

5) As the site remains active, machinery, plant and other equipment were available to
assist with site works.

6) The site operators, Cleanaway, made many resources available including their
laboratories, databases and historical files. Cleanaway also offered assistance with a
range of various practical aspects including construction works, health and safety

planning and data collection.

3.2 Site Investigation

3.2.1 Aims of Site Investigation

The principal aim of the project was to investigate the effectiveness of horizontal wells in

landfill. The proposed method of investigation was to install and test two full scale horizontal
wells through the waste. These would be continuous across Phase 2 (i.e. having two surfacing
ends), being 550m and 400m in length. Before attempting to install the horizontal wells a site

investigation was conducted. The aims of the site investigation were threefold.

1) To produce a detailed description of the waste composition and properties in order to
establish the conditions directional drilling would encounter.

2) To obtain information that would assist with the design specifications for the wells
including;
a. well screen material (steel, HDPE, PVC, GRP:),

b. perforation diameter (or slot width) from particle size distribution analyses,

" Tyre Trenches - trenches were excavated in shallow areas of Phase 3 and backfilled with tyres to provide a

flow pathway.
" Deep Trenches - a large specialist trenching machine was used to install horizontal drains and gravel backfill

up to 8m deep through an area of pre-1973 industrial waste.
* GRP — Glass Reinforced Plastic
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c. well length and diameter, and
d. borehole route, with particular reference to the position of the site base.
To assist with the interpretation of results obtained from test pumping the horizontal

wells once installed.

3.2.2 Desk Study

For the desk study, many reports of previous projects and investigations at Rainham were

examined. Much of the historical and geological information in section 3.1 was gathered

from these sources. Significant findings included:

1)

2)

3)

4)

The existing landfill is licensed to accept solid household, commercial and non-
industrial wastes.

Between 1968 and 1979, Phase 2 was filled with predominantly pulverised domestic
waste to approximately 8.8 to 9mOD [Cleanaway 2001c]. This marked the final level
of the original planning application. Between 1988 and 1997, filling continued with
an estimated 2 million tons of (non-pulverised) waste being deposited [Cleanaway,
1997]. Two final stages of fill occurred in 1998 & 1999, the latter after the site
investigation was complete, bringing the landfill to 31.5mOD at the highest point.

As the waste deposited during the first stage of tipping was pulverised, the number of
large items within the layer that may obstruct directional drilling, should be limited.
As at most landfills, tipping at Rainham occurred in layers or ‘lifts’. Waste was
deposited at the tipping face and compressed using compaction plant weighing up to
54 tons (Figure 3.8). During the filling of Phase 2, waste was deposited at a rate of
approximately 1,400tons/day and the tipping face advanced across the phase in layers
3m in height, Figure 3.7, Figure 3.9 & Figure 3.10. At the end of each day a thin layer
of inert material such as soil or silt (daily cover) was spread over the fresh waste to
limit vermin and odour problems. This layering may have important implications for
the anisotropic hydraulic conductivity discussed in section 6.8.5. However, the daily
cover does not form an unbroken layer over the waste as can be seen from Figure

3.11.
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Figure 3.7 Schematic cross section of Rainham Phase 2, showing how waste was deposited in cells each
covered with inert cover material at the end of each day. The cells progressed across the site in ‘lifts’.

Figure 3.8 Landfill Compactor weighing 54 tons [Rainham, 1998]

Figure 3.9 Tipping in layers. The most recent layer advances across the phase [Rainham, 1998].
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Figure 3.10 The tipping face is advanced over the previous layer of daily cover [Rainham, 2000].

Figure 3.11 The layer of daily cover is rarely complete and unbroken but will have significant effects on

5)

the permeability of the waste [Rainham, 2000].

Many of the vertical wells installed for leachate control terminate within 0.5m of the
basal silt layer. In many cases the underlying silt migrated into the wells possibly as a
result of the creation of large hydraulic gradients due to the rapid reduction in well
leachate level when pumping commenced. This silt migration has caused repeated
blockages and caused significant delays to site-wide leachate extraction efforts
[Cleanaway 2001c]. Ensuring the horizontal wells were kept clear of the silt/waste

interface was therefore considered to be of high importance.
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The desk study was a valuable exercise but gave little information on the properties and
composition of the waste in-situ, what changes it had undergone since deposition and how its
properties might affect the drilling process and subsequent operation of the wells. It was
therefore decided that the site investigation should be expanded to include the drilling of a

series of vertical boreholes which would be accurately logged.

3.2.3 Need for a Descriptive Standard

Before drilling of the investigation boreholes commenced, a system for describing the
recovered waste samples was required. Although substantial research has been carried out on
the characterisation of waste streams disposed to landfill, there was no definitive standard or
protocol to provide either
= a framework for the accurate and consistent description of degraded, co-mixed waste
samples arising during the site investigation of landfills, or

* amaterials classification for degraded, co-mixed waste materials.

Indeed, most existing drilling logs from Rainham described the recovered materials using
only vague terms such a ‘municipal solid waste’ or ‘made ground’, with occasional reference
to specific materials such as paper or plastic. Other researchers have taken samples from
boreholes drilled in waste and attempted a limited description but have failed to reference
other studies [Gabar & Valero 1995, Townsend et al 1996 and Zomberg et a/ 1999]. Boland
et al, (1998) reported the heterogeneity of waste samples arising from five boreholes in a
MSW landfill. Of 102 samples collected from the boreholes no two samples were considered
the same but had nevertheless been sorted into 24 material categories. However, no detailed

descriptions were given and the method of classification was not clearly described.

To design landfill engineering works that are safe and economical it is vital to understand the
physical properties of the waste materials that will be encountered. For example, one UK
waste management company, Shanks, have used drilling logs combined with geophysical
resistivity surveys to identify the location, shape and composition of unsaturated zones within
the waste at Brogborough Landfill Site in Bedfordshire. Recirculation of leachate into these
dry zones has reduced leachate treatment costs and promoted more rapid decomposition of

the landfill [Painter, 2000].
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The lack of a standard makes it difficult if not impossible to compare or relate experimental
results from different researchers. It was clear that a definitive standard was required. The
site investigation for the horizontal wells provided an ideal opportunity to produce and test

such a standard.

3.2.4 Derivation of a Standard

For logging and analysis of the waste, core samples would be required. The continuous flight
auger drilling technique would therefore be unsuitable and so the barrel auger drilling
technique was selected. For practical purposes it was decided that each core brought to the
surface would be logged as a separate sample. If significant variations occurred over the

depth of one sample this would be noted and logged accordingly.

A checklist was drawn up of all the parameters that could be logged whilst on site. To ensure
results were comparable, the checklist included written procedures for obtaining
measurements such as moisture content. The parameters included in the checklist are listed

below. A full explanation of each is given in Appendix A.

1) Location
2) Depth
3) Temperature
4) Moisture Content
(a) by observation
(b) by oven drying
5) Density
6) Age
7 Water Strikes and Water (Leachate) Level
8) Waste Description
(a) the Main Contents
(b) the Matrix’

* The term ‘matrix’ is defined in section 3.3.5.
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9) Degree of Decomposition
10)  Photographs

The checklist was first used during the installation of four vertical leachate extraction wells at
Cleanaway’s Pluckley Landfill Site in Kent. This was intended as a trial run of the system
before it was used for the Rainham site investigation. A number of minor revisions and one
key revision was made before use at Rainham. The key revision was to replace the checklist
with a logging sheet. A sample logging sheet is included as Appendix B. The sheet provided
space to record observations by completing the blanks or by ticking boxes, which speeded up
the process of logging and simplified the subsequent collation of data. One logging sheet was
used for each waste core. In addition, the trial run at Pluckley allowed sampling techniques to
be refined, for example, the use of only matrix material for laboratory determination of

moisture content.

Following further refinement of the system after use at Rainham and other landfill sites, the
proposals for a descriptive standard were published in October 2001 - Board et al, 2001. The
paper is attached as Appendix C. In addition to the classification of waste, the paper
discusses the use of geophysical resistivity surveys to identify wet and dry zones within the

waste where leachate can be drawn from and recycled to.

3.3 Site Investigation Boreholes

3.3.1 General Information

Following completion of the four vertical wells at Pluckley the barrel auger rig, Figure 3.12,
was relocated to Rainham in October 1998 to drill the site investigation boreholes. The
intention was to drill twelve equally spaced boreholes along the proposed route of each of the
two horizontal wells. However, the rotational speed of the rig proved to be inadequate and
progress was slow. In the lower, more saturated horizons the boreholes repeatedly collapsed

and significant volumes of leachate and fines flowed into the void.

Cleanaway have also noted the difficulty of drilling boreholes to the silt/waste interface

without sloughing of the borehole walls [Cleanaway 2001c]. The repeated borehole collapse
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had an adverse effect on the accuracy and usefulness of the data obtained through logging. In
particular, density calculations were affected as the assumption that barrel diameter was

equal to borehole diameter became largely invalid.

Figure 3.12 Barrel auger drilling rig used for site investigation boreholes. Platform scales for measuring
sample weight can be seen in the foreground.

It was intended that each borehole would be drilled to the silt/waste interface. The crossing of
this interface was indicated by a sudden fall of the drill stem due to the lower resistance from
the silt. A sample of silt in the barrel auger confirmed that the interface had been reached.
Not all boreholes reached the base of the site. In the first borehole an impassable obstruction
thought to be concrete was encountered at 7.2mOD, and in the seventh and eighth boreholes
continual wall collapse in the saturated horizons prevented completion. The location of the

site investigation boreholes, numbered HO1 to HO8, are marked on the plan in Appendix E.

After six weeks of drilling, eight boreholes had been attempted and only five had reached the
silt/waste interface. As a result, it was decided that this stage of the site investigation should
be abandoned. As 162 samples had already been recovered it was considered that a fair
representation of the waste composition of Phase 2 had been gathered. All eight boreholes
were drilled in the north-eastern area of Phase 2 along the path of one of the two proposed

wells (later to become HW1). A number of vertical wells already existed in the vicinity of the
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second proposed horizontal well (the western end of Phase 2) and consultation of borehole

logs revealed sufficient information on the position of the silt/waste interface in that area.

Piezometers were installed in six of the eight site investigation boreholes (numbered HO3 to

HO8) to gather background information on pore pressures.

3.3.2 Position of Silt/Waste Interface

Locating the silt/waste interface was perhaps the most important aspect of the site
investigation as installation of the horizontal wells in or through the silt would firstly
compromise the integrity of the site containment layer and secondly impede the performance
of the horizontal wells. However, it was also important to install the wells close to the base to

maximise potential leachate head reductions.

From the site investigation boreholes, the interface between the waste and the silt appeared to
be located between 0.5 and 1mOD. In one instance the interface was recorded at 1.8mOD,
although this appeared to be an anomaly. Cleanaway borehole logs from vertical wells drilled

at the western end of Phase 2 located the silt/waste interface at 0 to 1.5mOD in that area.

It was therefore decided that the horizontal wells should be installed no lower than 1.5mOD,

and to allow room for error the target height of the horizontal sections was set at 2mOD.

3.3.3 Temperature

Temperature profiles were taken from only four of the eight site investigation boreholes as
instrument failure prevented the taking of readings from the remaining four. The profiles are
shown in Figure 3.13 to Figure 3.16. A general description follows, referring to the letters (a.)
to (d.) on the charts.
a. In the upper 1 to 3m, temperatures remain low at around 15 to 30°C. Little heat is
produced in these layers as decomposition may still be in the early stages. In addition

heat may be lost to the landfill surface.
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b. Over the next 2 to Sm, temperatures increase from 30 to 35°C. The waste at these
depths has been buried for a greater length of time and so the accelerating rate of
decomposition may give rise to the additional heat.

c. Higher temperatures (35 to 50°C) are sustained over the middle horizons of the
landfill where decomposition is most intense. Individual temperature readings from
these horizons reached 60°C in some cases.

d. The waste in the lower horizons, particularly that dating to 1975, may have passed the
peak rate of decomposition and as such the temperatures gradually decline from 50 to

21°C. Some heat may also be transferred away through the site base.
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Figure 3.13 Temperature profile of borehole H03.
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Figure 3.15 Temperature profile of borehole H0S.
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Figure 3.16 Temperature profile of borehole H06.

The main section of the proposed horizontal wells would be installed in waste with a
temperature of 20 to 30°C, whilst the entry and exit sections may encounter temperatures of
50°C or even 60°C. The effects of these elevated temperatures on drilling equipment and
drilling fluids (such as fluid viscosity) was identified as an issue requiring further

investigation.

3.3.4 Age of Waste & Degree of Decomposition

In 32% of the recovered waste samples it was possible to determine the approximate date of
deposition from newspapers and other items within the waste. Using these data, Figure 3.17
shows how Phase 2 had been built up from six discrete stages of waste deposition. During
time periods not covered on the graph, tipping of waste was occurring on different areas of

the landfill site.

A seventh stage of waste deposition took place in the Spring/Summer of 1999, after the site

investigation had been completed. The seventh stage raised the landfill to 31.5mOD.
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Figure 3.17 Stages of waste deposition in cross section through the site investigation boreholes.

Using the 5 point scale outlined in Section 3.2.4, the degree of decomposition was observed
generally to increase with depth in each of the site investigation boreholes although the

variability between successive waste cores was large (as much as 3.5 points). Figure 3.18

compares the age of each waste core with the degree of decomposition. As expected, there is

a clear progression in the degree of decomposition with increasing age between the 1998
waste and the 1990 waste. However, there is little change between the waste from 1990 and

1975 suggesting that most decomposition of the 1990 waste had already occurred.
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Figure 3.18 Degree of Decomposition (qualitative) plotted against Age of Waste.

3.3.5 Composition of the Waste

As expected the composition of the 162 recovered waste cores was extremely heterogeneous,
with no two cores containing the same materials in similar proportions. The following three

photographs demonstrate the heterogeneity of the waste samples, Figure 3.19 to Figure 3.21.
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Figure 3.19 Waste in unsaturated horizons easy to identify, small percentage of matrix material, very
heterogeneous in composition, retains original colours.

Figure 3.20 Heterogeneity of Waste (unsaturated horizon).
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Figure 3.21 Waste in saturated horizons difficult to identify, high percentage of matrix material, more
uniform in composition and colour.

For ease of description the waste was divided into two principal components, the main

contents and the matrix.

Main Contents

Plastic

Plastic was present in 88% of waste samples due to a combination of its widespread
use and slow rate of decomposition. The vast majority of the plastic appeared to originate
from carrier bags, bin liners and the like. Although the resulting thin layers of plastic were
not continuous over large areas they may cause a significant reduction to the hydraulic
conductivity of the waste by making flow paths considerably more tortuous. More substantial
plastic pieces, such as 20mm thick HDPE, were found in only two cores. As the barrel auger
had cut through these pieces it was not possible to determine their lateral extent. However,
the rarity of such items meant that plastic was not considered to be a potential impediment to

the directional drilling process.

Paper
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As with plastic, paper was present in large quantities in the majority of recovered
cores. In the lowest horizons dating to 1975 paper was found less frequently as a result of

decomposition. Paper was not regarded as a potential problem for directional drilling.

Wood

Wood was found in most cores although the amount varied widely as did the size of
individual pieces. Some larger pieces of wood were recovered and were thought to be pieces
of railway sleepers. Three of these pieces were present in the older, supposedly pulverised
waste through which the main section of directional drilling would occur. The progress of the
site investigation rig was slowed by these larger wooden pieces and it was considered they
might also slow the progress of the directional drilling. Figure 3.22 shows large pieces of
wood found on the landfill surface, believed to have similar dimensions to the wood

recovered from the older waste.

Figure 3.22 Large wooden blocks are present at all depths within the waste [Rainham 1998].

Vegetation

Vegetation (other than wood) was recorded to indicate how advanced decomposition
was. Vegetation occurred in 35% of the samples from the upper 10m of waste while the 1975

waste did not contain any. Vegetation consisted mostly of garden waste such as grass cuttings

and leaves.

Glass
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Glass was found throughout the landfill in 85% of waste samples. As glass is brittle,

fragments were rarely greater than 2cm in diameter.

Rubber

Of the nine material types recorded, large rubber items were the least common,
occurring in only 9% of samples. In most cases the rubber originated from a vehicle tyre.
Tyres, with their radial wire reinforcement, can withstand high tensile loads and may get
twisted around the drilling tools during directional drilling. Indeed, this caused a significant
problem during the Metallic Tile field trial discussed in section 4.4. However, no tyres were

found in the 1975 waste where the main sections of the horizontal wells were to be installed.

Fabrics

Fabrics occurred at all levels within 85% of boreholes but were notably less frequent
in the lower waste (34%). This material type included a broad range of sizes, from rags to old
carpets. Fabrics have significant tensile strength and may become wound around the drilling
tools impeding the cutting action and restricting steering. Fabrics were found wrapped around

the drilling assembly of the site investigation rig on a number of occasions.

Hardcore / Brick

Fragments of brick, stone and concrete were found in 93% of waste cores. Particle
sizes ranged from less than 2mm (sand) to complete bricks. In 4% of samples larger pieces
were recovered, the largest a 250mm thick piece of concrete, Figure 3.23. The auger
eventually cut through this item after three hours. The first site investigation well (HO1) was
abandoned at 7.2mOD after an obstruction, believed to be concrete, prevented further
progress. Such large pieces were rare and were not found in the lower waste horizons below

5.5mOD.

54




Chapter 3: Site Investigation

Figure 3.23 A 250mm thick piece of concrete recovered from H06. The edges have been cut by the barrel
auger. The white card is 15cm across.

Metal

Although cans and similarly small metal items were common, larger pieces of metal
which might obstruct directional drilling were rare. The most notable finds were three 6.5mm
thick steel plates, possibly former manhole covers, each greater than the diameter of the
barrel auger. The steel plates delayed drilling and caused considerable wear on the drill bit.
No large metal items were found in the lower horizons. Prior to the drilling of these
investigation boreholes, steel reinforcing bar (as found in concrete) had been highlighted as a
potential obstruction to directional drilling, due to its high tensile strength and its ability to
twist around the drilling assembly. However, no reinforcing bar was discovered during the
investigation. Although its presence cannot be ruled out it is perhaps a lesser threat to
directional drilling than first thought. Other large metal items such as whole vehicles and
washing machines (Figure 1.3) were identified as potential obstructions to drilling. Although
none were encountered during drilling of the site investigation boreholes, such items were

observed lying (part buried) around the site.

Matrix
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The material surrounding the main contents varied widely in its constituents and properties.
By considering all the investigation boreholes together, patterns of how the matrix changed

with depth could be observed.

Unsaturated Horizons
In 70% of the samples recovered from the unsaturated horizons the matrix constituted
25 to 50% of the total volume of each core. The matrix was soft, crumbly, very dry and fine

enough to blow away as dust. The often fibrous nature suggested organic origins.

Saturated Horizons

The properties of the matrix underwent a marked change as the saturated horizons
were reached. The leachate caused the particles to amalgamate to form a highly viscous
slurry, black or grey in colour, very soft and often sticky. In 66% of samples the matrix
constituted 50 to 75% of the total volume as a result of (a) the increased rate of

decomposition due to the presence of water, and (b) the greater age of the waste at depth.

The matrix in the lowest horizons, dating from 1975, was characterised by fine and medium
gravel particles (2 to 20mm) of angular stone and glass fragments. This gravel comprised 10
to 20% of the matrix volume. The matrix slurry from the 1975 horizon had an iridescent

sheen and a strong organic/oily odour.

Soil, or at least material that had decomposed to resemble soil, was found in all core samples.
In 16% of samples firm, cohesive blocks of clay and silt were also present. These maternials
were thought to originate from daily cover. The low hydraulic conductivity of the silt and
clay has obvious connotations for the overall hydraulic conductivity, however, only in 3% of
samples did the clay/silt materials form a continuous band across the 300mm core. Although
daily cover is spread in layers the physical action of tipping waste the following day and the
effects of differential settlement during decomposition, seem to have caused these layers to

break up.

3.3.6 Particle Size Distribution Analysis
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The efficiency with which the well screen allows leachate to drain freely from the waste will
depend largely on the PSD (particle size distribution) of the waste relative to the well screen
slot width. To assist with the selection of the slot width, PSD analyses were carried out on
samples taken from the 1975 waste as this was the material within which the screened
sections of the horizontal wells would have to operate. The large size and awkward shape of
the ‘particles’ of the main contents did not lend themselves to PSD analysis and so only the
matrix material was used. This was separated out using a 13mm sieve and four 2kg samples
were sent to RSA Geotechnics for analysis using the wet sieve method. The fraction larger
than 13mm was accidentally returned to the landfill before it could be sorted and weighed
and so the full PSD analyses could not be completed. However, the fraction less than 13mm
was estimated to be 60% of the total weight. Each of the four samples were analysed

separately. The results are presented in Table 3.1 and Figure 3.24.

Table 3.1 Particle Size Distribution of 1975 Rainham Waste Matrix (less than 13mm).

Size (pm) Size (mm)

63 | 150 | 212 | 300 { 425 | 600 [ 1.18 | 2 [335]| 5 6.3 10 | 13

Sieve
Size

Percentage by mass passing through sieve
Sample 1 | 3.6 6 7.8 1102113271162 )234 2954360414450 564 ]| 60

Sample2 | 3.0 42 | 6.0 | 7.8 [ 1021132 (21.6 294 |37.8|43.8|48.0|57.0] 60
Sample3 [ 3.0 54 | 7.2 | 9.6 | 126 | 15.6 | 22.8 1 29.4 | 36.0 | 42.0 | 46.8 | 57.0 ] 60
Sample4 [ 3.0 | 42 | 54 | 72 | 9.0 | 12.6 | 22.8 | 30.0 | 37.2 | 43.2 | 47.4 | 56.4 | 60
Average (32| 5.0 | 6.6 | 8.7 | 113 | 144 | 22.7 | 29.6 | 36.8 | 42.6 | 46.8 | 56.7 | 60
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Figure 3.24 Particle Size Distribution curves for 1975 Rainham waste. Only finest 60% analysed.

The proportions by soil type are:
Clay & Silt 3.2%
Sand 26.4%
Fine & Medium Gravel 30.5%
Coarse Gravel & larger 40.0%

In addition to the PSD results the following description of the sample was provided, based on

BS 5930 [RSA Geotechnics, 1999];

“Made Ground - Dark grey brown slightly clayey slightly silty fine-coarse humic sand (possibly
topsoil) mixed with subangular fine-medium gravel sized fragments of ash, brick, mortar, wood,

glass, plastic and metal fragments and occasional pockets of partially decayed organic material.”
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From the soil type proportions and the RSA description it is clear that the material is well

graded and very heterogeneous. These PSD results were applied to the design of the well

screen, discussed in section 4.3.3.

3.3.7 Moisture Content

The moisture content of each sample was determined using the techniques described in
section 3.2.4. Figure 3.25 shows the moisture content results (by oven drying) from all

samples plotted against depth below the surface.
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Figure 3.25 Sample moisture content, w, with depth, z, from site investigation boreholes.

The chart shows a high degree of scatter, the reasons for which include the following.

1. Periodic inflow of free leachate into the borehole particularly in the lower horizons,
and thereafter inclusion of this leachate in (or exclusion from) the subsample. The
effect of leachate flow into the borehole was exacerbated by the slow rate of drilling.

2. The heterogeneity of the waste meant that some samples may have been

unrepresentative.

" Equal to the mass of water divided by the mass of dry solids.
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3. Poor testing procedure;

a. Samples were sealed in plastic bags for transport to the laboratory but were
often left for up to four days before testing during which time some drying
may have occurred if the seals were not perfect.

b. Condensation from the waste may have formed in the bag and may have been
excluded from the analysis.

4. Actual variations in the moisture content of the waste.

Below the (ill-defined) leachate level, moisture contents were expected to decrease with an
increase in depth which was related to an expected decrease in waste porosity [Powrie and
Beaven 1999]. However, the chart suggests a general increase in moisture content with depth.
This is thought to be a result of free leachate flowing into the borehole and thereafter
inclusion in the samples. This was a particular problem in the saturated horizons, hence the

higher degree of scatter at depths greater than approximately 15m.

A second set of vertical boreholes were drilled at Rainham in May 2000 using a different
drilling rig (section 5.1.1). Each borehole was completed in less than one day and the
problems of borehole collapse and ingress of leachate were largely avoided. Samples were
taken from eight of these boreholes for moisture content and density analyses. The results,
discussed below, were considered to be more accurate than those from the original site
investigation. Figure 3.26 shows the moisture content results (by oven drying) plotted against

depth.
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Figure 3.26 Sample moisture content, w, with depth, z, from May 2000 boreholes.

The average moisture content is 44% although the chart shows a high degree of scatter with
no obvious ‘leachate level’ and therefore no clear division of unsaturated and saturated

layers. This is significant, suggesting that moisture is found in many pockets and horizons

throughout the landfill.

Within the upper 15m of waste, the moisture content results from the original site
investigation boreholes are lower and less scattered than those from the May 2000 boreholes
and therefore may appear more reliable. However, the slow rate of drilling during the site
investigation reduced the ability to retrieve undisturbed samples. Indeed, it is possible that
due to the slow rate of drilling and often high degree of waste compaction into the barrel
auger, any free leachate may have been driven from the waste before it could be sampled.
Furthermore, (in the lower horizons at least) the sloughing of the borehole walls and ingress
of water meant that the site investigation results were regarded as suspect and were rejected
in favour of the results from May 2000. It should also be noted that the differences between
Figures 3.25 and 3.26 may have been related to (a) the May 2000 boreholes being drilled in
three different areas of the site instead of the single area covered during the site investigation,

and (b) between the site investigation in Autumn 1998 and May 2000 an additional 7m thick

layer of waste had been deposited.

61




Chapter 3. Site Investigation

In addition to the quantitative analyses, a visual observation of moisture content was made,
Wobs, Using a 5 point scale (1 = dry, 5 = saturated). Although not as precise as the oven drying
method, the weps value is determined from the entire waste core and does not rely upon a

single sub-sample. Figure 3.27 shows these results plotted against depth.
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Figure 3.27 Observed moisture content, w,,, with depth, z, from May 2000 boreholes.

The observed values support the measured values in showing a high degree of scatter. Again,

there is no clear division of saturated and unsaturated zones nor a clear leachate level.

3.3.8 Waste Density

By weighing each waste core and using the increase in borehole depth to calculate its in situ
volume, as described in section 3.2.4, the bulk density of each sample was determined. This
was done for both the site investigation boreholes and the boreholes drilled in May 2000.
However, the results from the site investigation were poor as borehole collapse seriously
affected the accuracy of the volume calculation. The results shown in Figure 3.28 are the

calculated bulk density values from the May 2000 boreholes.
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Bulk Density, p (Mg/m’)
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Figure 3.28 Bulk density, p, of waste samples with depth, z.

The scatter in these data is possibly a product of the unrefined sampling technique but may be
due to actual variations in waste density that are caused by;

a. the heterogeneity of the waste, e.g. a sample containing mostly metal and concrete
could be 4 to 10 times more dense than one containing mostly paper and plastic
(depending on the moisture content),

b. the loading history, i.e. the effective stress at each point, the duration of exposure to
this stress and whether the current stress is the maximum stress that has been applied
at each point,

c. densification, i.e. the lighter fractions degrade more readily and so as the waste ages,

the particle sizes (and therefore pore spaces) become smaller and density increases.

From the least squares regression line plotted on Figure 3.28, p (in Mg/m?) is found to be

related to z (in m) through
p =0.03582z + 0.4245 (3.1

However, the correlation coefficient of the line is low, at 0.33.
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Figure 3.29 shows the dry density, pary, calculated through combination of the bulk density, p,
and the moisture content, w, of the May 2000 waste, using equation (3.2). The dry density is

the density that the refuse would have at the same total (gas + liquid) void ratio but zero

moisture content.

pary =p/ (1+w) (3.2)
Dry Density, p dry (Mg/m’)
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Figure 3.29 Dry density of May 2000 waste samples.
From Figure 3.29, pqry is found to be related to z through
Pary = 0.0218z +0.324 3.3)

Again, the correlation coefficient is low at 0.29.

From equation (3.1) the values of bulk density range from 0.42 Mg/m’ at the landfill surface
to 1.28 Mg/m3 at 24m depth. Assuming g = 10m/s’, these values can be expressed as unit

weights; 4.2 to 12.8 kN/m’. Other reported values are as follows.

Watts & Charles (1999) quote bulk densities for four UK landfills;
Calvert = 8 kN/m’, Brogborough = 6 kN/m?, Redditch = 18 kN/m’, East End = 18 kN/m’

At Calvert and Brogborough the values refer to the unit weight at the surface following

compaction by heavy plant. At Redditch the unit weight values were described as ‘typical’
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from the 6m deep landfill dating to ¢.1960. At the site in the East End of London the 6.5m

deep waste dated to ¢.1935 and again values were described as typical.

Kavazanjian (2001) reports unit weights for two landfills in southern California. The Azusa
landfill is ‘relatively dry’ with moisture contents well below field capacity. The unit weights
near the ground surface were between 9 and 10 kN/m’ but reached 14 kN/m’ at depth. At the
Operating Industries Inc. landfill, unit weights in excess of 20 kN/m® were measured.
Kavazanjian reported that the highest values corresponded to areas where liquid flowed
freely into the borehole and where the waste was heavily degraded. For the Rainham
investigations the diameter of the borehole was assumed to be equal to the diameter of the
barrel auger; however, where borehole collapse may have occurred this assumption becomes
invalid and leads to overestimation of the unit weight. To more accurately determine
borehole volume in the California experiments, the volume of the borehole was measured by

backfilling with calibrated gravel.

Pestana (2001) states that the unit weight of waste is highly variable and can range from 3.2
to 12 kN/m’ and that modern, well compacted, landfills and old degraded landfills are
typically 10.4 + 1.6 kN/m’.

Powrie & Beaven (1999) monitored the change in waste unit weight with increasing effective
stress and showed the saturated unit weight to range from approximately 0.8 to 1.2 Mg/m’
between zero effective stress and 600kPa respectively according to equation (3.4). The waste
tested had not undergone any major decomposition and the authors suggested that density

would increase with age.
psat = 0.6691(c’,)" % (3.4)

The unit weight values obtained from the May 2000 boreholes, 4.2 to 12.8 kN/m?, therefore

lie within the range suggested in the literature.

The above results show that both the moisture content and the density of the waste is
variable. In areas where the waste is dry and of low density then the volume of drilling fluid
lost into the waste during installation of the horizontal wells may be considerable. The use of
bentonite based fluids is therefore undesirable if the hydraulic conductivity of the waste is to

be maintained.
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3.3.9 Settlement & Hydraulic Conductivity

Cleanaway (2001a) suggested that if the 1975 waste was saturated when over-tipping
commenced then the increase in total vertical stress may have been carried initially by an
increase in pore pressure rather than compression of the soil skeleton and a reduction in the
size of the pore spaces. Pore pressures would then have decreased over time as consolidation
of the waste took place, but could still be above their equilibrium values. However, the age
profile in Figure 3.17 shows that the interface between the 1975 and 1990°s waste is now at
5.5mOD having settled from 9mOD’, although approximately 2m of this settlement has taken
place in the underlying silt, peat and clay [Cleanaway, 2000]. The 1975 waste has therefore
settled by 22%, which is in line with the effects of bioconsolidation and self-weight
compression of landfills summarised in Watts & Charles (1999). Watts & Charles also state
that the settlement of a landfill is generally one-dimensional although the variability of the

waste will usually mean that differential settlements are relatively large.

Powrie & Beaven (1999) suggested that aged or degraded wastes might be expected to be of
lower hydraulic conductivity than when fresh owing to particle size reduction and density
increase. In addition to the clear layering between the 1975 waste and the 1990°s waste, the
age profile showed a number of layers within the 1990’s waste. As each layer has been
decomposing for a different period of time and has different loading histories, it is possible

that the hydraulic conductivity of each layer will be different.

An estimate of the hydraulic conductivity can be made from the effective stress using the

relationship suggested by Powrie and Beaven (1999):
k=2.1(c’,)*" (3.5)

where k is the hydraulic conductivity (in m/s) and o, the vertical effective stress (in kPa).
The following analyses assumes that the different layers of waste identified at Rainham have
uniform properties of hydraulic conductivity which change only with effective stress. In
addition, the waste is assumed to be saturated. Powrie and Beaven also suggest a ‘worst case’
relationship based on the lower hydraulic conductivity values obtained in their tests:

k=17(c",)>* (3.6)

" With the addition of a further 8.5m of waste to the surface of Phase 2 after the site investigation was complete
the interface may have settled further.
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To complete these analyses it is first necessary to find ¢, this is obtained from Terzaghi’s

equation as follows:
o,=0,—u (37)

where o, is the total vertical stress and u is the pore pressure.

u is equal to:

u=nhx Vieachate (38)

where 4 is the depth below the leachate level and yseachare 1s the unit weight of leachate and is
approximately equal to 10 kN/m’.

o, 1s equal to:

o= [y o (3.9)
0

where z is the depth of overburden and y is the unit weight.

Equation (3.1) gives the relationship between bulk density, p, and depth, z. Converting (3.1)

into a relationship between y and z, (assuming g = 10m/s”) gives

v =0.3582z + 4.2447 (3.10)

Integrating (3.10) with respect to z gives;

o= [0.3582z+4.2447 2 (3.11)
0

0,=0.1791z* + 4.2447z+C (3.12)

where z =0, g, = 0 and so C = 0. Figure 3.30 shows the curve described by (3.12).
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Figure 3.30 Variation in total vertical stress with depth.

At Rainham, the landfill surface is at 31mOD, and the average leachate level at 14mOD. If
the waste below 14mOD is assumed to be saturated and the appropriate values are substituted
into equations (3.5) to (3.12) the relationship between hydraulic conductivity and elevation

within the saturated waste is shown in Figure 3.31.
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Figure 3.31 Steady-state variation in hydraulic conductivity with elevation, with landfill surface at
31mOD and leachate level at 14mOD, using equations from Powrie and Beaven (1999).

From Figure 3.31 the range of & values reduces from 4.5 x 10 m/s at the top of the saturated
waste (best fit) to 1 x 10" m/s at the base of the landfill (worst case). At 2mOD, the elevation
of the proposed horizontal wells, k ranges from 1.3 x 10 to 2.5 x 10 m/s (worst case and
best fit respectively). However, as Powrie and Beaven tested ‘fresh’ waste, they suggest that
aged or degraded wastes might be expected to be of lower hydraulic conductivity owing to

particle size reduction and density increase.

These estimates of hydraulic conductivity should be regarded as speculative as they cover
only a narrow range of values which, given the heterogeneity and layering of the waste, is
perhaps unlikely. Furthermore, the curves on Figure 3.31 rely upon the strength of the
relationship between bulk density and depth which has a low correlation coefficient of 0.33.
Nevertheless, this analysis does provide an indication of approximate hydraulic conductivity

values.

3.4 Site Investigation Conclusions

Of the parameters recorded during the site investigation, the composition of the waste is

likely to be the most influential in the success or otherwise of the horizontal well installation
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process. In addition, the waste composition, particle size distribution and permeability will be

major factors affecting the performance of the wells once installed.

The site investigation showed that the main section of each horizontal well is to be installed

in the most aged and decomposed waste below 5.5mOD which was deposited in 1975.

Although this waste and the waste deposited in the 1990’s are generally similar in that they

both contain a wide variety of materials, some clear differences have been revealed which are

summarised in Table 3.2.

Table 3.2 Comparison between 1975 waste and 1990’s waste.

Date of Deposition 1975 1990°s
Elevation (mOD) 0.5t05.5 5.5 to Surface (max 31.5)
Temperature (°C) 25°to 35° 35° to 60°, lower near surface

Moisture Content (%)

Range 23 to 75. Average 49

Range 16 to 87. Average 43

Bulk Density (Mg/m’)

Range 1.39 to 1.52 at base

Range 0.42 at surface to 1.39

Degree of Decomposition

47/5

15to4/5

Main Contents

Large wooden pieces

Large wooden pieces present

Wood | present
Paper | Less frequent More frequent
Rubber | No tyres Some tyres & tyre fragments
Fabrics | Found in 34% of samples Found in 85% of samples
Hardcore / Brick | No large pieces Large pieces in 4% of samples
Metal | No large pieces 3 thick steel plates discovered

Matrix Description

10 to 20% gravel, soil,
fibres, organic odour, oily

sheen

Soily, fibrous, dry and dusty

in unsaturated horizons

Matrix Volume

50-75%

25-50%

Table 3.2 demonstrates that directional drilling in the upper waste horizons is likely to be

more difficult due to the presence of larger more problematic particles in this newer waste,
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e.g. steel plates and concrete. The main horizontal sections are to be drilled through the 1975

waste although the entry and exit sections will require drilling through the 1990°s waste.

The high percentage of slurry like matrix material present in the saturated waste may not
provide enough resistance to permit accurate steering of the drill bit. However, accurate
drilling is required to avoid the silt/waste interface whilst ensuring the wells remain as deep
as possible to maximise the potential for leachate extraction. With the silt/waste interface
between 0 and 1.5mOD it was decided that the target borehole elevation should be no lower

than 2mOD.

In areas where the waste is dry and of low density then the volume of drilling fluid lost to the
waste during installation of the horizontal wells may be considerable. The use of bentonite
based fluids is therefore undesirable if the hydraulic conductivity of the waste is to be

maintained.

3.4.1 Need for a Directional Drilling Trial

The site investigation aims outlined in Section 3.2.1 were largely met despite the problems
experienced with the vertical drilling rig. A considerable insight has been obtained into both
the

= composition and properties of the waste in-situ, and

* general characteristics and features of Rainham landfill site such as the stratigraphy,

history and groundwater regime.

Although the site investigation raised a number of concerns, none were considered to be of
major significance. However, little information was obtained that would assist with design
specifications such as drill rig capacity, well diameter and screen material. Therefore, before
committing the project funds to a full scale trial it was considered prudent to attempt the
installation of a short, 100m long, horizontal well at Rainham. The aim of this trial was to
identify the principal difficulties associated with directional drilling in landfill and to provide
recommendations for the major design specifications. The small scale trial is discussed in

section 4.1.

" Including the 8.5m depth of waste tipped since the site investigation.
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CHAPTER 4

Well Installation Field Trials

Conventional directional drilling techniques were reviewed in Chapter 2. The intention of
Chapter 4 is to show how these techniques were modified and improved to overcome the
particular problems of horizontal well installation in a landfill. To do this, a series of field
trials are discussed that were observed or carried out as part of the current research. These
trials demonstrate an ongoing refinement of the drilling technique for landfill applications.
Recommendations for future horizontal well installations are included at the end of the

chapter.

4.1 First Rainham Field Trial

As identified at the end of Chapter 3, the objectives of the first Rainham field trial were
twofold;
1. to identify the principal difficulties associated with directional drilling in landfill, and

2. to provide recommendations for the design of the second (and larger) field trial.

At this stage it was not clear what adaptations to the drilling technique would prove useful for
landfill applications. Following a review of other (non-landfill) directional drilling projects
the specifications given in Table 4.1 were selected for the trial. These were considered to be

representative of the specifications used for similar small scale ground remediation projects.
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Table 4.1 Specifications for first Rainham field trial

Drill Rig Size (Pullback Capacity) Mini Rig (120kN)

Borehole Target Length 100m
Maximum Borehole Depth 10m

Drilling Method Backreaming
Guidance System Walkover
Drill Bit Type Bevelled Edge

Back-Reamer Diameter & Design 250mm, Cutting Reamer

Drilling Fluid Polymer / Biodegradable

Well Screen Material | Low Carbon Steel

Diameter | 150mm

Length | 40m (centre section of full 100m)

Perforation Diameter | 15mm (Round holes)

Open Area | 0.27m%, 1.5%

An area of Phase 2 was selected where a short well (100m in length) could be installed that
would penetrate both the 1990’s waste and the 1975 waste and return to the surface whilst
avoiding tight bends in the borehole profile. The estimated completion time for the trial was
three days. Breheny Civil Engineering Contractors agreed to carry out the works without

charge in order to develop their project portfolio. Drilling commenced in March 1999.

4.1.1 Pilot Drilling

Following rig set up, Figure 4.1, a bevelled drill bit 7Smm wide was drilled into the waste.
The drill rods were 55mm in diameter. The profile of the pilot borehole is shown in Figure
4.2. From a starting elevation of 10.3mOD, the borehole was driven downwards at an angle
of 26° to 4mOD and then steered through a shallow curve to become horizontal at 2.5mOD.
This was slightly above the target of 2mOD. The horizontal section, which would include the
slotted well screen, was intended to be 40m long. However, a hard obstruction was

encountered 50m from the entry point and the drill head was deflected upwards so drilling
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continued in a gradual arc toward the exit point. Further obstructions were encountered

between 80 and 90m, where the drill head was twice deflected downwards by hard materials.

Figure 4.1 Mini-rig at Rainham for trial drilling.

The walkover guidance system had a maximum operating depth of 10m, equal to the
maximum target depth of the borehole. At depths greater than 8m the depth reading would
fluctuate by approx. £0.25m as both (a) the operating limit of the instrument was reached,

and (b) metallic objects in the waste caused interference with the signal.

The polymer based drilling fluid did not flow back to the surface at any time during the pilot
drilling. Three possible explanations were put forward to explain this;
1) fluids were absorbed into unsaturated zones which may have been isolated until
hydraulically connected by the drilling;
i1) the borehole may have closed around the pilot rods preventing return flow; and
1i1) a filter cake may not have been able to form in areas with coarse grain size

allowing a continual migration of fluids out into the waste.

As there was no flow of drilling fluids from the borehole no cuttings were removed. The
waste must therefore have been compressed into the borehole walls as the drilling assembly
passed through. It is doubtful whether the waste materials would have actually been cut and
milled as is usual with soil or rock. Indeed, the tensile strength of waste materials such as
plastic, fabric and metal may have resisted the cutting action of the jets and so a flowable

slurry of waste particles would not have formed.

Despite the obstructions, pilot drilling was generally less problematic than had been

anticipated and the 105m long borehole was completed in only four hours.
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Figure 4.2 Profile of trial borehole, dashed line represents section intended for completion with slotted
well screen.

4.1.2 Pre-reaming

4000 Nm of torque was required to rotate the drill rods in the borehole. The drill rig operators
advised that this was ‘considerably more’ torque than usually required after drilling pilot
boreholes through natural ground formations. This suggested that the 75Smm diameter
borehole may have closed or collapsed around the 55mm diameter drill rods. As a result it

was decided to enlarge the borehole twice by pre-reaming before final installation of the

150mm well screen.

The first pre-ream used a 100mm cutting reamer combined with a 150mm compaction
reamer, Figure 4.3. The cutting reamer was designed to cut the waste to form a larger
borehole, with particles flowing to the surface suspended in the drilling fluid. The

compaction reamer was designed to compress any remaining loose waste into the borehole

walls to limit closure/collapse.
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Figure 4.3 Drilling assembly used on first pre-ream; cutting reamer, compaction reamer and swivel.

The pre-ream assembly was pulled and rotated through the borehole without meeting any
obstructions although the pulling force required often reached the maximum 120kN capacity
of the rig. No fluids or cuttings returned to the surface. On completion of the pre-ream the
assembly was found to be wrapped in waste items that had some degree of tensile strength,
including plastic bags, banding tape, metal wire, a metal chain and a blanket. The cutting

teeth of the reamer were also covered, preventing milling of the waste.

The second pre-ream used the same assembly as the first with an additional 250mm
compaction reamer to enlarge the borehole to the diameter required. Due to the inability to
cut the waste a larger cutting reamer was not used. The second pre-ream progressed without
difficulty (although there were still no drilling fluid returns) until at 50m the drilling
assembly encountered an obstruction that halted progress for one hour. Continued pulling and
rotation slowly advanced the drilling assembly over a length of 3m before the obstruction
was passed. The material that caused the delay was unknown and it was not clear whether it
was 3m in length or thickness, or whether a smaller item had been dragged over 3m. On
completion of the second pre-ream the drilling assembly was again found to be wrapped in

waste materials including plastic bags, metal wire and metal cable.

4.1.3 Well screen installation

The cutting and compaction reamers were removed from the drilling assembly. The screen
was positioned at the exit end of the borehole and attached to the drill string. An excavator
was used to lift the screen to allow it to pass into the borehole at the same angle as the exit

trench, Figure 4.4a.
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Figure 4.4 a) Excavator lifts well screen allowing it to pass into the exit trench at the correct angle, b)
excavator feeds screen into the borehole to assist the pulling action of the rig.

The first 10m was pulled into the borehole using the drilling rig alone. However, the required
pullback force increased rapidly so that after 10m the full 120kN capacity of the rig was
reached. The excavator then assisted the rig by feeding the well screen into the borehole,
Figure 4.4b. A further 15m was installed in this way before the force required once again
exceeded the force applied and the trial had to be abandoned. The 25m of well screen that
had already been installed was pulled back out (with difficulty) using a bulldozer. The
surface of the well screen revealed deep scratches on all sides indicating that the borehole
had possibly closed around it. The following analyses support the hypothesis that borehole

closure could have prevented installation.
Analysis 1 — Borehole Remains Open

Milligan and Norris (1996) studied the forces required to move pipes through soil during
pipe-jacking operations . They concluded that pipes sliding in a stable (open) borehole will
generate frictional resistance in proportion to their weight. This is illustrated in Figure 4.5.
Based on this principle, the pulling force, P, required to draw the well screen used at

Rainham through an open borehole is analysed below.

" Pipe-jacking — this is a technique for installing underground pipes or ducts in which the pipes are pushed
through the ground behind a tunnelling shield using hydraulic jacks reacting against a thrust wall in a jacking or
thrust pit [Milligan, 2000].
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Pipe Weight, N

Figure 4.5 End on diagram of well screen in a borehole that remains open.

The relationship between friction, F, and normal load, A, is
F=uN (4.1)

where 4 is the coefficient of friction between the load and the surface over which it is sliding.
The coefficient of friction can be expressed in terms of the angle of interface friction, ¢. This
is the angle of inclination of the resultant force on the sliding interface, measured from the
normal. Substituting x4 = tan ¢ and F' = P into equation (4.1) to find the pulling force required
to make the well screen move,

P=Ntang xI 4.2)

where N is the well screen weight per unit length and / is the well screen length. To measure
interface friction between waste and steel, Powrie & Beaven (1999) placed approximately 1
ton of loosely compacted household waste on the smooth metal back of a tipper lorry. The

back was slowly raised and the angle at which the waste just started to move was measured.

The test was repeated a number of times giving ¢ values of 25-30°.

The mass of well screen per unit length (V) is approximately

N=ndtpg (4.3)
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where d is the well screen diameter, ¢ is the screen wall thickness, p is the density of the well

screen material” and g is the gravitational constant.

The Rainham well screen was made from low carbon steel and had dimensions of

d=0.15m, (=0.005m, p=7800kg/m’

In the worst case, when ¢ = 30°, substitution of the values gives P as 0.104 kN/m and for the
full 105m of well screen, P equals 11kN. This value is much smaller than the 120kN
maximum pullback capacity of the rig. Had the borehole remained fully open, installation of
the well screen should therefore have been successful. It should be noted that ¢ = 30° was
obtained from tests on loosely compacted waste, however, if the waste had been more
densely compacted the angle of friction may have been higher. Nevertheless, even with, say
@ = 45°, the resulting pulling force required, at 19kN, is still very much lower than the

pullback capacity of the rig.

Milligan (2000) states that ‘if a borehole is filled with a fluid lubricant, the pipes will become
partially or completely buoyant, and the contact forces between pipes and ground will be
greatly reduced’”. As a result, Milligan goes on to say that ‘pipes at neutral buoyancy in a
slurry lubricant of low shear strength may experience almost negligible (frictional)
resistance’. With fluid thought to have migrated away from the borehole it is unlikely that the

installation would have benefited from this buoyancy effect.

The above analysis neglects the frictional resistance exerted on the drill rods as they are
moved through the borehole. Using the rod specifications d = 0.055m, = 0.01m, and p =
7800 kg/m’, then the full 105m length of drill rods would require 8kN of pulling force if the
borehole (drilled at a diameter of 7Smm) remained open. Although the drill rods are removed
as the well screen is installed, the full length of the well screen must be pulled over the
landfill surface before it enters the borehole. The combined total (19kN) therefore represents
the greatest force required but is considerably less than the 120kN capacity of the rig.
However, the full capacity of the rig was at times required to draw the drill string itself
through the borehole, much more than the calculated 8kN required had the borehole remained

open.

" The effect of the perforations on well screen density were assumed to be negligible as the open area was less
than 1.5%, and the well screen itself comprised only 40% of the total pipe length.
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Milligan and Norris (1996) observed that misalignment of pipes during pipe-jacking
operations can cause localised contacts between the pipe and the borehole walls which add to
the frictional resistance. Deviations in borehole route during directional drilling possibly have
the same effect as pipe misalignment and increase frictional resistance. This may partly

explain why the full rig capacity was periodically required during pre-reaming.
Analysis 2 — Full Borehole Closure

Milligan (2000) states that the primary function of a drilling fluid in unstable ground is to
provide a fluid pressure to support the borehole and prevent collapse of the ground onto the
pipes. To do this in permeable ground requires the formation of a filter cake at the soil
(waste) interface. Filter cake formation has been discussed in section 2.2.2. With fluids
dispersing into the waste a filter cake would have been unable to form and the borehole may
have collapsed. The pulling force required to draw the Rainham well screen through a closed

borehole where friction is acting all round the screen, as in Figure 4.6, is analysed below.

Normal stress acting
all round well screen

e s e A e e

Figure 4.6 End on diagram of well screen in a closed/collapsed borehole.

" The effect will be less for perforated well screen than for an air-filled pipe.
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The frictional resistance to movement is related to the average effective stress, 6°,,, acting on

the well screen, so that
P=ndc’tang x !/ 4.4)

G’y 1s related to the vertical effective stress 6°, by
C’ay =00y 4.5)

where a is a coefficient with a value likely to be between 0 and 1.

The values required to calculate the ¢’ value for the Rainham trial are

Ground Level (GL) =10.5mOD

Leachate Level (LL) =5mOD

Borehole Level (BL) =2.6mOD  (assuming full length of borehole at this depth)
Total Stress, oy = 45kPa (based on measured in situ density)

Pore Water Pressure, u = 24kPa

From Terzaghi’s equation, 6°, = o, —u
o’y =45-24=21kPa

Substituting the values into equation (4.4) and taking a to be 0.5
P=x x0.15 x (0.5 x21) x tan 30 x/
P =2.86kN/m

For a borehole length of 105m, P = (105 x 2.86) = 300kN. Clearly the 120kN capacity of the
mini-rig would be exceeded if the borehole had fully closed.

The pulling force required to move the 55mm diameter drilling rods through a closed
borehole is not included in the above analysis. Substituting the appropriate values into
equation (4.4), for a 105m length of drill rods
P=m x0.055 x(0.5x21) xtan 30 x 105m
P=110kN
Therefore pulling the drill rods may have just been possible using the 120kN rig if the
borehole had fully closed up.
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With such a small spare capacity, it is surprising that even a 10m length of the 150mm
diameter well screen was installed with the rig alone. It therefore seems likely that only
partial collapse of the borehole had occurred with some sections remaining open. Additional
factors reducing the pulling force required may have included:

= conveyance of effective stress around the borehole through arching, and

= reduced stress at each end of the borehole as the depth of the borehole decreased.

In summary, if the borehole had remained open, movement of the drill rods and installation
of the screen would not have been difficult. If the borehole had fully closed, movement of the
drill rods may have been possible but the rig would not have had spare capacity to install the
larger diameter well screen. In actuality, the screen was pulled 10m into the borehole using
the rig alone, suggesting that the borehole had undergone partial but not complete closure. It
is thought that if the well screen had been of a similar diameter to the drill rods, installation
may have been successful. This hypothesis led to the Metallic Tile field trial discussed in
section 4.4 in which a small diameter well screen was installed. However, a well screen less
than 100mm in diameter will not easily accommodate submersible pumps or well

development tools.

It is possible that the degree of closure of the borehole was increased as the walls were not
continuously supported. Had the drill rods been of a larger diameter, say 100mm, the walls
would have been better supported and closure may have been reduced, possibly enabling the

installation of a larger diameter well screen.

The analyses made clear that the issue of borehole closure was of paramount importance and
needed to be resolved if the longer installations of the second Rainham trial were to be

successful.

4.1.4 Conclusions & Recommendations from the First Rainham Trial

Although the site investigation highlighted the presence of large waste items which might
obstruct pilot drilling, few obstructions were actually encountered and none caused major
problems. However, waste materials with tensile strength such as wire and fabrics became

wrapped around the drilling assembly and prevented effective milling of the waste.
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The large variations in density and the presence of slurry-like waste identified during the site
investigation did not prove to be a problem for steering of the drilling head. Some deflections

were caused by hard items but none were considered to be significant.

Reasons for the absence of fluid returns were thought to include (a) absorption of fluids into
unsaturated zones, (b) partial borehole closure preventing return flow, and (¢) coarse grain

size preventing filter cake formation.

Readings of the assembly temperature, obtained from the guidance sonde, remained at 20°C
+ 4°C throughout the pilot drilling, demonstrating that the drilling fluids kept the drilling

assembly cool despite the elevated temperatures in the landfill.

The principal difficulty associated with directional drilling in waste materials was identified
as borehole closure. This occurred despite the use of compaction reamers in an attempt to
compress any loose waste into the borehole walls. Investigations into alternative or modified

methods of drilling were required to overcome this problem.

Despite the abandonment of the trial before installation was complete, many lessons for
future attempts were learned. These are discussed below.

1. A higher capacity rig would be required. The mini-rig often ran at maximum capacity
(120kN) even before well screen installation was attempted. With the proposed wells
more than five times longer, a maxi-rig (>800kN) may be required.

2. The back reamer should not be overly aggressive, with numerous protruding teeth, as
these are likely to become wrapped in waste materials thereby reducing their cutting
potential.

3. The tensile strength of the well screen should ideally be greater than the maximum
pullback capacity of the drill rig, thus preventing breakage of the well screen during
installation.

4. Partial closure of the borehole prevented installation of the 150mm diameter well
screen although movement of the SSmm diameter drill rods was possible. Use of a
smaller diameter well screen, and/or the provision of better borehole support (perhaps
through the use of larger diameter drill rods) may have resulted in a successful

installation. As a result the diameter of the well screen specified for the second trial
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was reduced from 150mm to 100mm. According to Price (1985) and the US EPA
(2001) this should not cause a significant reduction in well performance. Price [1985]
states that ‘doubling the diameter of a (vertical) well will decrease the drawdown by
only about 10% for the same yield’. The US EPA [2001] state that ‘doubling the
diameter of the well screen will increase the yield of the well by 10 to 15%°.

The walkover guidance system experienced some loss of accuracy below 8m depth.
The proposed wells were to extend up to 29m below ground level, so it is clear that a
wireline system would be required.

With all fluids remaining in the waste, bentonite based fluid should be avoided as this
is likely to irreversibly reduce the hydraulic conductivity of the waste. If fluid does
not return and no filter cake can be formed then water alone may be sufficient for
cutting and cooling purposes.

The perforation design and open area of the well screen, Figure 4.7, was given little
consideration. The perforation diameter (or slot width) should be designed using

particle size distribution data for the waste and, if possible, the open area should be

maximised to reduce well losses.

Figure 4.7 150mm diameter well screen used in the first Rainham trial. 15mm holes, open area of 1.5%.

In addition to the above, a number of minor, but nevertheless important, recommendations

arose from the drilling trial. These are listed below.

1

Welding of the well screen sections could not take place during installation due to
potentially explosive landfill gas venting from the borehole. Consequently the full
105m length had to be welded in a gas free location away from the landfilled area,
and then moved into place. Manoeuvring even 105m of screen across the landfill was

difficult; had the well screen been 550m (as proposed for the second Rainham trial)
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this would have been impossible. Threaded joints or a similar alternative were
therefore recommended.
The proposed route of the borehole should be surveyed and clearly staked out,
allowing the operator to align the rig correctly before drilling commences. The target
depth of the borehole below each stake should be calculated beforehand to act as a
guide whilst drilling. Further, the drilling contractor should provide the full
coordinates of the completed borehole profile together with the elevation in metres
Ordnance Datum (mOD). This information would be crucial for positioning of the
piezometers.
The leachate level at some point along the well screen may be higher than the entry or
exit point of the well leading to artesian conditions. It is therefore important to have
end caps available to stem such flow.
Finally, issues were raised that would require consideration before attempting the
second, larger scale, trial. These included;

a. space and foundations required for rig set up,

b. time required for rig set up, |

anchorage for rig,

c
d. water supply and water storage (if demand outstripped supply),

e

interference with ongoing site activities, and
f. health and safety issues such as equipment testing certificates, gas meters,

protective clothing etc.

These recommendations proved invaluable when organising and conducting the second

Rainham trial discussed in section 4.3.

4.2 Trials in the American Midwest

4.2.1 Introduction

Following completion of the first Rainham trial, reference was found to two separate projects

in the American Midwest where directionally drilled horizontal wells had been installed in

waste materials for the purpose of leachate control. At the first site, Livingston Landfill in
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Illinois, a single well had been installed in 1996 and two further wells in 1999. At the second

site, the City of Superior Landfill in Wisconsin, a single well had been installed in 1996. A

visit was made to each site in October 1999 to discuss the projects in detail. The

specifications for the second Rainham trial were subsequently modified as a result of the

failures and successes encountered in the Midwest.

Conditions at Livingston were in many respects similar to those at Rainham. Tipping of

waste had commenced on level ground in the early 1970’s and a 26m high waste mound had

since been created with no system for basal drainage or other infrastructure for leachate

control. Elevated leachate levels had prompted the installation of control measures, and

horizontal wells were proposed as an alternative to an extensive vertical well field.

At Superior, tipping had also begun in the 1970°s with no infrastructure for leachate control

in place. The site base was below the surrounding water table and the initial hydraulic

gradient between the groundwater and leachate promoted flow into the landfill. However,

leachate levels had risen, reversing this hydraulic gradient. This prompted the installation of a

horizontal leachate control well with the aim of reestablishing the former inward hydraulic

gradient.

4.2.2 Midwest Project Details

The specifications of the Livingston and Superior projects are summarised in Table 4.2. A

discussion of the successes and failures of the techniques used and the consequential

influence on the specifications for the second Rainham trial, follows.

Table 4.2 Specifications for horizontal wells installed in Midwest landfills

Item Livingston Livingston Superior Landfill
Well 1 Wells 2 & 3 Well 1
Drilling contractor Hoerr Construction A&L Underground Mears

Date of installation

March 1996

April — November
1999

September 1996

Duration of
installation

30 days

7 months

4 days
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Ttem Livingston Livingston Superior Landfill
Well 1 Wells 2 & 3 Well 1
Old waste (1978) - R
Tvoe of waste higher proportion of New MSW (1990s), }?1 ki;\rlas;e (]rgti7(§)n5) ¢
P soil to MSW & little | and older waste (1978). gher proportion o
. soil to MSW
construction waste
o . 5 rigs from D
Drill rig size Mini Rig (107kN) 267KN to 2,224kN Midi Rig (311kN)
Drill bit type Tri-cone Tri-cone Tri-cone
Guid svst ‘Wireless’ Wireline Wireline
ance system (AccuNav) (TruTracker™) (TruTracker™)
Drilling fluid . . .
additive Biodegradable Biodegradable Biodegradable
Drilling fluids Some fluids, no No fluid returns No fluid returns
returns cuttings beyond 60m beyond 12m
Borehole length 170m 2 x 400m 365m
Max depth below 26m 26m 14m
ground

Back-reamer
diameter & design

200mm fluted reamer
{0 minimise snagging

200mm fluted reamer
to minimise snagging

400mm pre-ream
300mm back-ream
barrel reamer.

Carrier casing
material & diameter

No carrier casing

No carrier casing

HDPE (SDR 11)
250mm

Well screen material

Perforated HDPE

1* attempt perf. HDPE
2™ attempt perf. Steel

HDPE (SDR 17)

Well screen diameter

1* attempt 150mm,
2™ attempt 100mm

100mm

100mm

Well screen

perforation diameter 6.35mm (holes) 9.5mm (holes) 0.5mm (slots)
Jetting with bleach Jetting with water &
g:tl}i (? ;SV clopment solution & Not developed calcium hypochlorite to
overpumping breakdown fluids
Xﬁi&iﬁiﬁf ) 0.27m’/day Not yet pumped 13m%/day
Well YIeld, longer 0.1 6m3/day Not yet pumped 4m3/day

term

[Additional sources for Livingston County: PUC 1996, Yach 1997, Friend & Hock 1998, Friend 2001]
[Additional sources for City of Superior: Wilson 1996b, Bruxvoort ef a/ 1998, HDDwell.com 2001b]

4.2.2.1 Rig size

The first horizontal wells installed at Livingston and Superior in 1996 were completed using

a mini and midi-rig respectively. However, the importance of rig size became apparent

during the second Livingston project when five drilling rigs of increasing capacity were

deployed in succession before a well was successfully installed. Rigs up to 730kN pullback
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capacity proved to be insufficient, and it was not until a maxi-rig of 2,224kN was used that

the first installation was completed after a total of seven months on site.

Both the Cardiff Bay installations and the first Rainham trial had suggested a maxi-rig would

be required for the second Rainham trial. The events at Livingston confirmed this.

4.2.2.2 Site investigation

No site investigation boreholes were drilled prior to the installation of the horizontal wells at
either site and as a result little was known about the waste types or the exact position of the
basal liner. Tipping records showed that both sites had accepted relatively small amounts of
waste during the first years of operation (<250 tons/day), so that the daily cover material
(150mm thick clay) made up a significant volume of the waste. It is thought that the clay may
have assisted the drilling by (a) offering less resistance to the passage of the drilling tools,

and (b) maintaining the temporary stability of the borehole wall.

At both Livingston and Superior the horizontal section of the borehole was drilled to within
1m of the clay liner. However, both project managers subsequently conceded that as the exact
position of the site base was not known there was a possibility that sections of the wells may
have been installed directly on, or even in, the clay liner [Abichou 1999; King 1999].
Although this would make installation less problematic it would compromise both the
performance of the wells and the integrity of the leachate containment barrier. In addition, it
was observed that while the elevation of the drilling assembly was monitored throughout the
pilot drilling stage, subsequent back-reaming may have cut lower into the waste, bringing the
borehole even closer to (or deeper into) the clay liner. As a result of these concerns, the
specified elevation for the proposed Rainham wells was raised by a further metre from

2mOD to 3mOD.

4.2.2.3 Drilling tools & guidance systems

The pilot borehole of the first Rainham trial had used a drill bit with a bevelled edge whereas
the pilot boreholes of all three Midwestern projects had successtully used tri-cone drill bits.
On one occasion an obstruction was encountered during the pilot drilling at Superior. The
drill head was retracted 10m and successfully redirected around the obstruction. It was
thought that a tri-cone drill bit would be more likely to mill the waste than a bevelled bit and

so the tri-cone type was specified for use in the second Rainham trial. The ‘fluted’ reamer
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used at Livingston and the ‘barrel’ reamer used at Superior were both relatively smooth in
comparison to other reamers, i.e. the cutting teeth did not project more than 10mm. This
smooth design prevented materials such as wire and fabrics becoming wound around the

reamer and covering the cutting teeth as had happened during the first Rainham trial.

The first project at Livingston County used the AccuNav® guidance system, the operating
principle of which was discussed in section 2.2.3. This relies on the earth’s magnetic field to
calculate drill head orientation and is therefore subject to interference from a number of
sources including metallic objects which are common in waste. The system is also subject to
error propagation along the borehole path. The tight tolerance on borehole elevation for the
second Livingston project demanded greater accuracy and so the TruTracker™ system was
used. TruTracker™ performed well at Livingston (and Superior) and was therefore specified

as the guidance system for the second Rainham trial.

4.2.2.4 Drilling fluids

Each of the Midwestern projects was completed using a biodegradable drilling fluid. This
was in recognition of the need to avoid the introduction of.low permeability bentonite into an
already low permeability formation. Permeability values at Livingston were estimated to be
107 to 10 m/s [Friend 2001]. Referring to the Superior project, Bruxvoort et al (1998) states
that; “The degradation of biodegradable drilling fluid eliminates much of the development
effort associated with bentonite based drilling fluids”.

At Livingston and Superior no drilling fluids returned once the pilot boreholes had
progressed 60m and 12m respectively. With no fluids (and therefore no cuttings) returning to
the surface it is questionable whether the use of drilling fluid additives was of any benefit in
terms of borehole support, in which case water alone might have been sufficient to satisfy

cutting and cooling requirements.

During the first Livingston trial, fluids periodically returned to the surface but were free of
cuttings. This suggests that either the gel strength ofithe fluid was too low to carry cuttings in
suspension or, as in the first Rainham trial, the drilling tools did not cut the waste but simply
pushed through it. With no cuttings, the waste would be compressed into the borehole walls
from where it could collapse or expand back into the borehole. If the cuttings remained

compressed into the borehole wall the local permeability would be reduced.
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For the second Rainham trial it was decided that biodegradable fluid additives would be used
1n an attempt to provide borehole support and to remove cuttings, but if no fluids returned

then only water would be used.

4.2.2.5 Well screen installation

In the first Livingston trial, an attempt was made to install a 150mm diameter perforated
HDPE well screen into a borehole which had been back-reamed at a diameter of 200mm.
During pullback, the tensile load exerted by the drill rig had to be gradually increased to
overcome the frictional resistance acting between the borehole walls and the surface of the
well screen. However, the pulling swivel snapped before installation was complete. On
removal of the HDPE well screen from the exit end of the borehole a 6m section was found
to have been plastically deformed (stretched), indicating that the yield strength of the well
screen had been exceeded. The tensile load F, required to cause plastic deformation of the
150mm diameter HDPE well screen is approximately

F=ndtxP, (4.6)

where d is the well screen diameter, ¢ is the wall thickness and P, is the yield strength in
Pascals. Assuming a yield strength of 22MPa (Table 2.1), and a wall thickness of 9mm, F
equals 93 kN. This was marginally lower than the 107kN pullback capacity of the rig. By
substituting the ultimate tensile strength P, for P, in equation (4.6) and assuming a P, value
ot 34MPa (Table 2.1) the tensile load required to break the well screen would be 144kN. This
is greater than the pullback capacity of the rig and may explain why the HDPE stretched but
did not break. To reduce the frictional resistance a second successful attempt was made with

smaller, 100mm diameter HDPE.

In the second Livingston project, the installation of similar 100mm diameter HDPE well
screen was attempted. On this occasion a 267kN pullback capacity rig was used and, not
surprisingly, the HDPE snapped. The HDPE was then exchanged for 100mm diameter steel
well screen. Using equation (4.6) and values of d = 100mm, ¢ = 15mm and P,;, = 500MPa
(from Table 2.1), the tensile strength of this screen was approximately 2360kN, much greater
than the capacity of the rig and the well screen remained intact. However, partial borehole
closure again caused the frictional resistance on the well screen to exceed the capacity of the
rig and installation could not be completed. The 26 7kN rig was exchanged for a succession of

three increasingly powerful midi-rigs up to 730kN but it was not until a maxi-rig (2,224kN
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capacity) was brought to the site some seven months after drilling had commenced that the

well screen was successfully installed.

During both Livingston trials, partial borehole closure again proved to be the principal factor
preventing or delaying successful installation. This reinforced the conclusion made from the
first Rainham trial that the issue of borehole closure must be addressed before a second trial

was attempted at Rainham.

In contrast to the Livingston trials, the installation at Superior proved to be rapid and problem
free with no evidence of borehole closure. Why Superior should be different is not clear, but
may be a combination of the following factors:
» high clay/soil content in waste providing better structure to the borehole wall,
» demolition materials and appliances (e.g. cookers, fridges) were not accepted at the
landfill,
= some sections were possibly installed within the clay liner,
» the smooth walled carrier casing may have reduced frictional resistance as
perforations/slots in the well screen may catch on protrusions from the borehole wall,
» installation was rapid (3 days), minimising the opportunity for borehole closure, and
= due to a smaller depth of waste the vertical effective stress at the base of the Superior
site was 50kPa, compared with 170kPa at Livingston. From equation (4.4), a lower
effective stress will reduce the frictional resistance on the well screen during

installation.

Table 4.2 applies equation (4.4), which assumes the borehole has closed, to both the Superior
and Livingston installations. For comparison, equation (4.2) which assumes the borehole

remains open, is also applied.

Table 4.2 To compare pulling forces required at Superior and Livingston assuming (a) full borehole
closure and (b) an open borehole.

Factor Superior Livingston (2™ Trial)
Screen/casing Diameter (d) 0.25m 0.1m
Screen/casing Wall Thickness (7) 0.015m 0.015m
Screen/casing Density (p) 955kg/m’ 7800kg/m’
Average Effective Stress (¢’,y) 25kPa 85kPa
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Angle of Interface Friction (tan ¢) 30° 30°
Borehole Length (/) 365m 400m
Pulling Force Required (P)
4,140 kN 6,170 kN

Closed Hole P = d 6°, tan ¢ x [
Pulling Force Required (P)

8 a 23 kN 83 kN
Open Hole P = ndipg x tan ¢ xI
Drill Rig Capacity 311 kN from 267 kN to 2224 kN

Although the pulling forces theoretically required if the borehole had closed far exceed the
drill rig capacity used at both sites, the force required at Livingston is 50% greater than
Superior. More extensive borehole closure would therefore need to have occurred at Superior
before the drill ng capacity was exceeded. Had the boreholes remained open, neither

installation should have been difficult.

4.2.2.6 Carrier casing & open area

Well screen can be installed using a carrier casing as at Superior. To do this the well screen is
placed inside a larger diameter plain casing (i.e. with no perforations or slots) prior to
installation. The casing and screen are then pulled into the borehole together with all tensile
forces exerted on the casing and not the screen. Once installed, the screen is held in place
whilst the carrier casing is pulled out. Use of a carrier casing has a number of advantages.
= As all tensile forces are exerted on the casing, the tensile strength of the screen can be
much lower, allowing the screen design to focus on fluid extraction properties (e.g. a
larger open area).
» The casing prevents the smearing of low permeability materials over the slots as the
screen is pulled in.
* During removal of the carrier casing, waste may collapse into the void left behind,
thereby loosening the material immediately surrounding the well screen and
increasing the local permeability (provided cuttings have been removed during the

pilot and reaming stages).

The open areas of the well screens used were low; 0.16% & 0.5% at Livingston, and 3% at
Superior despite the use of a carrier casing [Friend 1999, King 1999]. The project managers

were not concerned that the open area was small, arguing that the low permeability of the
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waste would be the limiting factor for flow rates so that the open area of the screen would not
need to be large. However, Figure 4.8, a photograph of the 0.5% open area Livingston screen,
indicates that the perforations are very widely spaced (approx. one perforation per 0.02m?).
The likelihood of any permeable pathways in the waste matching up with a perforation in the
well screen is therefore limited, i.e. well losses will be high. Further, it is probable that many
perforations will become covered by sheet like materials such as plastic bags. With a larger
open area, or at least a more even distribution of the same open area, permeable channels are
more likely to match up with perforations. In addition, jets used during well development
would rarely match up with the sparse perforations. For these reasons a well screen with a
large and evenly distributed open area was recommended for use in the second Rainham trial.
Finally, it was apparent that the project managers for the Midwestern projects had give little

thought to the influence of aperture size on the control of fines.

Figure 4.8 100mm diameter steel well screen for the 2" Livingston project, 9.5mm holes, open area 0.5%.

4.2.2.77 Well development & flow rates

Development of the first Livingston well was by means of a jetting tool attached to the front
of the pilot drilling rods. This assembly was passed through the well screen while water was
pumped through the rods to the jetting tool. During jetting, leachate, water and drilling fluid
were pumped out of the well from the exit end at a rate faster than the jetting tool supplied.
This overpumping promoted a net flow of diluted leachate from the well, carrying with it
drilling fluid and fines from both the well itself and the surrounding waste. After the well had

been operational for thirteen weeks a CCTV inspection found possible biofouling around the
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perforations. Jetting with bleach solution using standard sewer jetting equipment removed the
deposits and “a notable improvement in yield was observed” [Friend, 1999], although no
quantification was available. For the first nineteen weeks of pumping, the horizontal well
yield averaged 0.27m’/day but for the following twenty-five weeks only 0.16m>/day.
However, no significant effects on piezometric levels were observed over this period [Friend
& Hock, 1998]. The observation wells were fully screened and may have failed to respond to
differential pore pressure reductions at different depths or in discrete horizons. A series of
contractual changes following the publication of these results has led to a failure to operate

the two wells installed in 1999 to the present date (February 2002).

Development of the Superior well used standard sewer jetting equipment and calcium
hypochlorite solution to break up and degrade the drilling fluid. Bruxvoort et al (1998)
reported that flow rates averaged 13m>/day during the first two months of operation and then
reduced to a stable 4m*/day for the following ten months. Piezometric levels were monitored
using fifteen vertical wells. The average reduction in level was 1m after one year of pumping
with a 4m reduction observed in one vertical well. As at Livingston, these observation wells
were fully screened which may have masked changes in individual horizons. However, the
average reduction was enough to regain the former inward hydraulic gradient and so the
project objectives were met. Finally, Bruxvoort et al (1998) suggested that the influence of a

horizontal well operating in MSW can extend up to 30m laterally.

4.2.3 Summary of Recommendations from the Midwest Trials

From the above discussion of the successes and failures of the Midwestern projects a number
of recommendations were made for the second Rainham trial. These are summarised below.
1. The need to resolve the issue of borehole closure was again illustrated.
2. Although success may be achieved with a midi-rig it is advisable to use a maxi-rig,
i.e. with a minimum pullback capacity of 800kN.
3. To ensure that the horizontal wells are installed wholly within the waste mass and do
not encounter the site base, the target elevation should be raised by one metre (to

3mOD).
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Drilling tools, especially the back-reamer, should be designed so as to minimise the
chance of snagging on waste materials that can become tangled around the drilling
assembly.

The TruTracker™ wireline system appears to be the best option for guiding the pilot
borehole.

Biodegradable drilling fluid should be used initially to try and convey cuttings from
the borehole. However, if no cuttings return then water alone may suffice. Bentonite
based fluids should be avoided.

HDPE well screen should be avoided as it has low tensile strength. Steel well screen
should be used in preference.

Use of a casing will reduce both the tensile strength requirements of the well screen
and the likelihood of smearing during installation. However, the diameter of the
borehole must be larger to accommodate the carrier casing.

The diameter of the well screen or carrier casing should be minimised in order to
reduce frictional resistance during installation. 100mm well screen is perhaps the
smallest diameter that will accommodate submersible pumps and development tools.
The open area of the well screen should be maximised and evenly distributed to
minimise well losses. Selection of the aperture size should be justified with reference
to the particle size distribution of the waste.

Thorough well development should be attempted and, where possible, the well screen

should be designed to assist development.

Second Rainham Field Trial

The Overwashing Technique

During the preliminary investigations into directional drilling, a technique called

overwashing had been discussed with a German drilling contractor named FlowTex (now

DrillTec). Overwashing was considered to be more expensive as the drilling equipment it

required was less conventional. Examples of wells completed using overwashing were

limited, with most drilling companies offering only the backreaming technique as used in all
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the trials referenced above. However, overwashing offers the chance to limit the degree to

which the borehole is able to close. The stages of overwashing are outlined below.

Stage 1 — Pilot Borehole

The drill rods are advanced through the formation using the same drilling assembly, guidance
systems and fluids as in the backreaming technique. However, overwashing permits the
installation of blind wells, i.e. wells that do not continue to surface at an exit point. The pilot
borehole can therefore stop where required, for example, in ground remediation projects this
might be at the end of a contaminant plume. If desired, the pilot borehole can continue to the
surface. Blind wells are most commonly used where there is nowhere for an exit hole, e.g.

underneath a building.

Stage 2 — Installation of Overwash Casing

The overwash casing is essentially a solid walled pipe with a cutting shoe at the leading end.
The drill rods fit inside the overwash casing and act to guide the casing as it is drilled into the
borehole, as in Figure 4.9. As the overwash casing cannot be steered directly, the preceding
pilot stage is essential. Drilling fluids are pumped into the annulus between the overwash
casing and the rods both for lubrication and to ensure the inside of the casing remains free of
cuttings. As the cutting shoe is of a larger diameter than the rest of the casing, a small
annulus is created to allow fluids and cuttings to return along the casing exterior (provided
the borehole does not close). When the overwash casing has been inserted into the ground the

same distance as the drill rods, the overwash stage is complete.
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Figure 4.9 a) Drill rods left in ground following pilot drilling, overwash casing is connected to drilling rig.
b) overwash casing fits over drill rods and is guided through borehole [DrillTec, Rainham 2000].

Stage 3 — Removal of Drill Rods

The drill rig is disconnected from the overwash casing and reconnected to the protruding end
of the drill rods. These rods are then withdrawn leaving the casing in the ground to support
the borehole walls. The degree to which the borehole can close is limited to the difference in

diameter between the cutting shoe and the overwash casing.

Stage 4 — Installation of Well Screen

The chosen well screen is then pushed into the casing. If the casing remains free of cuttings,
stresses should be minimal. A sprung anchor is placed on the leading end of the casing which
opens, embedding itself in the surrounding ground, as it passes out of the end of the casing.

This prevents the well screen from being pulled from the borehole in the final stage.

Stage 5 — Overwash Casing Removal
Finally, the rig is connected to the overwash casing which is pulled from the borehole,

leaving the well screen in place.

Advantages of the overwash method over the more conventional backreaming method are

listed below in order of relative importance for the second Rainham trial.
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1. Borehole closure is limited to the difference in diameter between the overwash casing
and the cutting shoe.

2. If an impassable obstruction is encountered and the borehole must be terminated short
of the target length, well screen may still be installed over the length drilled so far.

3. As no significant pulling force is exerted on the well screen at any stage it does not
require any great tensile strength, allowing the design to focus on fluid extraction
properties.

4. Without the need for an exit section the wells can be reduced in length, creating a

considerable cost saving in terms of time and materials.

The only major disadvantage associated with overwashing is that blind-ended wells have,
obviously, only one accessible end. This limits the options for well development and
installation of pumping systems. Moreover, should the well become blocked or broken near
the accessible end, the entire well may be rendered useless. However, overwashing can be
used to complete continuous, two-ended, wells by simply continuing the pilot borehole and

overwash stage to an exit point at the surface.

4.3.2 Specifications for Design & Installation

For the reasons given above it was decided to adopt the overwashing technique for the
second Rainham trial. The specifications for installation and well design are given in Table
4.3. Many of these result directly from the recommendations discussed above, those marked

with * are considered below.

Table 4.3 Specifications for second Rainham trial

Drilling contractor® DrillTec GmbH

Drilling method Overwashing

Number of wells* 3

Length of each well* 250m

Blind / Continuous* Blind

Well profile* Gradual curve down to 3mOD over first
P 50m, remaining horizontal until 250m
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Drill rig size Maxi Rig (min. 800kN pullback)
Drill bit type Tri-cone

Guidance system Wireline (TruTracker™)
Drilling fluid additive Biodegradable or water alone
Target elevation of horizontal section 3mOD

(equivalent max. depth below ground) (28m)

Overwash casing material & diameter* Steel, 150mm

Well Screen* Material | Stainless steel wire wrap (slotted)

Diameter | 114mm

Length | 200m (first section 50m plain casing)

Slot Width | 1mm, 2mm & Smm (different each well)

Open Area (m’) | 20m’, 32m’, & 48m’ respectively

Open Area (%) | 29%, 44% & 67% respectively

The original proposal was to install two wells, one of 400m length and the second of 550m
length. These lengths were determined from the distance required to drill from one side of the
Phase 2 waste ‘dome’ to the other. With overwashing, the option now existed of drilling
shorter, blind wells. Although two-ended continuous wells are preferable to blind wells, it
was considered that the shorter the length of the well, the greater the chance of a successful
installation. Furthermore, the money saved by drilling shorter wells (materials and time)
could be used to install a third well. Three wells would provide a better degree of redundancy

and/or a significantly more robust data set than two wells.

250m was the minimum length required to reach to below the centre of the Phase 2 dome.
The first 50m of each well was designed to curve gradually from the entry point (between 7.2
and 10.3mOD), becoming horizontal at 3mOD. From 50m to 250m the wells were to remain
horizontal at 3mOD. In plan view the wells would be straight, although owing to the
proximity of the site base any left-right deviation was of little concern in comparison with
deviations in elevation. The first 50m sections were to be completed with plain casing. This
should allow a natural seal to form between the waste and the well, ensuring fluids did not
leak along the casing sides or allow rainwater to infiltrate. From S0m to 250m the boreholes

were to be completed with slotted well screen.
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The diameter of the overwash casing was minimised to reduce friction in the borehole.
However, to permit installation of the 114mm diameter well screen, the casing had to be at
least 150mm in diameter. Steel was chosen as the material for the overwash casing to ensure
the casing had adequate strength to withstand both installation and withdrawal from all three
boreholes. As the casing would not be left in the waste for any significant period of time,

corrosion resistance was not a factor and so mild steel was used.

The specific locations for the horizontal wells, shown in Appendix E, were chosen according
to three principal criteria:
1. maximising their distance from existing vertical wells, trenches and other fluid
extraction systems, including each other,
2. availability of a suitable working area for the drill rig, and
3. the ability to reach areas where leachate levels were highest, so that any influence of

the wells would be readily identifiable.

DrillTec were selected as the drilling contractor for the well installations. DrillTec fully
acknowledged the research nature ofithe project and were keen to assist during the design

stage.

4.3.3 Well Screen Selection

Selection of a suitable well screen for the first Rainham trial had been difficult. Indeed, as no
horizontal well installations had previously been attempted in the UK a suitable off-the-shelf
product could not be readily located. In haste to start the first trial, steel pipe with crudely
drilled perforations was used (Figure 4.7). The well screen used in the Livingston County
trials was also a solid walled steel pipe with crude perforations, Figure 4.8. A US EPA report
(2001) states that although pipes perforated with cutting torches or drills may substitute for

manufactured well screen, they have the following limitations:
= awide spacing is required between slots to maintain structural strength;
= perforations may vary in size;

= the percentage open area is usually very low;
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* it is difficult if not impossible to cut openings small enough to retain fine sand; and

* the jagged edges around the perforations are more susceptible to corrosion.

In contrast, a great deal of consideration was given to the well screen to be used for the
second Rainham trial. The following criteria proposed by Wampler (1997) were used as a

basis for selection.

1. The flow restrictions across the well screen should be minimised, e.g. by maximising

the open area.

2. The design should resist clogging by sediments, corrosion, mineral deposits and
microorganisms. Slot size must be large enough to permit adequate development and
not to impede flow, yet small enough to prevent the continual intake of fine grained

sediments.
3. The well screen should resist chemical degradation from in situ contaminants.

4. The hydraulic connection with the surrounding aquifer should be optimised.
Performance is generally enhanced when a well graded” filter pack, either placed
during construction or created during development, fills the gap between the well

screen and the borehole walls.

Wampler argues that although these criteria have been largely addressed for the construction
of vertical wells, they do not transfer easily to horizontal wells due to the differences in
construction techniques. Additional factors that require consideration are the tensile stresses
experienced during installation (if using the back-reaming technique) and the constraints of a
horizontal configuration on well development methods. In blind wells, compressive strength
becomes a factor as the screen must be pushed into the overwash casing. Wampler adds that
resistance to crushing by overburden soils (collapse strength) is important if the installation is

very shallow or the formation is poorly consolidated (as in landfill).

In many vertical wells the well screen is situated in a borehole of a larger diameter with a
graded filter pack filling the annulus which is designed to prevent fines from entering the
screen. The function of a filter pack is twofold:

1. To allow water to drain freely out of the formation.
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2. To support the formation and prevent it from being eroded by the water which drains
out of it [Powrie, 1997].

The filter material gradation should be selected on the basis of the particle size distribution
(PSD) of the formation, and the well screen slot size based on the PSD of the filter material.
However, in a horizontal well the screen will rest on the borehole invert, precluding
installation of a filter pack that fully surrounds the screen. Centralisers can be used to raise
the screen off the borehole invert but these must be closely spaced and can cause problems
with friction during installation. Since gravity will not move the chosen filter material into
the horizontal borehole it must be placed using an injection device or a tremie pipe. This
process is made more difficult when centralisers are in place. For these reasons, and the
additional problems of borehole closure experienced in the trials, it was decided that the
installation of a filter pack would be impractical. However, a number of well screen designs
include an integrated filtration system to eliminate the need for an external filter pack. Three

such screens were considered and are discussed below.

Schumasoil®. The well screen wall is made from sintered polyethylene resin beads to
resemble a natural porous medium (Figure 4.10). The size of the resin beads determines the
porosity and permeability. The open area is evenly spread and can be up to 36%. However
Schumasoil is generally not very robust, with a maximum tensile strength of only 13.5kN
[Schumacher GmbH, 1997]. Despite the protection that would be provided by the overwash

casing, such fragile materials were not favoured.

" Well Graded filter packs include a range of particle sizes as opposed to uniform packs which consist mostly of
similar sized particles.
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Figure 4.10 Schumasoil. Individual polyethylene resin beads can be seen.

Glass Reinforced Plastic (GRP) with gravel filter. This well screen is constructed of an
epoxy bonded gravel, sandwiched between two layers of glass reinforced plastic. The
porosity of the well screen is determined by the size of gravel grains used, although the
maximum open area of the GRP layers is 10%. The maximum tensile strength is 80kN and

compressive strength 30kN. As with Schumasoil, the low strength makes GRP unsuitable.

Stratapac® (and similar) screens use several layers of stainless steel mesh, bonded between
inner and outer perforated metal casings, Figure 4.11. The all steel construction is robust and
resilient to damage during installation; for a 100mm diameter screen the tensile strength is

approximately 900kN, and collapse strength 50MPa [Oiltools International, 1999]. However,

Figure 4.11 Stratapac well screen showing layers of stainless steel mesh and casing [Source, Pall
Corporation].
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Having ruled out (a) the installation of a filter material and (b) well screens that use an
integrated filter system, a ‘natural filter pack’ remained the only option, i.¢. one that is
formed from the constituent materials of the waste. Well development would be used to draw
the finer material from the surrounding zone into the well, leaving the coarser material in
place. Ideally, after the initial stage of normal well operation, the developed natural filter

pack would prevent the continued loss of fines.

A number of researchers have provided guidelines for the sizing of filter pack material but
few consider aperture size selection for screens installed without filter packs. For a natural
filter pack, the Hong Kong Geotechnical Engineering Office (1993) suggested that the
uniformity coefficient

Cu == D(,Q/Du) (47)

should lie within the range
4 < Deo/Dyp <20 (4.8)

The smaller the C,, the more uniform the material. From the Rainham waste PSD shown in
Figure 3.24, the C, is 36, which lies outside the range given in equation (4.8). The natural
filter pack may therefore prove ineffective at preventing the migration of fines. In addition,
materials with higher C, values will have a more tortuous flow paths and therefore lower
hydraulic conductivities. Also, waste particles might get continuously smaller as waste

degrades.

Somerville (1986) suggests that where the natural soil contains a high proportion of gravel or
larger sized particles (70% at Rainham), the filter should be designed on the basis of the
grading curve of the portion finer than 19mm. The PSD curve in Figure 4.12. was redrawn

from Figure 3.24, so that 19mm represents the Dy value.
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Figure 4.12 PSD for fine material (<19mm) from Rainham waste.

Applying equation (4.7) to Figure 4.12 gives a C,, of 22.86 which lies close to but still outside
the range in equation (4.8), so the migration of some fines into the well seems likely.
Somerville (1986) also suggests that if a filter material is to be placed against a slotted well
screen, the Dgss should be greater than twice the maximum slot width. From Figure 4.12 the

Dygsris 12mm and the maximum slot width should therefore be less than 6mm.

Walton (1962) suggested that where natural filter packs are (a) heterogeneous, (b) have a C,
greater than 6, and (c) the aquifer is soft, then the well screen aperture size should be equal to
the D5 grain size of the filter pack. The Rainham waste fits these criteria and has a Ds, grain
size of 7.3mm (for the full PSD). In addition, Walton recommends that if the zone of the
formation to be screened shows a variability due to stratification or other causes, then the Ds,
for the ‘finest zone’ should be used to determine the slot width. The Dsy of the fraction less

than 19mm, is 3mm (Figure 4.12).

* The Dgs; is the Dgs grain size of the filter material, or in this case the natural filter pack.
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The above guidelines were intended for application in natural soils, not waste materials. In
addition, while the guidelines provided a useful indication for the selection of aperture size

there remained a considerable variation in the values.

It was therefore decided that each of the three horizontal wells would be completed with a
different slot width, enabling comparisons to be made. In the first instance, a Imm slot width
was chosen as this should prevent the migration of fines suggested by the high C, value of
the waste. The two other aperture sizes selected, 2mm and Smm, were considered
representative of the values calculated above. It was thought that any variations in well
performance caused by factors other than those related to slot width, for example local
variations in hydraulic conductivity, would be averaged out over the considerable length of

the wells (200m of screen).

Of the various well screen types available the product selected was Vee-wire®, a continuous
slot screen made by Johnson. This is a ‘wire wrap” screen manufactured using a single long
wire that is wrapped spirally around an array of longitudinal support rods, leaving a narrow
space of specified width between each wrap, thus creating a continuous slot opening (Figure
4.13a). The continuous slot opening, combined with the narrow width of the wire, creates a
large percentage open area. The V-shape profile of the wire ensures the outermost part of the
slot is the most narrow, so a particle that passes into the slot is unlikely to become lodged as

it passes through the slot, as illustrated in Figure 4.13b [Johnson Screens, 2000].

Figure 4.13 a) Wire wrap well screen, b) V-shape profile of wire [Source, Johnson Screens, 2000].

The tensile strength of 114mm diameter Vee-wire is 120kN. The column (or compressive)
strength is 60kN and the collapse strength varies with slot width between 1600 kPa for Imm
screen to 248kPa for Smm screen [Johnson Screens, 1999]. The tensile and compressive

strengths were not as great as had been desired, but the use of overwash casing was expected
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to minimise the stress exerted on the screen. As the screen sections are manufactured in 6m
lengths and joined using threaded couplings, the problems associated with welding in the
presence of landfill gas and/or manoeuvring long sections of well screen around the landfill,

would be avoided.

The wire wrap design offered the highest open area of any well screen [Roscoe Moss
Company, 1990]. With reference to soils, Brandon (1986), states that a high open area is
important as the effective open area is generally one half to one third of the total as a result of
blocking by the formation material. It is thought that the presence of sheet like materials in
waste, such as plastic bags, may reduce the effective open area further still. The open area of
wire wrap screen is distributed evenly (unlike the first Rainham and Livingston trials) and

well losses should therefore be reduced.

Wire wrap screen can be manufactured in either 304 or 316-L grade stainless steel, which
have different corrosion resistance properties. Williams (1999) conducted a study into the
corrosion rates of five steel types commonly used for well screens. In this study three
‘coupons’ of each steel type were placed in an inactive water production well which had been
removed from service due to corrosion problems . The ‘coupons’ were tested for weight loss

over an eleven month test period. The results are shown in Table 4.4.

Table 4.4 Corrosion rates of five common steel types.

Steel Type I\(’Ineltgz;;;(;s)s Corrosion Resistance Factor
316-L stainless 0.0061 x 472
304 stainless 0.0118 x 244
Low alloy (ASTM type 4) 0.3131 x 9
Copper-bearing 0.7438 x 4
Mild 2.8794 x 1

Data reproduced from Williams (1999).

Metal loss from 304 was twice that of 316-L. The higher molybdenum and nickel content and

the lower chromium content of 316-L make it substantially more resistant to corrosion than

" It is not clear what substances in the water well were responsible for the corrosion and it should be noted that
these may have been very different to those in the landfill.
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304. This may prove crucial for well screen longevity during long-term exposure to leachate

at temperatures ranging from 20 to 60°C. As a result 316-L grade stainless steel was selected

in preference to 304.

4.3.4 Drilling & Installation

At the entry point of each well, foundations of crushed concrete were laid to create a firm,
even and dry working surface for the loading crane, drilling rig and operatives. The existing

surfaces were unsuitable, consisting of waste overlain by a temporary cap of silt.

DrillTec arrived at Rainham in March 2000 and set up at the entry point for horizontal well
number 3 (HW3)', Figure 4.14 to Figure 4.16. Most of the difficulties with the drilling and
installation processes were encountered at HW3, an account of which is given below.
Learning from the experiences of HW3, the two remaining wells, HW1 and HW2, were less
problematic and only the significant events which occurred during their installation are

discussed below.

* The wells are numbered according to their position around the site and not in the order of which they were
installed, or the well screen slot width used.
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A Rack of rods
and casing

-

Figure 4.15 Site set up for installation of HW1.
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Figure 4.16 1000kN pullback capacity drilling rig at HW3.

4.3.4.1 HWS3 Pilot Borehole

Once the rig had been aligned and the TruTracker™ guidance system set up, pilot drilling
began with a blunt-end drill bit" at an entry angle of 11°, Figure 4.17a. This bit relied upon an
angled high pressure jet of water to cut through the waste, Figure 4.17c. After 27m of drilling
an obstruction was encountered that caused the leading 2m of the drill bit to shear off, Figure
4.17d. A tri-cone reamer was obtained, Figure 4.18, and pilot drilling recommenced. At
2.5mOD, after 46m of drilling, soft material was encountered that allowed rapid progression
of the drilling assembly. This was thought to be the silt base although at a higher level than
predicted. The rods were withdrawn to 16m and an attempt was made to redirect the
borehole. However, the drilling assembly refused to steer out of the preferential pathway that
had already been created. This difficulty in steering may have been compounded by the soft,
slurry-like material present in the saturated horizons as identified in the site investigation.
The rods were completely withdrawn and a new borehole was commenced along a slightly

different line. Soft sections were again encountered and the initial thought was that the silt

* A tri-cone drill bit had been specified in accordance with earlier recommendations, but this had been
overlooked by the drilling contractor.
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base had been struck, however, harder sections followed confirming the borehole remained or
had moved back into the waste. The pilot borehole proceeded without serious obstruction to
the full 250m length. Figure 4.40 plots the profile of HW3, drawn from the TruTracker™

readouts.

:{"_ ."'\-,

Figure 4.17 (a) Blunt-end drill bit with jetting nozzle, (b) aligning drill bit for guidance system, (c) jetting
at start of pilot borehole, also range-rods for TruTracker, (d) blunt-end of drill bit sheared off.

Figure 4.18 Tri-cone reamer that replaced the ‘blunt-end’ drill bit.
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The TruTracker™ guidance system performed satisfactorily although the waste created a
high level of interference, more so than the operator had previously experienced on other
projects. In conventional projects, one coil of wire is usually sufficient to surround a 250m
borehole, however, to limit the reduction in current strength, four shorter coils were used. To
further increase the intensity of the induced magnetic field, and thereby proportionately
reduce the effect of interference, the surface wire coils were double-looped enabling the

elevation to be determined with an accuracy of +0.5m.

Biodegradable drilling fluids were used initially but after approximately 13m it became
apparent that no fluids (or cuttings) would be flushed from the borehole. As indicated in
section 4.1.4 1t was decided that water alone would be sufficient to drive the tri-cone and to
cool and lubricate the drilling assembly. The water used (200 to 800 I/min) was drawn from
the River Thames, which is brackish where it passes Rainham. Total volumes are discussed

in section 4.3.5.

4.3.4.2 HW3 Overwash Stage

The cutting shoe illustrated in Figure 4.19 was fitted to the overwash casing. This had eleven
teeth at the leading end designed to cut through the formation. The assembly was guided into
the borehole with the drill rods running centrally through the overwash casing as shown in
Figure 4.9. As the casing was drilled into the ground, drilling fluids were flushed into the
casing at a rate of 700 to 2400 1/min to keep it free from waste (Figure 4.20). In conventional
overwashing projects, the fluids (and cuttings) would be expected to return along the exterior
of the casing via the annulus created by the passage of the cutting bit. However, fluids only
returned whilst the cutting shoe was within 21m of the entry point and once returns ceased
water alone was used. The use of water meant that any residue left by a biodegradable

drilling fluid would not have to be removed during well development.

After the casing had been advanced 30m it was discovered that friction between the overwash
casing and the internal drill rods had pushed the rods 9m further into the landfill. The only

way to retrieve these drill rods was to completely withdraw the overwash casing and excavate
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a pit (2m deep) to find the end of the rods (Figure 4.21). On removal, the overwash cutting
bit was found to be wrapped in fabrics and plastics (Figure 4.22) and all eleven cutting teeth
had broken off, leaving only a rough edge to perform the cutting action. Once the drill rods
had been located, an additional rod was added so that the end of the string was once again
above ground level. A screw-thread coupling was attached to the protruding end of this final
rod so that should the problem recur, the string of drill rods could be simply ‘fished-out’

using other drill rods (Figure 4.24).

Overwashing recommenced and continued without obstruction. Initially, the overwash casing
was advanced at a rate of 1m/min. However, progression became increasingly slow and at a
distance of 156m had reduced to 0.15m/min. The overwash casing was again withdrawn and
the front of the drill bit was found to be very smooth as a result of wear against waste
materials (Figure 4.23). Small tungsten carbide pieces were welded to the front of the drill bit

to provide a cutting edge before the third overwashing attempt commenced.

The third attempt successfully reached 250m with little difficulty, although progress again
became slower with increasing distance (0.08m/min at the end). This slowing may have been
a combination of the tungsten carbide wearing smooth and a gradual increase in the thrust
and torque required to overcome frictional resistance between the casing and waste. The rig
had a thrust force of 320kN and a torque rating of 45,000 Nm, but highe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>