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ABSTRACT

An in situ densification probe which employs the novel
technique of simultaneous vibration and drainage has been
developed by Phoenix Engineering for the purpose of insitu
improvement of loose, granular soils. It is believed that
pumping of water during the densification process offers
improved densification capability over systems operating
with vibration alone. This study evaluates the performance
of the Phoenix system and investigates some of the
parameters which influence the effectiveness of the
densification process.

A testing programme was conducted at a site in the
Lower Mainland to assess the instrument. The site consists
"of a pumped fill overlying a natural medium sand. Field
tests were accomplished in both materials. Characterization
of the site and treatment evaluation were achieved by using
in situ tests.

Changes to soil parameters due to densification
treatment were examined, taking into account the
modification of stresses brought about by the
vibrocompaction process. It was found that relative
densities up to 85-90% could consistantly be achieved.

The study highlighted the important contribution of
pumping water from the soil during compaction operations. It
demonstrated that the Phoenix system can offer improved
compaction over alternative commercial compaction systems if
probe size and spacing are taken into account. The
importance of maintaining an adequate supply of backfill is
emphasized. It was found that the machine was well suited to
compacting silty sands, both natural and £fill, but was
unable to cause improvement in silt. The influences of
changing probe spacing and pattern were examined. The
effects of time spent densifying and changes to soil
- conditions due to time effects are briefly covered.

Finally, the limitations of this study are noted, and
recommendations for future research are proposed.

Advisor:

oAl orponilla

Dr Aichard G / Campanella
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1. TINTRODUCTION

1.1 Objectives of Present Research

The poor engineering characteristics of loose sands
have long been recognized, and are typically expressed as
inadequate load bearing éapacity, leading to excessive
settlements. Under vibratory loading such as that induced by

earthquakes, railroads and machine foundations, settlements

~may be large and sudden. In terms of construction approach,

the alternatives have been to found piles on deeper, more
ccmpetent strata, or to compact the troublesome soils to a
higher density. The compaction of soils in situ is now used
routinely to overcome difficult foundation problems caused
by loose granular materials, and has found application on
many recent and major projects (eg. Solymar et al.,1984;

Hussin and Ali, 1987).

The technique of densifying soil with a vibrating
probe at depth was developed in Germany during the 1930's
(Steuerman, 1939), making it one of the earliest techniques
of deep compaction. Subsequent developments of the technique
have led to the availability of a variety of techniques on
the market today which make use of vibrating probes for the

improvement of both cohesive and cohesionless soils.

One of the more recently developed of these techniques
is the "Phoenix Machine". This is the name given to the

proprietary tool researched and developed by Phoenix



Engineering Limited of Vancouver, for the purpose of deep in
situ compaction of granular soil. The Phoenix Machine is an
attempt to increase the effectiveness of the established
vibrocompaction method by the introduction of the novel
concept of simultaneous vibration and drainage. The
equipment comprises vibrating and water pumping mechanisms
within a single probe. As with other vibrocompaction
equipment, the vibratory action of the probe is believed to
cause localized liquefaction of loose, saturated, granular
soils. The soil particles are then able to compact under the
prevailing conditions into a denser state of packing than
existed previously. The advantage of the Phoenix equipment
is that the particles are allowed to compact not only under
stress conditions which include self-weight and overburden
stresses, but also under the influence of a seepage force.
Under such conditions it is contended that the soil is able
to achieve a denser state of packing than under purely

vibrational treatment alone.

Although the Phoenix method has been successfully
applied to densify the submerged, hydraulically placed sand
fills of the mobile caissons in the Canadian Arctic (Stewart
and Hodge, 1988), little is known about the technique.
Fundamental questions arise regarding the mechanismn,
performance and application of the process. It is unproven
whether the technique actually achieves higher compaction
than techniques operating solely with vibration. The ability

of the machine to densify a given soil is unquantified, and



the mechanism responsible for increased compaction is open
to conjecture. The influence of operational parameters such
as frequency, power and time spent densifying have not been
well established. The object of this thesis is to
investigate the influence and importance of these variables,
and to scientifically evaluate the performance of the
Phoenix Machine. It is also intended to quantify the
improvement to soil conditions brought about by the Phoenix
treatment, and therefore, to permit insight into the
mechanism responsible for the Phoenix ground densification

process.

1.2 Scope

To investigate the behaviour of the Phoenix equipment
and quantify the influence of the various parameters on the
ability of the equipment to densify soil, a carefully
designed programme of field tests was conducted at a local
site. It was considered that the performance of the system
should be evaluated so that it could be compared against
other densification systems. It was also sought to
investigate some of the fundamental parameters affecting the
mechanism of the densification process. In summary, the

investigative programme had the following objectives:

i) To quantify the ability of the Phoenix Machine
to densify the cohesionless soils at the Annacis

North Pier site.



ii) To consider the effects of spacing and pattern
on the degree of compaction achievable using the

Phoenix equipment.

iii) To investigate the influence of frequency on

the performance of the Phoenix equipment.

iv) To evaluate the importance of time spent

densifying.

V) To investigate if the strength gain impafted
during the Phoenix densification process is a time

dependent process.

vi) To quantify the importance of the drainage

component in the process, and,

vii) Finally, to attempt to monitor ground
improvements as they occurred by performing ground

vibration monitoring.

Soil conditions at the chosen site proved to be less
than ideal to demonstrate the capacity of the Phoenix
equipment, and in combination with equipment failures,
reduced the amount of data available for analysis. To
improve the data base, results collected from the field
tests has been supplemented by the addition of information
which was recorded from earlier, developmental tests
performed by Phoenix Engineering. These tests, performed in

1987 were conducted at the same site as those performed



specifically for this investigation. Evaluation of the data
has shown it to be of adequately high quality for comparison

with the research trials performed in the context of this

investigation.



2. REVIEW OF VIBROCOMPACTION PRACTICE

The purpose of this chapter is to review the existing
geotechnical literature dealing with techniques of in place
densification of cohesionless soils using processes of
vibrocompaction. Vibrocompaction is the method of deep
densification of in situ granular soils by means of
rearranging sand grains into a denser state by insertion of

a vibrating probe (ASCE, 1987).

The term vibroflotation has been applied equally to
stone column formation in cohesive soils and to the
vibrocompaction of cohesionless soils whether or not
backfill soil is added to the hole. Stone column formation
is a fundamentally different process to the vibrocompaction
of granular soils and has been excluded from the current
review. It is contended that the process of vibrocompaction
is basically unaltered by the placing of backfill soil in
the bore, assuming such backfill is of a similar nature to
the natural soil in the-bore. Accordingly such practices are

covered in this review.

2.1 Vibrocompaction Procedure

The improvement of soils at depth using a vibrating
probe was first performéd in Germany over fifty years ago,
and reported in the English language by Steuerman (1939). He
described what was to become the most widely used deep

improvement process and has since become known as the
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vibroflotation process. The technique was initially uéed in
cohesionless soils only, and could be performed without the
use of imported backfill. As such, the original process was
a true vibrocompaction technique. Subsequently coarse sand
or gravel backfill was added to the probe hole, the |
technique was adapted to use in cohesive soils, and the

vibroreplacement process was established.

The vibrating probe used for compaction of loose sand
is often termed a vibroflot. It consists of a vibrating tip
unit and follow up pipes, and is most efficiently deployed
from a crane unit. The vibrating probe is penetrated into
the soil to a depth a little in excess to which improvement
is sought. The equipment may be equipped with water jets to
facilitate insertion into the ground. The vibrating probe is
subsequently retracted from the ground in stages, whilst top
water jets carry sand to the bottom of the bore. A
description of the fundamentals of an early vibroflot and
its operation is given by D'Appolonia (1953), with more
recent developments of the system being reported by Brown

(1977), ASCE (1978), and Mitchell (1981).

The vibrating tip of a vibroflot generates horizontal
vibrations at a fregquency of about 30 Hz by means of turning
an eccentric weight on a vertical axis. The vibrator may be
powered by an electric or by a hydraulic motor. The
generation of lateral vibrational forces at the tip is one

of the characteristics of the vibroflot. It is from the



lateral vibrations that the compécting efficiency is derived
since the vibroflot is able to compact soil radially from
the probe. It is found that the sand density is highest
close to the probe and decreases approximately exponentially
as the radial distance from the vibfoflot increases
(D'Appolonia, 1953). The spacing of probes depends on the
soil conditions, the energy of the probe, and the level of
improvement required. Probes are typically employed on

spacings of 1.5m to 4 m apart.

It is usually found that vibrocompaction may in fact
loosen already dense strata, and that the compaction process
is ineffective in the top 1m to 2m of soil. In such cases,
the surface layer must be compacted by surface rolling or
other means. The vibrofiotation process has been used to

compact sand deposits up to 30m deep.

2.2 Alternative Technigues of Vibrocompaction

An alternative vibratory compaction technique has been
described by Anderson (1974), in which a vibrating pile
driving apparatus is mounted on the top of a 760mm diameter,
open ended, tubular pipe. The pipe is driven into and
extracted from the soil to be compacted. The induced
vibration is vertical, and no water jets are used. The
frequency of the vibrations can be varied but is normally
around 15 Hz. In a comparison reported by Brown and Glenn
(1976), it was found that whilst the process was faster than

the vibroflotation process, more and closer probe spacings



were required to achieve equivalent densities. Overall the
performance appeared to be inferior to the vibroflotation

process.

Variations of the vibrating poker system have been
accomplished by the use of different probe configurations
and sizes. Similarity exists in all such systems in that the
probe is vibrated vertically, usually by means of vibrating

pile driver type equipment.

Saito (1977) described two types of probe used to
densify hydraulic sand fill, both driven by vibratory pile
drivers. One such probe used a hollow rod with four
stabilizing fins at the base to make up a total diameter of
0.5m. The second probe comprised a closed, cone tipped pipe,
300mm in diameter with 100mm high projecting tetrahedra

spaced over the bottom 4m of the probe.

Massarsch and Broms (1983) describe the vibration of a
15m long steel rod with 0.8m wings spaced at 0.5m apart. If
necessary, insertion into the soil could be assisted by
jetting at the bottom of the steel rod. Otherwise the method
followed established vibrocompaction practices, being
vibrated vertically at about 20 Hz with vibratory pile

driving equipment.

A large scale apparatus intended for offshore sand
densification has been described by Davis et al. (1981). The

vibrating probe consisted of a tube with twelve radial fins
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comprising a total diameter of 2.1m. Again the probe was
vibrated vertically from the top of the tube, at some 25 Hz.
Four such vibrators, spaced at 6.5m could be deployed
simultaneously from a pontoon, permitting densification of a

zone up to 26ém wide, and up to 15m in depth.

A Y-probe or star profile probe has been reported on
by Wallays (1983). The probe has an effective diameter of
1.0m. The Y-shape of the probe is intended to eliminate éoil
plugging in the corners in the vicinity of the axis,
otherwise deployment and operation of the probe is
apparently identical to the method of Anderson (1974)

described previously.

A summary of the various vibrocompaction techniques
available is presented in Table III and discussed in Chapter

6.5.

2.3 Mechanism of Vibrocompaction

When the vibrating probe is penetrated into the soil
the vibratory action is imparted to the soil particles. The
frequency of the soil particles is the same as the frequency
of the vibrator unit, which is determined by the speed of
the driving motor system. The intergranular forces between
the cohesionless soil particles are temporarily nullified
and a zone of soil liquefaction occurs in the vicinity of
the vibrator. Outside of this zone, liquefaction is

incomplete due to soil damping effects. Damping will be



11

increased with increasing fines content so the mechanism is
less efficient in these soils. The maximum amplitude of
vibration is obtained when the probe unit is freely
suspended in air. As the vibrator penetrates the soil, the
resistance to penetration increases and hence the power
demand of the vibrator to ensure continuous penetration
increases also. Only if sufficient power is available can
the maximum amplitude of vibration be maintained. The soil
liquefaction caused by the vibration permits the soil
particles to be rearranged under conditions of gravity and
state of stress to assume a denser state of packing than
previously existed. Cohesive soils will not tolerate
slippage between the soil particles and so the process is
ineffective in such soils. Water, expelled from the
compacting granular soil below may appear at the ground
surface (Massarch and Vanneste, 1988). The process works
best when densification is attempted under saturated soil
conditions (Brown, 1977). If the water table is not close to
surface the addition of water to the bore can assist in

densifying the unsaturated soils (Broms and Hansson, 1984).

Not only does the vibroflotation process cause an
increase in packing of the soil particles but it also
increases the state of horizontal stress in the soil (Saito,
1977). If the increase in lateral stress is not accounted
for during post densification in situ monitoring, the state

of relative density may be over-estimated.
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2.4 Parameters Affecting Vibrocompaction

Soil improvement projects are undertaken by performing
a regular pattern of improvement probes. Popular
configurations are triangular spacings, since these offer
the most efficient coverage, but squares are common too.
Thorburn (1975) proposed guidelines to estimate the likely
degree of improvement achievable, but it is customary to
perform a trial at the site of proposed soil improvement in
order to establish the optimum pattern and spacing of
improvement probes. Such design relationships will depend on
soil and machine characteristics which likely will vary from

one project to another.

When probes are spaced in groups they may interact and
create zones of high density between probes. The effect is
cumulative, and may be estimated using the 'influence

factors' of D'Appolonia (1953).

According to Sparks (1975), machine characteristics can
be expected to play a role in the performance of a
densification system. Important parameters include the size,
frequency, amplitude and eccentric force. In an
investigation of three machines it was found that the higher
powered machines were capable of compacting soil more
uniformly in the vicinity of the probe, whereas the lower
powered machine led to a maximum density occuring some 1m to
1.5m from the probe. In analyzing the results of these tests

it is impossible to make firm conclusions since not only did
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the machines have different operating frequencies and power
outputs, but also were of different sizes. Morgan and
Thomson (1983) investigated three machines but failed to

isolate the influence of machine characteristics.

The soil type affects the densification capacity of the
vibrocompaction process. The degree of densification
achieved decreases with increasing clay content of the sand,
the technique being found effective if the non-plastic fines
content remains below 20%. However, success has been claimed
in slightly cohesive stratified soils, and granular soils
with cohesive inclusions (Webb and Hall, 1969).
Additionally, the radius of the zone of influence of a
vibroflot decreases with increasing clay content. The zone
of influence may decrease from 1.5m in clean sand down to
0.75m in sand with 20% fines (Webb and Hall, 1969). In a
case quoted by Harder et al (1984), vibroflotation was
unable to densify a silty sand either due to silt within the
sand to be densified, or due to the presence of an overlying
cap of silt and clay. It is believed that in both cases
drainage from the densifying soil would be retarded and
impede densification. It has been acknowledged that a
decrease in penetration resistance may accompany attempts at

compaction in sands with fines (Webb and Hall, 1969).

Figure 1 shows the range of soil types suited for
improvement by vibrocompaction. Soils falling entirely

within the limits of Zone II respond best to the process.
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Figure 1. Range of Soil Types Suitable for Improvement
by Vibrocompaction (after Brown, 1977).
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Portions of the grain size curve may fall outside of Zone:
II, but any soil falling entirely inside Zone I will prove
difficult to compact. Gravels, and dense sands falling
within the limits of Zone III may prove difficult to .
penetrate and uneconomic to compact with vibrocompaction

(Brown, 1877).

The quality of workmanship may be expected to influence
the results of vibrocompaction treatment (Brown, 1977). Low
sand densities caused by poor workmanship are often
attributed to an inadequate supply of backfill sand at the
vibrating tip. Such a condition may result from inadequate
supply at the surface, caving of the bore preventing
downward passage of fill material, or extracting the probe

too rapidly.

Model studies by Metzger and Koerner (1975) indicated
that the final density achieved during compaction was
dependent on the initial density, the higher final densities
being associated with higher initial densities.
Additionally, it was shown that densities lower than those
achievable at several diameters from the probe could result
in the region directly under the probe itself. In the model
studies it was found that maximum power consumption occurred
during compaction, although this contradicts wide field
experience where it is found that maximum power consumption

accompanies maximum compaction.
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According to Mitchell (1981), the strength of ground
densified by vibrocompaction may increase with time. They
cite a case at Australia's Kwinan Terminal where cone
penetration tests indicated a 10-15% gain in the three weeks
following treatment. Extensive evidence of Mitchell and
Solymar (1984) demonstrated the time dependent nature of
increases in stiffness, strength and penetration resistance
following in situ deep densification. The densification
treatment may initially lead to reduced penetration
resistance, compared to the value before treatment, before
the strength gain process takes effect. The strength gain

process may continue over days or months.

2.5 Compaction Control

Compaction control is performed typically by using in
situ testing techniques, with current practice favouring the
rapid and'economic cone penetration test. The flat
dilatometer test can also provide compaction control
information and data on the strength and deformation
characteristics of the soil (Campanella and Robertson, 1983;
Lacasse and Lunne, 1986). Since the in situ lateral stress
may be modified by the compaction process, care must be
exercised in the utilization of conventional in situ test
interpretation methods otherwise erroneous soil parameters
may be deduced. Terms such as 'apparent relative density!'
have been coined to express the post treatment soil

conditions. The inadequacy of relative density as a soil
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parameter and problems in interpretation post compaction due
to secondary influences has led to the cone penetration
resistance being the most widely used parameter for control

of compaction.

The state of densification is frequently estimated
during the compaction process by monitoring the power input
to the drive motor. According to D'Appolonia (1953) the
power input reaches a maximum when the maximum soil density
has been reached. Monitoring the power requirement of the
vibroflot enables an assessment to be made to withdraw the
probe to the next stage when a predetermined resistance has
been met. However, the method requires experience on the
part of the operator and cannot always be relied upon to
account for discrepancies in compaction which may be

revealed by subsequent penetration testing.

Another method of control has been reported by Morgan
and Thomson (1983), in which the vibratory movement of the
probe was measured with transducers to infer the state of
ground density. Vibration measurements were made with
accelerometers mounted in the tip of the probe. It was found
that the horizdntal amplitude of the probe decreased with
increasing sand density, as determined from subsequent
penetration tests. Such a method is a direct measurement of
ground response and hence is potentially more reliable than
the previously used method of power transmission. An

alternative method has been attempted where vibration
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monitoring equipment was placed on the ground surface at set
distances from the probe (Massarch and Vanneste, 1988).
However, such a system poses a difficult problem of

interpretation.

2.6 Development of Phoenix Concept

Hodge (1988) demonstrated the beneficial effect of
pumping water from model submerged sand fills during
placement. Permanent improvements in the state of relative
density and to the engineering behaviour of the fill
resulted. These included increased resistance to scour
erosion and increased angles of natural repose of the fill.
The results constituted the basis for the proposal that a
‘érobe which could vibrate and simultaneously drain water
from the soil, would out-perform a probe developing
vibration only. Theory was put into practice when the
prototype 'vibrodrain' was used to densify the periphery of
the sand core of the mobile arctic caisson Moligpak (Stewart
and Hodge, 1988). The equipment was deployed at 3 metre
centres to successfully densify a 6 metre wide strip
adjacent to the caisson walls which could not be attempted

by blasting techniques.

2.7 Summary

In summary, a significant body of information in the
geotechnical literature exists which describes experience

with vibrocompaction. It concentrates primarily on the
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ability of any given technique to perform densification
operations. Much has been written about the effects of soil
type, of probe spacing and pattern, which relate primarily
to performance. More recently, attempts have been made to
understand the fundamental soil mechanics aspects of thé
densification process, such as the possible time dependency
of the process. The pore pressure behaviour during the
densification process has yet to be adequately described.
Also unclear are the effects of operating parameters such as
frequency, amplitude, power input, and equipment dimensions

and characteristics.
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3. RESEARCH SITE

Field tests were carried out to investigate the Phoenix
densification equipment at a site located adjacent to the
Fraser River, on Annacis Island, Vancouver, B.C.. The site
is situated on land owned by the Ministry of Highways of
British Columbia, and constitutes an artificial promontory
built adjacent to the north bank of the Fraser River to
prevent ship collision damage to the north tower of the Alex
fraser Bridge. The site was chosen for testing since it was
known to comprise loose sand fill which it was hoped would

be well suited to compaction by the Phoenix process.

3.1 Regional Geology

The geclogy of the Fraser River delta is described by
Blunden (1973). The region is underlain by Pleistocene till
sheets and Tertiary bedrock at depths of up to 275m below
mean sea level. Isostatic rebound and post glacial
sedimentation has resulted in the formation of the Fraser
River delta complex, which includes Annacis Island. The
general sedimentary sequence on the Iéland consists of up to
40m of deltaic and distributary fill deposits. These consist
predominantly of fine to medium sand with minor interbedded
silt beds, and are overlain in part by sand, silt or silty
clay loam overbank deposits. Marine clays and silts which
constitute the pro-delta deposits underlie the sand and silt

sequence.
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3.2 Site Description

The location of Annacis Island and the test site are
depicted in Figure 2. The test site is at the south side of
Annacis Island facing a stretch of the Fraser River known as
City Reach. The test area formerly constituted part of the
river, but now comprises a promontory which protects the
north pier of the recently constructed Alex Fraser Bridge.
The promontory was constructed by infilling dredged sand
'£ill behind an artificial dyke built of rockfill. A layer of
gravel some 300mm thick has been placed across the entire
site to facilitate trafficking. A hard surface crust up to
2m thick has developed across the site. The ground surface
is situated at about +2m above mean sea level, is level, and

affords easy vehicular access.

The fill sand had been dredged from the Fraser River
and was placed through water. It rests directly on the
previous river channel deposits. Investigations performed
for the bridge structure suggest the thickness of sand fill
increases from nil at the old river bank up to 1lm at the
site of the bridge pier. It had been hoped to perform the
tests of this investigation in an area to the south of the
previous tests, Figure 3, where sand fill would be at its
thickest. In the event, the panel of ground assigned to the
field trials of this investigation lies between the area of
original Phoenix field tests and the old riverbank. Whilst
the earlier trials had enjoyed some 9m of sand fill, it was

discovered that the fill in the area of trials for this
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investigation was insufficient for densification purposes
and the work had to be conducted in the underlying deposits
of natural Fraser River Sand. As a consequence, due
consideration had to be made in comparing the two sets of
field data, since not only were the soils of different
character in terms of origin, age, and silt content, but
compaction operations were performed with differing

overburden conditions.

The hydraulic fill sand is a grey, loose, silty sand,
with occasional fine gravel. The river channel deposits
consist of 2-3m of grey, soft silt. Beneath the silt lies
the Fraser River Sand, a grey, fine and medium sand, silty

in part.

The presence of the silt layer led to difficulties in
achieving repeatability of the Phoenix probes. This is
attributed to starvation of backfill sand at the tip of the
probe. According to Brown (1977), if the vibrating probe is
starved of backfill it rattles around in the open bore
without transmitting vibrations to the soil. Phoenix probes
were performed without the addition of backfill, and
reliance placed on the downward migration of granular soil
from higher in the bore. There is evidence to indicate that
the silt layer too collapsed into the bore, leading directly
to poor cone resistances measured in the compacted bore.
Silt collapse into the bore would lead to generally poor

compaction results due to blocking off of the supply of
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backfill at the tip, a mechanism also described by Brown

(1977).

Figure 4 depicts the grain size characteristics of the
sands in which densification was attempted. The grading of
the Fraser River Sands falls at the border between Zone I
and Zone II of Figure 1, whilst the grading curve of the
fill sand falls partly within Zones I and II. According to
Brown (1977), the soils are therefore liable to improvement
by vibrocompaction, but are too fine to be considered
ideally suited to compaction by this method. The high
content of silt in the Fraser River Sands caused problems to
the Phoenix filter system since the fine soils did not wash
through the filter but tended to clog the filter system,
preventing water flow. In addition a high silt content would
reduce the efficiency of the Phoenix probe due to a
reduction in soil permeability. However, the piezocone data

at the site would suggest the sands to be freely draining.

The groundwater level at the site varies with tidal
fluctuation and season but typically is found at 1 to 3m
below ground level. In this respect all but the near surface
soils fulfil the requirement of saturation necessary for
good vibrocompaction results. This was of particular
importance in considering the site for Phoenix tests, since
the unique characteristic of the equipment relies on

submergence.
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4. EQUIPMENT AND PROCEDURES

This section of the thesis describes in detail the
equipment and operating procedures of the Phoenix
densification system. The in situ tests performed for
compaction control are briefly described, along with the

objectives and content of the field test programme.

4.1 The Phoenix Densification Equipment

The 'Phoenix Machine' or ‘'vibrodrain' are the names
applied to the soil densification system developed by
Phoenix Engineering of Vancouver. The equipment achieves
densification of soil in situ by the combined action of

vibration and pumping water from the soil.

The equipment comprises a probe which is capable of
generating lateral vibration and simultaneous suction
pressure. The probe is lowered into the soil on a custom
designed drillstring which may be deployed from a regular
top-drive rotary drill rig. The probe is able to penetrate
without jetting, but if necessary the equipment could be
configured to accommodate a jetting procedure. Once at a
depth slightly in excess of that to which improvement is
sought, the probe is slowly retrieved. The probe may be
repeatedly plunged into and retrieved from the bore to
achieve the required densification. An experienced operator
can detect compaction by increased resistance to penetration

on the downward plunge.
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The probe is a torpedo shaped unit of the style of the
well described vibroflot, but with the addition of a water
pumping mechanism above the vibrating tip. Figure 5 shows
the principal equipment details and dimensions. The probe is
7.5 inches in diameter and is built in two sections. The
lower or tip section houses the vibrating unit, whilst the
upper section comprises the pumping system. Air at 100 psi
of pressure is conveyed vié the custom drill pipes to the
tip of the probe where it powers an air motor. The motor
rotates the 87 1b eccentric mass on a vertical axis and
develops horizontal vibrations. The frequency of vibrations
is found to be nominally 25 Hz. A centrifugal force of 2.3
tons is developed, which is small in comparison to
vibroflotation equipment, which may generate forces up to 25

tons (Jebe and Bartels, 1983).

The pumping or drainage unit is located immediately
behind the vibrating tip section. As air exits the motor
unit it passes up to the top of the drainage section where
the discharge causes an air lift effect which develops a
suction pressure across the filter screen. The screen size
has to be designed according to the soil characteristics,
since it acts as a filter unit and should only permit the
inflow of water. If the screen size is chosen too small
there is a tendency for the system to clog. On the other
hand toollarge an aperture leads to soil being pumped from

the bore. The probe design is such that the filter unit can
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easily be replaced or changed for a filter of different

sized aperture should soil conditions dictate.

Two designs of filter screen were tested during the
development of the Phoenix Machine, including well screens
and perforated tubing with filter mesh. The well screen
system utilized a 6 inch "pipe size" Johnson stainless
steel well screen. The seepage section is 60 inches overall
length with 48 inches of open screen. The screen is formed
of specially shaped 0.1 inch wide wire which is helically
wound around vertical ribs to give 6.625 inch outside
diameter. The system worked well but the screens were liable
to damage and their replacement proved costly. The
alternative system consisted of a filter screen mesh
sheathed within a strong perforated tube. The tube both
protected the mesh against tearing and abrasion, and
provided some structural integrity to the system. The mesh
size adopted was 40 openings per inch. The perforated tube
contained some 360 holes, each 1.625 inches in diameter, and
drilled on a triangular pattern at 3 inch spacing. It was
found that at the test site the holes tended to block with
fine sand. Once blocked, the efficiency of the pumping

system was lost.

Water sucked into the drainage unit is carried upwards
in the annulus of the drill pipes. On reaching the top of
the drillstring a swivel unit permits the exhaust air and

groundwater mixture to discharge into a waste pipe. By
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monitoring the volume of fluid discharging from the bipe a
qualitative assessment can be made of how efficiently the
pumping mechanism is performing, and can indicate if the
correct choice of filter screen size has been made. When the
drainage unit was in full operation the rate of water |

discharge was estimated at 30 gallons/minute.

The drill pipes used were specially designed for use
with the Phoenix Machine. Drill pipe lengths were furnished
in five foot lengths with an outside diameter of 5% inches.
Short drill pipe lengths were chosen for their flexibility
in working in confined conditions such as were encountered
on the Molikpaqg project. The configuration of drill pipes
was such that an internal central tube carried air from the
surface to the tip of the probe and the returning air and
water mixture was piped through the drill string annulus.
Pressure integrity was maintained by O-ring seals within the

pipes.

The Phoenix densification equipment was deployed from a
Simco 5000 drill rig, owned and operated by Foundex Limited
of Vancouver. Compressed air requirements were furnished by
an Ingersoll-Rand Type 750/355 air compressor. This is a
large machine capable of delivering 750 cubic feet/minute
swept air capacity at 100 psi. From previous Phoenix
experience this compressor was capable of powering two
densification systems simultaneously. The earlier tests by

Phoenix had demonstrated that a compressor of 350 cubic
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feet/minute swept air capacity at 100 psi was quite adequate

to power a single Phoenix Machine.
4.2 In Situ Tests

In situ tests were performed to investigate the
geotechnical conditions at the site and to monitor the
performance of the Phoenix equipment. This section of the
thesis describes the procedures and techniques employed in
carrying out the various in situ tests. Generally, in situ
tests were performed in accordance with the procedures
recommended by the American Society for Testing and
Materials (ASTM, 1986; Schmertmann, 1986). In the absence of
any designated standards the procedure followed usual UBC
practice, which has evolved through wide geotechnical field

testing experience.

4.2.1 Testing Vehicle

All in situ tests were performed from the research
vehicle of the soils group of the University of British
Columbia, of which a description is given by Campanella and
Robertson (1981). This is a purpose designed, self contained
truck from within which a variety of field tests may be
performed. The truck is equipped to perform tests with a
mechanical cone, electric and seismic piezocones, flat
dilatometer, screw plate, field vane, self boring and full
displacement pressuremeter, together with the ability to

retrieve piston samples.
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4.2.2 Tests Performed

According to Campanellg and Robertson (1982), in situ
tests may be broadly divided into two categories: logging
methods and specific methods. Logging methods are generally
economic and quick to perform, and are used primarily for
stratigraphic profiling. They can also yield qualitative
estimates of geotechnical parameters based on empirical
correlations (Robertson and Campanella, 1983, 1986).
Specific test methods are often slower and more costly than
logging methods, and are used primarily for the measurement
of soil properties at a point. The logging methods are
therefore best suited to the preliminary evaluation of soil
parameters. The cone penetration test is the most rapid of
the in situ tests and the addition of the pore pressure
measuring element has improved evaluation of soil
parameters. Consequently the electric piezocone was
selected as the primary tool for evaluation of the
performance of the Phoenix Machine. The flat dilatometer was
used selectively, primarily to attempt to identify changes
in horizontal stress and assess changes in soil modulus.
Tests were also performed with the seismic piezocone to
provide information on dynamic shear modulus before and

after treatment.

4.2.3 Piezocone Penetration Test (CPTU)

Piezocone tests were performed using cones with 10 sg

cm base area and 60° apex angle, in accordance with
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recommended test procedures (ASTM, 1986). The majority of
soundings were performed with a Hogentogler, 10-ton,
subtraction type "Supercone", but a UBC made independent
bearing-friction type instrument was also used. Details of
the various piezocone designs are given by Campanella and
Robertson (1988). For both cones the pore pressure sensing
element was located immediately behind the tip. The UBC cone
had the capacity to measure pore pressures simultaneously
behind the friction sleeve, but since only three penetration
tests were performed using such a cone, only pore pressure
data from behind the cone tip have been used in
interpretation for the present study. Measurements of pore
water pressure, cone bearing, sleeve friction, and
inclination were recorded every 25 mm of penetration. In
addition, the UBC cone measured temperature. Depending on
cone design, cone measurements can be susceptible to
temperature variation, therefore corrections may be
necessary to compensate for such changes (Campanella and

Robertson, 1988).

Before going out into the field each cone was checked
for operation, calibration and then carefully saturated.
Porous polypropylene filter elements 5mm wide were saturated
with glycerine under a vacuum in the laboratory. The
instrument had to be carefully assembled under glycerine to
eliminate air from the pressure measurement system, and kept

under glycerine until ready to test. Full details of the
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saturation procedure in practice at UBC can be found in

Robertson and Campanella (1986).

To confirm instrument calibration, instrument baselines
were recorded before and after every sounding. In the field,
cone data were recorded automatically using the Hogentogler
data acquisition system in the UBC Geotechnical Research
Vehicle. This system consists of a Radio Shack LED display
portable computer, a line printer, and a bubble memory
storage device. Once back at the laboratory cone data was
downloaded from the bubble device onto a personal computer

and processed using CONEPLOT and CPTINTRP.

The earlier cone tests were performed by Western
Geosystems for Phoenix, and utilized a standard 10 sq cm
piezocone manufactured by Geotech of Sweden. Again the pore
pressure element was located behind the tip. The cone was
pushed from a drill rig. Measurements were recorded every 50
mm of penetration of cone bearing, sleeve friction and pore

pressure only.

4.2.4 Flat Dilatometer Penetration Test (DMT)

The flat dilatomer is a recently developed, rapid and
cost effective, in situ testing device. It consists of a
flat blade, with a 60mm diameter expandable steel membrane
on one face. The instrument is pushed into the soil, good
practice calling for measurement of the penetration force.

Oonce the test depth has been reached, the membrane is
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expanded with a high pressure gas supply. The pressure
required to just 1ift the membrane from its seating, the 'A?
reading, and the pressure required to displace the membrane
l1.1mm into the soil, the 'B' reading, are recorded. The
membrane is then deflated and the blade is advanced to the
next test depth, usually 20cm deeper, where the procedure is
repeated. The test thereby furnishes a discreet test
profile. The test was performed in accordance with the
recommended standard procedure (Schmertmann, 1986). Fuller
test procedures and equipment details are to be found in

Marchetti and Crapps (1981).

Before testing it is important to ensure that the
instrument is within certain specified calibration limits.
The calibration values enable consideration to be made for
the stiffness of the steel membrane, and for the outward
curvature which the membrane acquires with use. The
corrected membrane lift-off and 1.1mm displacement pressures
can be used to define three intermediate index parameters,
which Marchetti (1980) described as a material index, Ip, a
horizontal stress index, Kp and a dilatometer modulus, Ep-
From these indices, empirical relationships have been
developed to determine regular geotechnical parameters.
Details of the original correlations may be found in
Marchetti (1980), with later developﬁents by Schmertmann

(1983).
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4.2.5 Seismic Piezocone Penetration Test (SCPTU)

The incorporation of a velocity seismometer into a
regular cone has made it possible to routinely measure the
shear wave velocity at very small strain during a piezocone
sounding (Robertson et al., 1986). From this one can

calculate the shear modulus at very low strain, GMAX.

The cone penetrometer containing the seismometer is
pushed to the first test depth. The seismometer is oriented
in the horizontal direction and perpendicular to the signal
source to detect the horizontal component of shear waves.
Shear waves are generated at the ground surface by striking
the truck pads horizontally with a heavy hammer. Both sides
of the truck are struck in turn. At any test depth, two
waveforms can therefore be obtained, representing oppositely
polarized waves. A high quality oscilloscope is necessary to
record and view the waveforms. The procedure is repeated at
regular intervals of depth and the waveforms are interpreted
according to the 'pseudo-interval' technique descibed by

Robertson et al. (1985), to obtain shear wave velocities.

By elastic theory, the maximum shear modulus is
related to the shear wave velocity according to the

following relationship:

where v. is the shear wave velocity, and

s

p is the soil density.



38

Consequently if an estimation of soil density is
available, one can make an evaluation of shear modulus. The
shear strain amplitude in seismic cone tests is of the order
of 10'4, so a low strain level, dynamic shear modulus, GMax

is obtained.

4.3 Scope of Field Test Programme

Figure 6 shows the locations of the Phoenix test series
whilst Figure 7 shows in detail the configurations of
densification probes and penetration tests performed.
Figures 7a and 7b show the test programmes performed by
Phoenix Limited during 1987 for the purpose of equipment
developméht. These tests have been referred to by Phoenix as
the PE, PH and F series of tests. The quality of the data
from these tests was carefully scrutinized prior to being

employed for evaluation of the Phoenix probe.

Figure 7c shows the positions of Phoenix probes and the
peﬁetration tests performed from the UBC test truck
specifically for this investigation. This series of
penetration tests has been designated with the prefix 'ANP'.

Table I details the ANP series of penetration tests.

A set of cone penetrometer test profiles is included in
the Appendix. Due to equipment failure, no digitized records
could be made for the F series and these have had to be

omitted from the Appendix.
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